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ABSTRACT
SUPERIOR TO ONE OF GLASS: NATURAL GRADIENT INDEX LENSES VIA
PATCHY PARTICLE SELF-ASSEMBLY

Jing Cai

Alison M. Sweeney

To achieve acute and sensitive vision in a camera-like eye in the ocean, a graded re-
fractive index spherical lens is required to maximize the photon flux on the retina, while
leaving an eye structure that fits in the head of an animal. This biological lens must also
maintain low protein density fluctuation at the length-scale of a wavelength of visible light
in order to maintain transparency. In squids, this sophisticated optical design emerges from
the properties of a single protein fold, the S-crystallin. In this thesis, I study the material
properties and the self-assembly of the squid lens system. I show that squids have evolved
graded index and low density fluctuation in a spherical lens using a suite of proteins that
can act as patchy colloids with specific, low valence (M =2 or M = 3) with geometric
flexibility in bond angles. We conducted small x-ray scattering (SAXS) at different radial
positions of the lens, and performed a Monte Carlo simulation to estimate structures con-
sistent with the SAXS result. This analysis suggests that lens proteins may form a gel with
gradient density throughout the cellular lens structure, with density mediated by a tightly
controlled protein coordination number in each region of the organ. Patchy colloid theory
may therefore explain both the graded refractive index lens and the transparency evolved in
the lens. I also studied the Chinese century egg, which appears to be a physically analogous
system of a protein-based, low-valence patchy colloidal gel that was developed in prehis-
toric Chinese culinary culture as a method of egg preservation. I compare the structure and

material properties of these two systems.
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Chapter

Introduction

Have you seen snowflakes? They are the graceful six-arm fairies falling from the sky. If
you watch closely, you will find that a snowflake is most likely to be transparent, and it
prefers to have a six-arm structure. These elegant flakes are single crystals with molecules
packing in long-range order. Their macroscopic six-arm shape reflects the structure of the
water molecules: the angle between two hydrogen-oxygen bonds is 104.5° [67]. This angle
is close to 120°, which is the angle required for a hexagonal lattice. This is why the water
molecules adapt the hexagonal form to construct their crystal. As a result, the ice Bravais
lattice, which is the minimum repeating unit in a crystal, is a hexagonal lattice with 6-fold
symmetry. The snowflakes carry this symmetry, showing the splendid six-arm shape.
However, the ordered patterns observed in snowflakes are generated from initially ran-
dom and disordered water molecules in the liquid phase. These water molecules were orig-
inally homogeneously distributed in space before they froze. Then, when the temperature
drops or nucleation occurs, more-ordered hydrogen bonds between the water molecules
start to form. When the hydrogen bonds are so numerous that the thermal movement of
the molecules are restricted, the elegant snowflakes start to appear. During this process, or-

dered patterns are developed from initially disordered molecules. This kind of organization,



where systematic patterns form from initially disordered particles with certain interactions,

is self-assembly.

1.1 Self-assembly

Self-assembly is the process where ordered patterns form from initially disordered elements
[18]. This process abounds in nature at all scales, from crystal formation to planetary sys-
tems [127]. Because it happens so often, it has attracted more and more attention from
researchers. Attention has been focused on different aspects of self-assembly through-
out time. Nowadays, self-assembly research is mostly focused on a few branches [127],
which include 1. designing and building artificial materials with controlled properties of
the constituent particles, and 2. understanding pattern formations using new theories of
self-assembly.

With self-assembly as a guide, a vast number of new materials with novel properties
have been discovered and fabricated [3, 26, 52, 60, 76, 84, 91, 111, 132]. One exam-
ple is self-assembling quantum dots which can be synthesized with a variety of materials
[3]. These dots have special fluorescence properties [84] and can be used in living cells
for diagnostics and imaging [76]. Further, long-range order in nanocrystal superlattices
can be self-assembled by quantum dots with careful control of the size of monodispersed
nanoparticles [111] or a mixture of nanoparticles with different sizes [26]. This superlat-
tice provides a tuning method for the interactions between the quantum dots, and collective
behaviors between different quantum dot components have been observed. With novel
magnetic properties, this material is potentially of great use in industry.

Besides making new materials with self-assembly properties, a more fascinating aspect
of self-assembly is to understand the patterns that nature presents us [91]. Specifically,

life, in some sense, is a completely self-assembled result of systematically ordering and



combining amino acids, lipid molecules, ribonucleic acids, etc. [105]. In the dynamical
system of the earth, the sun constantly pumps in energy, and when the first robust self-
replicated form appeared, life and evolution might have started there. Through billions
of years, life evolved into forms in which a complicated body is constructed with a huge
diversity of small units — the cells [115]. A variety of cell properties and functions have
been studied under the idea of self-assembly [115]. Each cell is a living factory which
uses glucose as the energy source and achieves specific functions. Roughly speaking, they
are composed with a similar structure: a cell membrane provides the cell with a proper
chemical and physical environment; the cell nucleus stores all the genetic informations;
the cell ribosomes and other organelle fabricate proteins based on the transcript from the
genetic code.

Every single part of the cell can be viewed as a self-assembled system [62, 127], and
these systems coordinate to make the cell a living entity with constant energy and material
exchange with the environment. Even outside of living cells, in an aqueous environment,
molecules with hydrophilic and hydrophobic moieties on either end, such as the phospho-
lipids that compose cell membranes, will automatically assemble into the bilayer shape as
observed in a living cell [6, 59]. DNA uses four simple sugar bases to carry enormous
genetic information. The duplication and interpretation are all done systematically and ac-
curately by self-assembly. Proteins are formed by self-assembly with specific folding rules,
and perform a variety of functions in cells [29, 37, 82]. Therefore, to better understand life
on Earth, one approach is to turn to new theories of self-assembly.

Not only is self-assembly necessary for us to understand life, it can guide us to har-
ness what we have learned to fabricate complicated materials with sophisticated properties
that existed initially only in biological systems [69, 91, 128, 132]. Biological systems can
produce materials with an enormous amount of properties which can be useful in a lot of

fields such as aeronautics, biotechnology, etc.. Instead of using the biomaterials directly, an



alternative way is to study the underlying physics which causes the material properties of
these biological systems [45, 63]. Next, one can fabricate artificial materials with the same
material properties and underling physics but using non-protein materials. The Papilio
blumei butterfly wing has extraordinary reflective properties achieved by having multilayer
stacks, which are mimicked using inorganic particles with a combination of layer deposi-
tion techniques [63]. Red roses’ petal surfaces have hierarchical micropapillae to achieve
superhydrophobic property, which has been mimicked using PVA film and nano-embossed
structures duplicated from the petal’s surface [45]. Therefore, it is beneficial to study the
physics of self-assembly, and people can ultimately harness it to fabricate biomimic mate-
rials.

In short, we are living in a self-assembled world. Studying these mechanisms helps us

understand ourselves as a form of life, and to fabricate new materials to better our life.

1.1.1 Patchy particle system

A self-assembled pattern reflects the properties of the particles that compose the pattern
[1, 27]. Therefore, the key to understanding self-assembly is to study the properties of the
particles. A vast majority of the particles that compose the ordered structures described
above are attracted to each other. In most cases, these attractions are anisotropic: they are
attracted to each other through only a few ‘sticky spots’ on them, but not the entire surface
of the particle. These spots are like patches, and when they are considered theoretically,
particles like this are called the ‘patchy particles’.

Patchy particles are a general class of particles which interact with each other under
strong anisotropic and directional interactions, which are mostly attractive [12]. These
interactions are usually achieved by a few ‘patches’ on the surface of the particles [133].
In the definition, it is essential for a patchy particle to have anisotropic interactions [39].

For example, nanoparticles can be ligated with long sticky polymers to prevent them from

4



aggregation. The ligands themselves are anisotropically attractive to each other [40], and
therefore the system can be treated as a patchy particle system. At a smaller length scale,
water molecules have strong hydrogen bonds between the hydrogen and oxygen atoms.
These bonds are strongly anisotropic and directional, serving as patches of the molecules.
A patchy particle can also be self-assembled via a multiblock copolymer chain [130]. In
contrast, particles with isotropic interactions, such as in a Lennard-Jones liquid [38], do not
belong to the group of patchy particles.

Patchy particles can also be actively designed and fabricated so that they can self-
assemble into artificially designed patterns [80, 134]. A Bernal spiral was self-assembled
using patch-antipatch particles [81]. Colloidal spheres have been induced to self-assemble
into a colloidal kagome lattice [27]. A new field of DNA-made patches is showing a
promising future [44, 102].

In summary, patchy particle systems are a subset of self-assembled systems that show
prodigious physical and chemical novelty. Studying the self-assembly process of the patchy

particle system can be beneficial to manufacturing designed patterns for industrial uses.

1.1.2 Proteins as patchy particles

Life is assembled with an abundance varieties and numbers of proteins. The proteins are
“folded” in their final form [37, 82], and the folding mechanism is strictly regulated in a
cell [89]. When the polypeptide chain is fabricated on a ribosome [34], some part of it may
be folded into a-helix or B-sheet [55]. These structures are called the protein secondary
structure [88]. From there, these structural elements interact to form the final shapes of
the single polymer protein monomer (tertiary structure), and these folded monomers may
form dimers or oligomers (quaternary structure). All these hierarchical structural elements
require attractive interactions between their substructures. One major group of proteins

are the globular proteins, whose final, folded form is roughly spherical. These proteins
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can have attractions to each other through a variety of biophysical mechanisms, such as
hydrophobic interactions, Yukawa potential, efc.. Since these anisotropically distributed
attractive interactions come from clusters of certain amino acids on the surface of the pro-
tein, these amino acid clusters can be treated as patches. The resulting protein system can
be studied as a self-assembly of patchy particles, with patterns formed that may serve for
different protein functions for biological systems.

These patchy proteins are so important to life that no cells can survive without them. For
example, the muscle contraction process is achieved by having lines of myosins anchored
to M-line moving in the opposite direction of lines of actin (F-actin) anchored to the Z-line
inside sarcomere, which is the contraction unit of myofibril in skeletal muscles [22, 47,
107]. The critical part of the unit, the actin line, is the self-assembled result of the globular
protein actin (Figure 1.1a) [30, 36, 57,71, 92,93, 106]. Each actin protein has hydrophobic
patches and salt bridge patches which are attractive to the corresponding patches on another
actin protein. Under this patchy interaction, actin proteins form a chain structure with a flat
surface [87] that a myosin protein can walk on. The formation of the F-actin is also crucial
for filopodia [72], which is a component of lamellipodia that control the movement of a
cell [66].

Similarly, a microtubules in the cytoskeleton are self-assembled by tubulin, making a
dynamic example of patchy particles. In a living cell, microtubules are polymerizing and
depolymerizing constantly [35, 58, 85]. They are the cytoskeletal structure that is the major
component of cilia and flagella, and are essential for mitosis. The protein component of
the microtubules, the tubulin [100], has a similar structure to actin, except that the protein
quaternary structure is a o3 heterodimer and it forms hollow cylinders, as is shown in
Figure 1.1b. This heterodimer is a unit cell to form the protofilaments. A microtubule is
an assembly of about 13 parallel protofilaments, which is found in vivo [2]. The structures

of & - and f - tubulin are very similar: each monomer is composed by two 3-sheets in the
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Figure 1.1: Actin and microtubules. Globular proteins with anisotropic attractive interac-
tions can often be treated as patchy particles. Actins (a) are self-assembled by lines of
myosins, which is shown as the blue and orange circles. The patches are shown in yel-
low. Similarly, microtubules (b) are self-assembled by a- and - tubulins with patches in
yellow. The tubulins form protofilaments, and the protofilaments form microtubules, with
the patches shown in orange. Both actin and tubulin are globular proteins, and the patch
interaction involves salt bridge, coil-coil interactions, efc..



core, surrounded by o-helices. The oligomerization is guided by the « - helical coiled-coil
interactions [2, 86], though the details vary between tubulin proteins. This interaction can
be treated as sticky patches. These tubulin patchy patches assemble to protofilaments. On
top of the protofilament structure, a microtubule is formed by two possible binding ways
between the protofilaments: o to 8 tubulin, or & to o and 8 to B tubulin [35]. In any
case, these binding site are the lateral contacts between protofilaments. In other words,
each protofilament can also be treated as a patchy particle with the lateral binding sites
as the patches, and the microtubule is the resulting patchy particle self-assembly. In fact,
self-polymerization has been found in vitro with a high concentration of a mixture of the
o-B heterodimers [21].

One way to study the self-assembly of proteins as patchy particles is by computational
methods. Patchy particle simulations were performed by controlling the area of hydropho-
bic patches on otherwise hydrophilic molecules [131]. The result of this study shows
that the system forms chain-like structures under low hydrophobic coverage, whereas a
membrane-like structure is favored at high hydrophobic coverage. This simulation provides

an insight on possible configurations of globular proteins under hydrophobic interactions.

1.1.3 Phase behavior of a patchy particle system

For any system composed of interacting particles, the particle behaviors depend on the
particle interactions, temperature and the density of the system. These distinct behaviors
can be described as the phases of the system. Stable or metastable phases are defined
to exist when the equilibrium of the homogeneous fluid does not change within a long
experimental observation time. For a system with isotropic interactions, the phase diagram
with respect to the density and temperature is shown in Figure 1.2a [24, 101]. The stable,
homogeneous fluid phase for these isotropically interacting particle systems is limited by

the “glass line” on the high density side, and by the gas-liquid or liquid-liquid “spinodal



Isotropic potentials

T Patchy particle phase diagram

¢

Figure 1.2: Phase diagram of systems of particles with attractive interactions. The phase
diagram plotted on temperature (T) v.s. packing fraction (¢) of particles with isotropic
potentials (a) shows a gas-liquid coexistence phase at low packing fractions. However, this
glass-liquid coexistence phase may disappear in the phase diagram of patchy particle sys-
tems (b). The spinodal line of the patchy system moves towards a lower ¢ with decreasing
average coordinate number < M >, making it possible to have a gel at all packing fractions
[32].



line” at low temperature side. The glass line intersects with the gas-liquid spinodal line
for these systems. Therefore, at low temperature, it is not possible to obtain a disordered,
homogeneous arrested state; all states will exhibit phase separation. What will the phase
diagram be for the anisotropically interacting patchy particle systems?

Bianchi and colleagues [12] approached this question using a Monte Carlo computa-
tional modeling method. They studied the phase behaviors of patchy particle systems with
different numbers of patches with broad density and temperature ranges. They modeled
the interactions between patchy particles by an isotropic repulsive hard sphere interaction
and an anisotropic attractive patch interaction. The anisotropic interaction is exerted at cer-
tain spots on the particle surface, and the number of these spots per particle is called the
coordinate number, M. Their simulation was performed on systems with different average
coordinate numbers, < M >.

This patchy particle system shows novel physical phase behaviors, especially novel
gelation properties [32, 96, 97, 99]. Most interesting is the behavior of spinodal line drawn
in a phase diagram with temperature and concentration (Figure 1.2b). The spinodal line is
a border which separates a stable phase from an unstable phase. To the left of the spinodal
line, there is a liquid-liquid separated phase, while to the right of the spinodal line is a
volume-spanning material. In some systems, this material to the left of the spinodal line is
one with droplets of the solute that gather in one liquid phase. These droplets are suspended
in the solute with another liquid phase of solvent. In other solutions, the liquid-liquid phase
separation can be so strong that it results in a dense aggregation in the liquid. Sciortino and
his collaborators found that the spinodal line of the patchy particle system systematically
moves towards a lower solute density with a decrease of < M > in the system [12]. With
< M >=2.05, the spinodal line is located at the packing fraction ¢ ~ 0.005. This leaves
most of the ¢ > 0.005 regions of the diagram in a stable, volume-spanning, homogeneous

phase. For < M >= 3, the spinodal line moves to ¢ ~ 0.1, leaving the range in ¢ <
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0.1 as an unstable non-homogeneous phase. This patchy particle phase diagram has been
experimentally verified using the interactions between DNA oligomers as the patches [13,
68, 94]. Given this theoretical understanding, new materials with bizarre phase properties
were predicted and discovered, such as reaching a reversible gelled state from a disordered
state by heating [95] and the discovery of a gelled, “empty liquid” in a clay [99].

To sum up, more and more study has focused on the patchy particle systems, both
experimental and computational/theoretical. This is not only because these patchy parti-
cle systems are a rich new theoretical tool for studying the fundamental building blocks
of biological systems, but they also show new physics with applicable properties. Novel
phase behaviors have been found, and self-assembly of attractive particles with isotropic

interactions are studied both for non-biological particles and for proteins.

1.2 Underwater vision

As we have seen above, patchy particle systems can create a huge variety of patterns and
structures, and have attracted more and more attention recently. This is particularly ‘hot’ in
biological systems, where our understanding has exploded dramatically in past decades. In
this dissertation, I will focus on the self-assembly of a specific biological system, squid eye
lenses. I will then compare the lens system to a separate but physically similar material,
preserved Chinese “century eggs”, or pidan in Chinese. The goal is to understand the
self-assembly mechanism, and to propose a theory to explain it. Since the proteins in a
squid lens are globular proteins, I will engage patchy particle theory to help understand the
construction of the lens.

But before I go through details about the proteins and the structure of the squid lens, let
us understand a little more about the lens system, and what is required to have an eye with

high resolution and sensitivity, and the requirement of these underwater visual systems.
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1.2.1 Eyes, lenses, and underwater vision

With the sun shining on earth from the beginning of life, life has evolved to capture the
image from objects around in order to survive in the living environment. The structure of
the image capturing systems vary in a continuum, from photon receptors of a few cells to
complex camera-like eyes. In fact, it is not obvious how to define what an eye is, because
nearly every imaginable intermediate exists between an eye with high resolution and the
simple light sensor. However, the big distinction between an eye and a light-sensitive cell
is whether the system is capable of spatial vision [73, 75].

Spatial vision describes a kind of vision which perceives light intensity with spatial
distribution. It requires some mechanism to focus incident photons onto a set of photore-
ceptors that are overall independent from each other. Given these, a camera-like structure
of an eye is a good candidate, and has been found in a lot of species. This eye structure
requires a lens to focus light, and the appearance of a lens marks a giant leap in the eye
evolution. Nillson and Pelger have studied the course of the evolution of lenses by using
computational methods [83]. They showed that an animal might have used 200,000 gen-
erations to evolve a pin-hole-like structure from a flat layer of photon sensitive cells. A
lens could plausibly have appeared after 38,000 additional generations. After that, the eye
and the lens could have modified themselves and reached the configuration similar to a
modern eye within 120,000 generations. During this process, the appearance of a lens is
crucial because a pin-hole structured eye can only reach a limited vision in an evolutionary
dead-end, but a lens can break the bottleneck and form a camera-like eye to achieve better
spatial vision.

For these kind of eyes, there are two aspects to describe good vision: resolution and
sensitivity. Resolution is the minimum angle distance between two incident photons that
the eye can tell apart. It is limited by the diffraction of light and the distance between

the independent cells. Sensitivity is proportional to the number of photons that a receptor
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receives. This is crucial to underwater animals because the total number of photons in the
aquatic environment is low. In fact, the number of photons in water is attenuated roughly by
a factor of 10 for every 70 meters [73, 75], while animals have good spatial vision down to
abyssal depths. For animals like squid whose habitats are at 300 meters deep, the irradiance
is 10,000 times dimmer compared to the land. Thus, underwater animal eyes have adapted

to this darker environment by having a bigger lens with a shorter focal length in their eyes.

1.2.2 Spherical lens

To maximize the amount of light reaching the retina, a spherical lens is optimal for camera-
like eyes because it is the shape to achieve highest sensitivity. There are two features which
determine the sensitivity of an eye: the lens diameter (for underwater eyes) or the pupil
size (for terrestrial animals) D, and the solid angle € which each receptor covers to accept
light. The size of a lens or a pupil behaves like an aperture of a camera and the number
of photons getting through is in proportion to the area of the aperture, which is D?>. The
number of photons that a receptor accepts is also in proportion to €, which is in reverse
proportion to the square of the focal length f, as is shown in Figure 1.3. The sensitivity is
expressed as

S < D*Q. (1.1)

Therefore, to increase the sensitivity underwater, it is required to have a bigger lens and a
smaller focal length. Note that the focal length is in proportion to the radius of curvature
of the lens, so there is evolutionary pressure for a lens with smaller radius of curvature. On
the other hand, an eye cannot be too big compared to the size of the animal, which also
limits the maximum diameter of the lens. So given that the diameter of the lens cannot
exceed a certain size, having a smaller focal length requires the lens to have the smallest

radius of curvature. Thus, sensitivity requires a spherical lens for sea animals compared to
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Figure 1.3: Spherical lenses for underwater vision. A spherical lens is required to maximize
the photon flux for an underwater eye. Having a spherical lens can increase the aperture
and decrease the focal length. Both of these result in an increase of the photo flux. The eye
aperture D is the opening that allows photons getting through. The focal length is f, and
the solid angle from the center of the lens to the retina is labelled as €.

a ‘lenticular’ shaped as is found in human eyes. This lens design has evolved in parallel in

both fishes and squids.

1.2.3 Spherical aberration

But there is a problem with spherical lenses. If the whole lens is composed of material with
the same refractive index, the images the lens forms will suffer from spherical aberration.
For example, a glass bead will focus light which is incident on the center of the lens to a
further point compared to light incident on the periphery [114]. Thus, the image from a
glass bead is not acute. Spherical lens animals have evolved lenses which have a graded
refractive index (GRIN): The refractive index is high in the core of the lens and low in
the periphery. This gradient compensates for the difference of the focal lengths for light

incident at different part of the lens.
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1.2.4 Maxwell’s fish lens equation

The refractive index at different radial positions of a spherical lens can be calculated using
geometric optics. The relationship between a refractive index and a lens radius that will
correct for spherical aberration can be calculated using the Maxwell’s fish lens equation

[23]

-
1+(7)

Here, r is the radial position, n. is the refractive index of the core, and a is the radius of a

n(r) (1.2)

reference sphere (Figure 1.4b). This equation describes a distribution with spherical sym-
metry where refractive index increases with decreasing r, and the maximum of refractive
index appears at the very center of the lens, with the value of n.. With this refractive index
distribution, a spherical lens can focus light into a point, as is shown in the following: in a

medium with spherical symmetry, the equation of a ray path can be written in this form:

9:c/ dr , (1.3)
r\/n%(r)r: — c2

where 6 is azimuthal angle and c is a constant. The details can be found in Figure 1.4a.

Plugging in Equation 1.3, we have

r2—a2 1’8—062

rsin(0—a)  rosin(6p— )’ 14

where Py(ro, 8p) is a fixed point and « is a constant. The physical meaning of this equation
is shown in Figure 1.4b. For any incident light passing through a point Py, they will meet
at Py which is at the line joining Py to O with , and the paths of the rays are arcs of circles.
Hence, a medium with its refractive index distributed as in Equation 1.2 focuses each point
on the spherical surface to the opposite point on the same surface.

Thus, to correct for spherical aberration in a spherical lens, the predicted refractive
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Figure 1.4: A refractive index gradient can eliminate spherical aberration in a spherical
lens. The ray path of in a medium with spherical symmetry is shown in (a). The position
of any point P in the ray path is described as the vector r and the azimuthal angle 0. Figure
(b) shows that a Maxwell’s fish lens can focus light into a point, where Py(rg, 6p) is a fixed
point and ¢ is a constant. Any incident light passing a point P; will meet at Fy.
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index is described in the Maxwell’s fish lens equation. This equation requires that the

refractive index increases monotonically from the periphery to the core of the lens.

1.3 Vertebrate eye lens

All vertebrate lenses which have acute vision are graded refractive index lenses. The shape
of an underwater vertebrate eye lens is a sphere. In the development of a vertebrate lens,
they are generated from ectodermal cells. The mitotically active cells are located only in
the outer epithelial monolayer around the lens [90]. There is a region in the epithelium
where cells elongate into fiber-like structures. After the elongation starts, nuclei and mito-
chondria are ejected from the lens fibers. Therefore, only cells in the epithelial monolayer
can duplicate and create lens proteins. The cells are laid down in layers after the elongation
from the epithelium at the periphery of the lens. Throughout the growth of the lens, these
cells are displaced toward the center. The resulting structure of the lens has distinct layers
of cells which are maintained in the mature organ. The lens grows throughout the whole
animal’s life, but the rate of the lens growth is only rapid in the embryonic development

and in early life after birth [90].

1.3.1 Vertebrate lens protein

Proteins are one of the structural building blocks for different living tissues. This is true
with the lenses as well. A lens cell is like a bag of water filled with proteins. The primary
structural material of the lens is water-soluble proteins called “crystallins”, which make up
more than 90% percent of the total protein content of the lens [17, 90]. The concentration
of these proteins is responsible for the refractive index gradient. In vertebrate lenses, the
crystallins can be grouped into a-crystallin, B-crystallin, and y-crystallin. These crystallin

proteins were first discovered in vertebrate lenses by Bhat and colleagues in 1989 [11]. «
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crystallins are evolutionarily related to stress proteins [S]. There is also a 35 kDa crystallin
found in a frog lens [119].

a-crystallins are related to small heat-shock protein family [56] and are also expressed
in heart, skin, brain, retina and other tissues. They are polydisperse oligomers with the
molecular weight between 800 to 900 kDa, containing more than 40 subunits. There are
two a-crystallin genes, @A and B, sharing around 60% sequence identity [16]. oA-
crystallin is expressed only in the lens [108] and aB-crystallin is stress-inducible. The
interactions between q-crystallins are repulsive in a physiological solution [116]. The in-
teractions involve hard-core and screened Coulomb interactions, which are responsible for
lens transparency [25, 46]. a-crystallins are essential to keep transparency of the vertebrate
lens, given that they are presumed to be function both as structural proteins and as protein
chaperones [17].

B-crystallins also form oligomers, and monomers range from 22 to 28 kDa in molecu-
lar weight. y-crystallins are mostly monomers, with molecular weight about 21 kDa. The
main difference between f3- and Y- crystallins in sequence is that compared to y-crystallins,
B-crystallins have N-terminal extensions. The basic B-crystallins have C-terminal exten-
sions as well [8, 53, 65]. The interactions between B-crystallins are repulsive, and the

interactions between y-crystallins are attractive [116].

1.3.2 Transparency of vertebrate lens

Lens transparency in vertebrates is achieved by complex interactions and assembly of the
constituent proteins. Physically, transparency requires that the protein density fluctuation is
maintained low at the length scales of visible light wavelengths. There are two major ways
by which a cataract happens in a vertebrate lens: protein unfolding and phase separation.
Protein unfolding can result in protein aggregation or a change in the interaction with

other crystallins resulting in lower solubility. To prevent protein unfolding, a-crystallins
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has been found to act as a chaperone [90]. Experimental results show that o-crystallins
suppress thermally-induced aggregation of various enzymes, including f3- and y- crystallins
[56]. However, a cataract may still happen when an immature lens fibre cell is overwhelmed
by stress if there is misfolding of a mutant crystallin, or when a mature lens fibre cell uses
up the chaperone capacity of a-crystallins [90].

Another kind of cataract, however, happens without protein misfolding. It is caused
by changes in solubility or attractive properties in lens proteins, which leads to a phase
separation [90]. Due to this liquid-liquid phase separation, big density fluctuations result
in scattering of light. For a mixture with attractive interactions between particles at low
temperature and low concentration, the mixture is separated into two phases at mesoscopic
scale with different solute concentrations. This separation can be droplets of a liquid phase
of the solution component suspending inside another liquid phase of the same solution com-
ponent [20, 79], or even sediment to the bottom of the container. These two liquid phases
have different refractive index, and scattering comes from the interface of these two phases.
With millions of interfaces between the two phases acting as little scatterers, opacity oc-
curs. Concentrated y-crystallins, which have van der Waals and other attractive forces, have
been observed with liquid-liquid phase separation [70]. This is why lowering temperature
of a bovine lens results in droplet-like liquid-liquid phase separation, and opacity in the
lens, a so-called “cold cataract” [79]. For an underwater lens, turbidity is more likely in the
periphery, where the protein packing fraction is similarly low [9, 79, 114]. A little protein
aggregation can result in strong density fluctuations. In the core of an underwater lens, the
ultradense gelled condition suppresses of the density fluctuation, reducing the unwanted
light scattering [79].

In the periphery of a vertebrate lens, opacity is avoided by having a short range order
of the crystallin proteins, perhaps coming from «-crystallin repulsive interactions [46].

SAXS on a-crystallins in solution shows a decrease in scattering intensity at small angles
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with the increase of o-crystallin concentration in the solution [124], indicating a repulsive
interaction between the a-crystallins. But this repulsion is weak, and with the combination
of this repulsion and depletion, a short-range liquid-like order forms for a-crystallins. The
predicted quaternary structure of these proteins displays tetrahedral symmetry [124]. Since
the molecular weight of ¢-crystallins can be large, this short-range ordered size is close to
visible light and this is how a vertebrate lens keeps transparency.

The short-range order disappears at the core of a vertebrate lens. No peaks have been
seen in SAXS experiment at the core of either a bovine or a fish lens. This disappearance
is achieved by the increase of polydispersity in the sizes of the crystallins and the increase

in concentration of the small y-crystallins which occupy the void space [79].

1.4 Squid eye lens

The material evolutionary story for a squid lens is quite different from a fish lens. The
lenses of cephalopod eyes are composed of independently developing anterior and posterior
hemispheres that later fuse to become the mature, spherical lens. These hemispheres dif-
ferentiate from an overlying layer of ectodermal cells [117]. Both segments are developed
from separate groups of ectodermal cells referred to as lentigenic cells [126]. S-crystallins
accumulate first in the posterior segment and protein synthesis begins in the anterior seg-
ment two days later. The cephalopod lens continues to grow throughout maturity, and
S-crystallins are made throughout the squid’s life [126]. However, as in the vertebrate lens,
mature lens cells lack nuclei and mitochondria; there can be no protein turnover after a lens
cell matures and is laminated onto the existing spherical lens structure.

Similar to a vertebrate lens cell, the shape of a squid lens cell is a long cylinder with
dimensions of approximately 10 x 1 x 1um, as shown in Figure 1.5. The cells are packed

with their membranes tightly fused together to avoid light scattering in between the cells.
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In fact, when we look at the lens under microscope, a lens cell has to be isolated from the
others to have enough refractive index difference with the environment for us to observe it,
as is shown in Figure 1.5d. The lens structural proteins are contained inside these cells.

a b c
Posterior

10umx 1T pmx 1 um

Anterior

Figure 1.5: Cellular structure of a lens. The lens is composed of cells which are laid down
parallel to each other on a path from the zenith to the nadir of the sphere. The lens has a
membrane which separates the lens into the posterior and anterior halves (a). The cells have
filament-like shape next to each other (b,c). The cell image under an optical microscope is
shown in (d).

1.4.1 Squid lens protein

The protein composition of cephalopod lenses is completely different from the vertebrate
lens proteins, and the entire system is independently derived. Squid lenses contain only one

type of protein: S-crystallin [31, 114, 118, 121-123]. These are relatively homogeneous,
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soluble proteins [19]. There are dozens of different S-crystallin forms expressed in a single
lens that are 46-99% identical to each other by amino acid sequence [123]. S-crystallins are
evolutionarily derived from glutathione S-transferase (GSQ), a liver detoxification enzyme,
which may also play a role in molecular chaperoning, similar to @A crystallin in vertebrates
[64]. For S-crystallins, all the isoforms except lops4 (Figure 1.6b) have a few inserted
peptides with various lengths in the sequence of GSQ [117, 123]. These exons correspond
to a disordered, loop-like structure protruding from the folded surface of an S-crystallin.
The presence of the loop is correlated with a loss of GSQ enzymatic activity in a given
protein [117]. A single S-crystallin is a dimeric structure, with each monomer containing
a mixture of B and « structure in the N-terminal domain, and all ¢c-helix in the C-terminal
domain. Comparing the octopus S-crystallins to the squid S-crystallins shows that most of
the members of this lens protein family in squids expanded after the divergence of these two
taxa 200-300 mya [117, 120], and the major S-crystallins seem to have undergone positive
evolutionary selection correlated with a lens structural role [120].

The proteins were cataloged by Sweeney and colleagues into two groups based on the
loop length: long-loop proteins (molecular weight ~ 27 kDa) and short-loop proteins (~ 25
kDa), as is shown in Figure 1.6. They used homology modeling to calculate the surface
charge of these S-crystallin isoforms [114]. They found that the long-loop proteins have
higher net charge (+4.8) compared to the short-loop proteins (+2.8).

The evolutionary relationships of these S-crystallins’ DNA sequences were studied by
Sweeney, et al. [114]. They constructed a gene trees using the non-loop part of these
proteins in Figure 1.7, where the underlying DNA sequences can be aligned. Their result
shows that the amino acids which are positively selected are the ones which contribute to
the stability of the S-crystallin tertiary and quaternary structures. These include the residues
which are responsible for the dimer interface, and the ones that stabilize the end of helices in

the C-terminal domain of the protein. Further, their result shows that the long-loop proteins
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Figure 1.6: S-crystallins and glutathione S-transferase (1GSQ). The protein structure of
1GSQ (a), a short-loop S-crystallin (b), and a long-loop S-crystallin (c) are shown. The
protein structure 1GSQ is from the liver-expressed enzyme related to the lens-expressed
S-crystallins. The short-loop S-crystallin and long-loop S-crystallins expressed in the lens
differ in loop length. Lops4 is shown here as an example of short-loop S-crystallin (b).

are more recently diverged from the rest of the family compared to the short-loop proteins.
These highly-charged long-loop proteins are under more-intense positive selection, and
their appearance is approximately simultaneous with the appearance of the complex GRIN
lens. These results suggest that long-loop proteins are crucial to form the GRIN lens.
Comparing vertebrate lenses and cephalopod lenses, the protein components between
vertebrate lenses and cephalopod lenses are completely different and unrelated. Squid
lenses contain many isoforms of S-crystallin, whereas there are three crystallin families

with large polydispersity in a vertebrate lens. In addition, graded index in squid also
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Figure 1.7: Gene tree of S-crystallins. The gene tree of S-crystallins (taken from Sweeney
et al. 2007 [114]) shows evolutionary relationships of S-crystallin proteins as inferred
by DNA sequences. The long-loop S-crystallins are labeled in blue and the short-loop in
black. This gene tree shows that the long-loop S-crystallins form a clade, and the clade has
a higher surface charge compared to the short-loop S-crystallins.
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evolved independently from vertebrate lenses. All of the above suggest that there is an-

other mechanism of how a squid lens builds a gradient index and maintains transparency.

1.4.2 Previous hypothesis for lens transparency

To study the possible mechanism of how a squid lens builds and maintains graded index and
transparency, Sweeney and colleagues studied the S-crystallin distribution in the lens with
respect to the lens’s optical properties [114]. They found that the long-loop proteins are
expressed more in the peripheral, low-index regions of the lens. At the core of the lens, it
is mostly composed of short-loop proteins. Further, they found that long-loop proteins are
highly charged, with much higher positive surface charge compared to short-loop proteins.
Therefore, they hypothesized that the mechanism for a squid lens to keep transparent in the
periphery of the lens is to have proteins here highly charged, and the repulsive screened
coulomb interaction between these proteins prevents them from aggregating. Then short
range order forms in this mechanism, similar to the repulsive mechanism for transparency
of vertebrate lenses, and no aggregations or accumulations are allowed by the screened
Coulomb repulsion. This hypothesis also predicts that there is no larger structure formed
at length-scales larger than a few protein diameters, and proteins will be homogeneously
distributed. In this hypothesis, thermal fluctuations are reduced by a repulsive jamming in
the system, and proteins in the periphery form a repulsive glass. In the core of a squid lens,
they predicted that since the protein density is so high, the space is all packed with proteins,
so there is little density fluctuation in the core of the lens. The increase in concentration
of short-loop proteins in the center would be due to the requirement of high packing frac-
tion — smaller proteins without long-loops can be packed denser compared to long-loop
proteins. The core of the lens is also jammed, required by the high protein density.

In short, the old hypothesis for invertebrate lens transparency predicts that the whole
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lens is a jammed system, with charge-charge repulsion between jammed proteins in the
periphery of the lens, and close-packing interactions in the core.

In this thesis, I will conduct experiments to investigate in our previous hypothesis. |
will check whether the old hypothesis is consistent with my experimental results. If not,
what is the mechanism that the proteins assemble in the squid lens to achieve the GRIN
lens with such a large ¢ span? Are the proteins in the lens patchy particles? What is the
phase of the lens system? Can the phase diagram provide us with a solution to the assembly
of the lens system? Further, are there any other protein systems that are similar to the squid

lens system with proteins as the patchy particle? My research will focus on these questions.

1.5 Outline of this work

In this thesis, I study the material properties and the self-assembly of transparency and
gradient index of the squid eye lens. I start from the protein density requirement of the
spherical lens in Chapter 2. I also use biological methods to analyze the protein properties
of the lens described in Chapter 2. These methods provided some initial insights into the
larger structure of the self-assembling protein system. After that, I describe the small angle
x-ray scattering experiments on intact lens tissue. The result provides information about
the possible phase of the lens, and checks whether our old hypothesis is correct. This is
explained in Chapter 3. In Chapter 4, I convert the x-ray scattering result in Fourier space
to real space by fitting the scattering intensity using a Monte Carlo simulation. This probes
a real space protein configuration in an intact lens. I also discuss the possible assembly
mechanisms of the lens system. In Chapter 5, I introduce another patchy particle protein
system, the Chinese century egg, and compare this system to the lens system. Finally, in

Chapter 6, I summarize what I have done and propose future work.
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Chapter

Proteins in the squid lens

Just as the non-water content of most biological tissues is predominantly protein, the major
component of a squid lens is protein. As was mentioned in Chapter 1, squid lens pro-
tein composition is very different from vertebrate lens protein composition. Therefore,
to understand how the squid lens is assembled, and what makes the lens transparent, it is
essential to systematically study the proteins inside the lens. This includes the protein com-
ponent in the lens, the spatial distribution of the protein components, the molecular weight,
the charge of the protein component, and the native form. In this chapter, I describe how
I conducted several biological experiments to study these properties of the protein in a
squid lens. Specifically, I begin from the refractive index requirements of the lens, and
then estimate the protein concentration necessary to achieve the observed refractive index
distribution. Then I describe gel electrophoresis on the lens proteins to study the compo-
sition and concentration of protein at different radial positions in the lens. To understand
how the general molecular weight distribution of S-crystallins maps to the proteins’ atomic
structure, I estimated the three-dimensional the protein structure of S-crystallins using ho-
mology modeling. From there, I predict the circular dichroism absorbance (CD) of the

folded protein, and perform CD on S-crystallins to verify that the proteins structure consis-
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tent with my homology models, and are well-folded in the lens. At the end of this chapter,
I studied the surface charge of the protein by conducting isoelectric focusing experiments
(IEF). All of these properties from the lens proteins will be essential to construct my hy-
pothesis to explain the lens as a self-assembling system of graded refractive index in the

subsequent two chapters.

2.1 Introduction - protein identification

Squid lens cells are essentially membranous bags of S-crystallin proteins which are lami-
nated together and organized into a sphere. The major protein components in a squid lens
are S-crystallins, as was mentioned in Chapter 1. To understand the lens system, I need to
know what isoforms of S-crystallins are contained in the lens, and where they are expressed.
The exact protein composition of Loligo lenses was studied using [1lumina technology RNA
sequencing by my labmate Tom Dodson. The sequencing assembly results showed a total
number of 53 unique S-crystallins expressed in the lens, 14 of which were assembled as
full-length constructs. These proteins are very similar to S-crystallin sequences currently
in genbank from other species, and thus, we identify them as S-crystallins. The major dif-
ferences between the proteins in our dataset appear mainly in the region of the sequences
that encode a loop-like structure in the center of the two folding sub-domains of the con-
served enzyme. In fact, we identified 39 unique “loop” sequences of variable length, and
in all cases they are predicted to encode an unstructured, soluble loop protruding from the
folded core of the homodimeric protein. This loop accounts for the observed differences in
molecular weight between S-crystallin isoforms.

In short, there are a whole spectrum of S-crystallin isoforms expressed in the squid lens.
In the following chapters, I will study their physical interactions and spatial distribution in

the lens.
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2.2 Sample collection and lens layers

Loligo forbesii squid lens tissue was obtained from the Marine Biological Laboratory
at Woods Hole, MA, and coastal campus of University of Connecticut at Avery Point.
Sthenotuethis lens tissue was obtained with squid jigs from the R/V Kilo Moana from var-
ious sites in offshore Hawaii. Lenses were excised from the suspending tissue, and fixed
immediately for TEM, or stored at -80 °C either alone or in RNA Later (Life Technologies
#AM7020, Grand Island, NY 14072) for use in other experiments. Lenses were thawed
on ice and divided into anterior and posterior hemispheres along the naturally-occurring
membrane separating the two. For most of our experiment, the posterior hemispheres were
dissected into four concentric hemispherical layers, shown in Figure 2.1. The thickness of
each layer is somewhat arbitrary and varies with different lens samples. Therefore, these
dissections were digitally photographed to make a record of the radial position of each tis-
sue subsample. On average, the peripheral layer usually ranges from 80% to 100% of the
total lens radius, and we call it the 100% layer; the next layer, the 80% layer, ranges from
60% to 80%; the 60% layer ranges from 40% to 60%, and the radius of the core sample is

typically less than 40% of the total radius of the lens.

2.3 Refractive index matching experiment

The squid lens is interesting because a graded refractive index sphere is required to have
acute vision underwater (see Chapter 1). To start, we experimentally studied the refractive
index at different positions in a squid lens and fit these data to theoretical expectations
about refractive index distribution. We did several independent experiments and confirmed
that Loligo lenses have the expected density and refractive index distribution with radius
that is described to first order by the Maxwell’s fish lens equation.

The refractive index of the squid lens varies at different radial positions to eliminate
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Figure 2.1: Dissection of the lens, refractive index, and packing fraction distribution.
Hemispheres of lens tissue were dissected into four concentric layers labelled as 100%,
80%, 60%, and 40% layers (shown in the images); the exact thickness of each layer varies
with different lens samples. The relationships between refractive index, protein packing
fraction and lens radius are plotted in the black curve. This relation is obtained by fitting
the Maxwell’s fish lens relation using my index oil matching result, as explained in the text.
Colored circles show the approximate protein density required at each position to generate
the required refractive index gradient.

spherical aberration (Chapter 1). Using geometric optics, the refractive index at different

radial positions of a ratio lens can be calculated using the Maxwell’s fish lens equation:

ne

”(’”):T(g)z,

2.1

where r is the radial position, n. is the refractive index of the core and a is the radius
of the focus sphere in the lens. To estimate n. and a, we dissected a Loligo lens into
seven concentric layers, and the refractive index of each dissected layer was estimated by

submerging the pieces of tissue in refractive index matching oils of 1.45 and 1.55 (Cargille
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labs, Cedar grove, NJ). Immediately after immersion, we photographed each layer in index-
matching oil, and using these photographs, we recorded the radial position of the tissue
sample that was invisible in each of the two index-standard fluids. With this information
about exact refractive index at two radial positions, we can estimate the refractive index at
all radial positions in the lens with the Maxwell’s fish lens equation (Eq. 2.1).

The result of the index matching experiment shows that for a single example lens, tissue
samples from approximately r = 3 mm radial position disappear in the n = 1.45 standard,
and samples from r = 1.9 mm disappear in the n = 1.55 standard. Using equation (1),
we have n, = 1.63 and a = 8.6 mm, and the predicted refractive index at different radial

position of the lens is
1.63

r)=——"""7.
1+ (5%)

The distribution of the refractive index is shown in Figure 2.1. From this equation, the

(2.2)

inferred refractive index at the outer most radial point in the lens is then 1.37, close to that
of seawater with n = 1.34. In the core of the lens, the inferred refractive index is 1.63. See

Table 2.1 for the refractive index at other positions in the lens.

2.4 Protein concentration in the lens

Having estimated the refractive index distribution, we want to find out what protein proper-
ties are responsible for this gradient refractive index. There are two possible scenarios: 1.
The lens is composed of proteins with different protein refractive indices (n,) at different
radial positions, or 2. the lens is composed of proteins with the same protein refractive
indices, but the concentration of the proteins are different. In this section, I describe the
experiment which was conducted to answer this question, and estimate the protein concen-

trations required for that refractive index.

31



2.4.1 The gradient of refractive index is achieved by a gradient in the

protein concentration

To check whether the refractive index gradient was achieved by having a graded protein

concentration, I calculated the refractive indices n,, of the dry proteins in the lens using the

[2R, +
n(p) =/ ="—¢> (2.3)
p P

where R), is the refraction per gram of the protein, and v, is the protein partial specific

Lorentz-Lorenz formula

volume, which is the weighted average of the partial specific volume of each amino acid
[74]. I calculated R), for all the proteins in the lens based on the amino acid sequences in
our sequencing data. These proteins have been studied before [114] evolutionarily, and our
previous study presents the evolutionary tree of these proteins. From there, I can estimate
the refractive increment, or increase in refractive index with increase in protein concentra-

tion (c) at 578 nm, using the Wiener equation [135]:

dn 3 np—ng
R s By (2.4)
de 2 n%) +2ng

In this equation, ng is the refractive index of the medium, which was set to be 1.334. 1
calculated refractive index increment dn/dc for all the proteins in the lens, and compared
the dn/dc for the new emerged proteins and the old proteins. Then I used Zhao’s method
[135] to calculate the predicted dn/dc as the increment of protein concentration.

For all of the S-crystallins, my calculation shows that the mean of dn/dc is 0.196 ml/g,
with a standard deviation of 0.003 ml/g. The refractive index increment of the long loop
proteins, which are relatively recently diverged from the rest of the lens proteins, is dn/dc =

0.197 £0.002 ml/g. The short loop proteins have dn/dc = 0.195+0.004 ml/g. Thus, there
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are no major differences in refractive increment among proteins in the squid lens, and
therefore no evidence that squid lenses increase refractive increment in the center of the
lens by changing the amino acid composition of the crystallin proteins, as was shown by
Zhao et al for vertebrates [135].

In short, the refractive index gradient in a squid lens is achieved by having a gradient
in the protein concentration. I now want to estimate the predicted protein concentration.
Given that we have dn/dc of the protein assembly and the refractive index distribution, we
need to have one data point with both known refractive index and known concentration to
estimate the whole concentration distribution in the lens. I measured both these properties

at the core of the lens, where the protein concentration is the highest across the lens.

2.4.2 Core of the lens, measurement and theoretical estimation

To find the protein concentration in the lens core, I measured its density by comparing it
to fluids of known density. I did this by submerging additional samples from the very core
of the lens in potassium iodide solutions of known density; a tissue sample will float in
less-dense fluids, and will sink in more-dense fluids. I can also infer the refractive index of
the core from the Maxwell’s fish lens equation. As reported below, these two methods of
estimating the core refractive index were in good agreement.

For the core of the lens, our density measurement result is 1.28 g/ml. The average partial
specific volume of S-crystallins is 0.73 ml/g. Thus, the average density of S-crystallins is
1.37 g/ml. Assuming that protein is the only material in the lens, the packing fraction
of the core is calculated to be 93%. That is, there is little water in the core. I checked
this by exposing a 4.22 mg sample of lens core to vacuum for approximately two hours,
and the mass of the sample remained unchanged after this exposure. Additionally, the
average calculated refractive index of the dry protein from amino acid sequence shows

that n, = 1.63. This is the same as the core refractive index n., which I determined by
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extrapolating from direct index measurements using Maxwell’s fish lens equation. The fact
that the inferred core refractive index is the same as dry lens protein is another piece of
evidence which indicates that there is no water in the core of the lens.

To sum up, our density experiment at the core of the lens shows that the core almost
entirely composed of proteins with little water in it. This is required to achieve the high
refractive index. This conclusion is further supported by our small angle x-ray scattering
(SAXS) result as will be discussed in Chapter 3. Next, I will estimate the protein concen-

tration at different radial positions in the lens.

2.4.3 Predicted protein concentration of a squid lens at different ra-
dial positions

The concentration and the packing fraction ¢ of the protein in the lens at all positions can
be estimated: Given a radial position in the lens, the refractive index was calculated using
the Maxwell’s fish lens equation. The required protein concentration can be calculated
using the refractive index increase increment equation 2.4.

Given both the core density and dn/dc, the calculated protein packing fraction at dif-

ferent radial positions of the lens is:

6.1

¢:O.7SC:W—

5.1. (2.5)

The result is shown in Table 2.1 at several radial positions of the lens, with the bold refrac-
tive indices the measured data. The packing fraction of protein in lens tissue spans from
~ 5% in the periphery to 100% in the core of the lens. This result is also shown in Figure
2.1.

In short, our results show that the refractive index gradient in a squid lens is achieved

by having a gradient of protein concentration in the lens, with the core 20 times more
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Radius(mm) | RI | Packing Fraction
3.7 1.37 0.04
3.0 145 0.33
1.9 1.55 0.71
1.3 1.59 0.86
1.0 1.60 0.92
0 (inferred) | 1.63 1.0

Table 2.1: Refractive indices at different radial positions in a squid lens. The radial position
of a lens, refractive index (RI), and the packing fraction are listed. The bold numbers in RI
are obtained directly from the index oil matching experiment, and the rest are calculated.

concentrated than the periphery of the lens. Throughout this span of protein concentration,
transparency is required at all positions in the lens. The question is how does the lens
maintain a low protein density fluctuation at such a large protein concentration span? How
does the lens avoid liquid-liquid phase separation throughout the lens, especially in the
periphery where protein concentration is low? To approach the answer, we need to know

the distribution of S-crystallin isoforms at different positions in the lens.

2.5 Relative protein abundance distribution

Studying the relative abundance of the S-crystallin isoforms throughout the lens is im-
portant to understanding how the lens maintains transparency and graded refractive index
because the different S-crystallin isoforms may have different properties in assembling the
lens system. Determining the S-crystallin isoform distribution will help us to develop a hy-
pothesis for the function of the S-crystallin loops. To start, I performed gel-electrophoresis

(SDS-PAGE) on squid lenses.
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2.5.1 Relative protein abundance at different radial positions in the

lens

Polyacrylamide gel electrophoresis (SDS-PAGE) separates the proteins by their molecular
weight. Proteins unfolded by SDS are loaded into a gel, and an electric field is applied to
the gel. Proteins with higher molecular weight will migrate slower in the gel compared to
the smaller proteins.

In this experiment, lenses were dissected into four concentric layers and stored in
RNA later at -80 °C. Then the subsamples were homogenized with plastic micropestles
in 1.5 ml microcentrifuge tubes in XT sample buffer (Bio-Rad Laboratories, Hercules, CA,
#161-0791) with XT reducing agent (Bio-Rad 161-0792) and protease inhibitor cocktail
(#P8849-5ml, Sigma Aldrich, St. Louis, MO) added according to the manufacturer’s in-
structions . These samples were heated to 95 °C for 5 minutes to denature the constituent
proteins. Then the solution was centrifuged at 14,000 rcp for 1 minute to remove any re-
maining solids. This procedure resulted in no visible pellet, suggesting that lens proteins
were entirely solubilized. [ used a BioRad 10% precast polyacrylamide 12+2 well gel (Bio-
Rad #345-0111), with XT MOPS running buffer (Bio-Rad #161-0788) for electrophoresis.
The gels were stained with Invitrogen SafeStain according to manufacturer’s instructions
(Life Technologies, #L.C6060). Then the gels were scanned in transparency mode on a
desktop scanner (HP Scanjet G4050). I calibrated both the quantities of protein loaded in
the gel, and the images from the scanner such that the resulting grayscale intensities of pro-
tein bands in the scanned images were linearly proportional to the concentration of protein
in the band.

I calibrated molecular weights of proteins in the samples using protein molecular weight
ladder (Bio-Rad Precision Plus Protein Kaleidoscope Standards #161-0375). The relative

migration of a given protein band to the dye front was fitted as an exponential function
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of the molecular weights of the proteins in the standard. The gaps between protein bands
were treated as the intensity baseline and were corrected by the built-in MATLAB function
‘msbackadj’. The greyscale intensities of the samples were then normalized relative to total
S-crystallin protein content by dividing by the sum of all values in the range of 20 to 40
kDa for a single sample.

At all radial positions, greater than 90% of the protein in the lens was found in two
overlapping, broad bands migrating on the gel. These broad bands represent two major
molecular weight classes of S-crystallin, one with majority molecular weight at around
24.5 kDa and the other with majority molecular weight around 26.5 kDa, as is shown in
Figure 2.2. It was not possible to completely separate these two bands, which are the com-
posite migrations of many S-crystallin isoforms, and seem to represent the mean migra-
tion position of the long-loop and short-loop categories of S-crystallin proteins. Therefore,
based on information from our RNA sequence data, I chose to define the boundary between
the 24.5 kDa (short-loop) and 26.5 kDa (long-loop) protein migration bands to be 25 kDa.
The ratio between 26.5 kDa band to 24.5 kDa band decreases significantly from 1.0 in the
periphery of the lens to 0.06 in the core, shown in Figure 2.2. There are also two minor
bands in each sample, at 32 and 36 kDa, similar to proteins in a frog lens [119]. The very
high molecular weight S-crystallins (~ 36 kDa) behave differently from the 26.5 kDa and
24.5 kDa molecular weight S-crystallins. They are at a minimum in the periphery of the
lens, and increase in abundance with decreasing lens radius to a maximum of 7% of total
protein at a lens radius of 2 mm. The abundance of these proteins then decreases again to a
prevalence of 1% to 3% in the lens core.

In short, the SDS PAGE result shows a complex set of proteins composing the majority
of the non-water mass of the lens, consistent with our RNA sequencing result. In the molec-
ular weight range from 23 kDa to 28 kDa, the average molecular weights shift towards a

lower molecular weight from the periphery to the core of the lens. This trend provides a
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Figure 2.2: Protein concentration of different molecular weight. The relative concentration
of proteins of different molecular weights (a) is plotted from the peripheral layer (red)
and the core (blue) of the lens. The red and blue curves are data from SDS-PAGE with
background adjusted, as described in the text. The grey regions are the fit to the raw data
using peak decomposition. The inset shows the gel image. The ratio of the concentration of
long-loop S-crystallin to short-loop S-crystallins with error bar at different radial positions
in the lens (b) decreases from periphery to the core, with the 100% layer in red, 80% layer
in orange, 60% layer in green, and 40% layer in blue.
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clue on how the lens assembles, as will be discussed at the end of this section and chapter 4.
For now, I further investigate the protein composition by comparing the RNA sequencing

result to the SDS-PAGE result.

2.5.2 Peak decomposition

As was mentioned in the introduction section of this chapter, both RNA sequencing and
SDS-PAGE can be used to determine the protein composition of a squid lens. This sec-
tion compares these techniques together to further our understanding about the proteins in
the squid lens. RNA sequencing results show that the loop lengths for 24.5, 26.5, and 36
kDa proteins are about 14, 25, and 106 amino acids, respectively. The width of each of
the peaks in SDS-PAGE suggests that these peaks result from the summation of a mix-
ture of S-crystallin isoforms of slightly different molecular weights. Given the large num-
ber of S-crystallin-encoding transcripts in our RNA sequencing data, and the difficulty of
fully separating these isoforms using biochemical techniques, I wanted to infer the relative
abundance of each predicted protein as a function of radial position in the lens using our
SDS-PAGE data. This was achieved by deconvolving the total protein migration pattern
observed in SDS-PAGE as a sum of individual protein isoforms with molecular weights
encoded by RNA transcripts observed in our sequencing data, for all radial positions in the
lens. I estimated the contribution of each predicted protein transcript to the total migration
pattern by modeling the observed SDS-PAGE migration pattern as the sum of many Gaus-
sian curves, with each individual transcript contributing a Gaussian distribution of density
of fixed width consistent with a monodisperse protein, and a height as determined by the
following fitting algorithm. The positions of the Gaussian curves were fixed to have center
positions within 1 kDa of a predicted transcript with a maximum width of 0.5 kDa for tran-
scripts of 23.5 kDa to 28 kDa. For proteins between 35 to 37 kDa, I fit with one peak with

the position ranges from 35 to 37 kDa, and the maximum width of 0.5 kDa.
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Figure 2.3: Protein abundance decomposition. The decomposition of the result from SDS-
PAGE combined with RNA sequencing result at different radial positions is shown in these
four panels. From top to bottom: 100% layer, 80% layer, 60% layer, and 40% layer.
Each solid line shows the fitted peak representing a single isoform, and the dotted curve
is the sum of these peaks. The green dotted lines denote the peak positions for isoforms
with molecular weights of 23.7, 24.5, 25.0, 25.7, and 26.5 kDa. The decomposition the
aggregate electrophoresis data also shows that the average molecular weight of S-crystallins
in the lens decreases from periphery to the core.
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The result showed that although similar-looking broad peaks are present at all lens
radii, S-crystallin isoforms in each major broad composite peak continuously shift to a
larger molecular weight as a function of lens radius (Figure 2.3). Though the exact position
of the sub-peaks vary at different radial positions in the lens, the wide composite peaks
centered at 24.5 and 26.5 kDa are mainly comprised of S-crystallins with molecular weight
23.7,24.5,25.0, 25.7, and 26.5 kDa.

The close fitting of SDS-PAGE data to transcripts found in RNA sequencing, along
with previous published data about squid lens composition [114] suggests that the lens is
composed of many variations of a single glutathione s-transferase-related protein fold. The
most salient difference between these closely related proteins is the length and composition
of a loop inserted between the two folding domains of the protein. There is a clear increase
of the relative abundance of the low molecular weight S-crystallin isoforms from the pe-
riphery to the core of the lens. The lowest two major sub-peaks in molecular weight are
comprised of S-crystallins with molecular weight 24.5 and 25.1 kDa in the periphery of the
lens, whereas in the core, it is comprised of 23.7 and 24.35 kDa. This shift shows a clear
trend of decreasing average molecular weight from the periphery to the core of the lens.
At the high molecular weight side, the 26.5 kDa sub-peak component comprises 22% of
the total S-crystallin composition in the periphery, and this proportion decreases to 6% in
the core. This trend also appears in the 25.7 kDa sub-peak. The percentage of this isoform
drops from 9% to 2% from periphery to the core of the lens.

In conclusion, the SDS PAGE result is consistent with RNA sequencing data in that
both of datasets show a complex S-crystallin composition of many isoforms. The peripheral
layer of the lens contains more proteins with a broad peak at molecular weight 26.5 kDa
compared to that in the core. It is very likely that these 26.5 kDa proteins play a role in
maintaining the lens transparency at the periphery of the lens. Next, we want to know what

is the difference in the folded structure between these long loop proteins and other proteins.
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I used the protein structure estimation technique called homology modeling to estimate the

atomic-scale protein structure of the ensemble of S-crystallins.

2.6 Homology modeling of the proteins in the lens

Homology modeling provides a method to estimate atomic structure and therefore the sur-
face characteristics of the different S-crystallin isoforms, as well as a plausible initial con-
formation of the apparently unstructured cytoplasmic loops.

To estimate the structure of S-crystallin isoforms, I used homology modeling which
constructs the protein secondary and tertiary structure based on homologous, known pro-
tein structures. Specifically, S-crystallins tertiary and quaternary structure were estimated
using the Swiss-model (http://swissmodel.expasy.org/). The predicted S-crystallin models
were built based on homo-oligomeric structures from selected proteins from the SWISS-
MODEL template library. Glutathione S-transferase (1GSQ) was the main known protein
structure selected as the template for all of the isoforms of S-crystallins. 1GSQ is the
progenitor of the squid lens S-crystallin [61, 123]. It has a dimeric structure. The squid
S-crystallin have a few inserted peptides with various lengths in the sequence of 1GSQ.
The similarities between 1GSQ and S-crystallin are the reason why 1GSQ are chosen to be
the homology model template.

The resulting estimate of S-crystallin structure shows similar configurations as glu-
tathione S-transferase, as is shown in Figure 2.4. S-crystallin monomers form a homod-
imer. In addition to the conserved globular structure, two disordered loops are inserted in
the 1GSQ sequence, taking a flexible, unfolded configuration in the solvent. The major
structural variation between different S-crystallin isoforms mostly appears in the details of
the predicted configurations of the loops. Most of these loops are predicted to be flexible in

shape, and floppy in the sense that they can freely swing in the solvent. For the super long
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Increase amino acid number in the loop

50 A

Figure 2.4: S-crystallin isoforms. The S-crystallin isoforms from homology model with
different loop lengths are shown with the arrow labels the increase of the loop length.
These S-crystallin isoforms have similar dimeric body structure. The loops have various
lengths and structures.
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loop proteins with 103 and 106 amino acids, there are no templates which are similar in
the loop amino acid components. As a result, homology model fails to output a predicted
structure for them. If the 106 amino acid loop is extended and unfolded in the solvent like
the other shorter loops appear to be, it can easily extend to 300 A away from the folded
body of the protein. In general, basic residues tend to be exposed on the surface of the pro-
tein, while the disordered loop inserted in the otherwise conserved 1GSQ sequence tends

to take a flexible, unfolded configuration in the solvent.

2.7 Circular dichroism spectroscopy

In order to determine whether S-crystallins are folded in lens cells as predicted according
to homology models, I performed circular dichroism spectroscopy. A Loligo lens was dis-
sected into four concentric layers, and the 100% layer tissue was placed in 150 mM phos-
phate buffered saline (PBS) (P4417, Sigma Aldrich, St. Louis, MO) with protease inhibitor
cocktail (P8849-5ml, Sigma Aldrich) 1:200 added. This tissue and buffer were homoge-
nized in a Dounce tissue homogenizer (06-434, Fisher Scientific, Pittsburgh, PA), and the
resulting fluid was centrifuged at 13,400 rcf for 10 min to remove undissolved proteins.
Then the solution was 1:10 diluted in the PBS with the same percentage of protease in-
hibitor added. All of the above was performed either on ice or in a temperature-controlled
system with temperature set to be 4 °C. A Jasco J-810 spectropolarimeter (Easton, MD)
continuously purged with nitrogen was used to obtain far-UV circular dichroism spectra
(CD) concurrently with far-UV absorption spectra. The UV region was measured between
180 and 400 nm using a 0.1 mm quartz silica cell (International Crystal Labs). The spectra
were all acquired using a data pitch of 0.05 nm, and at a continuous scan speed of 200
nm/min, with response time of 0.5 s, and bandwidth of 5 nm. A minimum of 5 accumu-

lations for each sample were averaged at a temperature of 20 °C (40.05 °C; 293K). The
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temperature was controlled by a Peltier heating and cooling system. The analysis of the
CD spectrum is performed using the online server CAPITO [129].

The absorbance difference between the two oppositely circularly polarized light sources
at different wavelengths is shown in Figure 2.5. Two minima were observed in the ab-
sorbance at 213 nm and 223 nm. A maximum was located in the middle of these two
minima. The two minima are consistent with a helix structure [28]. This fact is consis-
tent with our homology modeling that the S-crystallins are mostly composed of helical
structures.

The spectra values at 200 nm and 222 nm are plotted to estimate the folding properties
of the lens protein together with these values from known folded and unfolded proteins,
shown in Figure 2.5. The lens protein locates in the middle of the globular proteins. This
is consistent with the fact that S-crystallins are globular proteins. The lens protein does not
locate among the unfolded proteins. Therefore, the circular dichroism experiment shows

that the proteins in the lens are well folded.

2.8 Isoelectric focusing (IEF)

Our previous hypothesis was that the proteins in the lens are highly charged and the repul-
sive interactions between the proteins prevent them from aggregating (Chapter 1). In this
section, I study the net charge of the S-crystallins. To estimate the charge of S-crystallin
isoforms, I performed isoelectric focusing (IEF) on the protein solutions. This method sep-
arates proteins by their charge in the gel. Loligo lenses were dissected into three or four
layers, and each layerwas homogenized in a Dounce homogenizer in 360 mg/ml urea and
25% (v/v) glycerol buffer on ice, then centrifuged at 14 000 g at 4 °C for 10 min. The
resulting supernatant was loaded in a pH 3-10 gradient Criterion IEF Gel (Bio-Rad # 345-
0072). Tused 20 mM lysine plus 20 mM arginine (Bio-Rad #161-0762) for cathode buffer,
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Lens

Lens

Figure 2.5: Circular dichroism spectroscopy of lens protein. The circular dichroism ab-
sorbance (®) from a ground lens tissue with buffer subtracted in shown in the top figure.
There are two valleys at 209 and 222 nm, and a peak at 192 nm. These features are consis-
tent with alpha-helical structure. The bottom figure shows the absorbance at 200 nm and
222 nm of the lens protein compared to known proteins in their native form and unfolded
form using the online server CAPITO [129]. The lens protein locates in the middle of the
globular proteins, which is consistent with the structure of S-crystallin. This indicates that
the proteins in the lens are well folded.

and 7 mM phosphoric acid for anode buffer (Bio-Rad #161-0761). One gel was run fol-
lowing the manufacture’s recommendation on the connection of electrode. To increase the
resolution of the basic isoelectric point’s of S-crystallin proteins, I ran a second gel with
the anode and the cathode buffers switched relative to the manufacture’s recommendation,
and the electrodes from the power supply also switched accordingly; the protein samples
were loaded in the anode side of the gel. Both gels were fixed in 30% methanol, 10%

trichloroacetic acid, and 3.5% sulfosalicylic acid for an hour, followed by 4 hours of wash
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in 30% methanol and 12% trichloroacetic acid, then stained with silver stain (Bio-Rad Sil-
ver Stain Plus Kit #161-0049). The gel results reported here show the data from the first
gel for isoelectric point PI < 6 and data from the second, switched electrode gel for PI
> 6. The isoelectric point of the 36 kDa S-crystallins are calculated using the online server

ExPASy from the amino acid composition [14, 15, 50].

Protein abundance (a.u.)

Isoelectric point

Figure 2.6: IEF-PAGE of lens proteins. Lens proteins are separated by their isoelectric
point (PI), and the abundance of each PI is shown in the figure. Curves are colored accord-
ing to the radial position in the lens the samples were taken from, with red 100%, orange
80%, green 60%, and blue 40%. The sharp peak at isoelectric point of 5.4 is very likely
from the 32 and 36 kDa S-crytallin isoforms. The peaks at P/ ~ 8 may come from the long-
and short- loop S-crystallins.

The IEF gel results show a spectrum of proteins ranging from a 5 < PI < 9.5, as is

shown in Figure 2.6. In the basic range of pH, from 7 < PI < 9.5, there is a broad composite
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peak at P1 ~ 8 for all layers in the lens. I attribute this broad composite peak to the mixture
of S-crystallins with molecular weights from 23 to 28 kDa. This spectrum of peaks is
consistent with our SDS-PAGE result that the proteins in the lens are a mixture of dozens
of S-crystallin isoforms, rather than a binary mixture of two proteins. The acidic part
from the IEF-PAGE shows a sharp peak at PI= 5.4 for all layers. This peak is associated
with the S-crystallins with super long loops at 36 kDa. The calculated PI is 5.2 for these
proteins because the loops of these proteins are highly negatively charged. This result is
also consistent with our SDS PAGE result that there are 36 kDa S-crystallins at all positions
in the lens.

In short, this IEF-PAGE result shows that majority of S-crystallins are positively
charged at all positions in the lens. There is a wide distribution of protein PIs, ranging
from 5 to 9.5. This is consistent with our SDS-PAGE result in that the lens is composed of
a mixture of dozens of S-crystallins. The super long loop protein with molecular weight 36
kDa is negatively charged because the long loop contains more negatively charged amino
acids. Across the different positions in the lens, there is not much difference in the PI of
the protein composition.

If the charge of the proteins are high enough and the phase of the protein assembly in
the lens is repulsive glass, one would expected to see individual proteins in their native

form. This will be addressed in the next section.

2.9 Native PAGE

To study the quaternary structure of the S-crystallins in their native form, I performed
Native PAGE on the lens proteins. A Loligo forbesii lens was thawed, dissected into
four concentric layers and placed into 0.9 ml 150 mM phosphate buffered saline (PBS)
(P4417, Sigma Aldrich, St. Louis, MO) with protease inhibitor cocktail (P8849-5ml, Sigma
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Aldrich) 1:100 added. Each of these samples was ground in a Dounce tissue homogenizer
(06-434, Fisher Scientific, Pittsburgh, PA), and the supernatants were taken after centrifug-
ing at 13.4 k rcf for 10 min. This step removes undissolved proteins. Then these solutions
were added 1:1 to the native PAGE sample buffer (#161-0738, Bio-Rad). The running
buffer was Tris/Glycine buffer (#161-0734, Bio-Rad) and the gel was a 12-2 well Criterion
12.5% Tris-HCl (#345-0014, Bio-Rad). Cytochrome ¢ (C2506-50MG Sigma Aldrich) was
used as the standard. The gel was run at 150 V at 4 °C with the electrodes switched so that
positively charged proteins would migrate into the gel. The voltage was removed when
the cytochrome c (which is orange in its native form due to the presence of a heme ligand,
and therefore visible in the unstained gel) had migrated to the bottom of the gel. Bio-
Safe Coomassie G-250 (#161-0406, Bio-Rad) was used as the protein stain, following the
manufacturer’s instructions. All of these steps were done with careful temperature consid-
erations by either conducting the experiments on ice or in a temperature controlled system
set at 4 °C. Gels were imaged and protein bands quantified as described in the SDS-PAGE
methods above.

The native PAGE gel shows that the lens proteins barely migrated into the gel, whereas
the cytochrome ¢ monomers and dimers migrated to the end of the gel, shown in Figure
2.7. The lens proteins in the gel do not focus into a band, as cytochrome ¢ does. Instead,
there is a large smear of proteins that barely migrates into the gel. In native PAGE, proteins
migrate according to their charge to mass ratios. The charge to mass ratio of cytochrome
c is roughly double that of an average S-crystallin. Therefore, if S-crystallins were sol-
uble dimers in their native form, they should migrate roughly 60% of the distance that
cytochrome ¢ migrates. However, our result shows that S-crystallins have barely entered
the gel when cytochrome c has migrated the full length of the gel. This is consistent with
S-crystallins existing in an aggregated form in their native state.

The native PAGE result suggests that S-crystallins in their native form are bound to
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Cytochrome ¢

100% layer

80% layer

60% layer

40% layer
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Cytochrome ¢

Cytochrome c

Figure 2.7: Native-PAGE electrophoresis of lens protein, with lane 6-10 a higher amount
of protein loaded compared to lane 1-5. Cytochrome ¢ was used for calibration purpose.
The lens proteins at all radial positions do not migrate into the gel much. The proteins do
not focus into a band, either. This is consistent with S-crystallins existing in an aggregated
form in their native state.
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each other in a manner that is not disrupted by homogenizing and re-suspending them in
an excess of aqueous solvent. Instead, they may form a larger scale structure, which is
consistent with a gelled structure. Therefore, our original hypothesis of repulsive glass is
not supported by this experiment. I performed one more experiment on the native lens

protein assembly to test the original repulsive glass hypothesis.

2.10 Filtration

The filtration experiment was conducted to test whether S-crystallins are gelled in the lens.
I filtered aqueous lens solutions, prepared as described above, through 100 kDa and 30 kDa
filters. The idea is that if the lens proteins form an assembly with the average molecular
weight higher than both of the filters, few proteins are expected to pass through the filter.
A lens was dissected into four concentric layers and ground in 0.7 ml PBS buffer with
protease inhibitor cocktail 1:25 added. The sample solution was centrifuged at 14,000 rcf
for 10 min and the supernatant was obtained. An additional 0.5 ml PBS buffer (with pro-
tease inhibitor 1:25) was added to each tube. The mass of total protein in each solution
was estimated separately by measuring the absorbance at 280 nm using a NanoDrop 2000
UV-Vis spectrometer (Thermo Scientific, Wilmington, DE). Dilution was conducted if the
protein absorbance was higher than 1.1. Then the supernatant was filtered using Amicon
Ultra 0.5 ml centrifugal filters with 100 kDa and 30 kDa molecular weight cutoffs (mwco)
with 450 ul of the solution loaded (UFC510024 and UFC503024, EMD Millipore, Biller-
ica, MA). Protein solutions were filtered through these devices by centrifuging at 15,000
rcf for 15 min. Any solution that did not pass through the filter device was collected by
placing the device upside down in a fresh tube and centrifuging at 1,000 rcf for 2 minutes.
All the above was performed either on ice or at a set temperature of 4 °C. Then the volume

of the protein solution in the filtrates were measured using a micropipettor, and the protein

51



concentration of the filtrate and the remaining fluid was estimated by absorption at 280 nm.
The absorbance of the concentrates, which stayed in the filter after the filtration process,
showed a broad peak around 305 nm. So I cannot use the 280 nm absorption to quantify
the protein concentration. To check whether there is a high lens protein density in the con-
centrates, SDS PAGE was performed using another lens treated by the same dissection and
grinding method. The SDS-PAGE method is described in section 2.5.1. Both the filtrate
and concentrate proteins were loaded into SDS PAGE for comparison. The filtrate protein
was diluted 1:2 with Laemmli sample buffer and the concentrate protein was diluted 1:4.

To estimate the protein concentration from absorbance at 280 nm, the extinction co-
efficients of the lens proteins were estimated using the ProtParam tool from ExPASy
(http://web.expasy.org/). The input amino acid sequences come from our RNA sequenc-
ing result. The extinction coefficients of all proteins with full sequences were calculated
and the average of them was used to estimate the protein concentration. The molecular
weight of the proteins was assumed to be 25 kDa. Having estimated the protein concen-
tration, I calculated the total mass of the protein originally in solution and calculated the
percentage of the protein which passed through the filters.

In every 450 ul solution, the PBS dissolved protein mass after grinding are 0.55 mg for
the solution at 100% layer, 1.45 mg for the 80% layer, 0.086 mg for the 60% layer, and
0.015 for the 40% layer, as is shown in Table 2.2. The proteins dissolve much more in the
peripheral two layers compared to the core. After 100 k and 30 k mwco filtration, the mass
of protein in the filtrate decreased to 29% relative to the original solution for the 100%
layer, 5.1% for the 80% layer, and 12.8% for the 60% layer. This trend holds with the use
of 30 k filters. The decrease of the protein concentration is because the size of the protein
native form in the PBS solution is bigger than the filter size, which are 100 kDa and 30 kDa.
To check whether the proteins were trapped in the filter, I flipped the filter and centrifuged

lightly to get the concentrate. SDS-PAGE was performed to verify that the concentrate
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15 20 25 37 50 75 250 kDa
Standard
100% layer 5 pl, filtrate

80% layer 5 yl, filtrate
60% layer 5 pl, filtrate
40% layer 5 pl, filtrate
100% layer 5 pl, in filter
80% layer 5 pl, in filter
60% layer 5 pl, in filter

40% layer 5 pl, in filter

Standard
Standard

Figure 2.8: Filtration result. The SDS-PAGE was performed after the filtration experiment.
The result shows that the proteins in both the filtrate and concentrate have the molecular
weight consistent with S-crystallins. The concentration of protein in the concentrate is
much higher than in the filtrate.
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Total Protein % of total Protein % of total
protein mass (mg) protein mass (mg) protein
mass (mg) in filtrate, smaller than | in filtrate, smaller than
in sample 100k mwco | 100k mwco | 30k mwco 30k mwco
100% layer 0.55 0.16 29.1 0.16 29.1
80% layer 1.45 0.074 5.1 0.069 4.8
60% layer 0.086 0.011 12.8 0.0096 11.2

Table 2.2: S-crystallin aggregate size distribution — filtration analysis

is composed of lens protein, shown in Figure 2.8. Both the filtrate and concentrate lanes
of four layers show protein bands at 25 - 30 kDa, which is consistent with the molecular
weight of S-crystallins. The filtrate proteins (1:2 diluted) are barely visible for all layers
after stain whereas the concentrate (1:4 diluted) are massively over loaded. Therefore, the
filtration result shows that majority of the lens proteins do not go through either 100 kDa
or 30 kDa filter. Thus, the proteins in the lens forms a structure which is bigger than 100
kDa, which is consistent with our native PAGE result that the proteins form a gel structure.

The filtration result gives further support to the hypothesis that the phase of the lens

proteins is a gel. This structure will further be discussed in chapter 3 and chapter 4.

2.11 Transmission electron microscopy (TEM)

To give a rough estimation of the protein configurations in the lens, I performed TEM on
fixed lens tissue. Osmium tetroxide (2%) was used to fix the peripheral layer of a squid
lens. When moderate blackening occurred, samples stored in deionized water. Water was
then replaced with hexamethyldisilazane (99.9%) allowed to air dry, and samples were
then placed in acetone for subsequent embedding in Spurr’s resin (Electron Microscopy
Sciences, Cat. 14300, Hatfield, PA). We cut 35 nm thin sections onto copper grids for

imaging. Images were obtained using a Tecnai TEM at 8 ke V.
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Figure 2.9: Transmission electron microscopy (TEM). The TEM image shows that the
proteins appear to be connected to each other and form a network. This network spans
the whole space, and it is consistent with a gelled structure as we have seen from several
experimental results.

The TEM result is shown in Figure 2.9. The TEM image shows that the proteins appear
to be connected to each other and form a network. This network spans the whole space, and
it is consistent with a gelled structure as we have seen from several experimental results.
This network from TEM also shows some chain-like structures with bifurcations. The

interpretation of this structure will be discussed in Chapter 4.
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2.12 Conclusion

In this Chapter, I performed a series of experiments attempting to study the physical prop-
erties of the lens from the perspective of protein composition. I found that the graded
refractive index of the lens comes from a gradient in protein density, and estimated the
protein packing fraction from the gradient refractive index requirement. This estimation is
consistent with the density measurement at the core of the lens, and the protein packing
fraction ranges from 5% to 100% from periphery to the core of the lens.

I conducted another series of experiments to study the protein components and their
radial distribution in the lens. I studied the relative abundance of the S-crystallin isoforms
at different radial positions of the lens using the SDS-PAGE method. The result shows that
the relative abundance of 26.5 kDa S-crystallins compared to other isoforms in the same
location is higher in the periphery, whereas the core is dominated by short loop proteins.
Decomposition of the SDS-PAGE migration pattern using molecular weights predicted by
our RNA sequencing data verifies this. Then, the atomic structures of the S-crystallins
isoforms were estimated using homology modeling. This result suggests that the basic S-
crystallin structure is similar to 1GSQ, the related enzyme present in squid, but with an
additional loop-like structure with various amino acid numbers. Combining these results,
these loops are highly correlated with the optical properties of transparency and refractive
index in the lens. Long loops and short loops may therefore serve different functions for
the optical function of the lens. My circular dichroism study on the lens protein shows that
the proteins are folded, and consistent with globular proteins.

I also studied the charge distribution with lens position of these S-crystallin isoforms by
IEF-PAGE. The result shows that majority of the proteins are positively charged, but there
is not a major difference in average charge of the proteins at different lens radii. Native

PAGE and filtration measurements showed that proteins most likely form a larger-scale
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structures in their native form. The data in this chapter are therefore not consistent with our
first hypothesis that proteins in the lens form a repulsive glass.

The implications of the combined results are twofold: the proteins in the lens are pos-
sibly gelled, and the average length of the loop-like structures present on the proteins is
correlated with the optical properties of the gel formed at each position in the lens. We
hypothesize that these loops may serve as sticky spots on each protein that link to other
proteins to form a gel. We will further investigate this hypothesis in the following two

chapters.
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Chapter

Small angle x-ray scattering (SAXS)
- a direct measurement of the squid

lens proteins

In the previous chapter, I studied the protein components of a squid lens using biological
methods. The results suggest that the disordered loops that apparently protrude from the
conserved, folded body of the protein play a crucial role in protein assembly, and this
assembly is consistent with a gelled material. In this chapter, I will continue to characterize
the lens protein structure using SAXS at different layers of the squid lens, both for intact
lens tissue and for lens proteins homogenized in solution. SAXS is a direct measurement of
the protein configurations in Fourier space, and from this, it is possible to infer the spatial
distribution of the proteins in real space. The hierarchical structure of protein assembly in
the lens at all observed protein densities will also be constructed. These data will then be

compared with the results from last chapter.
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3.1 X-ray apparatus

To start, I will introduce the SAXS method in this section. The basic SAXS setup is straight
forward: X-rays are generated from a source, and then this beam is collimated. Normally,
a single x-ray wavelength is chosen. Then, the light passes through a pinhole and impinges
on the sample in the sample chamber. The sample scatters the beam, and this scattering
pattern is recorded by a detector. The experimental apparatus is shown in Figure 3.1. The
output of the measurement is the x-ray intensity as a function of wave vector g, which is

proportional to the scattering angle 260 for small 6.

/yze/:
Collimated light \

Sample

Rotating anode X-ray generator

Bruker Hi-Star multiwire detector

Figure 3.1: Beam path in an X-ray apparatus. An x-ray beam is generated by a rotating
anode. The collimated light interacts with sample, and the scattering is recorded by a
detector. The angle between the incident beam and the scattered beam is 26.

For this thesis, small angle x-ray scattering experiments were performed both in a multi-
angle x-ray scattering system (MAXS) at University of Pennsylvania and at the X9 beam
line of the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory.
For both systems, we used silver behenate powder for calibration of scattering angle. I
used two sample cabinets at different positions along the beam, allowing measurement of
three angular ranges. The distance of these cabinets from the x-ray generators were 150,
and 54 cm, for small and intermediate angle measurements, respectively. The small angle
measurements collect data at g € [0.008, 0. 13} A1, whereas the intermediate angle ranges
atg € [0.025,0.35} A~ If not otherwise described, sample temperature was fixed at 10

°C for all experiments.
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Small angle
9 Intermediate

chamber
angle chamber
X-ray generator
Y9 Detector
Temperature control
b
1cm
Top piece
Sample chamber —»

Bottom piece

Figure 3.2: Image of the MAXS and the sample cell. The top image (a) shows the MAXS
apparatus. The x-ray generator is on the far left of the image. The two black boxes are
the sample chambers at the small and intermediate angle ranges. The bottom image (b)
shows the top and the bottom pieces of the sample cell. Samples are loaded inside the
small o-ring, and mica are used as the window.
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For the MAXS system, temperature was controlled by a TMS 94 and LNP 94/2 temper-
ature control unit (Linkam Scientific Instruments Ltd, Waterfield, Tadworth, United King-
dom). An incident beam with energy of 8.03 keV was generated using a Bruker Nonius
FR591 rotating-anode source (BRUKER AXS, Inc. Madison, WI). The beam was col-
limated and pinholes were placed. X-ray scattering patterns were then collected with a
multiwire detector (Bruker Hi-Star). At this facility, vacuum between the generator and
the detector was maintained below 1 Torr to reduce air scattering (Molmex Scientific Inc.,
Northampton, MA). The setup is shown in Figure 3.2. For the corresponding wave vector
range of the squid lens proteins and pickled quail eggs, two measurements were done, at
small and intermediate angle ranges. These data were spliced together to create a single
measurement with a larger angular range than either chamber separately.

The procedure for performing scattering measurements using the MAXS system is sum-
marized here: to begin an experiment, the first thing is to raise the voltage and current of
the x-ray generator since the intensity of output x-rays may fluctuate a little within one
hour after reaching appropriate levels for a measurement. Before turning on the detector,
the beam block was adjusted to prevent possible detector damage. Then, the thermal cell
holder was connected to the temperature control unit, and the horizontal and vertical posi-
tions of the holder were adjusted to maximize the output intensity. Calibration of the beam
was repeated every 24 hours during an experiment.

For all measurements at NSLS, calibration was done with the incident x-ray energy at
14 keV. Then the energy was lowered to 8 keV for measurements, and the corresponding
scattering angle was shifted accordingly. Measurements at the NSLS were done in air due
to constraints of the sample holder geometry at that facility. Similar to the MAXS system,
for each experiment, two scans were performed at the wave vector range of 0.002 - 0.08
and 0.08 - 0.6 A~! using two detectors. Measurements for the same sample from these two

angle ranges were concatenated after the experiment.
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For x-ray scattering measurements, dissected pieces of lens tissue or pidan were
mounted in custom-built o-ring sealed sample holders with clear ruby mica windows (7.5
mm and 12 mm, Attwater Group, Preston, England). This cell is shown in Figure 3.2b. To
ensure that the proteins are not denatured and the x-ray scattering signal comes from the
sample, the procedure that I developed to use this sample cell is the following: A big o-ring
(McMasterCarr 9262K445) and a small o-ring (McMasterCarr 9262K421) were cleaned
with deionized (DI) water first. I then cleaned the piece of mica with DI water and com-
pressed air (McMasterCarr 7437K35) if necessary. Samples were normally loaded under a
stereoscope. Solid samples were loaded so that the height of the sample at the top of the
sample did not exceed the top of the small o-ring in the sample cell. For liquid samples,
the volume of the liquid for a good seal was adjusted so that the top of the liquid was just a
little higher than small o-ring. Once the liquid was loaded, it was immediately sealed with
a big mica cover to prevent leaks. To ensure a good seal under vacuum, the screws (Figure
3.2) at the top of the top half of the sample holder were tightened uniformly so that the side

of the sample cell (top and bottom) were parallel to each other.

3.2 Kinematical scattering on non-crystal materials

In the previous section, I introduced the SAXS methods used in this thesis. Now, I will
briefly introduce the meaning of the SAXS intensity as a function of wave vector ¢, and

also explain how I calculated the S-crystallin form factor.

3.2.1 SAXS measures the Fourier transform of the particle radial dis-

tribution function

X-rays are electromagnetic waves with a wavelength on the order of magnitude of 1 A. The

x-ray photons interact with electrons of matter. Therefore, x-rays are a convenient tool for
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characterizing the spatial distribution of electrons in a sample. The SAXS measurement

records the scattering intensity at different wave vector ¢, where ¢ is defined as
q=4msin(0)/A. (3.1)

In this equation, 0 is the half-angle change (Figure 3.1), and A is the x-ray wavelength.
The wave vector ¢ is in reciprocal space, and it corresponds to a scale (r) in real space with
the relation,

q=2m/r. (3.2)

Therefore, in x-ray scattering data, smaller wave vectors correspond to larger spatial scales.
The scattering intensity is the modulus squared of the scattering amplitude. For a mono-

molecular system, the scattering intensity can be written as

I(q) = f(q)* Y exp(igra) Y exp(—igrm), (3.3)

where f(q) is estimated to be the number of electrons in an atom, n and m are indices to
label particles. Because SAXS measures the particle correlations, the relation between the
radial distribution function g(r), which is the probability of finding a particle at the position

r, can be calculated as

_ ! R0 .
gr)=1+ 271'27Pave/0 q[Nf(q)z — 1] sin(gr)dgq, (3.4)

where N is the total number of particles and p,,. is the average density. Therefore, the

result of a SAXS measurement is the Fourier transform of the radial distribution function.
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3.2.2 Form factor of S-crystallin

In any material, there are always interactions between particles filling a volume. Under
these interactions, patterns form between the particles and the particles are correlated. What
SAXS probes, then, is the sum of these correlations within the hierarchically ordered struc-
ture. But for practical purposes, such as in our squid lens case, the structures of interest
are the larger-scale structures that result from the interactions of S-crystallins, apart from
the aqueous solvent background. Because these proteins have a well-characterized struc-
ture, the contribution of individual proteins to the scattering intensity at length-scales larger
than a single protein can be calculated. To do this, we deconvolve the contribution to scat-
tering from the internal structure of S-crystallins from contribution to scattering from the
assembly of many S-crystallins. Now, the scattering intensity from the individual proteins
is called the form factor, and the larger structure they make is called the structure factor.
In this section, I will focus on the methods to obtain form factors for the lens proteins and
pidan proteins. Later, in section 3.4, the structure factor for the intact squid lens will be
calculated and analyzed.

Form factor is a measure of the scattering amplitude of x-rays from an isolated protein.
It corresponds to the inner structure of the protein and its scattering envelope. To obtain
the form factor of a system, it can either be measured directly by SAXS, or calculated from
the positions of atoms in the protein. The SAXS measurement to obtain a form factor is
normally performed on the protein of interest in a low density in solution, so that particle-
particle interactions are negligible and proteins are isolated from each other. In the scenario
when the protein structure is known but it is hard to dilute the protein, the form factor can
be calculated using the Debye formula [33]:

fla) = L LN o) e 65
i l
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Here, Nf(g) is the number of electron in the i" atom. The variable d is the pair distance

between atom i and j.
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Figure 3.3: The form factors of S-crystallin isoforms calculated from homology models
are plotted (a) with red as the long-loop S-crystallins and green short-loop S-crystallins.
They show very similar results. The average calculated form factor of all isoform dimers
is plotted in pink in (b). The green in (b) is the form factor from a S-crystallin monomer.
The peak at ¢ = 0.21A~! comes from the dimeric structure. The calculated RDF (g(r)) is
plotted in (c). One likely spatial configuration of the average S-crystallin obtained from the
average form factor is plotted in (d) and (e) at different cross sections.

We found that the natural S-crystallin network was almost impossible to stably disas-
semble into individual S-crystallin subunits (see sections 2.8 and 2.9); therefore, we used
the strategy of calculating form factor from atomic positions inferred from a crystal struc-
ture [99]. Since the lens tissue is predominately composed of S-crystallin proteins, we used

S-crystallin homology models to calculate the form factor of S-crystallin proteins. We as-
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sumed for simplicity that all S-crystallins in the lens are homodimers. The predicted form
factors of all S-crystallin homodimers are similar, as is shown in Figure 3.3a: they are flat
at small values of g < 0.05 A~!, then decrease to a minimum near ¢ = 0.17 A~!, with a
secondary peak at ¢ ~ 0.21 A~!. The main difference between isoforms is the minimum
value near ¢ = 0.17 A~!. The ratio between the peak at ¢ = 0.21 A~! and the valley at ¢
=0.17 A~ ranges from 1.2 to 2.3. The average form factor for all isoforms has all these
features, and from this we calculated an average radius of gyration (R,) for S-crystallin of
158 A.

In Figure 3.3b, the average peak in the form factor at ¢ = 0.21 A~! over all S-
crystallin isoforms corresponds to the size of the dimer structure, formed by two inter-
locking monomers. This peak is absent in form factor of an S-crystallin monomer (Figure
3.3b, pink). Further, the radial distribution function of the S-crystallin dimer was estimated
using the software GNOM (for the method, see Chapter 4), and the RDF shows only one
peak at 28 A in Figure 303c. The reciprocal space associated with this peak is estimated by
27 /28 A= 0.22A~!, so this real space RDF peak corresponds to the g = 0.21 A~! peak in
reciprocal space. The distance 28 A is approximately the distance between the centers of
the two folded monomer chains within the homodimer. To show the spatial configuration
associated with this peak, we turn to the software DAMMIF (for the method, see Chapter
4). The DAMMIF output on the averaged form factor shows the approximately spherical
structure of an S-crystallin dimer. Therefore, in the average form factor of S-crystallins,
the peak at ¢ = 0.21 A~! corresponds to the presence of the dimeric structure.

Having calculated the form factor of S-crystallins, it is possible to study the protein-

protein interaction from a SAXS experiment on intact lens tissue.
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3.3 Intensity versus wave vector of S-crystallins

We performed SAXS on the intact lens tissue. Each lens was dissected into four radially
concentric layers. The tissue was loaded into the thermal cell as described above. The vol-
ume of the tissue was sufficient to fill the whole sample chamber for the outer three layers,
and was positioned in the middle of the x-ray beam for the core of the lens sample, since
the volume of this sample was smaller than that of the sample chamber. The measurements
were carefully examined to make sure that the scattering comes from the lens tissue, not the
background: At low g, the background scattering from the air shows a straight line with the
slope sharper than -3 in a log-log plot. The scattering from lens tissues show a slope around
—2 (shown in section 3.5), and this signal is considered as the lens protein scattering. The
absolute output scattering intensities were adjusted so that they overlap at very large g.

Figure 3.4 shows that the scattering intensity as a function of wave vector I(g) is very
similar for each layer of the lens, even though the layers transition from ¢ =0.05to ¢ =1.0:
At small g, the scattering intensity for all layers decreases with increasing ¢ and there is
a shoulder or peak for all layers near g = 0.02 A~!. At the intermediate range, there is
another shoulder or a peak around g = 0.15 A~!. Then at a large g, there is another peak,
which corresponds to the dimer configuration at g = 0.21 A~

In all layers, in the range of 0.006A~! < ¢ < 0.01 A~!, the scattering intensity de-
creases for all layers with increasing g. This feature is consistent with the larger-scale
structure forming a gelled state [7].

In the ranges of 0.01 < ¢ < 0.02 A=! and 0.04 < ¢ < 0.13 A~!, the scattering intensity
is greater in tissue samples taken from the peripheral layers of the lens relative to a sample
taken from the core (Figure 3.4). The intensity at the core of the lens at all measured g is
lower than in any other layers in the lens. It is likely that at the core, the packing fraction

is so high that it is not possible to have high density fluctuation.
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Figure 3.4: SAXS result. The measured intensity (a) and the structure factor (b) at different
lens radial positions are shown. Red labels 100% layer, orange 80%, green 60%, and blue
40%.
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The SAXS curves show a peak at 0.01 < g < 0.03 A~! in all four layers in Figure
3.4. This peak is possibly coming from the protein network, or from another aspect of the
cellular nature of the tissue, such as the cell membranes. In section 3.6, I will discuss the
possible interpretations of this peak.

At the range of 0.07 < g < 0.2 A~! in Figure 3.4a, there is a shoulder or peak next
to a plateau for all layers in the lens. This scale is in the range of the protein-protein
interaction. The scattering intensity of the plateau decreases from the periphery to the core
of the lens. The sharp increase with the decrease of ¢ at 0.1 < g < 0.2 A~ is very similar
to the scattering intensity from spheres. This observation suggests that in this g range,
which is 30 - 60 A in real space, it is very likely that there are sphere-like structures in real
space. Comparing this to what we learned in the previous chapter, it is natural to associate
these spheres with the roughly spherical S-crystallin dimers. This will be discussed more
in section 3.4 with the structure factor.

At the range of g > 0.2, there is one peak at ¢ = 0.21 A~! and another peak at ¢ = 0.6
A~! (Figure 3.4). The ¢ = 0.21 A~! peak corresponds to the dimeric structure of the
S-crystallins, and the ¢ = 0.6 A~! corresponds to the inner structure of an S-crystallin
monomer. These two peaks are more apparent for the outer three layers of the lens than for
the core.

To carefully examine the SAXS result at different scales and to analyze the structure
resulting from protein-protein interactions compared to the protein inner structure, I next

calculated and analyzed the system’s structure factor.

3.4 Structure factor of S-crystallins

The structure factor is the Fourier transform of the radial distribution function of 5 nm

protein dimers. It neglects the inner structure of the protein, and only considers the spatial
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distribution of these proteins. Knowing the structure factor can help us understand the
spatial configuration of the protein assembly. The measured x-ray scattering intensity as
a function of wave vector, ¢, is the product of the form factor and the structure factor.
Therefore, the structure factor for both pidan (see Chapter 6) and the lens tissue can be
determined by dividing the scattering intensity by the appropriate form factor, calculated
as described above.

The structure factors of the intact lens samples are shown in Figure 3.4b. They are
similar at all radial positions of the lens. Because of these similarities, I will discuss the
four prominent scattering features seen in samples taken from all four relative radial lens
positions at increasing ¢: A large scale gelation feature at ¢ < 0.01 A~!; a shoulder present
at 0.01 < ¢ < 0.03 A~!; a trough in scattering at 0.03 < ¢ < 0.1 A~!; a peak in structure
factor due to direct protein-protein interactions at ¢ = 0.15 A=

At spatial scales from 0.006 < g < 0.01 A~!, the scattering intensity decreases in a
straight line in a log-log plot. This indicates there is a fractal character of the protein-
protein interactions of S-crystallins. This fractal nature also reveals that there is a larger-
scale structure of the S-crystallins in the lens. There are only subtle differences in the x-ray
scattering pattern between different layers, which indicates that the underlying structures at
different radial positions are similar. This larger-scale structure will be discussed in section
3.5.

At intermediate scales of 0.01 < g < 0.03 A~!, there is a shoulder with spatial scale
around 400 A and then a sharp decrease. This feature will be discussed in section 3.6.

Then at a smaller spatial scale, a local minimum appears at g ~ 0.05 A~!. The depth
of the minimum increases from outer to the core of the lens, from 20 to 110 calculated by
using the protein-protein contact peak at g = 0.13 A~! to divide by the minimum of the
valley. A further analysis about this feature will be conducted in section 4.6.2.

A peak at the size of S-crystallin diameter appears at ¢ = 0.13 A~!, which is about
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50 A in real space. This is the same as the diameter of the S-crystallin dimers. This
means that the majority of the signal in structure factor arises from pairwise protein-protein
interactions. This peak shifts towards a higher g from periphery to the core, indicating that
the nearest neighbor distance decreases from the periphery to the core of the lens. This is
consistent with the sharp decrease at 0.1 < ¢ < 0.2 A~! in the intensity in Figure 3.4. Both
of these indicate that the protein dimer structure is observed in SAXS, and these S-crystallin
dimers are the unit from which larger structures within the lens tissue are assembled.

In order to see the protein behavior in the very center of the lens, I performed SAXS on
a tissue sample from the lens core, with the radius of the dissected tissue sample as small as
possible. It shows a straight line at g < 0.15 A~!, indicating that the proteins are so densely
packed that they are not distinguishable from each other in space. The spatial structure is
so compact, it is consistent with dehydrated protein homogeneously spanning the whole
core of the lens with no bulk water remaining. This suggests that in order to form such a
dense state, possibly the protein surfaces are all surrounded and tightly packed with other
proteins.

In this section, I described the results from my SAXS experiments. I showed that at
spatial scales larger than a single S-crystallin dimer, there is a structural network. The
protein-protein interaction peak at ¢ = 0.13 A~ is clearly observed as well. This indicates
that the pair-wise interaction between the S-crystallin dimers is crucial for the assembling
of the lens system, and that individual 50-AS-crystallin dimers are likely to be the unit

building blocks for this assembly.

3.5 Gel structure at large scale

As is mentioned from Chapter 2, the native PAGE and filtration experiment suggests that

the lens proteins form a gel structure in the living tissue. In this section, I will demonstrate
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evidence from SAXS that the lens is structured as a gel.

Gels are a state of matter which are solid but with very low density of the composite
particles. There is no strict definition of a gel. The common characteristics of a gel structure
are: interactions between particles are primarily attractive, and the system has yield stress,
meaning that the composite particles are connected, or percolated. However, a system may
not be called a gelled system if the density of the particles is either too high or too low. The
density of a gel is very similar to a liquid. A gel at high density may be eventually jammed
and becomes a solid state, whereas a low density system may be in a gas phase. However,
there are no strict requirements delineating the physical definition of a gel.

Gels have some interesting properties. A gelled system is mostly adhesive and sticky.
This comes from the attractive interaction between the components. Only under attractive
interaction can large-scale structures form. Gelled systems also do not flow, and exhibit
elasticity. This is because the network formed by the attractive particles spans the whole
volume, and the particles in a gel are not free to move. Therefore, when a small stress is
exerted on a gel, the percolated system reacts elastically at first, because the particles are
all connected, and moving some particles requires breaking bonds, which is energetically
costly. But when the applied stress is big, bonds start to break and the material response is
not elastic any more.

In Chapter 2, 1 showed that the lens material is sticky, meaning that it sticks to the
forceps. This is consistent with the attractive interactions of gelled systems. The conclu-
sion that proteins are gelled within the lens tissue is further supported by our SAXS data.
The structure factors increase with the decrease of ¢ for all layers in the lens at the range of
g <0.01 A~1. A higher structure factor means that the spatial density fluctuation increases.
If the system does not have any attractive interaction between the particles, the larger the
spatial scale one probes, the more homogeneous the system appears. Therefore, the in-

crease in structure factor with decreasing ¢ indicates that there are larger scale structures
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in the tissue, requiring attractive interactions between particles. Thus, structure factor at
low g shows that there are attractive interaction between the proteins. Our old hypothesis
[114] mentioned in Chapter 1, that the proteins in a squid lens are dominated by repulsive
interactions is therefore very unlikely based on this SAXS result.

At 0.006 < ¢ < 0.01 A~!, the structure factor decreases as a power law with a slope
in a log-log plot close to —2 for all layers in the lens. This slope indicates the fractal
dimension dy in the spatial scale that one probes. Fractal dimension is the power of the
number of particles 7 as a function of the radius r in the region. One considers: n(r) o< r%.
For a chain, the number of particles in a region with radius r is linear with r, and thus,
it has dy = 1. For a compact three dimensional ball formed by particles, the number of
particle contained inside it is proportional to the cube of the radius, and dy = 3. For a
three-dimensional random walk model, it has dy = 2. A polymer chain system is often
described using the three dimensional random walk model and has dy = 2 [7].

For the lens system, the fractal dimension dy at 0.006 < g < 0.01 A~ is approximately
2. This is higher than dy of a chain, and is smaller than the d of a ball. Therefore, we can
rule out the chain structure and ball structure for the bigger scale structure. The dy of the
lens system is very similar to the dy of a three-dimensional random walk. The picture of
the the three-dimensional random walk model looks like a chain-like structure with lots of
bifurcations. The particles are all connected in the whole network, and the system can be a
gel if the density of the particles are neither too big nor too small. Therefore, dy = 2 in the
lens system strongly suggests that proteins in the lens system are connected together and
form a percolating, gelled network of bifurcating chains composed of pairwise S-crystallin
interactions.

In short, the structure factor at large scales shows that the folded proteins are very
likely to be linked together, forming a percolated network at large scales. The structure is

more consistent with gel structure than with a jammed structure as previously hypothesized
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[114]. There are only subtle differences in the x-ray scattering pattern between different
layers, which indicates that the underlying structures at different radial positions share

similarities and are all gel-like.

3.6 The peak at 0.01 < ¢ <0.03A!

The SAXS curves or structure factors show a peak at 0.01 < g < 0.03 A~! in all the four
layers in Figure 3.4. There are a few possible explanations for this peak.

It is possibly corresponding to the imperfect homogeneity of the gelled system. In
Shibayama’s paper [100], he showed that a gelled system may have some expansions and
contractions under the interaction of van der Waals, electrostatic, or hydrophobic interac-
tions. In the lens system, the degree of density fluctuation consistent with optical trans-
parency is required to be low, but not necessarily zero. This remaining density fluctuation
may be captured by SAXS as the shoulder at 0.03 < ¢ < 0.07A~!. The possible fluctuation
small enough that there is no clear peak in the SAXS curve. This is likely consistent with
the observed transparency in the lens.

The density fluctuation responsible for this peak could also be due to the nodes of the
protein network. At each bifurcation, there are more particles around the network nodes
compared to particles within the chains that constitute most of the network. The Sciortino
group’s work on simulating networks of particles shows that nodes in these networks are
typically complex and composed of many particles, and not simply one particle with three
nearest neighbors as might be the simplest expectation [98]. This more complex picture of
multi-particle network nodes might explain the shoulder at g ~ 0.03.

Another possible explanation is that this peak is not from S-crystallins in the cell, but
instead from some feature of cell membranes or remaining nuclei, since the lens tissue is

cellular. The thickness of the cell membrane is about 40 A, but is likely to have arrays
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of densely packed integral membrane proteins, possibly with length-scales around 300 A.
Although lens cells eject their nuclei to avoid intracellular scattering, there are still some
stray, compacted nuclei remaining within the mature tissue, visible in light microscopy
(data not shown) - this subtle feature at 300 A in SAXS could also be some feature of
tightly packed DNA remaining in the tissue.

To better understand this feature at 300 A , we compared the structure of the squid lens
system to the Chinese century egg (see Chapter 5). In the SAXS intensity of pidan, there
is also a bump in the structure factor at low ¢, but there are no cell membranes present in
the egg system. This observation suggests that an explanation for this feature in our SAXS
data related to complex, multiparticle network nodes is more likely than one stemming
from features of cell membranes.

It is also possible that the S-crystallin dimers assemble and form larger particles which
are about 300 A in diameter, just as the a-crystallins assemble into larger particles in
vertebrate lenses. However, if this were the case, we would have expected to see these
particles in our native PAGE experiment. Instead, our native PAGE result in S-crystallins
shows a smear of proteins which does not have a clear peak at very large molecular weight,
as is shown in section 2.9. Therefore, it is unlikely that the S-crystallin dimers form a
discrete larger particle.

Therefore, the peak at 0.01 < g < 0.03 A~! seems to be more likely coming from subtle
inhomogeneity of the network and/or the structure of nodes in the network, similar to those

described by Shibayama [104].

3.7 SAXS on diluted S-crystallins

To study the effects of dilution on the network of the S-crystallin dimers in the lens tissue,

I performed SAXS on the dissolved lens tissue sample in different solvent conditions. I
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used a high ionic strength buffer, phosphate buffered saline (PBS) (P4417, Sigma Aldrich,
St. Louis, MO) with different concentrations, and a low ionic strength buffer, Tris-HCI,
since interactions like hydrogen bonds behave differently at different ion concentrations.
Loligo lenses were dissected into four concentric layers, and the 100% and 80% layers
were homogenized in 650 mM PBS, 150 mM PBS, 30 mM PBS, and 20 mM Tris-HCI
with pH = 7.4 respectively. All the sample buffers had protease inhibitor cocktail (P8849-
Sml, Sigma Aldrich) at 1:100 v/v added, and the homogenization was carried out on ice.
Then the protein solutions were centrifuged at 14 k rcp for 10 min at 4 °C to remove
insoluble proteins, and supernatant was used for SAXS measurements. SAXS was done on
each sample in both the small and intermediate angle chambers as described in section 3.1.
Clean sample buffer for each sample was used as background, and background subtraction
was done with the scattering intensities normalized with the exposure time and the intensity
atg=0.

In Figure 3.5, results show that at a small angle with ¢ < 0.12 A~1, scattering intensities
from solution-suspended S-crystallins still decrease, as was observed for measurements on
intact lens tissue. This decrease indicates that the proteins are still assembled into large
scale networks, even in homogenized, centrifuged solution. Hence, the protein network is
robust enough so that grinding the lens tissue in buffers with different ion concentrations
does not break the network, and/or the protein network quickly reassembles in vitro after
this disruption. The peak at ¢ = 0.02 A~!, possibly consistent with network nodes or
another subtle inhomogeneity, is not visible in all of the dilution scattering intensities. It
is likely that the dilution of the proteins decreases the spatial frequency of bifurcation of
the protein chain-like structure, and decreases the inhomogeneity of the protein network as
well. Alternatively, this observation is consistent with this peak emerging from membrane
or nuclear components of the intact tissue, which would be removed by the high-speed

centrifugation.
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Figure 3.5: SAXS on ground lens tissue. The x-ray scattering on homogenized, soluble
lens tissue in different buffer conditions, with red the 100% layer (a), and orange 80%
layer (b). Vertical offset is arbitrary to show differences between the curves. The scattering
intensities are similar, and they decrease with the increase of g. This indicates that the
protein network structures are robust under a wide range of ionic conditions.



There is not a large difference in SAXS measurements in different sample buffers in
the 100% layer. However, for the 80% layer, lens proteins in PBS solutions show that at
g < 0.03 A~!, the decrease of the scattering intensity is faster than 0.03 < ¢ < 0.12 A~
But for Tris-HCI solution, the scattering intensity shows a straight line. Having a less-sharp
decrease at low ¢ indicates a lower density fluctuation at the range. This suggests that the
lack of ions in the Tris-HCI solution results in more homogeneously distributed network
fragments in solution than in the high ionic strength buffers. Therefore, though the effect
is subtle, ions play a role in the interactions between the proteins, and in the assembly of
the network system.

The scattering intensity in the intermediate chamber at ¢ < 0.32 A~! in different buffer
conditions is very similar between different buffers (results not shown). There are no obvi-
ous peaks at g =0.13 A~!, either due to the disruption of some of the nodes or second-order
interactions in the protein-protein network, or due to the removal of other cellular compo-
nents such as membranes and residual nuclei.

Therefore, S-crystallin network is robust, in that homogenizing the network in different
buffers either does not destroy the network, or the network rapidly reassembles in vitro.
However, ion concentration plays a subtle role in the network structure, suggesting that
polar and electrostatic interactions play a role in assembling and maintaining the structure.
At a smaller spatial scale, the SAXS intensity in these diluted lens samples suggests that

the proteins are diluted homogeneously.

3.8 SAXS on uncooked and cooked squid lens

In the last section of this chapter, I will describe a temperature study that induces opacity
in lens tissue, to study what features of the protein network are required for transparency.

To do this, SAXS on heat-denatured squid lenses was performed and compared to the
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scattering intensity of fresh tissue, described above. A typical procedure began with a
SAXS scan on a healthy, transparent lens, which was carefully handled to prevent protein
denaturation (as is described in Chapter 3). The lens was then heated inside the MAXS
system to 50 °C, and a SAXS measurement was taken at this temperature. Then the lens
was heated to 90 °C, and another SAXS scan was taken. After these heat treatments, the
lens became opaque and white in appearance. Data reported in this section come from
squid lenses of Sthenotheuthis. These lenses are usually bigger than Loligo lenses, which
were used before. The lens used in the small angle range in the SAXS in this section has

the radius of 4.5 mm, whereas the Loligo lenses usually have a radius of around 3 mm.

3.8.1 Cooked and fresh tissue in the periphery of the lens

Figure 3.6 shows the SAXS result of the fresh and heated 100% layer in a lens at both small
(a) and intermediate (b) angle range. Different heat treatments are labelled as different
colors. The scattering profiles at the small angle range (¢ < 0.13 A~!) show very different
behaviors between different heat treatments. The scattering profiles at the intermediate
range with 0.13 < ¢ < 0.35 A~! show very similar behaviors.

At the intermediate angle range, lens tissues at all heat treatments appear to be very
similar to each other. The scattering intensity decreases slowly at 0.05 < ¢ < 0.1 A~!, and
then decreases sharply from g = 0.1 A~!, reaching a minimum at 0.16 A~!. These features
are consistent with the scattering from spherical objects. I used DAMMIN to construct
spatial configuration models (method in Chapter 4) from the SAXS intensity profile at 90
°C. One likely spatial configuration is composed of spheres with diameter about 50 A.
These spheres are consistent with the S-crystallins in the squid lens. So even at 90 °C,
where the lens tissue is completely opaque and white, the spherical structure of S-crystallin
is still preserved.

A peak at ¢ = 0.21 A~! is present in all these three heat treatments. This peak cor-
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Figure 3.6: Comparison of fresh lens to heated lens. The peripheral layer of the lens was
treated by heating at 50 °C and 90 °C. The SAXS measurements were taken to compare
the structures under different heat treatment. The intermediate angle range (a) shows very
similar x-ray scattering intensities. The green image shows the DAMMIN output of the
90 °C configuration. At the small angle range (b), heated samples have higher scattering

intensity, indicating that the protein network has higher density fluctuation.
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responds to the dimeric structure of the S-crystallin. There is no difference in SAXS in-
tensities between different heats at this peak. This suggests that the S-crystallin dimeric
structure does not change at all of these temperatures. The inner structure of an S-crystallin
dimer remains unchanged as well.

Although surprisingly, at small and intermediate angle ranges, heat treatment to 90°
does not significantly change the sample, in the small angle range where ¢ < 0.13 A~1,
SAXS intensities differ between different heat-treated samples. Although all of the scat-
tering intensities show a sharp decrease at ¢ < 0.03 A~! and a less-sharp decrease at
0.03 < ¢ < 0.13 A=, the slopes of these sharp decreases vary in a log-log plot. The fresh
eye lens at 10 °C shows a slope with the absolute value less than 2, while it is 3 for the
90 °C sample. This slope is associated with the larger-scale structure of the lens system.
It shows that the 90 °C sample has a fractal dimension of 3, which is higher than that in
a random walk model, and it is consistent with that of a 3-dimensional bulk. The fractal
dimension of the 50 °C sample is in between the 90 °C sample and fresh lens. There is
also a shoulder or peak at g ~ 0.02 A~! in the 50 °C sample. This peak indicates that there
are spatial fluctuations in the protein network. The fresh lens sample has a less-pronounced
peak compared to the 50 °C sample. The fractal dimension of the fresh lens is less than that
of a random walk model. Thus, our SAXS at ¢ < 0.03 A~! shows that at a larger-scale, the
lens network differs between the heated and fresh lens tissue: They have different fractal
dimensions at all temperatures tested, so the whole structure of the network is different in
each case, while the secondary and tertiary structure of S-crystallin proteins is apparently
maintained. At 90 °C, there is a large density fluctuation at large spatial scale, and this
fluctuation apparently results in the opacity of the heat-treated lens.

These intensities at different heat treatments are also different in the range of 0.03 <
g < 0.13 A=!. This range is correlated with the dimer-dimer pair-wise interaction distance.

The 90 °C scattering is higher in this range compared to the other two, indicating that
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the 90 °C sample has a higher protein density fluctuation here. This may be due to the
heat treatment breaking the bonds of the dimer-dimer interaction present in the fresh lens.
This shift at a temperature of 50 - 90 °C is roughly consistent with interaction dimer-dimer
interaction consisting of hydrogen bonds, which are likely to break between 50 - 90 °C.
This temperature range is lower than the bonding energy, although because the lens is
hydrated, one has to consider the entropy of the system as well.

In short, SAXS on the heated samples show that the major features of the secondary
and tertiary protein structure do not change at high temperature. However, heat treatment
does change the interaction between protein dimers, and alters the network at a larger scale.
This change in the network increases the spatial density fluctuation, and is associated with
opacity of the sample. This change appears in the range of 50 - 90 °C, suggesting that the

protein-protein interaction is consistent with hydrogen bonds between S-crystallin dimers.

3.8.2 Heated samples at all lens layers

Figure 3.7 shows the 90 °C heat-treated samples compared to untreated samples at all lens
layers. The features of the heated samples at different lens positions are similar to those
observed in the periphery of the lens. At the range of ¢ < 0.04 A~!, the heat-treated lens
scattering intensity decreased much faster with increasing g compared to the intensity from
a fresh lens in the region of the outer three layers. The steep slope indicates that the protein
network at a large spatial scale has been changed to be more inhomogeneous after heat
treatment. The peak at ¢ = 0.02 A~! from the uncooked lens at 80%, 60% and 40% layers
disappears after heating. At the core of the lens, the heated and unheated measurements
are very similar, except that the peak at 0.02 A~! disappears in the heated sample. The
absence of this peak suggests that the homogeneous protein network is broken and the
inhomogeneity is so large that the proteins are randomly aggregated.

At the intermediate angle range, the heated and unheated lenses appear to be similar,
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Figure 3.7: Fresh and heated lens sample at all layers. The x-ray scattering on both fresh
squid lenses and heated lenses at different g range are shown on the left column and right
column. The solid lines are data from fresh lenses, and the dotted black lines are data from
lenses heated at 90 °C. Red labels 100% layer, orange 80%, green 60%, and blue 40%.
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except that the shoulder or peak at ¢ = 0.15 A~ is less apparent in the cooked lens. It
suggests that for all layers in the lens, the change in pair-wise interactions results in a total
change of the network configuration observed in the small angle range discussed in the
previous paragraphs.

In short, the lens tissue from different radial positions behaves very similarly with heat
treatment. The protein dimeric structures are not changed at all parts of the lens, but we
observed large changes in the interactions between the S-crystallin dimers and in the asso-

ciated protein network

3.9 Conclusion

In this chapter, I studied the lens protein assembly by performing SAXS on both intact
and homogenized lens tissues in buffers of different ionic strength. The intact lens SAXS
scattering intensity shows that there is a large scale structure, which is assembled by the
attractive interactions between the S-crystallin proteins. I also discuss this large scale struc-
ture in comparison with a gelled phase. This large scale structure is very likely to be gelled
because: there are attractive interactions between the proteins; it is very likely that the net-
work is percolated; the density of the protein network is similar or higher to the density of
a liquid from the periphery of the lens to the core. Therefore, it is very likely that most of
the lens is gelled, and then transitions into a jammed solid at very small lens radii. This
gelled network appears to have a structure of bifurcating chains of S-crystallin dimers. The
nodes associated with these bifurcations may produce a shoulder-like structure in the inten-
sity at ¢ ~ 0.02 A~!. The large scale network appears in the buffer-homogenized sample
as well, indicating that this network is robust to being dissolved in aqueous solution, or
readily reassembles after disassembly.

Finally, we compared the SAXS intensities from a heat-denatured lens tissue to fresh
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lens tissue. The result suggests that a change in the nature of the protein pair-wise in-
teractions leads to a totally different network configuration. The cooked lens appears to
have still-folded proteins now in random, rather the chain-like aggregations, resulting in

big protein density fluctuations, and that is why the cooked lens is opaque.
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Chapter I

Estimating three-dimensional spatial
configurations of lens tissue from

SAXS data

In the previous chapter, I described how, based on a reciprocal space analysis, the organi-
zation of proteins in squid lens is much more consistent with a protein network rather than
soluble protein in cytoplasm as previously thought [114]. S-crystallins in the squid lens
are very likely to form a gelled network at large scale in the periphery of the lens, which
gradually shifts into a possible jammed state towards the core of the lens. This network can
be viewed as a bifurcating chain-like structure in the peripheral layer. SAXS evidence sug-
gests that the network is built up through pairwise dimer-dimer interactions of S-crystallin
proteins. But SAXS measurements, which show reciprocal space, do not provide us with a
clear picture of the possible molecular mechanisms of protein-protein linkages within the
larger structure. In this chapter, I am going to use the SAXS data from the previous chapter
to study the squid lens system in real space. I will build up a three-dimensional protein

configuration which is a good fit to the SAXS data, and study the protein-protein interac-
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tions implied in these configurations. Then I will propose a mechanism to explain how the
lens generates a transparent material at all possible packing fractions using patchy particle

theory.

4.1 Radial distribution function (RDF) of squid lens pro-
teins

The first thing I did to convert the SAXS intensity to real space is to obtain the radial
distribution function of the S-crystallins. The radial distribution function describes the
probability of finding a particle at the distance r. The scattering intensity from SAXS
is the Fourier transform of the radial distribution function of all the component particles.
Therefore, I performed an indirect Fourier transform of the SAXS intensity to get back to
the radial distribution function of the proteins in the lens. This is achieved using a software

GNOM [112] in a series of data analysis software ATSAS.

4.1.1 Indirect Fourier transform of SAXS intensity to get RDF

GNOM calculates the radial distribution function from scattering intensity as a function of
the wave vector g using an indirect method with regularizations [112]. The input of this
program is the x-ray scattering intensity / = I(q). The relation between the scattering curve

and the radial distribution function in real space g = g(r) is

Dmax
Ig) = [ K(g.ng(rdr .1

where K(q,r) or K is an kernel of integral transform which is performed in the interval
Dpin < r < Dyax. The disadvantage in using the equation only is that small errors in /(g)

will result in large errors in g(r). Therefore, regularization methods have been employed
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Figure 4.1: Radial distribution function (g(r)) for different layers of the lens. The 100%
layer (red) shows the dimeric structure peak at r ~ 20 A and the nearest neighbor distance
at ~ 70 A. The 80% layer RDF (orange) shows similar trend as the 100% layer. These
features are not preserved in the 40% layer (blue). Vertical lines label the first and second
nearest-neighbor distance.

to solve this issue. GNOM outputs a result which minimizes the functional

Tolg] = |1 — Kg|]* + aQ]g]. 4.2)

Here, ||I — Kp|| denotes the norm in reciprocal space, with I as the measured intensity. ¢
is the weight, and Q is a stabilizer. These regularizations are to correct for oscillations,
systematic deviations, discrepancy, stability, positivity, and validity in the center of the
system [112]. For the case of SAXS on the lens, we used 7y, = 200 A, which generally

outputs around 7 globular proteins.
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4.1.2 Calculation of the radial distribution function

The radial distribution function (RDF) shows the probability of finding a particle at the dis-
tance r from one particle and could therefore reveal the properties of S-crystallin proteins
packing in space. We also studied RDF using the software GNOM. I used program param-
eters of zero condition at r = r,;, and non-zero condition at r = gy, With rpge = 200 A.
The RDF of the lens proteins calculated from /(g) at different radial positions of the lens
are shown in Figure 4.1.

In the peripheral layer, there are two major peaks in the RDF. There is one peak located
at about 25 A, and another peak at 70 A. There is also a weak peak at 120 A that is less
pronounced than the other two. The distance between two S-crystallin monomers within
the folded dimer is approximately 25 A. So the 25 A peak is likely to correspond to the
inner structure of the S-crystallin dimer. This peak is also associated with the ¢ = 0.21 A~!
peak in the form factor, and is consistent with our homology models.

The peaks at » > 70 A in the peripheral layer correspond to the spatial distribution of
S-crystallin dimers. These peaks are associated with the features in the structure factor
that correspond to the nearest-neighbor distance of S-crystallins. The major peak at 70
A indicates that in the periphery of the lens, the average nearest neighbor distance of the
protein is 70 A. Therefore, the picture one can build up from studying the RDF in the
peripheral layer is that each S-crystallin monomer forms a dimer with another S-crystallin
monomer, then these dimers link to other dimers with an average center-center distance
of ~ 70 A. Our homology modeling on S-crystallin shows that the S-crystallin forms a
dimeric structure with diameter 50 A; meanwhile, the SAXS results suggest that there are
attractive interactions between the proteins. How, then, can proteins with diameter of 50
A attract each other and yet form a structure dominated by 70 A center-center distances?
One possible explanation is that the as-yet-unexplained unstructured regions, or “loops” in

the proteins play a role in the linkage between the proteins. If two loops from 26.5 kDa
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S-crystallin can be linked up together, the protein-protein distance will be able to extend
to 70 A. Therefore, a loop-loop linkage mechanism for protein-protein interaction building
the network is at least consistent with the real-space data. This hypothesis will be discussed
in the next section.

In the 80% layer, this protein-protein distance decreases to ~ 60 A. This decrease of the
nearest neighbor distance indicates that the S-crystallins are packed more closely compared
to the peripheral layer, and this is consistent with the fact that the packing fraction in the
80% layer is higher than in the periphery of the lens.

At the core of the lens, the RDF is very different from the peripheral layers. The peak at
25 A disappears and there are no sharp peaks from this tissue layer. This result is consistent
with our hypothesis that the protein density at the core of the lens is so high that the proteins
are squeezed, and the network of the proteins at the core has little free space, so there are
no significant features captured by the RDF.

In short, what we learned from the RDF calculations supported our analysis in the
SAXS study that the proteins are linked together through a pair-wise interaction. The
proteins in the peripheral layers are separated on average by 70 A, which is larger than the
diameter of the core of the folded protein dimer; these observations suggest that the loops

may play a role in the protein-protein linkage.

4.2 Three-dimensional configurations

Now that we have the radial distribution function in real space and the SAXS intensity in
reciprocal space, is it possible to construct a protein configuration in three-dimensional real
space? This configuration could help us better understand whether the proteins are linked

by loops, and if so, what the structure of the interacting dimers look like. In this section, I
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used a Monte Carlo method to achieve this at different radial positions in the lens with the

program DAMMIF [49].

4.2.1 Construction of the three-dimensional protein configuration

We used the algorithms coded in DAMMIN and DAMMIF structure prediction software
to study the structure of protein networks in the lens. DAMMIN returns one likely three-
dimensional protein spatial distribution by the program via a Monte Carlo fitting algo-
rithm with the input of the GNOM output only [113]. Specifically, DAMMIN implements
‘dummy atoms’ to simulate real structures in an effort to generate a real structure that is
consistent with scattering data. In the case of this work, “dummy atoms” are consistent in
real size with “dummy amino acids”. DAMMIF also uses a Monte Carlo algorithm to fit
the SAXS intensity and output one possible configuration in three-dimension real space,
but implements a new algorithm to speed up the estimate.

In DAMMIN, each dummy atom has two phases associated with it: the protein phase
and the solvent phase. The scattering intensity is only calculated from the protein phase

[113]. The algorithm then minimizes the function
fFX) =22 +) ouPi(x) (4.3)
k

where o is the weight of the k™ penalty, Py (x) is the penalty, and x? is the discrepancy
between the experimental and calculated data: Given a set of M > 1 curves from experiment
1 (q).i=1,....M[49],

1 N(i)

M= =

= [(tplap) ~ala)) fo(a)] (44)

where N(i) is the number of points in the i curve, and o(g;) denotes the experimental
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error. The calculated intensity /(q) is expressed as [113]

o [
Ig)=27"Y Y |Am(9), 4.5)
[=0m=—1
M
Am(@) =12/m) vy Y jilar)) Y (@;). (4.6)
J=1LX(j)=1

In these equations, A, (g) is the partial scattering amplitudes, (r;,®;) are the polar coor-
dinates of the positions of the dummy atoms, V, is the displaced volume per dummy atom,
Y;;m(@j) is the corresponding spherical harmonics and j;(gr;) denotes the spherical Bessel
functions. The shape of this dummy atom model is described by a binary configuration vec-
tor X, with each dummy atom either belongs to the particle phase with index = 1, or belongs
to the solvent phase with index = 0. In each Monte Carlo step, DAMMIN will randomly
choose an atom and flip its phase. Whether the change will be accepted or rejected is de-
termined by simulated annealing, with the probability of accepting the change exp(—A/T)
[113]. The temperature is set to be high in the beginning of the simulation, where the
changes in the dummy atom phases are almost random. Then temperature is lowered and
the configuration of dummy atoms in protein phase is selected. In this method, the global
minimum of the possible configuration is most likely to be selected.

DAMMIF is a similar but faster program to DAMMIN; it runs 25-40 times faster under
equivalent conditions [49]. The difference in algorithm and result between these two pro-
grams are as follows. In DAMMIN, there is a penalty on producing an unconnected shape,
but it is not necessary that the output shape has to be connected. In contrast, DAMMIF al-
ways outputs a connected configuration for fitting the SAXS curve, since an assumption of
the algorithm is that the real space structure is continuous. Therefore, computational speed
in DAMMIF is increased mostly by this assumption of connectivity because DAMMIF

tests the connectivity first and denies the disconnected configuration before moving on to
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the processor-consuming process of updating the scattering intensity. Other major differ-
ences involve unlimited search volume for DAMMIF and the difference in penalty settings.
For DAMMIF, we used a simulation sphere diameter of 200 A and particle diameter of 4.2
A, consistent with a single particle representing a single amino acid residue; no symmetry
was presumed.

Note that the resulting protein distribution from either DAMMIN or DAMMIF may not
necessarily mirror the exact structure of proteins in the lens system. This is because SAXS
detects the density fluctuation of the system, not the absolute density. The intensity as a

function of g can be written as

1(q) = Nf(q)? [1 + g /0 Can(P(r)— 1) qu(rqr) dr} , @.7)

where P(r) is the distribution function which approaches to 1 at large r. The first term

Nf(q)? is the form factor term. For the second term, we have

Ap
pave ’

(P(r)—1) ~ (4.8)

where Ap is the density fluctuation. If the proteins are homogeneously distributed in real
space at the scale that we measure, these proteins cannot be detected by SAXS or by

DAMMIF because their density fluctuation is low.

4.2.2 Spatial configuration of S-crystallins

As we have seen in the previous chapters, the proteins in the lens form a connected network
which is presumably gelled. Since both native PAGE and a filtration experiment suggest
that lens proteins are bound to each other, I used DAMMIF to estimate the spatial structure

in the lens from SAXS data. I used a simulation sphere diameter of 200 A and particle
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diameter 4.2 A, consistent with a single particle representing a single amino acid residue;
no symmetry was presumed.

For the outermost layer of the lens, DAMMIF’s closest fits of a real space structure
show 35 - 50 A spheres connected by bridges. These connected bridges are ~ 20 A in
width, ~ 40 A long and the angle between the bridges ranges from 60° to 120°. These
bridges are geometrically consistent with the characteristics of the unstructured loops pro-
truding from the otherwise folded protein observed in our sequencing data and homology
models. Therefore, each sphere observed in DAMMIF is consistent with the folded body
of S-crystallin, and the two lines connecting spheres are consistent with the loops (Fig-
ure 4.2). Most of the 50 A spheres in the DAMMIF prediction show symmetry consistent
with dimers formed from structurally similar monomers (i.e., homodimers, as described in
Chapter 2).

Because DAMMIF is a Monte Carlo algorithm and the solution is not unique, it was
possible to get the equally-likely protein configuration geometries predicted by the software
by repeating it several times. The dimeric proteins observed in the periphery of the lens
from these repeats are connected to a minimum of one and a maximum of four other dimers.
I describe the number of other 5 nm spheres connected to a single sphere as the coordinate
number, M, following Sciortino [12]. The result from the peripheral layer shows that most
of the proteins are M = 2 particles, with an occasional particle of M = 3, as is shown in
Figure 4.3.

Note that DAMMIN outputs similar result to DAMMIF, as is shown in Figure 4.3b.
DAMMIN does not necessarily output a connected configuration, but given data from the
lens, the output of DAMMIN configuration is also connected, providing more evidence that
the proteins in the lens form a gel.

The results of DAMMIF fitting for the 80% layer configuration is very similar to the

100% layer of the lens (Figure 4.2). For this layer, there are also spherical proteins which
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Figure 4.2: Output from DAMMIF at different radial positions in the lens. The patterns
composed from spheres are the output from DAMMEF at different radial positions. The pat-
tern from 100% layer (red) and 80% layer (orange) shows that 5-nm proteins are connected
to each other. The 60% layer (green) protein configuration shows sheet-like structure. In
the 40% layer (blue) of the lens, there is very little empty space in the configuration.

are connected by lines. The spheres in the 80% layer are ~ 40 A in diameter, and the
connecting lines are longer compared to the 100% layer.

In the 60% layer, DAMMIF predicts a lamellar configuration of the proteins. The
thickness of these sheets is around 50 A, which is consistent with the size of the S-crystallin,
suggesting that at this radial position, S-crystallin proteins form ramifying sheets in the
cells.

In the core of the lens, the protein packing fraction is so high that DAMMIF predicts
that space is nearly entirely filled with protein, with little or no bulk water. This is consistent
with our SAXS result that the peak at ¢ = 0.21 A~! disappears, as is explained in Chapter

3. This peak corresponds to the monomer-monomer interface of an S-crystallin dimer (see
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Figure 4.3: DAMMIF output and the loop-loop interaction. The top left figure (a) shows the
output from DAMMIF of the 100% layer of a squid lens. Yellow labels the patches; green
labels M = 2 particles; red M = 3 particles. This is compared to the output from DAMMIN
(b). DAMMIN outputs a very similar configuration as DAMMIF. The comparison between
DAMMIF output to the protein structure from homology modeling is shown in (c). It
suggests that the proteins are linked via their loops. The bottom figure (d) shows that
GROMACS results in loop-loop interaction via hydrogen bonds.
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form factor). The absence of the peak suggests that the proteins are so tightly packed in the

core that this empty space is no longer present, as shown by the DAMMIF result.

4.2.3 Loop-loop interaction

The previous section shows that in the peripheral two layers of a squid lens, the proteins
may be linked by their loops. In this section, I collaborated with my labmate Tom Dod-
son to study loop-loop interactions using the molecular dynamics package GROMACS.
We manually docked two proteins with their center-center distance at 70 A, with the loops
oriented at the same angles relative to the centers of mass as observed in SAXS. The result
from GROMACS suggests a possible mechanism for the interaction between two long-loop
proteins. In our molecular dynamics simulations, a few hydrogen bonds form between two
long-loops, as is shown in Figure 4.3c. Over the course of the 10 ns simulation, the number
of the hydrogen bonds varies from 3 to 4 between two long-loop lops8 S-crystallins. In-
terestingly, although there are many amino acids that participate in hydrogen bonding over
10 ns, there are never fewer than 3 bonds formed at any given time step. These simula-
tions suggest that two long-loop dimers can interact through hydrogen bonds between their
loop segments. We interpret these data to mean that the loops of the “long-loop” proteins

(approximately 26.5 kDa) can be treated as patches with attractive interaction.

4.2.4 The linkage via loops is consistent with our RNA sequencing re-

sult
In this section, I will compare what we learned from our RNA sequencing result to the
S-crystallin real space configuration. RNA sequencing allows us to infer the amino acid

sequences of the loops in S-crystallin. From this, we can compute the histogram of loop

lengths in number of amino acids. The RDF provides us with the histogram of protein-
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protein distances in the tissue in angstroms. So here, I am going to compare the distribu-
tion of the amino acid number in the loops to the distribution of dimer-dimer distances as
inferred from the RDF.

To estimate the relation between the physical loop length in Angstroms versus the num-
ber of amino acids in the loop, we fit loop length to the number of amino acids, and
estimated the ratio between amino acid number and physical length using a linear rela-
tion. The physical loop length was initially estimated from the loop configuration ob-
served in our homology models. To convert from number of amino acids in the loop
to the physical length in angstroms, we found the following relationship: loop length =
0.76 x amino acid number + 10.45.

We then compared the physical length of the loops in our homology models to the
dimer-dimer distance measured in our SAXS data, as seen in the RDF. The distance be-
tween the edges of the two dimers in the homology model is about 32 A, and the non-
overlapping length of each single loop length 23 A. So an estimated ratio between one
loop length and the distance between the folded edges of two dimers is 1.4. This ratio is
used to estimate the distance between two S-crystallin dimers in the periphery of the lens
for all of the isoforms. In the RDF from SAXS in Figure 4.4, which can be viewed as
the histogram of dimer-dimer separation distances, the majority of S-crystallin distances
are at about 80 A. This peak overlaps with the second peak of g(r), which corresponds to
the nearest neighbor distance between the proteins. The overlap makes a reasonably good
correspondence between the physical interaction observed in a molecular dynamics model
and the RDF calculated from SAXS data. At larger protein interaction distances, longer
loops separate S-crystallin dimers, corresponding to more peaks at g(r).

Therefore, the good correspondence between the loop length histogram from our in-
ferred protein sequence to the RDF obtained from SAXS is further evidence showing that

the proteins are linking up to each other through their loops. The dimer-dimer distance can
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Figure 4.4: Comparison between the RDF and the number of unique loops in RNA se-
quencing. The red curve shows the RDF from the 100% layer, which is calculated from our
SAXS data. The green bars shows the histogram of the estimated protein-protein distance
from our RNA sequencing result, assuming the loop-loop interaction. The consistency of
these data indicate that the protein loop-loop interaction links S-crytallins together.

be very well approximated from the amino acid sequence by assuming that the proteins are
linked via their loops. This estimate matches very well to our RDF data. This attractive
loop-loop interaction is highly anisotropic, and can be treated as patches on the S-crystallin

surface.

4.3 S-crystallins as patchy particles — mapping to the
patchy particle phase diagram

In Chapter 1, I described generic patchy particle systems containing a bag of particles at-
tracting each other via several geometrically constrained spots on the surface. Globular
proteins in general can often be treated as patchy particles because their interaction is usu-

ally attractive as a result of the non-homogeneous distribution of amino acid groups on
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their surfaces. S-crystallins in the squid lens are no exception of this. Our data are con-
sistent with the idea that S-crystallins attract and bind to each other via disordered loops
protruding from the surface of the folded proteins, serving as the “patches”. In chapter 1,
I introduced the phase diagram of a patchy particle system. The spinodal line in the phase
diagram separates the stable and possibly gelled phase from a liquid-liquid phase separated
state at a lower packing fraction. Liquid-liquid phase separation is bad for the lens because
the possible droplet formed in another liquid state contains the boundaries which scatters
light [79]. The details have been described in Chapter 1. In this section, I am going to map
the lens system to the phase diagram and study the S-crystallins as patchy particles.

Proteins expressed at different radial positions of the lens can be mapped to the phase
diagram as is shown in Figure 4.5. From the periphery to the core of the lens, the protein
packing fraction gradually increases. The strength of interaction between the proteins in
the peripheral two layers are estimated using the energy of hydrogen bonds as observed
in our molecular dynamics simulations and consistent with our SAXS data (~ 60 kJ/mol
for 3 hydrogen bonds). The strength of the interactions in the core two layers are harder
to estimate since the details of the protein-protein interaction are not clear, and I therefore
plotted them using a bigger range, spanning the possible binding energies of proteins gen-
erally. The spinodal lines of M < 3 pass through the area in the phase diagram bounded by
the outer two layers, whereas in the core two layers, the average coordinate number is not
crucial because even a high < M > system will have a spinodal line located at a packing
fraction much less than the packing fraction of the lens system. Therefore, the lens system
is particularly sensitive to average coordinate number in the peripheral regions of the lens
to avoid liquid-liquid phase separation, and not particularly sensitive to coordinate number
in the center of the lens.

Therefore, the mapping of the radial positions of the lens to the phase diagram of patchy

particles requires proteins with low coordinate numbers in the peripheral two layers. The
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Figure 4.5: Phase diagram of the S-crystallin in the lens. The map of the lens system
at different radial positions relative to the patchy particle phase diagram is shown. The
colored rectangles are the regions that the proteins at different radial positions occupy in
the lens, with red 100% layer, orange 80%, green 60%, and blue 40%. The estimated
< M > for 100% layer is 2.19, and 80% layer is 2.45. These estimations map well to the
phase diagram. The images are the output from DAMMIF.
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purpose of this section is to examine the estimated coordinate number of these two layers

and compare to the phase diagram.

4.3.1 “Bootstrapping” coordinate number from DAMMIF result

Because DAMMIF is a Monte Carlo algorithm and the solution to each new iteration of the
fitting process is not unique, it was possible to estimate the average configuration of many
equally-likely protein configuration geometries predicted by the software. This should bear
some similarity to the average configuration of fragments of the real protein network. To
estimate the ensemble of configurations in the bulk network, we ran DAMMIF 100 times
with the same one-dimensional SAXS measurement input, generating a different predicted
network configuration each time. We then manually counted the coordination numbers at
each non-edge protein within the predicted network, and calculated the average network
coordination number. The result of this “bootstrapping” approach to DAMMIF showed an
average coordinate number < M > of 2.19 for the 100% layer, and 2.45 for the 80% layer.

To test whether the differences predicted in DAMMIF in network coordination number
were significantly different between different layers in a single lens, we used a permutation
test. This test assumes that all observations come from the same distribution, and then
asks if the two input distributions can be recapitulated by resampling half of the input
observations. This test showed a standard deviation of the averaged coordinate number in
the peripheral layer of 0.0377. Therefore, the difference in < M > between the outer two
layers is 6.9 times higher than the standard deviation of a single layer, and the difference in
< M > fit by DAMMIF is significant.

The results from repeating DAMMIF suggest that the 100% layer S-crystallins are
patchy particles with a coordinate number of 2.19, which is 0.26 less than the same re-
sult for the 80% layer. These coordinate numbers were then mapped to the phase diagram

(Figure 4.5). The protein packing fraction of the 100% layer ranges from 5% to 10%,
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which is higher than where the spinodal line for M = 2.19 is located. Similarly, the cal-
culated < M > of 80% layer corresponds to a spinodal line at the packing fraction ~ 6%,
which is also smaller to the packing fraction of the proteins in this layer. Therefore, the es-
timated < M > of the peripheral two layers maps very well to the phase diagram of patchy
particles.

The DAMMIF result for the 60% layer shows ramifying sheet-like structures. This
structure is also potentially consistent with an assembly mechanism based in patchy particle
theory. Simulations on the assembly of patchy particle systems have been performed by
other researchers. Zhang and colleagues [131] found that when the patches cover a large
proportion of the surface, the patchy particle assembly became sheet-like, rather than chain-
like. This sheet-like structure looks very similar to the structure of our DAMMIF output
from the 60% layer in the lens. Therefore, our hypothesis for the lens proteins in the 60%
layer is that patches are either very large or numerous so that they cover most of the surface
of the dimeric protein. These large patches stick together, forming a sheet-like structure.

The DAMMIF output for the core (40% layer) shows almost no free space, consistent
with nearly solidly packed proteins. Distinct particles were not detectable, and each particle
apparently has many nearest contact neighbors; the overall structure is predicted to be
continuous (Figure 4.2).

Therefore, DAMMIF predicts a trend that the average coordinate number of the S-
crystallins increases from the periphery to the core of the lens. This result maps very well
to the theoretical predicted phase diagram of patchy particles: for each layer in the lens,
as defined by ¢, there are spinodal lines in the phase diagram located at packing fractions
which are lower than the packing fraction of the proteins in that layer. This indicates that
the lens can be in a gelled state at any radial position and corresponding concentration in
the lens, with the packing fraction spanning from 5% to 100%.

There is further evidence showing that the < M > increases from the periphery to the
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core of the lens, as will be discussed in the following section.

4.3.2 The peak at ¢ = 0.13 A~! in SAXS intensity is consistent with

the increase of < M >

In our SAXS result, the protein-protein pair-wise interaction peak at ¢ = 0.13 A~! moves
towards a higher g from periphery to the core of the lens. This trend is consistent with the
increase of <M >.

Particle systems with different ratios of M = 2 and M = 3 particles at a constant pack-
ing fraction were studied by Sciortino’s group [98]. Their result is shown in Figure 4.6a,
assuming the particle diameter to be 50 A. For all of their simulations, they found that the
system can be gelled even at low temperature with the resulting state of a fully connected
network. In the network, the M = 3 particles provide a branching point, and M = 2 particles
increase the length of the filament. Then the structure factor of every configuration was also
calculated, as is shown in Figure 4.6b. The structure factors for different M =2 and M =3
ratios show similar structures: a sharp decrease at low ¢, and a peak at the particle pair-
wise interaction range. However, this peak associated with the particle-particle interaction
shifted toward a higher g with increasing average coordinate number in the simulation.

The structure factors of the patchy particle systems in this study are also very similar to
the structure factor of the lens. There is a sharp decrease at small g, and a peak at ¢ = 0.13
A~!indicating the pair-wise interaction between two proteins. In the simulation, this peak
moves towards a higher ¢ from the periphery to the core of the lens, similar to our SAXS
results on the lens in Chapter 3. Figure 4.6 shows a comparison of the structure factors
from our experiment and from the Sciortino group’s simulations. The similarity between
the structure factors from Sciortino et al’s patchy particle simulations and the structure

factors of the different layers of the lens suggests that the coordinate number of the lens
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Figure 4.6: Comparison of the pair-wise peak in the structure factor. The top figure (a) is
obtained from Sciortino’s simulation, which shows that with decreasing < M >, the peak
positions shift to a lower g [98]. From red to blue, the color labels the M = 2 particle to
all particle ratio of 0.2, 0.5, 0.66, 0.75, and 0.9. The bottom figure (b) shows the structure
factor of S-crystallins in the intact lens, where we see a similar trend. The color labels
different radial positions of the lens, with 100% layer in red, 80% layer in orange, 60%
layer in green, and 40% layer in blue.
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proteins increases from periphery to the core of the lens.

In short, evidence from DAMMIF and SAXS indicate that the average coordinate num-
ber S-crystallin proteins in the lens increases from periphery to the core of the lens tissue.
The average coordinate number at different radial positions, together with the packing frac-
tions and the estimated bond energies map very well to the theoretical patchy particle phase
diagram. This suggests that the lens generates is gradient refractive index by expressing
low coordinate number proteins in the periphery and high coordinate number proteins in
the core. Using this system, the periphery of the lens may be able to maintain a low density

fluctuation by having a possibly gelled state without liquid-liquid phase separation.

4.4 S-crytallins with different < M >

We have seen that the lens distributes low coordinate number proteins in the periphery. The
next question is: which proteins in the lens have low coordinate numbers?

In Chapter 2, I described our SDS PAGE and RNA sequencing results. SDS-PAGE
showed that the vast majority of the protein in the lens is of a molecular weight consis-
tent with S-crystallins, and RNA sequencing provided many new candidate S-crystallin
sequences. We found more than 50 isoforms of S-crystallin in the lens, and the major dif-
ference between the isoforms is the amino acid composition and the length of the loops. We
found that in the periphery of the lens, there are more 26.5 kDa S-crystallins, whereas in the
core, the 24.5 kDa S-crystallin is most abundant. The abundance of 26.5 kDa S-crystallin
gradually decreases from the periphery to the core. In addition, there are isoforms with
super-long loops of about 100 amino acids. The abundance of these isoforms increases
first and then decreases from periphery to the core. In this section, I will link what I have
learned from the S-crystallin sequence analysis to patchy particle assembly.

In our DAMMIF output from the peripheral layer, the < M >= 2 particles are usually
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spherical with the two loops stretching out to a distance of about 40 A. This is consistent
with the size of the loop from the 26.5 kDa S-crystallin isoforms. Therefore, we associate
the 26.5 kDa S-crystallin isoforms with the low coordinate number proteins in the lens.
The decrease of the abundance of the 26.5 kDa isoforms in the core is consistent with the
increase of the < M > from periphery to the core. Our GROMACS simulation between
the two long-loop S-crystallins also supports this hypothesis that the 26.5 kDa isoforms
have a low average coordinate number. Together with our IEF-PAGE result that the S-
crystallins are positively charged, the data suggest that the loop-loop interaction is the only
attractive interaction between the two 26.5 kDa isoforms, and the rest of the protein surface
is repulsive due to the high charge. Thus, we posit that the 26.5 kDa S-crystallins are
low coordinate number particles, which are very likely to be M = 2 particles under the
combined attractive interaction of the loops and a screened Coulomb repulsion from the
folded bodies of the proteins.

As we go one layer towards the core, in the 80% layer, the DAMMIF result shows that
some of the proteins are connected via a long, thin chain of amino acids. This result is
consistent with the SDS-PAGE result that there is an increase in the abundance of the super
long-loop proteins in the 80% layer. This loop is very likely to be negatively charged, as
is suggested by our IEF page result. Thus, this negatively charged loop can bind to a few
long and short-loop S-crystallins which are positively charged. This is one possible way
for the 80% layer to contain proteins with a higher < M > than the peripheral layer. The
super-long-loop S-crystallins are very likely to be a particle of M > 2, and by having a
high abundance of the super long-loop S-crystallins, the average coordinate number may
be increased in the 80% layer.

For the core two layers, the 24.5 kDa S-crystallin isoforms have a high abundance, and
< M > is also high in these two layers. These isoforms have short-loops and low surface

charge [114], and therefore, it is possible that these proteins may be able to link to equal to
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or more than 3 other proteins and form a M > 3 patchy particle. The short-loop proteins can
also help in building a high packing fraction system as required by the observed refractive
index.

In short, the low < M > in the periphery of the lens observed in DAMMIF could be
achieved by having relatively more 26.5 kDa S-crystallin isoforms, which could be M =2
patchy particles. In the 80% layer, the increase of < M > is likely due to a combination of
the increase in the abundance of the short-loop and the super long-loop S-crystallins, both
of which could be high M patchy particles. Towards the core, the short-loop proteins are
more abundant and since the < M > of the short-loop proteins are high, the core of the lens

has a high <M >.

4.5 Gelled network of the lens

In the previous sections, I presented data and analysis suggesting that the squid lens is a
patchy particle system which can form a stable, gelled material at any packing fraction.
This phenomenon emerges from a set of S-crystallin proteins that has evolved variable
coordinate number. These proteins are expressed in different mixtures in cells located at
different radial positions in the lens. The spatial configuration of network will be further

discussed in this section.

4.5.1 Transmission electron microscopy (TEM)

Sciortino and his collaborators have performed molecular dynamic simulations on a mix-
ture of M = 2 and M = 3 patchy particles [104]. By varying the ratio of these two kinds
of patchy particles, the resulting configuration in real space and the structure factor vary as
well. The spatial configurations of their systems with different ratios of M =2 and M =3

are shown in Figure 4.7. The particle spatial positions are shown with M = 3 particles in
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red; M = 2 particles in green; and yellow represents the sticky spots on the particles’ sur-
faces. The figures on top and bottom differ in the M = 3 over M = 2 particle ratio. In either
figure, the structure of the particle network shows a chain-like structure with bifurcations.
This chain-like structure spans over the whole space, resulting in a homogeneous particle

assembly.

<M>>2

<M>=2

Figure 4.7: TEM and the simulated protein network. Our TEM image (a) of the 100% layer
in the squid lens shows that the proteins form a network. This is compared to the spatial
configurations from Sciortino’s simulation (b,c) [98], with the red M = 3 particles; green
M = 2 particles; and yellow the patches. The similarity between our TEM image and the
predicted configuration in simulations of patchy particles supports the hypothesis that the
proteins can be treated as patchy particles in a gelled system. This is further supported by
result from the DAMMIF fit (d,e).

To compare this picture to our lens protein structure, I performed transmission electron
microscopy (TEM). The experimental details of this procedure are described in Chapter
2. The TEM image shows that the protein assembly is very similar to the particle spa-
tial positions from the simulations described above [104]. In TEM images, the proteins
form chain-like structures with bifurcations. The assembly is overall connected and ho-

mogeneously distributed throughout the cellular space. There seem to be more chain-like
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structures than bifurcations in the image. Therefore, gross observation of our TEM im-
ages suggests that the peripheral layer of the lens contains more M = 2 particles. This
TEM image is also similar to the Sciortino’s simulation result with a mixture of M = 2 and
M = 3 particles. In addition, the network spans the whole space, which suggests that the
S-crystallin network in the periphery of the lens is percolated and forms a gel. All of these
observations are consistent with our SAXS intensity at low g and our native PAGE and
filtration results suggesting that the proteins in the lens form a larger scale structure which
may be a gel.

In this section, I compared the TEM image from the squid lens to a patchy particle
system with a mixture of M = 2 and M = 3 particles. The TEM images contain more
chain-like structures than branching structures, suggesting that the majority of S-crystallin
molecules in the peripheral layer of the lens are M = 2 particles. This result is another piece
evidence which supports the conclusion that in the peripheral layer of the lens, the averaged

coordinate number is low, which is required to avoid liquid-liquid phase separation.

4.5.2 Ramification simulation

In the previous section, I showed that the squid lens assembly can be treated as a patchy
particle system where the average coordinate number increases from the periphery of the
lens to the core. In this section, I will further explore this idea by simulating a bifurcating
network, and compare the structure factor from the squid lens to the simulated assembly.
Specifically, I performed a ramification simulation to study the effect of < M > on the
spatial configuration of a resulting network with some similarities to the patchy particle
networks described above. By ramification, I mean particles form chain-like structures
with bifurcation.

The computer simulation creates different < M > assemblies and calculates the struc-

ture factor. The simulation performed on the system is composed of a combination of
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M =2 and M = 3 particles. All particles have the same diameter. For each simulation, the
total number of particles is 100,000 . Particles are generated at in each step of the walk. The
walk algorithm is similar to three dimensional self-avoiding random walk, except that the
particle positions come from a normal distribution with reference to the x-axis of the previ-
ous particle. One simulation step may involve adding either one or two particles, where the
probability of adding two particles for each step is a fixed input to the simulation. When
two particles are added, each one continues to add more particles with the same original
probabilities. The position vector of the newly added particle is chosen to be 1 for radial
component. A Gaussian distribution is used for the cosine of the polar angles cos(6) with
the expectation set to be 1 and variance set to be 0.2. For any cos(6) > 1, cos(0) is set to
be 2 — cos(0) to avoid complex numbers. The definition of 6 is followed in Matlab’s defi-
nition of spherical coordinates. A uniform distribution is assigned for the azimuthal angles
¢ in the position vector from the previous particle. The percentage of M = 3 particle is
chosen to be 0, 0.03, 0.1, 0.2, and 0.5 respectively for the 5 particle systems we created.
The positions of all these particles were Fourier transformed using the Debye method to
calculate the structure factor.

In the Figure 4.8, I show the result of our ramification simulation for different ratios
of M =2 and M = 3 patchy particles. The plot shows the spatial positions of each system
with different < M >. These structures are shown in the x-y plane with a projection in
the z-direction. Note that x- and y- directions have different scales. The results show that
with an increased ratio of M = 3 particles, there are more bifurcations present, and the
resulting network is more compact. This in turn means that these systems have higher
packing fractions.

The structure factors of these configurations shows similar trend to the structure factor
of the lens at large g. At go = 27, corresponding to ¢ = 0.15 A~! for the lens protein, there

is a peak which corresponds to the nearest neighbor distance. There is also a minimum in
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Figure 4.8: Ramification result. The configurations (a) result from varying percentage of
M =2 and M = 3 particles: The red curve shows the configuration (a) and the calculated
structure factor (b) from a simulated system with the ratio of the number of M = 2 particle
to all particle = 0.003, orange 0.1, green 0.2, and blue 0.5. ¢ is the diameter of the particle.
The resulting networks are denser with the in the fraction of M = 3 particles. Only the first
2000 steps from the simulation are shown in (a). The calculated structure factor of these
configurations are shown in (b). The depth of the minimum at go = 3.5 increases with
increasing M = 3 particle ratio.
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structure factor at g ~ 3 (¢ ~ 0.07 A~! in the lens). The structure factor also increases
with decreasing ¢ at low values of q.

The depth of the minimum at 1 < go < 27 (0.03 < ¢ < 0.1 A=) increases with an
increase of < M > for the configuration of particles. The ratio of the depth for <M >=2
particle system and < M >= 2.5 particle system is approximately 3. The decreasing min-
imum indicates a decrease of the spatial density fluctuation at this position. This increase
can be explained by having a higher packing fraction of particles in real space, and a higher
packing fraction is a result of having a higher < M >.

When compared to our SAXS experiments, there are interesting similarities between
the lens and this simple ramification simulation. Next to the nearest neighbor peak, there
is a minimum in the structure factor at ¢ ~ 0.05 A~! for all of the layers in the lens, and
the depth of this minimum decreases from the periphery to the core. The similarity of the
structure factors in this simulation and in measurements of the lens suggests that the lens
system can be approximated by chains of two-coordinate particles with nodes of three-
coordinate particles. In addition, in our structure factor from the lens, the ratio of the depth
of the minimum in 40% layer and the 100% layer is about 5, which is greater than the ratio
of <M >=3to <M >=2 in the simulation result. This suggests that the lens system has
a bigger span of < M > than our ramification simulation which mixes particles with M =2
and M = 3. In another words, comparing the ramification simulation results to the structure

factors from the squid lens suggests that < M > in the core of the lens is higher than 3.

4.6 Self-assembly of the squid lens - a unified view of the

data

Up to this point, I have studied the protein composition and structure in a squid lens using

biochemical approaches, and the larger scale structure of the lens using SAXS. I have
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proposed a mechanism about how the lens is assembled. In this section, I will summarize
what I have learned from the lens and explain clearly the mechanism of the assembly of the
squid lens.

Contrary to previous expectations [114], our SAXS measurements of an intact squid
lens shows that proteins are attractive and in contact with one another. Both the SAXS
intensity and the structure factor decrease at ¢ < 0.05 A~!, corresponding to a larger scale
structure in the lens, inconsistent with all repulsive interactions. This large-scale struc-
ture, on the other hand, is still dominated by protein-protein pair-wise interaction at all
lens positions, shown by the presence of the nearest neighbor peak at the protein diameter
length-scale at ¢ = 0.13 A~!. This is different from SAXS measurements of fish lenses,
where the o-crystallin nearest-neighbor peak is absent at the core [79]. In addition, the
lens system cannot have liquid-liquid phase separation such as protein aggregation or pre-
cipitation because the difference in refractive index between the two fluid phases would
scatter light, resulting in lens opacity [4, 10, 41, 79]. In fact, most systems with isotropic
attractive interactions are very likely to have liquid-liquid phase separation at low packing
fraction [24]. In contrast, the phase diagram of patchy colloids shows a self-assembled
route to avoiding liquid-liquid phase separation at all possible packing fraction. The theo-
retical basis for this idea comes from work done by Sciortino and colleagues showing that
the spinodal line moves towards a smaller packing fraction with a decrease of the average
coordinate number < M >. A patchy particle gel with no liquid-liquid phase separation can
be achieved at systematically smaller packing fractions by reducing the coordinate num-
ber of the patchy colloids [12]. This result of stable, gelled, nearly empty systems at low
< M > has been corroborated experimentally in non-living systems [99].

Our experimental and analytical results suggest that S-crystallin coordination number
in the gel network increases as a function of decreasing lens radius, effectively making it

a system of patchy particles. Our DAMMIF fitting at high lens radii clearly shows 50 A
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spheres, consistent with folded S-crystallin proteins. We identify these spheres as canoni-
cally folded S-crystallins, as is shown in Figure 4.2. These S-crystallins connect with dif-
ferent numbers of other S-crystallins, the frequency of which was estimated using repeated
Monte Carlo simulation in DAMMIFE. This analysis showed that the average coordinate
number < M > of the particles increases from 2.19 to 2.45 from the 100% layer to 80%
layer. This increase of < M > is 6.9 times higher than the standard deviation. Towards the
core of the lens, lens radius of 60% shows lamellar-type structures similar to those observed
in the simulation study of high surface area patchy-type particles [131]. In the core of the
lens, the protein packing fraction is so high that DAMMIF predicts that space is nearly
entirely filled with protein. The absence of the ¢ = 0.21 A~! peak in the core suggests that
the proteins are so tightly packed the in core that water is possibly no longer present.
Figure 4.5 shows the inferred phase diagram of S-crystallins in the lens at different
positions along the radius of the lens. Having < M >= 2.19 in the periphery of the lens
results in a spinodal line located around ¢ = 2.5% [12], which is a slightly smaller packing
fraction than that in the outermost layer of the squid lens. For the 80% layer, the inferred
spinodal line of < M >= 2.45 is located at ¢ = 8%, smaller than the packing fraction of
the proteins in this region of the lens. Thus, by decreasing the average coordinate number
< M > of S-crystallins in the periphery of the lens, the lens managed to place the spinodal
line at a smaller ¢ than the actual ¢ of S-crystallins in the lens at different regions, leaving
the whole lens in a stable, and possibly gelled state without liquid-liquid phase separation.
The combination of our results from fitting our SAXS data and our biochemical data
suggest a biophysical mechanism for generating a low M particle. In the periphery of the
lens, DAMMIF shows 50 A spheres mostly joined by two 25-35 A long bridges. These
bridge dimensions are consistent with a doubled-back chain of amino acids that is 10-20
amino acids long. The angular separation of these bridges relative to the 50 A spheres

ranges from 60° to 120°, which is consistent with the predicted positions of the evolu-
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tionarily novel, disordered domains in S-crystallins. These DAMMIF results suggest that
S-crystallins with 10-20 amino acids in the loop are M = 2 particles. Further, SDS-PAGE
shows that proteins with loops that are 10-20 amino acids long are dominant in the outer-
most region of the lens, composing 60% of the protein mass of the lens found in the outer
regions. The fact that both DAMMIF and SDS-PAGE results show that S-crystallins with
10-20 amino acid loops dominate the lens periphery supports our hypothesis that these pro-
teins can be treated as M = 2 patchy particles. Moreover, our GROMACS result suggests
a mechanism for the linkage between these 10-20 amino acid loop S-crystallins. A sta-
ble but dynamic patch of 3-4 hydrogen bonds is likely to form between the polar residues
in the loop when the centers of mass of the proteins are positioned according to experi-
mental data. The energy of this predicted interaction (~ 60 kJ/mol) suggests that these
bonds can be stable at room temperature. Hence, each loop of these 10-20 amino acid loop
S-crystallins can be treated as a patch which connects to other S-crystallin loops , mak-
ing these S-crystallins M = 2 particles. DAMMIF fitting on the outer layers occasionally
shows loops interacting with the folded near-spherical body of other proteins, suggesting a
mechanism for occasional interactions of M = 3 particles in the low-density regions of the
lens.

DAMMIF results also suggest a mechanism for generating M = 3 particles from S-
crystallins. DAMMIF fits from lens 80% layer show 3-fold coordination in the narrow
bridges between 50 A spheres. We refer to proteins having this bridge as super-long-
loop proteins, with 103 amino acids in the loop as observed from SDS-PAGE and RNA
sequencing. These very long disordered loops may be allowed to form multiple hairpins,
with each hairpin allowed to interact through a multiple-hydrogen-bonding interaction with
other hairpins. Super long-loops have lots of charged and polarized amino acids: out of 103
amino acids, 20 of them are negatively charged, 8 positively charged, and 27 polarized.

All of these are consistent with these structures’ ability to form multiple polar interacting
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patches, and it is possible that these proteins have a very high coordinate number. Although
these proteins are present at relatively low concentrations in the lens (1% to 3% of total pro-
tein mass), this would be enough to shift < M > by up to + 0.36 assuming these proteins
have M = 20. At lens radii < 60%, where M > 3, protein-protein interactions seem to
shift from being mediated by unstructured loops to apparently relatively non-specific large-
area docking-type interactions on the surface of the proteins, more typical of better studied

systems.
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Chapter

Chinese century egg and squid lens

The Chinese century egg (pidan) has been a traditional Chinese food for hundreds of years.
It was recorded that in the early Ming dynasty (1368-1644) a duck egg was laid in lime and
two months later, the egg white was gelled and the yolk turned to black. Nowadays, pidan
is normally made by alkali-treated fermentation in clay. The clay is usually composed of
sodium carbonate (NayCO3), water (H>O), and calcium oxide (CaO). Sodium hydroxide
(NaOH) is the product from the reaction of the ingredients. This high base environment
causes a physico-chemical change of the texture and color in the egg white [125]. The
color of the egg white turns to a mostly-transparent yellow or transparent tea-brown color,
shown in Figure 5.1. Pidan can be preserved at room temperature for months. It remains a
popular food among people in Asian countries.

The physical transformation in the pickling process is that the proteins in the egg white
partially unfold and form filamentous structures [43]. The proteins have short-range at-
traction and long-range repulsion. Under these interactions, they form a transparent, stable
gel.

The transparent material resulting from the egg white in pidan shares quite a few simi-

larities with the squid lens system. They are both composed of globular proteins, and these
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Figure 5.1: Image of Pidan. The pickled quail egg shows transparent tea-brown color.
A laser beam injects into pidan and gets out from the other side, showing that pidan is
transparent.

proteins form gels that are transparent. The packing fraction of the egg white is very similar
to the periphery of the squid lens. In this chapter, I study the physical properties of pidan.
Then I compare the pidan to a healthy lens system. Further, the heat denatured state of
both systems are studied: I also performed SAXS on hard boiled eggs. To denature the lens
system, I incubated the lens at 50 °C. The similarities between the heat denatured assembly
of these two systems are discussed. Finally, I discuss both systems in the context of patchy

particle theory.

5.1 Egg white protein

For an avian egg, the egg white accounts for about 58% of the total egg mass [77]. Protein

is the major component of egg white, which makes up 9.7-10.6% of the composition by
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weight [78]. Other components includes carbohydrates (0.5-0.6%), glucose (0.5%), and
lipids (0.01%). The major proteins in the egg white are ovalbumin, ovotransferrin, ovomu-
coid, ovomucin and lysozyme [78, 103]. Briefly speaking, ovotransferrin is an antimicro-
bial, iron binding protein which constitutes 12% of the egg white proteins. Ovomucoid is a
glycoprotein which is known for its trypsin inhibitory activity. Ovomucin is a structurally
important glycoprotein which constitutes1.5-3.5% of the total egg white protein. The func-
tion of lysozyme is to lyse bacteria and it constitutes 3.4% of the egg white protein [78].
Ovalbumin is the most abundant protein in the egg white. It composes about 55%
of the total egg white proteins [110]. There are three isoforms, Al, A2, and A3, which
have different numbers of bound phosphate residues [42]. Ovalbumin belongs to the serpin
superfamily, but unlike other serpins, it does not act as a protease inhibitor [51]. Across
avian species — hen, pheasant, quail and duck — ovalbumin shows similar electrophoretic
profiles, with quail and pheasant ovalbumin showed the most basic pl of 4.5-4.6 [77].
The estimated molecular mass across the species is approximately 45 kDa for ovalbumin

monomer. The ovalbumin from hen eggs contains 385 residues.

5.2 Chinese century egg pickling

Chinese century eggs (pidan) are traditionally made from raw duck eggs in China. But for
the purposes of my experiment, I used raw quail eggs to make my own pidan because they
are much smaller. These raw quail eggs were purchased from a local Chinese supermarket.
The raw quail eggs were carefully stored and pickled before the expiration date. To make
pidan, whole quail eggs were soaked in an excess of 0.9 M NaOH (Sigma-Aldrich ACS
reagent, > 97.0% pellets, PO# 221465) and 0.5 M NaCl (Sigma-Aldrich SLBB9000V)
at room temperature. After one to two days of soaking, the pigmented patterns on the

shell began to fade and the shells became fragile. 1 washed the surface of the egg shell
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and discarded the broken eggs. The rest of the eggs were soaked in the same solution for
another 13 - 16 days at room temperature. After that, the eggs were taken out from the
solution, dried, and kept at 4°C for future use. A new egg waws peeled right before each
experiment.

Under these conditions, raw egg white gelled after two weeks. It was transparent, with
a slight yellow pigmentation. The pidan is very sticky, in the sense that sometimes it is hard
to get a piece out from tweezers. The pidan is also flexible. Pressing on it gently without
smashing it resulted in distortion, but when the pressure is released, it relaxed to the original
shape. Unlike raw egg white, this pickled egg white was insoluble in water. Homogenizing
the pickled egg in water first and then centrifuging still resulted in a lot of pellet. This pidan
did not rot or decompose after a year and a half stored in a 4°C refrigerator. But the color
darkened during the storage, with the yellow pigmentation turning very dark brown. It was

also less transparent compared to a freshly pickled egg white.

5.3 Density, gelation and viscosity

In order to compare to the lens system, I studied the physical properties of the pidan to
understand its gelation. Measurements were conducted to estimate the density and viscosity
of pidan. Then I studied the gelation conditions in vitro by adding different amount of

NaOH into various concentrations of ovalbumin.

5.3.1 Density of pidan

The density of the pickled quail egg white was measured by submerging the gelled pidan
samples into potassium iodide (Sigma-Aldrich, ReagentPlus, 99%) solutions with known
density. A tissue sample will float in less-dense fluids, and will sink in more-dense fluids.

The dense potassium iodide solution was made by adding 6g KI into 10 ml deionized water
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and then making serial dilutions. The dilutions are 1, 1:2, 1:4, 3:16, 5:32, 19:128, 9:64,
1:8. For each dilution, the solution was separated into two 1.5 ml tubes. A piece of pickled
egg white with diameter ~ 3mm was placed into one of the solutions. Whether it floats or
sinks was immediately observed. To find the density of the solution, I weighed the mass of
400 uL solution from the other tube, and density was calculated from that.

The result shows that pidan floats in 1, 1:2, 1:4, 3:16, and 5:32 solutions, whereas it
sinks in 19:128, 9:64, 1:8 and water. The mass of 0.4 ml KI solution for 5:32 dilution is
0.4233g, and for 19:128 is 0.4199 g, corresponding to density of 1.0582 g/ml and 1.0498
g/ml. Therefore, the density of the quail egg white lies in between, and I estimated it as
1.05 g/ml. Assuming that the quail egg proteins are all ovalbumin, the density of which
is 1.296 g/ml [54], then the estimated packing fraction for pickled quail egg white is 4%.

This is approximately the same packing fraction as the outermost layer of a squid lens.

5.3.2 Viscosity of ovalbumin in basic solution

In the traditional alkali method of preparing pidan, the clay contains sodium hydroxide
(NaOH), which leads to a strongly basic environment. To study the physical changes that
egg proteins undergo in a similar alkaline environment, I performed viscosity measurement
in this section and gelation study in the next section in vitro, using the main protein in the
egg white, ovalbumin, and the strong base solution of NaOH.

For ovalbumin solution with low NaOH concentration, the liquid seems to be much
more viscous than the liquid with no base added. I studied the viscosity with a viscometer
I built. The basic idea for the viscometer is that a small object will fall more slowly in
a more viscous environment. I applied this idea to the design of the viscometer: A 2 ml
plastic pipette was used as the sample container, and a cylinder-shaped stir bar with rounded
ends was dropped down the length of the pipette. The size of the stir bar was such that the

diameter is just smaller than the inner diameter of the 2ml pipette, but the length of the
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Figure 5.2: Viscometer. The viscometer I built is composed of a 2 ml pipette and a stir bar.
The sample to be measured is placed in the pipette. The stir bar is dropped from the top
of the pipette and travels down to the bottom with the time recorded by a stopwatch. The
viscosity of the liquid will be linearly related to the travel time of the stir bar.
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stir bar was much greater than the pipette diameter. Therefore, the stir bar can only move
down inside the pipette with its long side parallel to the pipette. There was no rotation
observed when the stir bar was moving downward. The pipette was set to be vertical. The
experiments were performed by filling the pipette with the target sample, and then dropping
the stir bar from the top. I measured the time it took the stir bar to move to the bottom of

the pipette with a stopwatch. The apparatus is shown in Figure 5.2.

Viscosity in Pa-s (a.u., proportional to time)

1 1 1 1 1 1 1

9.3 9.4 9.5 9.6 9.7 9.8 9.9 10 10.1 10.2 10.3
pH

Figure 5.3: Viscosity estimated from the time that the stir bar took in the solution of 2.8 mM
ovalbumin with different volume of 2M NaOH added was measured by my viscometer. The
viscosity of the ovalbumin solution increases with the increase of the base concentration.

To calibrate this apparatus, I measured three liquids of known viscosity: methanol
(5.9 x 107* Pa-s), deionized water (8.9 x 10™* Pa-s), and ethanol (1.2 x 1073 Pa- s).

The times that the stir bar took to fall the length of the pipette in each liquid are 0.8, 1.3,
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and 2.6 seconds respectively.

I used this viscometer to study the relation between NaOH concentration and the vis-
cosity of my ovalbumin protein samples. For each measurement, I used 125 mg ovalbumin
dry protein dissolved in 1000 uL. DI water (125 mg/ml or 2.8 mM), with a variable volume
of 2M NaOH added. The final concentration of NaOH ranged from 0.2 mM to 6.6 mM.
The pH of the final solution was also measured.

The time spent for the stir bar to get to the bottom of the pipette is linearly related
to the viscosity of the liquid. The time spent for the stir bar to reach the bottom of the
pipette ranges from 1.7 seconds (pH = 9.3) to 2.4 seconds (pH = 10.2). Figure 5.3 shows
the viscosity estimated from the time. There is a general trend that the higher the NaOH
concentration, the slower the stir bar moves. That is, the liquid is more viscous with higher
pH. At concentrations of NaOH added greater than 6.6 mM, gelation occured, and the
stirbar no longer moved through the sample. The viscosity of the ovalbumin solution in
weak base is higher than water, which is 8.9 x 10~ Pa-s, but lower than ethanol’s 1.2 x

103 Pa-s.

5.3.3 Gelation process

As 1 showed in the previous section, when the concentration of NaOH is high enough,
gelation happens. In this section, I study the conditions under which gelation occurs. This
process is studied by having different concentrations of ovalbumin adding in different con-
centrations of base [43]. Ovalbumin constitutes 55% of the proteins in the egg white. |
made ovalbumin solutions at concentrations of 1.4 mM (62.5 mg/ml), 2.8 mM (125 mg/ml),
and 5.6 mM (250 mg/ml) separately. Then different volumes of 2 M NaOH were added
to the ovalbumin solutions. The total volume of the final solutions are 700 ul. The final
NaOH concentration ranges from 0.05 M to 0.5 M.

Whether the protein gels or not in a tube is judged by the ‘tube flip” method, following
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a study by Sciortino and colleagues [99]. The sample tube is flipped upside down for a few
seconds. If there is no visible movement of the protein sample in the tube, then I call this
sample gelled.

These ovalbumin gels were transparent and colorless, and were qualitatively very simi-
lar to the squid lens. For a low protein concentration of 1.4 mM (62.5 mg/ml), ovalbumin
solution gelled in a range of NaOH concentration from 0.1 M (pH ~ 13) to 0.25 M (pH
~ 13.4. It did not gel at NaOH concentration higher than 0.3 M (pH ~ 13.5). For a higher
concentration of ovalbumin at 2.8 mM (125 mg/ml), it did not gel at very low base concen-
tration of 0.05 M (pH ~ 12.7), whereas it gels at all base concentrations greater than 0.1 M,
including 0.5 M (pH ~ 13.7), at which the low ovalbumin concentration did not gel. At the
very high ovalbumin concentration of 5.6 mM (250 mg/ml), the protein gelled at the base
concentration of both 0.05 M and 0.5 M. Therefore, for a given ovalbumin concentration, it
was likely not to gel at either a very low or very high base concentration. Given a fixed base
concentration, a higher ovalbumin concentration solution was more likely to gel, especially
when the base concentration is high or low.

Given that ovalbumin gels under strong base condition, I explored whether ovalbumin
can gel under acidic conditions. I added 125 mg albumin in the following three conditions:
1. 0.5 M HCI with ovalbumin concentration 62.5 mg/ml (1.4 mM). 2. 0.3 M HCI with 43.1
mg/ml (0.96 mM) ovalbumin, and 3. 0.25 M HCI with 62.5 mg/ml (1.4 mM).

The 62.5 mg/ml ovalbumin in 0.5 M HCI experiment resulted in white precipitate at the
bottom of the tube, with no gelation observed. The ovalbumin added in 0.3 M HCI resulted
in white precipitate as well. But this precipitate is not as dense as in the previous case.
For the case of ovalbumin in 0.25 M HCI, turbidity started after ovalbumin was added.
After half an hour, it gelled in the tube. However, this gel was milky in appearance, not
as transparent as the gels in base, and possibly therefore gelled through a distinct physical

mechanism.
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To summarize, my experiment of the physical properties of pidan shows that the pi-
dan density is very similar to the periphery of the squid lens. In vivo, alkaline conditions
increased the viscosity of ovalbumin solutions when the pH of the solution was less than
10.2. As I increased the base concentration, gelation occured. The lowest base concen-
tration required for gelation was higher for a lower ovalbumin concentration. But if the
base concentration was too high, the ovalbumin solution at low density did not gel, either.
This gelled ovalbumin material seemed to have many similarities to the healthy squid lens
system. For both cases, the gels are formed by globular proteins, the gels are transparent,

and gelation occurs at low protein packing fraction.

5.4 Comparing SAXS on eggs and lens

MAXS was performed on raw quail egg, pidan, boiled egg using the in-house equipment.
The experimental details are the same as described in Chapter 3. In addition, SAXS on

squid lenses was also measured.

5.4.1 SAXS on egg

SAXS experiments were performed on pickled quail egg white, raw quail egg white, and
boiled egg white. Pickled or boiled quail egg whites were cut into small cuboids before
loading into button sample cells. I carefully adjusted the position of the cuboid samples
so that the x-ray beam was centered in the sample. The SAXS intensity as a function of
scattering angle is shown in Figure 5.4. These three curves show a general trend of decrease
with increase of the wave vector.

To generate a form factor for pidan, I measured the raw quail egg white. Since the

concentration is low (5% packing fraction), I assumed that there are no interactions between
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Figure 5.4: SAXS on pidan, raw egg white, and boiled egg white. X-ray scattering intensity
as a function of wave vector for pidan, raw egg white, and boiled egg white are shown in
different colors. The major difference between these intensities is the decrease at low q,
and the protein nearest neighbor peak.

the proteins in the raw quail egg white. I used the scattering curve for raw egg white as the
form factor for gelled pidan.

In the region of ¢ < 0.03 A~ the scattering curves for pidan, raw egg white and boiled
egg white behave very differently. The raw egg white shows a flat shape at this range. This
flat curve indicates that the monomeric proteins in a raw egg white do not aggregate into
larger-scale structures. There are no strong attractive interactions between the proteins.
Pidan intensity at this range, however, decreases slowly as the wave vector increases with
the slope of ~ —0.6. This decrease denotes the possible larger structure forming in this

range, and the assembly of this structure requires attractive interactions between the raw
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egg proteins. This structure suggests that by pickling the raw quail egg in a strong base
and a high salt solution, the proteins are altered in such a way that there are attractive
interactions generated between the proteins. For the case of a boiled egg, there is a sharp
decrease at small wave vector with the slope of -2. This sharp decrease indicates that
there is a big real-space fluctuation in this range. This spatial fluctuation comes from the
boiling treatment, where egg white proteins are completely denatured and aggregated into
disordered clumps.

In the range of 0.03 < g < 0.15 A~!, there is a shoulder in /(g) for the raw egg white
and pickled egg white, but no shoulder observed for the hard boiled egg. This shoulder
corresponds to the size of the raw egg white protein. For the boiled egg, proteins are
apparently fully unfolded, and there is no globular protein monomer structure remaining.
So there is no peak in this range. For the scattering from pidan, there is a shoulder, which
indicates that overall globular protein structure is still intact after the harsh treatment in
strong base.

At ¢ = 0.135 A~!, there is no peak observed from either the raw egg white or the
pidan scattering curves. This suggests that the unit of protein assembly is a monomer, not
the interaction of monomers. Figure 5.5 shows the calculated form factor from ovalbumin
monomer together with the tetramer found in the crystallized protein as an example of the
interaction of monomers [109]. The major difference between these two form factors is that
there is a peak at ¢ = 0.135 A~!. This peak corresponds to the size of the subunit that the
interacting ovalbumin monomer forms. Thus, if the monomers form some higher structure
subunits, it would be expected to have a peak at a g lower than the nearest-neighbor g. For
both my pidan and raw egg white scattering curve, I do not observe any of these peaks. This
absence of features at g smaller than the monomer-monomer interaction length indicates
that the single protein monomer unit is the building block of pidan’s structure.

At a smaller spatial scale, g > 0.15 A~ there is a shoulder at qg=0.27 A~ for raw
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Figure 5.5: Form factor of pidan. Possible form factors for pidan were estimated by calcu-
lating the Fourier transform of the crystal structures of ovalbumin monomer and ovalbumin
tetramer. The ovalbumin tetramer data show a peak at ¢ = 0.135 A~!, where there is no
peak in the same calculation for ovalbumin monomer. Comparison of estimates of form
factor from crystallography to the SAXS data on raw egg white and pidan indicates that the
ovalbumin monomer is the structural unit in pidan, and was therefore used as a form factor
for pidan.

egg white, but no peak is found for pidan or boiled egg white. This shoulder corresponds
to the length scale of 23 A and therefore it comes from the form factor of proteins in raw
egg. Since in the egg white, there is a mixture of different proteins with various sizes and
inner structures, this polydispersity may have caused a shoulder at 0.27 A~!, rather than
a clear peak. For the cases of pidan and the hard-boiled egg, the strong base or the heat
treatment increases the polydispersity or completely unfolds the protein, resulting in the

disappearance of the shoulder.
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5.4.2 Comparing the structure factor of pidan to the lens

As described in Chapter 3, SAXS measurements of heat treated and untreated lens samples
are very similar to the intensities of boiled egg and pidan, respectively. The cooked lens
sample and boiled egg white show a disappearance of a peak and a sharp drop at a very
small angle, which are different in a fresh lens and a pidan.

The structure factors from both the pidan and from the healthy squid lens are calculated
by dividing by a form factor, or measurement of the isolated component protein. The
intensity of the raw egg white was used as the form factor for pidan, and the average form
factor from our S-crystallin homology models was used for the untreated lens, as described
in Chapter 3.

To compare the structure factors from pidan to that of the untreated lens, I plotted them
together in Figure 5.6 with ¢ in the unit of the respective protein monomer diameters for
both cases, 6. The diameter is chosen to be 30 A for pidan monomers and 40 A for lens
proteins. The structure factors of pidan and the lens are very similar to each other. There
are generally three features for both cases, as is explained in the following:

At alarge spatial scale, with go < 2, there is a decrease in the intensity, which is sharper
in the lens layers than pidan. This decrease is associated with the attractive interactions in
the larger gelled structure in both cases.

In the intermediate range where 2 < go < 6, there is a trough in both cases. This trough
is due to the impenetrability of the proteins which leads to suppression in the density fluctu-
ation at a scale a bigger than the protein diameter in real space. For pidan, the minimum is
at one third the intensity of the nearby plateau. In contrast, the lens minimum is relatively
deeper. The intensity at this minimum in the lens ranges from 20 to 110 times smaller
compared to the peak at ¢ = 0.13 A~!. This trough also appears in my ramification simu-
lation result described in Chapter 4. The deeper the local minimum, the higher the average

coordinate number of the proteins are predicted to be. Thus, the proteins in pidan have a
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Figure 5.6: Structure factor of pidan and the squid lens. The structure factor of pidan was
also estimated by using the intensity of a raw egg white as the form factor. Note that top
panel has different vertical axis. Vertical line labels at go = 2. The similarity between
the structure factor of pidan and all layers in a squid lens suggests that they have similar
underlying physics. The small jump (or Zing) in the intensity at 60% and 40% layer in the
lens is a common feature for x-ray scattering data, which is likely to come from cosmic
rays.
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lower coordinate number compared to most radial positions in the lens, which is consistent
with the fact that the density of pidan is also lower than most of the lens.

At go = 6, there is a peak at the real size position of protein-protein interaction for
both cases. The protein unit is S-crystallin dimers for the lens, and ovalbumin monomers
for pidan. This peak indicates that the individual, folded proteins are present for both cases,

and the globular proteins are the basic unit of the structure in these two gels.

5.5 Spatial configuration

I also studied the real-space properties of pidan using techniques similar to those for the lens
described earlier. The radial distribution function of pidan was calculated using GNOM,
and a real-space structure of a protein as constructed using DAMMIN. These results were

compared to the properties of a lens.

5.5.1 Radial distribution function (RDF)

As in the lens system described in Chapter 4, GNOM was used to estimate the radial dis-
tribution functions of the pidan, raw egg and the peripheral layer of the squid lens. The
details of GNOM can be found in Chapter 3.

The RDFs of both the pidan and the raw egg white show some similarities, shown in
Figure 5.7. There is a peak located at 26 A for both curves, and this distance is consistent
with the monomer-monomer distance. At a larger distance, the RDF of a raw egg shows a
peak at 95 A, whereas this peak moves to 125 A for pidan. The height of this peak is much
smaller than the first peak at 26 A for both cases. For both the raw egg white and pidan,
this second peak corresponds to a larger scale structure resulting from the interactions of

monomers. The increase of the peak position from raw egg to pidan suggests that during
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the pickling process, the a partial unfolding of the egg protein causes it to expand into a

somewhat larger scale structure.

Figure 5.7: Radial distribution function (RDF) from the eggs. The RDFs from a raw egg
white (red) and a pidan (blue) are plotted. They both show a peak at 26 A and a second peak
atr > 90 A. The 26 A peak corresponds to the monomeric unit of an ovalbumin protein. The
second peak corresponds to the nearest neighbor distance of the monomers. The increase
in the position of this second peak from raw egg white to pidan suggests a gelled structure
of pidan build from interactions of partially unfolded ovalbumin monomers. Vertical lines
locates at 26 and 97 A. Data at r < 18 A are under the resolution of the SAXS, which is not
trustable.

The RDFs for the squid lens in the peripheral layer are very similar to the RDF of pidan.
The lens RDF shows a peak at 25 A in the lens (Figure 4.1), which corresponds to the size

of a monomer S-crystallin. At larger ranges, there is an obvious peak appearing at 71 A and
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a subtle peak at 130 A. Both of these correspond to the large structure that the S-crystallins
assemble in an intact lens. The 71 A peak comes from the average distance of dimers. The
130 A peak may reflects the second-nearest neighbor distance.

Comparing the RDF from pidan to that of the lens shows several similarities between
the two curves. Firstly, they both show similar patterns with a major peak which corre-
sponding to the protein-protein monomer interaction. This similarity emerges because in
both cases, larger structures were composed from a single protein building block, relatively
monodisperse in size. The protein building block is an ovalbumin monomer in the case of
pidan, and a S-crystallin dimer in the case of a squid lens. Then at a larger scale, there
is a distinct peak, which is 71 A for S-crystallins and 125 A for pidan. This peak reflects
protein quaternary structure. The 71 A for S-crystallin dimer-dimer distance is the basic
unit which is very likely to span the whole volume in the lens periphery. In the pidan case,
the shift of this peak from 95 A in a raw egg to 125 A of pidan indicates a possible shift in

the ovalbumin protein fold during the gelling process.

5.5.2 Construct the spatial configuration of pidan

To estimate a likely three dimensional spatial configuration of proteins in pidan, I used my
SAXS data in DAMMIN. I used a fast mode simulation with the maximum diameter of
particles set to be 200 A. No symmetry was presumed. The output configuration shows a
mostly connected object with size 65 x 45 x 30 A in three dimensions, as is shown in Figure
5.8. This size is very similar to the size and aspect ratio of an ovalbumin monomer, which is
approximately 70 x 45 x 50 A. There is one dummy atom which is isolated from the rest of
the dummy atoms, located apart from the volume-filling region of the other dummy atoms.
The distance between the isolated dummy atom and the rest of the structure is 32 A. The
possible role of this structure in the gelation process of the quail egg white will be discussed

in Section 5.6. The rest of the atoms are mostly arranged in a 29 A-thick diamond-shaped
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plane. This is thinner than 36 A, the thickness of the ovalbumin monomer. This suggests
that the main part of the ovalbumin monomer is still folded, but possibly some segments
detach from the main monomer.

The shape of the diamond is very similar to the shape of the ovalbumin monomer. In
the bottom of the diamond, there are three dummy atoms lined up in the top-left direction at
a length of 30 A. In the ovalbumin monomer, the distance between the left and the bottom
vertex is 30 A as well. Together with the dummy atom on bottom right, DAMMIN output
shows the bottom of the output pattern like an arrow pointing downward. This feature is
very similar to the ovalbumin monomer in the structure formed by residues number 200 -
300 in the sequence. In the middle left of the DAMMIN output, the dummy atoms form
a dent, with the narrow part located in the very middle of the whole shape. This is very
similar to the concave shape in ovalbumin formed by residues 290 - 300 and 335 - 340. The
DAMMIN output also shows a region 45 A wide at the top of the folded protein, similar to

the top of the ovalbumin monomer where the length is 45 A across the protein.

5.6 A possible gelation mechanism of pidan

Gelation of the proteins in a quail egg white happens after soaking the egg into a high base
environment. During this process, proteins are negatively charged and partially unfolded.
An estimation of the charge of the ovalbumin can be approximated based on the amino acid
sequence and the pK, of each amino acid. This is done using an online server PROTEIN
CALCULATOR v3.4 (http://protcalc.sourceforge.net/). The estimation shows that under
pH = 13 environment, which is the egg white pH after soaking the egg in base for 20 days
[43], the estimated charge is negative 63. Thus, the ovalbumin in pidan is highly negatively
charged.

Our SAXS data and further analysis indicate a possible gelation mechanism of the
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Figure 5.8: DAMMIN output from pidan. DAMMIN outputs a likely spatial configuration
from pidan (green spheres). This configuration is very similar to an ovalbumin monomer
(yellow). Different view angles are shown in (a) and (b). In (b), there is some structure
sticking out from the plane of the other ovalbumin. This structural features may be the
linkage from one ovalbumin to another.
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pickled quail egg as the following: During the pickling process, quail egg proteins are
locally unfolded, with most of them still in shape and recognizable. The unfolded part links
to other partially unfolded proteins and forms a gel. This is consistent with the mechanism
proposed by Eiser and colleagues [43]. DAMMIN result shows that the configuration of
proteins in pidan is very similar to the ovalbumin monomer, except that the gelled protein is
narrower and has a dummy atom protruding from the structure, possibly indicative of a local
unfolding event. This partially unfolded structure provides an insight into the mechanism
of how egg white proteins are linked together. The local unfolding of a loop may serve
as a sticky spot which can link to another protein. Comparing DAMMIN and ovalbumin
structure, the unfolded tail in DAMMIN output is likely to come from amino acids 87-
95. Among these 24 amino acids, 12 are either charged or polarized. So one possible
mechanism of the linkage between the pidan proteins is that these charged or polarized
amino acids are likely to have attractive interactions to link to other partially unfolded
proteins. Further, the GNOM result shows a shift of the second peak from 95 A for raw egg
white to 125 A for pidan. This suggests that the increase of the average distance between
subunits of the protein assembly is probably due to the requirement for the egg proteins to
link to each other and form a gel. It is likely that the protein packing fraction is so low that
the average subunit distance has to be increased in order to allow most of the proteins to
reach out to other proteins and form the links. This result is consistent with the DAMMIN
result that proteins are partially unfolded. The unfolded part stretches out, and results in an
increase of the average distance between the proteins.

Further study on the role of amino acids 87-95 in the ovalbumin structure shows that
the majority of amino acid (87B to 87E) in this region form a helix, which is labelled
as helix C2 in the original crystallographic study describing ovalbumin structure [109].
The main-chain temperature factor for each ovalbumin molecule was obtained from x-ray

crystallography of ovalbumin, in which ovalbumin crystallized as a tetramer [109]. There
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is a peak at residue 87A to 91 for ovalbumin subunits A, C, and D (data for ovalbumin
B is missing). This peak for ovalbumin subunits C and D is the highest peak among all
residues. A peak in temperature factor means that the structure is more flexible. Therefore,
I hypothesize that under strong base treatment, this helix may swing freely with one end
attaching to the main body of the ovalbumin, and the rest dangling around until it links
to another ovalbumin. This could be the mechanism of how the egg white proteins link
together and form a gel.

Specifically, the well-folded ovalbumin shows that the helix C2 is bound to helix E
(residue 128 to 137) through a disulfide bond between two cysteines located at residue
87H and 133, as is shown in Figure 5.9. The strong base treatment is very likely to break
this disulfide bond, resulting in helix C2 detaching from helix E. In fact, the first-order
rate constant of the cleavage of the disulfide bond in ovalbumin is 112 min~! in pH =
13 environment (0.2 M NaOH)[48], meaning that 63% of the disulfide bonds are broken
within 0.5 second. This disulfide bond breaking would be crucial to change helix C2 to an
unfolded structure extending from the body of the protein, which may eventually attach to
other proteins in the egg white. I hypothesize that the breaking of this disulfide bond is the
key for a raw egg to gel and transition to pidan.

This mechanism is consistent with my in vitro experiments studying the gelation pro-
cess with ovalbumin. For the case of base treatment, in low pH environment, the ovalbumin
solution is more viscous, suggesting adding NaOH increases the attractive interaction be-
tween the proteins. This interaction may be from the detached helix C2 of ovalbumin
forming linkages between other ovalbumin molecules. At pH less than 10.2, perhaps there
are not enough broken disulfide bonds to completely gel the system. With an increase of the
pH sufficient to break most of the disulfide bonds in the system, more and more ovalbumin
molecules have helix C2 detached and free to interact with other monomers. This is a pos-

sible mechanism for gel formation in this system. When the pH is very high, it is likely that
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Figure 5.9: Disulfide bond. The disulfide bond between residue 87H (green) to 133 (red)
are shown. Our DAMMIN result shows that in the process of pidan gelation, this bond is
likely to break, resulting in helix C2 (pink) to stretch out and serving as the patches to link
to other ovalbumin.
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the proteins are so highly charged that the attractive interaction is not strong enough to link
molecules at low packing fraction. My in vitro experiment of adding HCI to ovalbumin does
not result in a transparent gel. This indicates that under acid treatment, disulfide bonds may
not be broken, but unfolding or new interactions are introduced through different mecha-
nisms. Under acidic conditions, each individual ovalbumin molecule may become a patchy

particle with a high coordinate number, leading to liquid-liquid phase separation.

5.7 Pidan and squid lens as patchy particles

The pidan gel is very similar to the outer layer of a squid lens in that they are both trans-
parent gels with low protein packing fractions (~ 5%), and formed by globular proteins.
Based on my hypothesis, they are both linked up by disordered amino acid chains in the
protein structures. In this section, I will explore the similarity between both systems and
answer how they keep transparency at such a low packing fraction of the protein with no
protein turnover. Patchy particle theory helps us to understand this phenomenon. Sciortino
and colleagues proposed that at low packing fraction, gelation can happen without liquid-
liquid phase separation if the average coordinate number of the patchy particles are low.
I hypothesize that this gelation at low density due to low-valency patchy particles occurs
in both pidan and the squid lens. The structure of proteins in pidan suggests that disor-
der induced in helix C2 allows it to extend from the folded body of the protein and link
to another protein. In addition, pickling quail egg at high pH makes the proteins highly
negatively charged, and the screened Coulomb repulsion possibly prevents the proteins
from randomly aggregating, making a highly polar, partially unfolded segment the only
sticky spot that can link to other proteins. Therefore, the pickling process on the quail egg
may make the proteins low valency patchy particles with a patch-antipatch arrangement.

Similarly, in the periphery of the squid lens, DAMMIF predicts the average coordinate
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number to be < M >= 2.19, which is also low enough to avoid liquid-liquid phase sep-
aration. Comparing the SAXS intensities on transparent samples to the SAXS intensities
on opaque samples for both the egg and the lens, the rapid decrease at small g for opaque
tissues suggests that the proteins are randomly aggregated, and this aggregation results in a
dramatic increase of the coordinate numbers for the system. At low packing fraction, this
leads to density fluctuation at the wavelength scale of visible light so that opacity occurs.
To sum up, the underlying physics between a pickled quail egg white and the outer-most
layer of a squid lens seem to be very similar. In both cases, the proteins may have one or
two disordered loop-like structures which can freely swing in a relatively wide angle range.
For the case of pidan, we hypothesize that this structure comes from breaking the disulfide
bond between helix C2 and helix E. Breaking this bond and forming a disordered loop may
be induced in pidan by the high base treatment traditionally used to preserve the eggs and
induce gel formation. In the lens system, however, the disordered loop is not achieved by
artificial treatment, but has evolved in concert with the ability to make a gradient index lens.
In squid lens, and also possibly in pidan, the disordered loops can link to other proteins,
and serve as the attractive patches in a system of proteins as patchy colloids. Therefore,
these proteins can be treated as patchy particles and the systems are transparent because the
average coordinate number is low for both cases, resulting in a stable gelled phase without

phase separation.
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Chapter

Summary and future directions

In this thesis, I studied the physical and material properties of a squid lens, and used patchy
particle theory to propose an explanation for how the lens maintains transparency and ther-
modynamic stability while the protein density spans a huge range throughout the lens ra-
dius. Then, I compared the squid lens system to the preservation process of the Chinese
“century egg”, which is another system of patchy particles resulting from globular proteins.
Here, in this chapter, I will summarize these results and discuss the possible next steps for

this research.

6.1 Summary

Many species of midwater squids are common around 300 meters depth in the ocean, where
the irradiance is one ten thousandth less than the irradiance on land. For vision that is
simultaneously acute and sensitive, this environment requires a particular eye design for
camera vision. In squids, the eye is a camera-like structure, just like our eyes. But the
lens in the eye has to be spherical to both maximize the photon flux and the retina and
to create an eye volume that will fit in the organism’s head. From there, the lens has

to have graded refractive index in order to eliminate spherical aberration. The refractive
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index distribution with radius follows Maxwell’s fish lens equation, which has been verified
in squid by our oil-matching experiment described in Chapter 2. In squid, the graded
refractive index is achieved by having a graded protein concentration. Specifically, our
theoretical estimation of the protein concentration results in about 5% in the periphery of
the lens, whereas it is about 100% in the core. Meanwhile, transparency requires that spatial
fluctuations in protein density are minimized throughout the whole span of the protein
concentration. The squid lens achieved all of these using only one type of protein —-
the S-crystallins. Our SDS-PAGE and RNA sequencing results show that more than 95%
of the lens proteins are S-crystallins at any given positions in the lens. The squid lens is
especially interesting because this protein composition is different from that in vertebrate
lenses, which are composed of three types of proteins with various molecular weights,
abundances, and interactions. In a squid lens, there are dozens of S-crystallin isoforms, but
the molecular weight, shape and the protein secondary structure are very similar between
these isoforms. In this thesis, I am studying how variations on a single protein fold may
assemble into a graded refractive index lens with low density fluctuation at every possible
density of protein.

A previous study examined the surface charge of the S-crystallin isoforms using several
simulation methods [114]. The results showed that the S-crystallins in the periphery of the
lens have higher positive surface charge compared to the ones in the core. This result is
supported by my IEF PAGE experiment which shows that the proteins in the lens are highly
charged. Therefore, the old hypothesis for the assembly of the S-crystallins in the lens was
that the S-crystallins experience repulsive interactions in the peripheral layer to maintain
transparency, and the phase of the lens is a repulsive glass.

However, this hypothesis is not supported by my SAXS results. The scattering intensi-
ties show that the S-crystallins in an intact lens have attractive interactions between them!

This result seems paradoxical for a living, transparent lens: there is always liquid-liquid
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phase separation at low packing fraction in an assembly with particles that have isotropic
attractive interactions [101]. This liquid-liquid phase separation seems completely incon-
sistent with a living, transparent lens because the boundaries between these two phases
scatter light, and would almost certainly result in opacity in the lens. How then, can the
squid lens proteins avoid this deleterious liquid-liquid phase separation? It turned out that
the patchy particle theory provides us with a recipe to build a graded refractive index lens
from variations on a single type of particle.

The phase diagram of a patchy particle system shows that the system may be gelled at
any packing fraction if the average coordinate number is low [12]. A gelled phase could be
compatible with a living, transparent lens because not only there is no phase separation, but
the thermal fluctuation in a gel is reduced as well. In our lens system, we have an estimation
of the packing fractions, the protein-protein interactions, and the coordinate numbers at all
layers. All of these map well to predictions from the patchy particle phase diagram. Our
measurements suggest that the average coordinate number of the proteins in the peripheral
two layers are low enough so that the phase of these layers can be gelled while avoiding
liquid-liquid phase separation. Therefore, our results suggest that squid lens maintains
transparency by preferentially expressing low coordinate number proteins in the periphery
of the lens, and in this way, the whole lens can possibly be gelled. This finding of a gelled
phase is also consistent with the SAXS, native PAGE, filtration, and TEM results.

How do the proteins combine together and form this connected large-scale structure?
Our SDS PAGE result shows that the majority of proteins in the lens occupy two molecular
weight classes, with average molecular weights of 24.5 kDa and 26.5 kDa, with two minor
bands at 32 and 36 kDa. Our homology modeling suggests that the 26.5 kDa S-crystallins
have longer disordered regions protruding from the folded body of the protein compared
the the 24.5 kDa S-crystallins. The peripheral layer of the lens contains more long-loop

proteins compared to the core. The DAMMIF result suggests that the long-loop proteins
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can link to each other through the loops. Our GROMACS result shows that there are three
or four hydrogen bonds formed between the two loops in long-loop proteins. Thus, the
long-loop proteins are very likely to be the patchy particles with low coordinate number,
and the higher abundance of this molecular weight class results in a low average coordinate
number in the periphery of the lens.

In short, I propose that the mechanism of how a squid lens maintains transparency is to
preferentially express the low coordinate number proteins in the periphery of the lens. The
state of the lens is very likely to be gelled, even at low packing fraction in the periphery,
and at all radial positions irrespective of density.

I also studied the Chinese century egg (pidan), which is a system similar to the squid
lens. Pidan are eggs that are preserved with strong base in clay using a very old traditional
method. After a few months in strong base, the egg white changes into a transparent gel.
This gel is very qualitatively similar to the peripheral layers of the squid lens. I performed
SAXS on pidan to study this gelled network and to compare this biomaterial to the squid
lens system.

I found that the underlying physics between pidan and the peripheral layer of a squid
lens are very similar. For both systems, the proteins which comprise the systems are glob-
ular proteins. In the squid lens, and also possibly in pidan, these proteins have disordered
regions of flexible chains of amino acids that may bind to other proteins in the system.
In this way, both the pidan and the squid lens form a network of proteins that seem to
be gelled. This network system has low < M > at low density, which in both systems is
correlated in a stable gelled phase without liquid-liquid phase separation.

The detailed mechanism of the flexible, disordered amino acid chain (the patch) for
both cases are discussed: Ovalbumins in pidan are likely to have a broken disulfide bond,
resulting in one end of helix C2 available to combine with other proteins. The S-crystallins

in a squid lens achieve this via the disordered loops encoded in a novel exon. Therefore,
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both ovalbumins and S-crystallins are patchy particles, with the “patch” physically man-
ifested in a disordered, polar loop protruding from the surface of a folded protein. The

systems are maintained transparent because < M > is low for both cases.

6.2 Significance of this work

In this thesis, I described my research on the self-assembly routes evolved in a squid lens.
Not only is this study interesting itself since it is a mechanistic description of a spherical
lens that has no spherical aberration and with a large span of density, there is some other

significance of this work, as discussed below.

6.2.1 First biological sample of evolved proteins as patchy particles

The evolutionary process leading to a graded refractive index lens may follow the path to
select low coordinate number proteins and place them in the periphery of the lens. Our
previous work [114] studied the gene tree of different S-crystallin isoforms in the lens.
Long-loop proteins emerged later and duplicated under positive selection. This process is
occurred in correlation with the sophisticated, graded refractive index lens in evolutionary
time.

Since long-loop proteins have lower M, these proteins are required at the periphery
of the lens to keep the periphery both transparent and at a low packing fraction (~ 5%).
Therefore, once these proteins emerged, they should be positively selected and expressed
in the periphery, and this is what we have observed. In other words, the driving force of
evolution is very likely to be selecting for S-crystallins with continuously lower coordinate
number, and expressing them at the appropriate position in the lens to achieve a gradient

index. To our knowledge, the squid lens system is the first biological system in which
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evolution has “discovered” the physical properties of patchy particles and used this physical

toolbox directly to form a structure.

6.2.2 First protein gel system found at all packing fraction

Theory predicts that patchy particle systems can reach a gelled state at all packing frac-
tions by decreasing the average coordinate number of the system [12]. Experiments have
been designed to realize the gelled phase at very low packing fractions, but to date, the
experimental materials are mostly inorganic [99], or engineered DNA [44]. To our knowl-
edge, the squid lens system is the first system in nature that deliberately uses proteins as the
patchy particles to achieve gelled states at low packing fraction. What is more, unlike mi-
crotubules and microfilaments, which are very monodisperse, and are near-crystalline when
assembled, S-crystallins assemble into a network that is amorphous. The S-crystallins are
evolved to assemble into a low-density-fluctuation protein network, but each network in
each individual cell is structurally different from the neighboring cell in the sense that each
combination of protein linkages will vary. Only the statistical properties of the network
remain, including the density, the density fluctuation, < M >, etc.. We have not seen any
other work with proteins as patchy particles that achieve uniform, average properties in a

network, rather than specific, designed patterns.

6.2.3 How a squid lens assembles

Last but not the least, a mechanism on how the squid lens is maintained transparency at a
large span of packing fraction is proposed. I studied the lens system experimentally. The
results support our proposed mechanism. This mechanism is very different from vertebrate
animal lenses, and it may provide with an insight to fabricating an artificial lens with graded

refractive index using patchy particles.
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6.3 Future work

6.3.1 The development of the squid lens and water movement

All of our experiments were performed on mature squid lens, but the physical characteris-
tics of the lens during development have never been studied. It is not known whether the
gradient density is always present and must grow with the squid even as new cellular layers
are added, or whether the core of the larval lens is high in density and each subsequent
new layer decreases in density. In the scenario where the gradient must grow with the lens
during development, each newly emerged layer may have different osmotic pressure. This
pressure may potentially cause water movement, resulting in a higher protein density in
the core and providing a mechanism to scale up the gradient in size while maintaining its
properties during growth. Studying the osmotic pressure, density and protein distribution
during lens development will potentially answer how the lens achieves such a high packing

fraction (100%) at the core of the lens.

6.3.2 Artificial self-assembled lens with graded refractive index

Knowing the assembly mechanism of the squid lens, it will be interesting and potentially
useful in industry to create an artificial graded refractive index lens by self-assembly. Fur-
ther work will focus on the design of patchy nanoparticles with different M, and possible
mechanisms for distributing the particles into different radial positions in an artificial lens.
Different coordinate number patchy particles with the designed density will be placed into
some segments, as the first step of our biomimetic system from the squid lens. In this sys-
tem, the density will be a given and is not a self-assembly result, as it seems to be in the

living lens. Next, after studying the osmotic pressure, the system will be designed with
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the density as a self-assembly result as well. Thus, we may be able to fabricate a totally

self-assembled system with only the protein composition as an input.
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