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Abstract

It has long been assumed that protein function arises from its unique 3D structure, which
determines the specific protein functionality. However, in the past two decades it was
found that approximately 50% of human proteins are intrinsically disordered proteins
(IDPs), i.e. proteins that contain long structurally disordered regions. These regions were
subsequently shown to be critical for the designated functions of IDPs [1,2]. As the
conformation of these regions under physiological conditions resembles that of a random
walk polymer, their investigation naturally calls for experimental and theoretical tools

taken from polymer physics and statistical mechanics.

This poses IDPs at the interface between biology and physics. As physicists, the
complexity and diversity of IDPs provide new experimental opportunities to tackle open
questions in polymer science. At the same time, the application of physical analysis to

IDPs offers novel insights on their biological functionality.

In this thesis I experimentally investigate the compression response and liquid crys-
talline behavior of complex bio-polymers, including neurofilament (NF) proteins and ar-
tificial DNA-protein bottlebrushes. Together with our colleagues, we use small-angle
X-ray and dynamic light scatterings as well as optical, electron and force microscopies to
measure polymeric structures and interactions. Our analysis follows a polymer physics
approach, aimed at unraveling the underlying molecular mechanisms that govern IDPs

organization.

The compression response of NF hydrogel networks are measured at various environ-
mental conditions. NF proteins are IDPs that form 10 nm wide elongated bottlebrushes,
which condense into an hydrogel at high concentrations. One of their main roles is to me-
chanically support cells, which is achieved by interactions between protruding disordered
protein regions. Under near-physiological conditions, we show that the steric and electro-
static repulsive forces that dominate the NF stress response are comparable. Accordingly,
we demonstrate how the IDPs’ compression response can be efficiently controlled by

biological manipulation of their electrostatic charges. As the compression increases, the



largely negatively-charged NF disordered regions can be well-approximated by uniformly
charged ones. The flexible regions allow for the stress-responsive NF hydrogel to com-
press 20-fold without yielding, which may explain why IDPs are essential components of

the supportive skeletons of cells.

The polyampholytic nature (i.e., having both negative and positive charges) of the
NF disordered regions is manifested only at low to moderate compression, as we ex-
perimentally reveal using a set of genetic and enzymatic modifications. There, we find
that electrostatic cross-bridges between oppositely charged protein segments dominate the
hydrogels’ size and anisotropic organization. Such relation between cross-bridging and
anisotropy was rarely considered before, and may explain why NF form liquid crystals,

which is atypical for bottlebrush molecules.

The ability to manipulate the spacing, orientation and mechanical response of NF hy-
drogels using few modifications of their disordered regions, demonstrates the critical role
played by IDP sequence. This signifies that protein disorder must not be confused with
randomness. In fact, the physical analysis shows how sequence specificity, and particu-

larly charge, do matter.
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1 Introduction

A polymer is a large molecule composed of many covalently bound repeated subunits
(Fig. 1.1). Naturally occurring polymers, such as rubber, were in use since prehistoric

times even though they were not identified as polymeric.

The application of statistical mechanics to study polymers began in the 1930-1950’s
and sets the basis for polymer physics. The non-deterministic approach revolutionized
the description of macromolecular structure and mechanics, and relied on emerging tech-
nologies in polymeric chemical synthesis for their experimental corroboration [3]. Later
works by de-Gennes and des-Cloizeaux introduced scaling concepts into polymer science,
and were thus able to provide more accurate predictions of semi-dilute solutions. There

are, however, many facets of polymers for which our understanding is far from complete.

Polymer brushes (i.e. polymers end-grafted to a substrate) and charged polymers are
two active research areas, which pose both experimental and theoretical challenges [4].
Most textbooks include very limited information about charged polymers [3, 5-7], and
even less on polymers that contain both negatively and positively charged regions (i.e.

polyampholytes) [8]. Modern review articles of these subjects still list multiple open

A Homopolymer B Heteropolymer
/ Monomers
¥\ M&
Covalent/
bonds

Figure 1.1: (A) A homopolymer is composed of multiple identical subunits
(mer) chained by covalent bonds. (B) Heteropolymers consist of various
monomeric units, which may vary in size, charge, hydrophobicity and more.
Most biological polymers of interest, such as DNA and proteins, are heteropoly-
mers.



questions [4, 9], provide limited predictions with respect to solvent conditions [8] and
even lament the lack of sufficient experimental data [7]. The investigation of grafted

charged polymers poses even greater challenges, which will be discussed below.

Charged polymer brushes are drawing increasing attention from the polymer physics
community, not the least because of their proliferation in biology as well as their applica-
tive medical and chemical potentials [10-12]. Theoretical studies predicted that charged
brushes have a far richer mechanical and structural behavior than their neutral counter-
parts [13, 14]. However, the experimental investigation of these predictions was limited
by the technical difficulty of synthesizing polymers which are not only sufficiently long
to follow thermodynamic limits, but also very monodisperse (i.e. of the same size). On
top of that, grafting of the polymers was made more complicated due to their strong elec-

trostatic interactions.

In this thesis we exploit modern molecular biology tools to overcome these experi-

mental obstacles, and to expose novel properties of charged and neutral polymer brushes.

Biological polymer synthesis was evolutionary perfected to produce extremely long
polymers with outstanding reproducibility. Our increasing ability to harness this ma-
chinery holds great promises in biology, chemistry, medicine and polymer physics. For
example, DNA is replicated with a breathtaking accuracy of 1 base pair error for every
10° — 10® base pairs [15], which makes them an indispensable model system for uniformly

charged polymers [6, 16].

Proteins, which are polyampholytes that also contain both hydrophilic and hydropho-
bic monomers, are far more diverse than DNA molecules. Consequently, much less is
known about proteins (and polyampholytes in general [8]), owing to their unpredicted
non-specific interactions with molecules and the solvent. Previous protein studies mostly
focused on their folding into specific three-dimensional structures, which were thought to
determine protein function. Remarkably, protein folding remains one of the biggest chal-
lenges of molecular biology to this day. However, the polymer physics community was
less involved in this quest, since proteins did not adopt “polymeric” ensemble conforma-
tions !. Rather, they were thought to form a unique three dimensional structure that serves
their functions. This view of protein functionality, relating function to specific structure,

is being challenged in the past 20 years [1].

It is now believed that approximately 50% of human proteins contain long regions that

are designed not to fold into any specific structure (see Fig. 1.2) . Instead, they assume

! For convenience, I will refer to proteins, which are heteropolymers, simply as polymers in this thesis.
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Figure 1.2: Protein folding. (A) An unfolded protein dynamically transitions
from one conformation to another, and its contour can be described as random
walk. (B) Under proper environmental conditions, many proteins fold into a
stable or meta-stable specific three-dimensional structure. Proteins that con-
tain large functionally important regions that do not fold are classified as IDPs.

a conformational ensemble which is crucial for their designated functions. The investi-
gation of these proteins, known as intrinsically disordered proteins (IDPs), naturally calls
for mechanical statistical tools?. In this thesis we will probe the structure and mechanics
of IDPs by combining conventional soft matter characterization techniques with modern
proteomics and genetic engineering. Most importantly, we will show that short-ranged
electrostatic forces in polyampholytes have a far more versatile role than previously con-
sidered®. We will demonstrate how short-ranged interactions modify the osmotic stress
response, expansion and macroscopic hydrogel orientation of polyampholyte protein com-

plexes (see sections 2.1-2.4).

This thesis is organized as follows: in the reminder of chapter 1 the theoretical back-
ground and the biological systems used in our research are presented. These include
neuronal intermediate filament proteins, which form a dense nematic hydrogel in axons.
Chapter 2 presents our investigation of charged and neutral polymer brushes, and the de-
velopment of a new microfluidic device essential for their future assembly studies. In
chapter 3 I introduce three more papers completed during the course of this PhD. Finally,
in chapter 4 I summarize our key findings and suggest future directions in the study of

IDPs and polyampholytes.

2 Notably, a protein which is mostly folded but also contains a long disordered (i.e. unfolded) region is
included in the standard definition of IDPs.

3 Short compared to the electrolyte size, where continuous electrostatic models of solvent polarizability and
ionic screening do not apply.



1.1 Polymer brushes

Polymer brushes are polymers end-grafted to a substrate, which alter the supported sur-
face’s interactions and reactivity with its surroundings. Earliest physical models of poly-
mer brushes date back to the late 70’s, now collectively known as the Alexander de Gennes
model [17, 18].

The Alexander de Gennes model [17,18] considers neutral polymer brushes that inter-
act sterically. It predicts a phase transition of polymer brush height in good solvent with
increasing grafting density (o). At low grafting densities, the brushes are in the so called
mushroom regime (Fig. 1.3), where the distance D = 6!/ between the anchoring points
of neighboring grafted polymers is larger than the radius of gyration R, of the polymer in
the free solution. The brush layer height, denoted H, is comparable in this regime to the

radius of gyration H ~ R, for a non-adsorbing surface.

As grafting density increases and 6~/ <« R, polymers stretch and the brush height
increases, known as the brush regime. For self-avoiding polymers, i.e. whose segments

interact sterically, the brush layer height follows a linear exponent rule
H ~ Lywo '3, (1.1)

where L is the length of a fully stretched polymers and w is the excluded volume param-
eter (Fig. 1.3B).

A similar scaling behavior can be derived for polymers grafted to a cylindrical sub-
strate with radius is R [19]. Unlike in the planar Alexander de Gennes model, the volume

fraction (@) is not uniform, but holds:

(r) ~a*Pr 23 <R>2/3 (1.2)
D? ’ ’

where a is the monomer size and r is the distance from the cylinder center. The brush

height, assuming that all polymers are equally extended is*

1/4
H~ (;) (Lo/a)*/*a®/* (1.3)

Notably, the linearity with Ly, which held in the planar configuration, is lost.

4This Alexander de Gennes assumption was later shown to be problematic. A more accurate solution
found that the brush volume fraction follows a parabolic profile and that the extension of the polymers in
non-uniform [20].
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Figure 1.3: Schematic representations of the (A) mushroom and (B) brush
regimes, the mixed-polymer (C) flower conformation and the newly introduced
truffle regime. The (A) mushroom regime holds for 6~'/2 < R,. With increas-
ing grafting density, as 6~ /2 > R, the brush height scales with the grafting
density H ~ Lowol/ 3. A cartoon of the (C) flower conformation of two polymers
with different grafting densities. At the inner corona, the short polymer and
the grafted ends of the long polymers (coined stems) are well extended, while
the at outer corona the free ends of the long polymers act as Gaussian or self-
avoiding chains. Opposing mixed-polymer brushes with attractive interactions
can inter-penetrate and form a collapsed ‘“truffle” conformation (D), where the
long polymer flower condenses into the short-polymer brush [24].

The brush organization can be altered by grafting a small fraction of long polymers
(with N| monomers) in midst of the dense brush of shorter polymers (with N, monomers).
In this case, the shorter polymers do not allow longer polymer interpenetration near the
surface, and consequently the longer polymers are repelled farther away. This creates
two layers. First, a brush-like packed region near the grafting surface, composed of the
short polymers and tips of longer polymers, whose height holds H; o< N;. Second, an
outer layer composed of long polymer ends, whose height holds H, — Hy «< (N, — Ny)Y
with 0.5 < v < 0.6 (Fig. 1.3C). This two-layered organization is known as the flower
conformation [21-23].

Polymer grafting is an efficient method of modifying surface interactions in biolog-
ical, medical and industrial applications [11, 12]. When densely grafted opposing pla-
nar brushes are pressed against each-other, the compression response resembles that of a
semi-dilute solution [18]. It therefore follows the des Cloizeaux result for a semi-dilute

polymer solution, together with the elastic entropic tensions [25]:

9/4 3/4
(fg) _ (g) ] (14
0

Here, Hy equals H for IT ~ 0 and the pressure term applies to neutral polymers which

)

() ~ 25




interact sterically.

However, many brush systems of interest are composed of charged polymers, i.e.
polyelectrolytes. There, excess repulsion is formed by the ionic osmotic pressure and
pair-wise Coulomb interactions [26,27]. The latter are screened by counter-ions and
added salts, and may be neglected when the electrostatic screening length is smaller than
the average distance between charged monomers in the brush’. Then, the ionic osmotic
pressure will be approximated by the Donnan equilibrium (for a detailed derivation see

supplementary of section 2.3):

Mion = kg T (y/cg+4c§—2cs>, (1.5)

where c, is the density of ionized polymer monomers, and c; is the bulk salt concentration.
Combining the ionic osmotic pressure (given by the first term in the r.h.s of Eq. 1.5) with
the steric excluded volume interaction (Eq. 1.4) effectively equates the charged brush to

an ideal counterion gas co-existing with neutral, end-grafted polymers.

The two limits of Donnan rule define two additional brush regimes: salted for ¢; > c,
and osmotic for ¢; < ¢, [13, 14]. In the salted regime, the ionic osmotic pressure is
Tion = kg T (c.)? /4cs, whereas in the osmotic regime it does not depend on the added salt
concentration and holds IT;,, = kgc.. As grafting density and salt concentration increase,
the brush can enter a quasineutral regime where the steric contribution to the pressure
dominates and IT ~ Ly (a®/0) 13

Additional complexity and opportunities are introduced when grafted polymers con-
tain monomers that also engage in attractive interactions. For example, colloids grafted
with negatively charged DNA polymers can form hydrogen cross-links between DNA seg-
ments. The location and strength of these cross-links are mutable, which can be exploited
for controlling colloidal flocculation and aggregation kinetics [28]. Alternatively, sur-
faces can be modified by grafting complex neutral polymers. Neutral polystyrene brushes,
whose non-grafted ends are modified to interact via a dipole-dipole interaction, consider-

ably increase the shear between opposing grafted planes [29].

5In polyelectrolyte solutions, the electrostatic screening length is often taken as the Debye Length Ap =
( 87 Cione”
ek T
concentration in the brush. In fact, alternative screening lengths should be used at lower salt concentrations,
which will not be discussed here [26].

-1/2
> , where e is the electron charge, € is the relative dielectric constant and ¢, is the free ion



1.2 Intrinsically disordered proteins

Disordered proteins bear considerable resemblance to the polymers described above: they
take multiple co-existing conformations, and often contain segments which almost act as
random-walk-shaped polymers (Fig. 1.2). It is now believed that approximately 50%
of human proteins contain long disordered regions, and are therefore classified as IDPs.
Mapping the functional roles of these regions and proteins as well exploiting their diver-
sity to tackle open questions in polymer physics, is an on-going quest that joins biologists
and physicists since the late 90’s [1,30]. In this section, we wish to review some of the

inherent obstacles present in the study of IDPs.

Prior experimental evidence suggested that a combination of high net charge with low
average hydrophobicity is a prerequisite of protein structural disorder [1]. The charge-
hydrophobicity phase space separating ordered and disordered amino acid sequences was
defined by the phenomenological boundary relation between the average hydrophobicity

{In|) and normalized mean charge (|Q|):
(|Q]) =2.785(|n|) — 1.151 (1.6)

As the characterization methods of IDPs were improved, a few exceptions to this simpli-

fied rule were found [1], as we will also discuss in section 2.2.

IDP characterization poses non-trivial challenges, since the ensemble conformation of
IDPs denies the formation of long-range order, which naturally prevents crystallization.
Consequently, Nuclear magnetic resonance and X-ray diffraction are incapable of pro-
viding an atomic-level snapshot of an IDP, which are available for folded proteins. Still,
Nuclear magnetic resonance and small-angle scattering can identify IDPs and provide
valuable information on their ensemble conformations and dynamic features. Alternative
popular methods for the identification of IDPs include Forster resonance energy trans-
fer (FRET) and Electron paramagnetic resonance, which can both target the dynamics of
specific protein regions with the help of associated tags and chemical modifications [30].
Electron microscopy was specifically used to directly image the angstrom-thick IDP tails
of NFs, but required pre-staining by high contrast metals due to the proteins’ low electron
contrast [31, 32]. The staining process considerably thickens the protein’s main-chain,
and therefore distorts the molecular details. The distortion is especially detrimental for

the study of IDP complexes and dense solutions.

Given these experimental impediments, and in order to elucidate the design and func-

tion of IDPs, major efforts have been invested in computational investigations of IDP



structure. However, predicting IDPs conformations by simulation and free energy calcula-
tion is made complex by the heteropolymeric nature of proteins. Any protein is composed
of multiple monomers, where each of the 20 available monomers differs in size, shape,
polarity and charge. The interactions between different monomers typically depend on
the atomic details, which must take neighboring monomers and solvent molecules into
account. As all simulations apply some level of approximation and coarse-graining, it
can be understood why their predictions remain imperfect. In fact, our own experimental
results (presented in the following chapter) refute NF simulation predictions on several

key issues.

Special theoretical and experimental attention was drawn to the characterization of the
intrinsically disordered NF protein brushes, which are critical components of the cellular
scaffold [33-38]. The resultant ample literature, detailed in section 1.4, poises NFs as a

much-needed meeting point between current experiments and theories of IDPs.

1.3 The cytoskeleton

The cellular scaffold (i.e. cytoskeleton) is composed of three interconnected structures:
the actin microfilaments, microtubules and intermediate filaments (IFs), Fig. 1.4. Actin
microfilaments and microtubules filaments are composed of few folded proteins which are
identical in all cells and tissues. In contrast, mammalian IF proteins are expressed by 70
different genes in a cell-specific manner, and conspicuously contain large and functional
disordered regions. These have evolved to support the cellular distinctive mechanical

needs, and therefore differ in size, amino-acid content and charge [39-41].

As we will later show (section 2.2), IF proteins form elongated filaments, while their
intrinsically disordered solvated C-terminal regions radiate from the filament backbone
(Fig. 1.4, top right). The disordered region, commonly referred to as tail, is especially

long in neurofilament (NF) proteins, which are IFs of the nervous system.

1.4 Intrinsically disordered neurofilament proteins

The long flexible tails of NF proteins, which are the neuronal intermediate filament pro-
teins, give rise to neurofilaments’ known bottlebrush architecture (Fig. 1.5). NFs are the
most abundant cytoskeletal components in axons, which are slender projections emanat-
ing from neuronal cells (Fig. 1.6). Mammalian axons are ~ 50 um wide and can extend

to as much as 1 m in length [42]. This unusual aspect ratio is structurally supported by
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Figure 1.4: The cytoskeleton primarily gives the cell shape and mechanical
resistance to deformation. It is also involved in multiple critical cellular func-
tions, such as cell migration, endocytosis and cytokinesis as well as intracellular
transport and organization [40]. The cytoskeleton is composed of three inter-
connected filamentous protein networks: actin microfilaments (diameter ¢ = 8
nm), microtubules (¢ = 26 nm) and intermediate filaments (¢ ~ 10 nm).

the axonal well-aligned and organized cytoskeleton (Fig. 1.6B,C), whose interactions are
affected by the disordered NFs tails.

NFs form composite filaments, consisting of four different proteins: NF-L (62 kDa),
NF-M (103 kDa), NF-H (117 kDa) and o-internexin (a-Inx, 66 kDa). The key differences
between the four proteins lie in their tail regions, which are distinctive in their lengths and
amino-acid content (Fig. 1.5). Given their flexible nature, the tails can be treated as

polymer brushes: flexible chains end-grafted to cylindrical substrates.

The pivotal role of the NF tails in the cytoskeletal organization, health and disease
is evident from their involvement in neuronal development as well as neurodegenerative
disorders [41]. Disorders which implicate genetic and enzymatic modifications of the NF
tails include amyotrophic lateral sclerosis, Alzheimer’s, Parkinson’s and Charcot-Marie-
Tooth [44]. During the normal course of neuronal growth and development, the relative
molar ratios of the four NF proteins are altered to accommodate the changing needs of
neurons [41]. Since the main differences between the NFs lie in their tail regions, under-
standing tail organization is key to understanding the roles of NFs in neuronal develop-

ment and pathology.

Despite NF tails’ established biological importance, a full description of their con-
formations and interactions is still missing. To our best of knowledge, the only available

direct images of the NF tails were performed by either rotary shadowing transmission



Figure 1.5: Subunit proteins form filaments that interact via polyampholyte
C-terminal tails (adapted from [24]). (A) An illustration of a neural interme-
diate filament subunit includes a well-conserved central ¢-helical rod domain
flanked by intrinsically disordered N-terminal head and C-terminal tail do-
mains. (B) A schematic of interacting bottlebrush IFs composed of four dif-
ferent neuronal subunit proteins. (C-F) Tail charge distributions of (C) un-
phosphorylated ¢-Inx and phosphorylated (D) NF-L, (E) NF-M and (F) NF-H
are calculated at pH=6.8 and averaged over a 5-amino acid window. The posi-
tive values of (G) a-Inx and (H) NF-L tail hydrophobicity index, summed with
a 3-amino acid window, are plotted next to the overall hydrophobicity score,
-0.57 and -1.4, respectively [43].

electron microscopy [32] or antibody labeling [31]°, both preceded by fixation and sol-
vent dehydration. Such drastic procedures are expected to modify the organization of

flexible protein regions - including the NF tails.

Several Monte Carlo and molecular dynamics simulations aimed at bridging this gap
[34,49,50], and propose a detailed theoretical picture of the NF brushes (Fig. 1.7). Monte
Carlo simulations of parallel opposing filaments reported increasing tail inter-penetration
as NF were forced closer, and suggested that tail-mediated interactions are steric under
physiological conditions [50]. The prominence of steric interactions over cross-bridging
was ascertained by information analysis of NF network electron microscopy micrographs
[35,51]. In contrast, self-consistent mean-field calculations predicted considerable hy-
drophobic interactions between adjacent filaments that can form stabilizing cross-bridges
between NFs [34]. They further predicted that the repulsive electrostatic forces, under

physiological conditions, are comparable to the steric forces. In agreement, several exper-

6 Subsequent experiments using cryo-electron-microscopy suggested that the observed cross-bridges were
not necessarily the NF tails, but additional associated cross-bridging proteins [45] or even staining artifacts
[46,47].
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A

Neurons

Figure 1.6: (A) Schematics of neurons with protruding, neurofilament-rich ax-
ons. (B) Quick freeze deep etch micrographs of the axonal cross section of
sciatic nerves, showing multiple aligned neurofilaments. Scale bar 500 nm [45].
(C) Axonal transverse section (left) and higher magnification view (right).
White arrows point at cross-bridges. Scale bar 200 nm [45]. (D) Rotary-
shadowed view of a native neurofilament showing the tail domains of NF-M
and NF-H extending from the core of the filament. Scale bar 100 mm [48].

imental studies including rheology, X-ray diffraction and atomic force-microscopy also
noted considerable cross-bridging. However, these were attributed to electrostatic inter-
actions, not hydrophobic [38,52, 53].

Evidently, there are currently multiple contradicting views regarding NF disordered
tail conformations and interactions. In this thesis the few discrepancies found between
these studies and our experimental results will be addressed. Most importantly, we ex-
plain our results by considering strong short-ranged attraction between oppositely charged
residues, which may be enhanced by counter-ion release (see chapter 2). The implicated
bridging sites are identified using an electrostatic “toy model” and then directly verified by
biological manipulation of the polymer brushes. The biological manipulation is achieved
by tampering with the protein composition of the cylindrical filaments (section 2.1), by
genetic engineering of specific monomers (section 2.3) and by enzymatic modifications of
the polymer charge distribution (section 2.4). Moreover, we fit our osmotic compression
data to a modified Alexander de Gennes model and conclude that at near physiological
conditions the steric and electrostatic repulsive forces are comparable. Consequently, we
find that the known biological charge modifications machinery, known as phosphoryla-

tion, can effectively change the NF network compression resistance and expansion.

1.4.1 Biological roles of neurofilament proteins

The most commonly considered role of NFs is to provide cells with structural support,

which includes NF critical function in radial growth during development, in axon injury,
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Figure 1.7: (A) Molecular dynamics simulations of two opposing planes,
grafted with either NF-L (triangles), NF-M (squares) or NF-H (circles) [36].
The plot of the pressure IT as a function of normalized separation L/2h.. is
fitted with a 1/L line, where /.. is the brush height at infinite separation dis-
tance L. £/0 = 76 kPa are Lennard-Jones parameters of equation 3 therein.
(B) Monte Carlo simulation of two opposing cylinders, 60 nm apart, grafted
with NF-L (green), NF-M (blue) and NF-H (red) tails. The flower conforma-
tion mentioned in section 1.1, as well as tail cross-linking are discernible [50].
(C) Alternative Monte Carlo simulations found that NF tails tend to fold back
and adopt loop-like conformations [54]. (D) Numerical self-consistent mean-
field calculation provide the overall radial volume fraction (¢) profiles of the
tail monomers at different distances (x nm) from the cylindrical NF core [55].

and the maintenance of axon caliber [41,56-58]. This is especially important in axons,
where the transmission of electrical impulses along the axons is correlated to the axon
diameter [59].

Studies of transgenic (genetically modified) mice suggest that NFs may have addi-
tional roles. These were conducted on mice that do not express at least one of the NF
triplet proteins (NF-L, NF-M, NF-H) and of gene-replacement mice that express tailless
versions of NF-M or NF-H have yielded puzzling results.

Deletion of the NF-M tail significantly reduced the axon caliber [60], while deletion of
the longer NF-H tail appeared to have no affect on it [61,62]. Surprisingly and in contrast
to the hypothesized relation between conduction velocity of impulses and the axon caliber,
mice expressing tailless NF-H did suffer a decrease in conduction velocity [62]. The
authors deduced that this disparity between axon caliber and conduction velocity indicated
that NF-H must have a non-structural role, and suggested that NF-H tail may affect the
axon ion channels. However, this hypothesis was later disputed as it appeared that the
disparity between axon caliber and conduction velocity disappeared in older NF-H tailless
mice. Instead, it was found that the lack of NF-H tails slows down the radial growth of the
axon distally along the nerve (i.e. away from the neuron body Fig. 1.6). Since the caliber
was previously measured in the proximal regions only, earlier studies which reported the

disparity may have been performed on mice whose caliber is actually modified in distal
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regions along the axon [61,63].

Studies on NF tail phosphorylation in transgenic mice also indicated that NFs may
have additional functions which were not structural-mechanical, and are controlled by
their phosphorylation’. For example, while it was thought that tail phosphorylation should
increase the inter-filament spacing and resultant axon caliber, it was found that mice ex-
pressing mutated NF-M proteins incapable of tail phosphorylation have similar NF spac-
ings and axon caliber to healthy mice [64]. As in the tailless NF-H mice, no compen-
satory expression of other cytoskeletal proteins or altered phosphorylation rates were re-
ported [61,64]. One possible alternative role of NF phosphorylation was that NF tail
phosphorylation sites act as phosphorylation sinks that prevent excessive phosphorylation
of other neuronal components [65]. Despite the ability of the NF tails to prevent hyper-
phosphorylation of the neuronal tau protein is now established, the biological significance

of NFs as phosphorylation sinks remains unclear [66].

In section 2.4 we will reveal a possible new rationale for NF tail phosphorylation. We
will show that NF phosphorylation has only a moderate effect on NF network expansion,
but a more dramatic effect on its compression response. Moreover, in section 2.1 we will
find that removal of either NF-H or NF-M from the mature network (which contains four
NF proteins) has a negligible effect on the network structure and compression response.
Therefore, removal of NF-M tail in transgenic mice is detrimental probably due to its

other functions, such as interacting with other cytoskeletal components [68].

A structural role of NFs that will not be considered in this thesis originates from
the binding between NFs and other cytoskeletal components and is critical to organelle
distribution inside axons [67,68] as well as their interaction with neuronal receptors [69].

NF phosphorlyation is expected to play a major role in these interactions [41, 68].

1.5 Bottlebrush and liquid crystals

Liquid crystal materials combine orientational ordering with the absence of long-ranged
translational ordering, which poises them between solids and liquids. Many liquid-crystalline
materials are composed of anisotrpoic rod-like particles, ranging from the nanometric to
the micrometric scale. An orientational arrangement can sterically arise at high volume

fraction (@), where it impossible to arrange the particles in an isotropic way (Fig. 1.8).

From this viewpoint, it is clear that stiff-chain macromolecules, that is, polymers in

7 This is not to be confused with NF transport along axons or NF assembly, which are not to be considered
as NF roles although they clearly depend on NF tail phosphorylation [41].
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which the length /x of a Kuhn segment is much greater than the characteristic thickness d

of the polymer chain, should easily form a liquid-crystalline nematic phase?.

In 1949, Onsager proposed the first molecular theory for a lyotropic nematic transi-
tion, which was valid for long, thin rods that interact sterically [71]. The free energy

approximation is a functional of the distribution function of the rod orientations (f (u)),
F = NTln<I>+NT/f(u)ln47rf(u)dQu (1.7)
ANTe [ [ £ () f (u2) B (1) A (18)

Here, N is the number of rods, ¢ is their number density and B(Y) is the second virial
coefficient for two interacting rods which make an angle y with each other. Minimization
of the functional for rods of length L and diameter d predicts a first order phase transition
at low volume fractions (® ~ d/L < 1). The rods solution is isotropic for ® < ®; =
3.290d /L, anisotropic for

> P, =4.223d/L (1.9)

and in co-existence phase for ®; < ® < ®,. This approximation holds well for stiff
polymers where /x >> L. For more flexible polymers, L can effectively be replaced with

Ik, which is proportional to the persistence length [6].

In bottlebrush polymers, the dense corona of side chains affects both the persistence
length of the main chain and the effective diameter formed by the grafted side-chains
(Degr). Early theories suggested that the ratio between Ik and D¢ increases, and hence
ultimately leads to lyotropic liquid-crystalline behavior [72]. However, recent theories
and simulation suggest that I ~ Deg, such that no liquid-crystalline behavior is induced
by bottlebrushes [73].

In this thesis, we experimentally study the liquid-crystalline behavior of NF and charge-
neutralized bottlebrushes’. We show that the effective aspect ratio of the latter, produced
by coating a DNA polymer with long hydrophilic chains, is reduced by the bottlebrush
coating (see section 2.5). We also report a counter-intuitive loss of chain-stiffening at
high concentrations (see section 2.6). Together, the loss of main-chain stiffening at high
concentrations and the aforementioned aspect ratio decrease indicate that bottlebrushes

disfavor a nematic organization.

8 Or cholesteric phase, if the particles are chiral [70].

9 Studies on charge-neutralized bottlebrushes were conducted in collaboration with the Physical Chemistry
and Soft Matter subdivision of Wageningen University, the Netherlands.

14



A B C
PN o‘s:
1PTENK
NARIN

50 150 250 350 450
Pixels

Figure 1.8: (A) An isotropic solution of particles lacks both orientational and
translational order. (B) A nematic phase has an orientational order only, where
particles are preferably aligned along a director vector. The alignment is ob-
served by (C) cross-polarized microscopy: the nematic NF-M hydrogel ap-
pears illuminated (left), whereas the de-phosphorylated NF-H network is dark
(right), indicative of an isotropic filament arrangement [74]. (D) Filament ori-
entation can also be characterized by SAXS, where nematic samples scatter
anisotropically [75].

1.6 Methods for soft matter characterization

This section introduces the main experimental techniques used in this work and empha-

sizes their applications and limitations for IDP research.

1.6.1 Small angle X-ray scattering

Wavelengths comparable to the size of atoms make X-rays ideally suited to reveal the
structural details of macromolecules. The highly energetic photons primarily interact
with the electrons of the target, resulting in elastic scattering. X-ray thus scattered by
spatially correlated electron pairs constructively and destructively interferes in accordance
to Bragg’s law: nA = 2dsin 6, which relates the distance d of parallel lattice planes with

the scattering angle 0 at a given wavelength A and order n.

When macromolecules are randomly oriented in solution, all configurations are sam-
pled during the experiment and the scattering profile is azimuthally symmetric around the

primary beam. The scattering profile depends on the size and shape of the macromolecule.

In order to reveal structural information about shape and size of macromolecules in
the length scale of several nm as for intermediate filaments, very small angles in the
diffraction pattern have to be considered. SAXS measurements are typically concerned

with scattering angles of 0.1 to 10°.

The scattering intensity /(q) is the square of the scattering amplitude F(g):

I(q) =1|F (q)|*. (1.10)
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The electron density of a single molecule characterizes its form factor f(x), while the
structure factor S (x), is determined by the ordering of the scattering particles with respect

to each other. Using the convolution theorem one can write:
F(q)=f(9)S(q)- (1.11)

The scattering from an assembly of identical objects is conveniently decomposed into
contributions from the structure of an object (form factor), and the contributions from the
arrangement of those objects, captured by the structure factor. For example, the scattering
pattern of an isolated filament sets the form factor of the NF hydrogel, which is composed
of multiple filaments. The correlation between filaments in the hydrodel is captured by

the structure factor, which is expected in this case to take a Lorentzian shape [76].

In practice, NFs’ radius are non-identical, and the form factor cannot be experimen-
tally determined to find the structure factor and inter-filament correlation. Instead, an
empirical procedure for the derivation of the Lorentz-shaped structure factor is used (see
section 2.1 and Refs. [53, 77]). To obtain the inter-filament spacing, two-dimensional
diffraction scattering data is collected from neurofilament hydrogels contained in quartz
capillaries. It is integrated azimuthally, and the intensity is plotted versus the reciprocal
distance g. A broad peak with a maximum in the range of ¢ = 0.1 —0.2nm~', whose
magnitude and ¢ position depend on subunit composition, osmotic pressure and volume
fraction of protein, is observed [53,77]. The peak is fitted with a Lorentzian function to
extract the corresponding inter-filament spacing d = 27 /g. Broadening of this peak is ob-

served due to density fluctuations and the semi-flexible nature of the individual filaments.

1.6.2 Cross-polarized microscopy

Cross-polarized microscopy (CPM) is a useful tool for the investigation of orientational
order and therefore of liquid crystals (see also section 1.5 and Fig. 1.8C). This is ac-
complished by illuminating the sample with a linear-polarized light, while imaging with
a polarization perpendicular to both the illuminating light and its propagation director.
In an anisotropic sample, the phase velocity of the propagating light will depend on its

polarization, which will consequently rotate the polarization of the incident light.

For example, let us consider a liquid crystal with refraction indexes n, # n,. A linear-

kz—or)

polarized electric field E;,c = Exgoe"( , whose polarization ¥’ is in the xy plane, il-

luminates the sample. Assuming a o angle between x and x/, the polarized field can be
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written as:

E— E, pllka—or) _ Evo cosQ pilk—an) (1.12)
E, ' sinQ

While travelling through the sample a phase of A¢ = 27nd(n, —ny)/A is accumulated,
where d is the sample’s width and A the field’s wavelength. Therefore the electric field

after the anisotropic media is:

E— Ex,70 ( . COS qA¢ > ei(kZ—(Dl‘) (113)

Transformation to the x’'y’ coordinate system, which lies in the xy plane, shows that the
electric field after the sample has a non-zero y’ component if ¢/A? # 1. Therefore, only

materials with an anisotropic refractive index appear illuminated under CPM.

NFs hydrogels have a rich liquid-crystalline behavior, which depends on salt concen-
trations, protein content and enzymatic modifications (see sections 2.1, 2.3 and 2.4 and
Refs. [53,77,78]). As described in section 1.5, the liquid-crystalline behavior of NFs and
bottlebrush polymers in general, is not fully understood. Their time-resolved investigation
at different conditions is made complex by the self-assembly process of the NFs, which

requires dialysis.

Typical dialysis devices use hundreds of micro-liters, and therefore necessitate a con-
siderable amount of often expensive proteins. This bulk requirement limits the experimen-
talist’s ability to investigate the NFs’ rich phase diagram, which involves salt concentra-
tions, enzymatic modifications, protein concentrations and osmotic pressure. Moreover,
dialysis devices are incompatible with CPM due to the anisotropic nature of the mem-
branes used. Therefore, following the dialysis process, samples need to be transferred to
CPM-compatible capillaries for imaging. This additional step limits the ability to reuse
the sample for future experiments, and complicates the investigation of reversibility and

hysteresis.

The utilization of microfluidics, which reduces the necessary volumes down to few
micro-liters, can help overcome these impediments. In section 2.7 we developed a novel
CPM-compatible dialysis microfluidic device, optimized for time-resolved studies of bire-
fringent materials. It enables rapid buffer exchange with simultaneous dynamical CPM

measurements as well as easy sample reuse .

10 Succesful NF assembly can be performed by rapid buffer exchange [79].
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1.6.3  Atomic force and electron microscopy

Atomic force and electron microscopies provide direct imaging of nanometric features
of bio-polymeric complexes, as opposed to diffraction data obtained by SAXS, whose
interpretation requires Fourier transform analysis. This sets atomic force and electron
microscopies as natural complementary tools in for SAXS. We monitor the morphology
of the individual filaments that make the NF hydrogel (see Fig. 2 in section 2.1), and verify
the formation of elongated 10 nm-wide which resemble the native filaments. However,
atomic force and electron microscopies are unable to obtain the gentle molecular details
of the disordered regions due to their inherent resolution limitations or intrusive sample
preparation procedures. Preparations include sample dehydration and either chemical
fixation, staining or both (depending on the specific techniques employed). Consequently,
the gentle molecular details of the disordered regions are lost and only the nanometric

features can be discerned.

For detailed protocols on NF sample preparation for atomic force and electron mi-

croscopy, refer to the Appendix.

1.6.4  Protein expression and purification

The emergent IDP field opens another door for polymer physics and biology cross-talk.
IDPs are exemplary diverse polymers, containing monomers which can be either polar
or non-polar, and can also carry a negative or positive charge. To harness this diversity,
one must be familiar with modern bio-molecular tools for the production, purification and

modification of proteins.

In this thesis we develop and optimize protocols for the production and manipulation
of NF IDPs of bacterial and mammalian sources'!. This simultaneous work on different

protein sources allows us to exploit their respective research advantages.

The main advantages of bacterial protein production are the high protein yield and the
ability to genetically modify the protein sequence. For example, in section 2.3 we selec-
tively remove protein segments to prove their cross-linking functions. The key benefit of
mammalian purification is that extracted proteins include all biologically relevant enzy-
matic modifications, which are not present in bacterially produced proteins (see section
2.4). These modifications can be exploited to understand the role of electrostatics and

steric forces in the polyampholyte polymers. Another notable advantage of non-bacterial

T Other bio-molecules used were obtained from our collaborators, including viruses (section 2.7), DNA
molecules and bio-mimetic IDPs from yeast source (section 2.5).
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sources is their superior protein production mechanisms, which enable them to fabricate

much longer and more diverse proteins.

For detailed protocols on NF protein expression and purification, refer to the Ap-

pendix.
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2 Main thesis papers

This chapter includes 7 papers which encompass the main work performed in the course
of this PhD. The papers are not chronologically ordered. Instead, they are ordered to
facilitate a clear, continuous, presentation of the thesis. The chapter can be divided into
two parts: in sections 2.1-2.4 we investigate the mechanical and structural properties of
intermediate filament networks, which act as a model system of polyampholyte brushes.
In sections 2.5-2.7 we focus on the orientational ordering of bottlebrush polymers, and
develop a novel cross-polarization compatible microfluidic device to facilitate their future
investigation. Each section is dedicated to a single paper and is preceded by a short

introductory text that places it in context of the thesis as a single research project.
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2.1 Composite bottlebrush mechanics: o-Internexin fine-tunes neurofilament net-

work properties

Neurofilament bottlebrushes consist of several neurofilament proteins, whose protruding
tails differ in length, charge and charge distribution (see Fig. 1.5). At high-density, the
bottlebrushes filaments form a nematic hydrogel through tail-mediated interactions. Re-
cent studies have focused on the two largest neurofilament protein tails (NF-M and NF-H).
Those studies found correlations between the expression levels of the long-tail NF pro-

teins to the axonal architecture as well as the inter-filament spacing [22, 50, 56, 80].

In this paper we examine the mixed NF polymer brushes, and focus on the roles of
the short-tailed NF proteins (NF-L and «-Internexin). This is achieved by modifying
the protein, and therefore tail, composition. Surprisingly, we find that replacing NF-L
with o-Internexin, whose tail is shorter and less charged than NF-L’s, results in network
expansion. Our experimental findings are explained by an ionic-bridge model taking into
account the specific charge heterogeneity of each polymapholyte protein tail (Fig. 5 and
Ref. [53]). This model captures the essence of the interactions leading to the observed
non-trivial hydrogel properties, where short neutral brushes induce network expansion
(Fig. 7).
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2.2 Order and disorder in intermediate filament proteins

One of intermediate filament (IF) proteins primary roles is to form a stress-responsive
scaffold inside cells. In the course of our work on NFs we took part in several stud-
ies involving other IFs such as vimetin, lamins and desmin. While these IF proteins are
expressed in different cells or different cellular regions, they all contained a disordered
C-terminal tail. As the interactions between IFs are thought to be tail-mediated, we sus-
pected that disorder is crucial for the cellular structural or mechanical integrity. To exam-
ine this assumption over the large IF protein family, which contains over 70 proteins, we

partook in a sequence-based analysis of IF disorder.

The Human Genome Project, completed in 2003, identified and mapped all the genes
of the human body, including the 70 genes encoding for IF proteins (Fig. 1). We inves-
tigate IF protein sequences by their amino-acid content for biophysical properties (e.g.,
charge, size and hydrophobicity) as well as by two machine-learning predictors of struc-
tural disorder. Most importantly, we find that disorder is the universal common denomi-
nator of the head and tail regions of IFs (Figs. 4 and 5). However, the two regions differ
from one another in their solvent accessibility, resulting in dissimilar conformations: a
buried head (i.e. hidden in the filament core) against a solvated protruding tail. These
divergent conformations agree with their speculated structural roles: the head is directly
involved in filament formation, whereas the tail is engaged in interactions with the fila-

ment surroundings.

To facilitate the exploration of the data and analysis we prepared a complementary

graphical user interface, available at: http://www6.tau.ac.il/beck under Resources|Software.
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2.3 Neurofilaments function as shock absorbers: compression response arising from

disordered proteins

The evident preference of disordered proteins in the construction of cellular scaffolds,
detailed in section 2.2, raises an immediate question: what is the physical rationale behind
the biological architecture? To answer this, we measure and compare 200 samples which

differ in tail length, charge, osmotic pressure, stoichiometry, and ionic strength.

To ascertain the role of electrostatic cross-bridges, as proposed in section 2.1, we
identify and modify a suspected cross-bridging site on the NF-L tail (see Fig. 1). The
identification is based on the electrostatic analysis performed in section 2.1 and ref. [53],
which was aimed at locating potential electrostatic cross-bridging site. In agreement with
our analysis, the genetic modification significantly reduces the magnitude of the attractive
forces and supports the conjecture made regarding the role of electrostatic bridging in
setting the inter-filament spacing. We hold that similar short-ranged attractions between
oppositely-charged monomers must be considered in all future studies of dense polyam-

pholyte polymer solutions and brushes.

Furthermore, to determine the long-debated roles of steric and electrostatic repulsions
in setting the inter-filament spacing, we apply a modified Alexander de Gennes compres-
sion model to our experimental data of the polyamphlyte, non-planar NF networks. The
fitting shows that the electrostatic repulsion is non-negligible at physiological conditions,
as was argued by some authors (see Ref. [34] vs. Ref. [35]). At no compression, the
polyelectrolyte model is corrected by a semi-quantitative attractive term which captures
the entropic contractile tension that depends on the tail cross-bridging locations and mul-
tiplicity.

From the biological and material science perspectives, our results and analysis demon-
strate the main advantages of polymeric (i.e unstructured proteins) building blocks. Poly-
meric solutions are less subjected to damage under large deformations, in comparison to
solids and structured proteins. The osmotic response of the disordered proteins, which we
modeled by ionic osmotic pressure and second virial excluded volume, resembles that of
a pressurized gas. This is especially important in the axon, where large organelle trans-
port and axonal flexibility require both a soft and elastic scaffold [81]. The employment
of transient (attachable-detachable) cross-links, as demonstrated here, enables the defor-
mation and reformation of the network [82, 83]. The binding is facilitated by the large
conformational space explored by the disordered tails.

Nonetheless, we conclude the paper with two remaining unresolved issues. First, the

proposed model inexplicably fails at physiologically irrelevant salt concentrations below
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100 mM. Second, we observe an unexplained loss of orientational ordering in NF net-
works that had been modified to have less cross-bridges. These two issues call for more
detailed theoretical work and could also benefit future experiments in simpler systems

(see sections 2.5 and 2.6 which focus on bottlebrush nematic organization).
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2.4 Phosphorylation-induced mechanical regulation of intrinsically disordered neu-

rofilament protein assemblies

The role of electrostatic interactions in NF network, which we treat as a polyampholyte
model system, has been long debated (see section 1.1). First, it is unclear whether the
origin of the tail-mediated repulsive forces between NFs are primarily steric or electro-
static at near physiological conditions, i.e. ~ 150 mM added salt (see refs. [51] and [84]).
Second, while most authors agreed that adjacent filaments are cross-bridged [38], the
nature of the driving attractive interactions was disputed (hydrophobic, electrostatic or
both [34]).

The NF tails’ electrostatic charge is regulated by naturally occurring, yet controlled,
extensive enzymatic addition of many negatively charged divalent phosphate groups. We
exploit this machinery, known as phosphorylation, to manipulate the tails’ charge and

characterize their electrostatic repulsive and attractive interactions.

Our results show that the electrostatic repulsion, manifested by ionic osmotic pressure
(see section 2.3), is comparable to the steric one. Therefore, the network mechanical re-
sponse and expansion are tunable by phosphorylation charge regulation. Importantly, the
addition of excess charge to the already negatively charged tails results in either network
expansion or collapse (Fig. 4). The latter is surprising, since phosphorylation increases
the already overwhelmingly negative charge of the tails (see Fig. 1.5), and was thus
expected to expand the network. We explain this trend by the electrostatic cross-bridges
formed by the phosphate groups. We provide a lower bound for the cross-bridging energy,
estimated at 8 KgT'.

Finally, we find that tail phosphorylation tunes additional macroscopic properties of
NF hydrogels, such as network orientation and mechanical response to osmotic pressure.
Similar manipulation of macroscopic protein network properties due to phosphorylation
was not reported before. These call for further theoretical investigation, since the liquid-
crystalline behavior of bottlebrushes is not fully understood. This is pursued in our col-
laborative research on the liquid-crystalline behavior of neutral bio-mimetic bottlebrushes,
presented in the following sections (2.5 and 2.6), as well as in the development of novel

experimental tools (section 2.7).
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2.5 Liquid crystals of self-assembled DNA bottlebrushes

One of the puzzling findings of this PhD is the nematic-isotropic phase transitions of NF
bottlebrushes (see sections 2.3 and 2.4). On the one hand, NF-H containing networks are
isotropic at low salt concentrations, suggesting that electrostatics destabilize the nematic
organization. On the other hand, enzymatic charge removal in NF-H tail also induces a
transition from nematic to isotropic, indicating that charge stabilizes the nematic phase.
Unfortunately, the liquid-crystalline behavior is poorly understood even for the simpler,

neutral, bottlebrushes.

We therefore partake in a collaborative project aimed at elucidating the nematic or-
ganization of neutral bottlebrushes. We measure the effective diameter and nematic tran-
sition of semi-flexible DNA molecules coated with 400 amino acid long diblock protein
polymers. We show that grafting long linear side chains leads to a reduction of the ef-
fective aspect ratio, at grafting densities relevant for neurofilaments. This affirms the
theoretical predictions made by our collaborators [73], which contradict previous theo-
retical works [72]. This result may explain the loss of NF orientational order at low salt

concentrations, where the brush height increases [53].
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2.6 Loss of bottlebrush stiffness due to free polymers

In the following paper we investigate bottlebrush anisotrpic organization under molecular
crowding (i.e. in the presence of surrounding free polymers). Using SAXS, we note
that the alignment of crowded bottlebrushes does not increase with increasing osmotic
pressure, as expected. Instead, the X-ray correlation peak of the crowded bottlebrushes
widen with increasing osmotic pressure. This is not observed for uncrowded bottlebrushes

(see figure 3 therein).

To explain these experimental observations, our collaborators performed molecularly
detailed self-consistent field calculations. The calculations show that both the main DNA
chain persistence length (/) and brush height (D) decrease with increasing free polymer
concentrations. However, when the free polymer volume fraction equals that of the brush,
the loss of polymer stiffness is more pronounced. Consequently, the aspect ratio I,/D
decreases with increasing free polymer concentrations. This may explain why molecular
brushes rarely organize anisotropically, and why biological bottlebrushes, such as NFs

and Aggrecan, are key components of lubricating and stress-responsive constructs.
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2.7 Cross polarization compatible dialysis chip

We develop a microfluidic dialysis chip optimized for cross polarization microscopy. The
design is relatively easy to implement for a variety of time-resolved experiments and
creates new opportunities where sample quantities are limited and multiple environmental
conditions (e.g. ionic strength, osmolytes, denaturants, pH, and enzymes) need to be

accurately controlled and altered, as in the NF case.

The applicability of the device is demonstrated by using micro-liter amounts of fd
virus as a model system. Our results show time scale separation between fast nematic
director reorientation and slow phase separation (nematic-isotropic) involving mass trans-
port. This device is key for a reproducible, accurate and rapid investigation of systems
such as the NFs and charged-neutralized bottlebrushes, whose sizes are comparable to the

micro-meter long fd viruses.
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3 Additional papers

In this chapter we present an additional co-authored paper, which does not focus on IDPs,

as well as two review papers.

3.1 Peptide self-assembly as a strategy for mimicking a bacterial pilus nanofiber

Understanding and controlling protein supramolecular assembly is not only challenging,
given our limited understanding of protein-protein interactions, but also highly rewarding:
protein complexes are inherently bio-compatible and bio-functional. In this paper, the key
peptide segments responsible for a biological complex protein construct were identified
and synthetically reproduced. The synthetic peptide, which combined two selected seg-
ments from the naturally-occurring pilin protein, self-assembled into ordered nanofibers.
These were characterized by electron microscopy as well as X-ray diffraction and circular

dichroism for secondary structure.
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3.2 Neurofilament assembly and function during neuronal development

NF expression patterns significantly vary during the organism’s growth and development,
to accommodate the changing mechanical and structural needs of the nervous system.
Since the key differences between the various NF protein lie in their disordered tails, our
review offers a biophysical perspective that emphasizes the role of IDPs in governing the

organization of NF network during development.
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3.3 Modern X-Ray scattering studies of complex biological systems

Structural characterization of biological samples by X-ray scattering requires no sample
fixation, tagging, markers or any other modifications. We review recent advances made
in X-ray studies of biological samples, including the introduction of modern coherent
X-ray sources; implementation of machine-learning algorithms for scattering analysis;
and hybrid approaches that combine X-ray data with higher (e.g. NMR) and/or lower

resolution (e.g. optical microscopy) techniques.

32



33



4 Discussion

In this thesis I experimentally investigated mechano-structural aspects of polymeric solu-
tions, including polyampholytes and bottlebrushes. This was pursued by using a diverse
set of bio-molecules, including viruses, NF proteins of bacterial and mammalian sources

as well as bio-mimetic viruses composed of DNA and yeast-produced proteins.

We have shown that under large compression and high ionic strength, the largely
negatively-charged polyampholyte NF tails can be well-approximated by uniformly charged
tails. At low to moderate compression, the polyampholyte character of the tails is revealed

and is manifested in dominant electrostatic cross-bridges.

The complex liquid-crystalline behavior of neutral synthetic bottlebrushes and that of
NFs was investigated. We found that the aspect ratio of the neutral bottlebrushes decreases
with grafting, and therefore disfavors a nematic organization. The NF liquid-crystalline
behavior is more puzzling, since both reducing the tails’ charge (which reduces the elec-
trostatic interactions) and decreasing the ionic strength (which increases these interac-

tions) interfere with the anisotropic organization.

This chapter overviews the main results and conclusions outlined throughout this the-
sis, and also provides a wider perspective which emphasizes their implications and rela-
tion to current theoretical works. I will also review remaining open questions that, in my

opinion, will benefit from future experimental and theoretical work.

NF bottlebrush compression

NF compression response was investigated in sections 2.1, 2.3 and 2.4 and in previous
works [53, 85]. Under considerable compression, the largely negative charges were suc-
cessfully approximated as a superposition of a neutral brush co-existing with an ideal
gas of free ions, at least at the high salt limit (section 2.3). This implies that neglecting

the steric interactions, as commonly practiced in polyelectrolyte brush studies [10, 86],
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is ill-advised in similarly charged polymer systems. Rather, it appears that the steric in-
teractions are comparable to the ionic osmotic forces, as we verified by experimentally

changing the salt concentrations (see section 2.3).

It is possible that the steric contribution is often overlooked since the osmotic pres-
sure of both superpositioned systems (i.e. the neutral semi-dilute polymer solution and the
ideal ionic gas) grows roughly quadratically with the polymer concentration. The osmotic
pressure of a neutral polymer semi-dilute solution grows as the monomeric concentration
squared times the monomeric excluded volume (section 2.3 and Ref. 3D Similarly, the
ionic osmotic pressure, as given by Eq. 1.5 at the high salt limit, also grows quadratically
with the polymer charge (c.). Therefore, if the charge per polymer is fixed, the ionic
osmotic pressure must also grow quadratically with the polymer concentration. Conse-
quently, studies which only consider the scaling behavior of charged polymer compression

may mistakingly attribute the quadratic increase to the ionic osmotic pressure alone.

A non-scaling approach was followed in section 2.3, where we applied an experimentally-
derived persistence length of IDPs to calculate the steric repulsion?. A more elaborate
non-scaling calculation at 150 mM monovalent salt derived theoretical NF-LMH com-
pression profiles, presented in Figs. 6-8 in Ref. [34] (in terms of free energy per 0.6 nm
of filament backbone). Corresponding osmotic pressure curves were produced from the-
ses profiles using I1 = —dFy/dV, where V is the volume per filament. The calculated
profiles yielded lower osmotic pressures and shorter inter-filament distances than those
experimentally observed (Fig. 4.1). Disregarding the large inter-filament spacings (above

40 nm), an overall reasonable agreement for the compression response was obtained.

The considerable disagreement at large inter-filament spacings, above 40 nm, may
originate from a non perfectly aligned organization of the filaments®. Alternatively, the
discrepancies could also arise from the Flory interaction parameters which were used for
the self-consistent mean-field calculation (see Table 2 in Ref. [34]). These parameters
could now be revised using our new experimental data, and be applied to other IDP sys-

tems as well.

Monte Carlo and Molecular dynamic simulations are naturally another non-scaling
tool for the investigation of NF networks, and hence can also help differentiate the steric

and electrostatic contributions to the compression behavior. However, to our best of

9/4

' The osmotic pressure of semi-dilute solutions is actually expected to grow as ¢”/# or ¢23, depending on

the exponent of the self-avoiding walk: 0.6 or 0.588 exponent, respectively [3].

2 A scaling approach was only applied for the attractive force, whose prefactor was anyway a fitting param-
eter.

3 As suggested by Ekaterina Zhulina, private communication.
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Figure 4.1: Self consistent mean-field (SCF) calculation of osmotic pressure (IT)
vs inter-filament distance (D), compared to our experimental results. The SCF
free energy calculation is described in Ref. [34] and the solid red line presented
here is derived from the free energy F using I1 = —dF,/dV. The osmotic
curves of (A) NF-L, (B) NF-LM and (C) NF-LH networks are provided through
the courtesy of Prof. Ekaterina Zhulina. Their free energies were calculated
as described in Ref. [34] for (D) NF-LMH networks (see ‘“no cross-bridging” in
Fig. 8 therein).

knowledge, no simulation study of NF compression response at comparable spacings was

performed.

Notably, the non-negligible steric contribution which we report should affect polymer
solutions in general, and is not limited to polymer brushes and polyampholytes. Instead,
the steric interactions should also affect the compression response of semi-dilute poly-
electrolyte solutions, and will become more pronounced at high ionic strengths (c; > ¢,

in terms of Eq. 1.5).

A simple experiment, which can directly probe the magnitudes of steric and electro-
static contributions in IDPs without requiring further analysis, can be devised using our
available protein expression techniques (section 1.6.4). The disordered tail segment of
NF-L alone was previously produced and purified at our lab using recombinant bacterial
expression [87]. One could form a semi-dilute solution of the tails alone, and manipulate
the net charge by altering the pH level. The resultant empirical excluded volume values
should be compared to the values used in this study, which were based on amino-acid
volumes of folded proteins (section 2.3 and Ref. [88]). While these values yielded reason-
able agreement with our experimental compression data, their optimization could improve

future predictions for concentrated IDP solutions and brushes [89,90].

The inexplicable failure of the brush models used in section 2.3 to describe the com-
pression response at low salt concentrations (below 100 mM) may be related to the ap-

proximation used. The disagreements are not related to the lesser orientational order of
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the filaments, since NF networks are nematic at IT > 10* Pa, even at low salt concen-
trations [77]. While we would have like to compare these results to NF simulations, no
theoretical prediction of the compression response of NFs at these salt concentrations is
currently available*. However, alternative models which depict the expansion of polyelec-
trolyte cylindrical brushes are available [91, 92]. These may be expanded to provide the
missing compression response predictions at low ionic strengths, which will go beyond
the mean-field electrostatic approximations used. Namely, future modeling efforts should
account for the Coulomb pair-wise interactions and consider the non-uniform distribution

of the free ions in the brush.

Alternatively, the discrepancy between our low salt compression response and poly-
electrolyte models could emanate from a meta-stable state. In other words, it is possible
that the NF spacing is kinetically trapped while the osmotic pressure increases. Exam-
ining this possible explanation would require further experimentation. For example, NF
hydrogels could be equilibrated at high ionic strength and then reequilibrated at low ionic

strength, while maintaining a fixed osmotic pressure.

NF cross-bridging interactions

While this thesis emphasizes the role of electrostatic cross-bridges, it should be noted that
the very existence of NF cross-bridging is still being debated. Previous molecular dynam-
ics simulations [49] and data analysis of axonal cross-section micrographs [35,46,47] all
argued that NF-tail attractive interactions do not significantly alter NF organization. In
contrast, other studies suggested a pivotal role of attractive forces, and tail cross-bridging
in particular. The cross-bridging hypothesis was first introduced and promulgated by Hi-
rokawa and colleagues, based on electron microscopy studies of the frog axon. There,
sidearms were found to form a dense network of cross-bridges that were 4-6 nm in diame-
ter and 20-50 nm in length [93]. However, subsequent studies questioned these results and
argued that the cross-bridges were only “artifacts” arising from the electron microscopy
methods [46,47].

Later support for the cross-bridging hypothesis was provided by rheology [38, 94],
SAXS [24,53], atomic force microscopy experiments [52], extensive NF bundling in neu-

rons [95,96] as well as the stable phase separation of NF filaments [77]. Nonetheless,

4The only available theoretical prediction of NF compression response at low salt concentrations appears in
Ref. [34], using a mean-field model. These include the NF-LMH network only, which we did not measure
at low ionic strengths. However, these were measured in Ref. [53] and do not agree with the predictions of
Ref. [34].

37



these studies, which all agreed on the existence of NF cross-bridges, suggested different

cross-bridging mechanisms: either electrostatic, hydrophobic or by associated proteins.

To provide a direct proof of the existence, nature and importance of electrostatic cross-
bridging, we reverted to the biological toolbox described in section 1.6.4, and manipulated
the tail charges using genetic and enzymatic modifications. The removal of the short NF-L
positive C-terminal tip proved its key role in setting the inter-filament spacing and orien-
tational order of NF-L and NF-LM networks. As the tip segment includes no hydrophobic
amino-acids, this result is attributed to attractive electrostatic interactions (section 2.3).

Another experimental demonstration of NF tail cross-bridging, and electrostatic in
particular, was provided in section 2.4. There, we enzymatically modified the NF-M and
NF-H tail charges, which resulted in an unexpected expansion of de-phosphorylated NF-
LM brushes. This, again, indicated that the negatively charged phosphates were involved
in attractive interactions. Comparison of the compression curves of phosphorylated and
de-phosphrylated NF-LM networks provided us with a lower bound for the attraction en-
ergy per phosphate, estimated at 8 kg7', which was comparable to the binding energy of
salt bridges [97]. Our calculation provides, to our best of knowledge, the first experimen-

tal estimation of the electrostatic binding energy per NF phosphorylation site.

The experimental identification of protein binding-sites is crucial not only for our un-
derstanding of NF tail-tail interactions, but also for elucidating IDP and polyampholyte
interactions in general. For example, an inaccurate estimation of the binding energies may
explain the disagreement of recent theoretical predictions with our experimental results.
For example, we found that replacing NF-L with ¢-Inx expands NF networks (section
2.1), contradicting previous theoretical predictions [22]. Furthermore, we showed that
phosphorylated NF-M tails are less extended than the de-phosphorylated ones in NF-LM
network, which did not agree with the expanded phosphorylated NF-M tail conforma-
tion predicted by simulations (Fig. 1.7). It is possible that inclusion of tail-tail elec-
trostatic cross-bridging energies in the simulation could have improved these predictions
(and those of IDPs and polyampholytes in general). Such free energies are commonly
considered in the study of salt-bridges in crystallography. Their calculation includes the
free energies of counter ion release and the Coulomb interaction, which both contribute

to the cross-bridging strength [97].

Given the prevailing controversy regarding the existence and mechanism of NF cross-
bridging, it is important to note a previous rheological study which was also able to

directly identify a short critical NF cross-bridging site’. The elastic modulus of phos-

3 Other studies showed that NF phsohporylation increases tail attractive interactions [52,94]. However,
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phorylated NF networks was controlled using free lysine-serine-proline (KSP) synthetic
peptides. This demonstrated the involvement of the multiple KSP repeat units, common in
the NF-H tail, in tail-mediated NF interactions [38]. Notably, the new electrostatic cross-
bridging sites we identified in NF-L (i.e. the tip region) are inherently different from
the NF the interaction sites reported in the rheological study [38]. While the phospho-
rylated serine is divalently-charged at biological pH levels, all other naturally occurring
amino-acid residues are monovalently-charged. Therefore, we find that phosphorylation
and divalent monomer charge in general are not perquisites of electrostatic cross-bridging
in IDPs and polyampholytes. This considerably increases the frequency and significance
of electrostatic-cross bridging in IDPs and polyampholytes in general, which was rarely
considered before. Consequently, more attention should be drawn to the role of these

weak physical bonds in polyampholyte polymers.

The experimental evidence of electrostatic cross-bridging presented in this thesis (sec-
tions 2.1 and 2.4) does not exclude additional cross-bridging mechanisms, such as hy-
drophobic interactions [34,98]. In fact, some of our experimental results indicate that
non-electrostatic attractive interactions are also implicated in NF cross-bridging. For
example, NF-L filaments form a phasse-separated hydrogel at environmental conditions
which do not favor electrostatic cross-bridging, including 1 M monovalent NaCl (Fig. 3
in section 2.3). Furthermore, truncation of an NF-L tail segment, which contained two hy-
drophobic alanine amino-acids considerably expanded the NF-LM network inter-filament
spacing (Fig. 1 therein). This suggested that hydrophobic interactions are responsi-
ble for attractive forces which give rise to the NF-LM collapsed conformation. Since
most experimental efforts thus far focused on proving or negating the role of electrostatic
cross-bridges, these results call for specific experimental work, aimed at identifying other
cross-bridging mechanisms such as hydrogen-binding and hydrophobic interactions. No-
tably, these mechanisms were recently shown to affect the tail-mediated interactions and
pathology of other intermediate filaments, such as vimentin and desmin (section 2.2 and
Refs. [99, 100]).

The significant role of specific short motifs in determining protein properties sets IDPs
apart from the charged chains usually considered in classical polymer physics. In other

words, a minute modification of an IDP critical site is followed by considerable structural

as theoretically demonstrated in Ref. [34], these attraction forces do not prove a direct involvement of
phosphate groups in attractive interactions. Instead, the theoretical calculation suggest that NF tail phos-
phorylation can expose hydrophobic tail amino-acids which induce the observed attraction. Consequently,
the authors argue that the cross-bridging reported in these experiments is hydrophobic in nature, not elec-
trostatic. The identification of the cross-bridging sites, achieved by Gou er. al. in Ref. [38] cannot be
attributed to hydrophobic interactions.
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modification, whereas any small change made to a long polymer has a negligible effect.
This poses IDP cross-bridging sites as mutation hotspots, whose modification is followed
by adverse structural, mechanical and biological consequences. In fact, IDP mutations and
modifications are commonly involved in pathological disorders, which is now referred
to as “disorder in disorders”, or D? [1]. The ability to identify, either by experiment
or sequence-based analysis, the critical binding-sites found in IDPs could promote the
treatment of IDP related diseases. The hansdshake analysis presented and experimentally

verified in sections 2.1, 2.3 and 2.4 can help locate critical electrostatic binding-sites.

Persistence length and liquid-crystalline behavior of polymer bottlebrushes

The liquid-crystalline behavior of charged rod-like molecules (section 2.7) as well as
charged (sections 2.1, 2.3 and 2.4) and neutral (sections 2.5 and 2.6) bottlebrushes were
investigated. Together, these experiments present a puzzling picture, where directional
orientation can be either promoted or destroyed by molecular crowding and electrostatic

interactions.

For neutral bottlebrush polymers, two key findings are reported. First, using dynamic
light scattering and SAXS, we showed that a polymer’s aspect ratio decreased due to bot-
tlebrush coating, in contrast to previous theoretical predictions [72]. Second, using SAXS
and molecularly detailed calculations, we showed that extensive crowding conditions can
reduce the aspect ratio between the backbone’s persistence length and the brush height.
Taken together, these novel results explain why anisotropic bottlebrush phases are rarely
observed (see section 2.6 and Ref. [12]).

The loss of bottlebrush stiffness due to crowding (section 2.6) suggests a possible
re-entrant isotropic phase of bottlebrushes (Fig. 4.2). At low free polymer concentra-
tions, the bottlebrushes are isotropic. With increasing free polymer concentrations, bot-
tlebrushes’ volume fraction increases as they organize anisotropically. However, a further
increase of the free polymer concentration (beyond the overlap concentration described
in section 2.6) cancels the osmotic effect and the isotropic phase is recovered. Notably,
the loss of stiffening as well as the predicted re-entrant isotropic phase are unique traits
of bottlebrush polymers, which are not expected for rod-like particles (section 2.7). An
experimental corroboration of this prediction will support the theoretical calculation per-

formed for the neutral bottlebrushes.

The liquid-crystalline behavior of NFs, which are polyampholyte bottlebrushes, re-
quires a more complicated description. This behavior is neither explained by the theoret-

ical model developed for their neutral counterparts nor for the rod-like charged particles.
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Figure 4.2: Qualitative prediction of re-entrant isotropic phase, based on the
detailed calculation appearing in Fig. 10 at section 2.6. (A) The bottlebrush
aspect ratio between persistence length (/;) and width (D) decreases with in-
creasing free polymer volume fraction (¢). According to Onsager (section 1.5),
transition to anisotropic phase occurs at [y®/D.g = 4, where @ is the bottle-
brush volume fraction and D ~ D.¢. (B) Consequently, a re-entrant transition
is expected at high free polymer concentrations which exceed the overlap con-
centration (¢;_n).

For example, the charged rod-like viruses organize anisotropically at low ionic strengths
and high pH, which is explained by an extended Onsager theory [101]. The virus is con-
sidered to have a salt-dependent hard-rod equivalent diameter, d.¢r, which is large at low
ionic strength and shrinks towards the hard rod diameter as ionic strength is increased. Its
persistence length, however, is always much larger than the virus’s length (L in section
1.5) and therefore does not affect the aspect ratio (Eq. 1.9). In contrast, in NFs both the
brush height, which should scale with de¢r, and persistence length ([, in section 1.5) vary
with the ionic strength. This makes the dependence of their aspect ratio on ionic strength

and electrostatic charge unclear®.

Trying to establish a relation between anisotropy and electrostatics from our experi-
mental results provides an ambiguous picture. For example, NF-H containing networks
are isotropic at low salt concentrations, suggesting that electrostatics destabilize the ne-
matic organization. In contrast, enzymatic charge removal in NF-H tail also induces a
transition from nematic to isotropic, indicating that charge stabilizes the nematic phase
(section 2.4).

These seemingly contradicting trends probably arise from the prominent role of NF
cross-bridging in setting the orientational organization. In sections 2.5 and 2.6 we ar-

gued that anisotropic organization of bottlebrushes is uncommon. However, NFs phase-

6 Moreover, the NF brush is softer than the backbone of the virus, and it is therefore uncertain if the extended
Onsager model, and d in particular, is applicable.
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separate from the solution, even without external forces, and form a liquid crystal. The
origins of this atypical liquid-crystalline organization can be understood by considering
the instances where an isotropic NF organization is observed. These instances include
the de-phosphorylated NF-LH networks as well as the truncated NF-L variants and their
co-assemblies with NF-M (sections 2.3 and 2.4). In these cases, the NF cross-bridging
is debilitated due to dephosphorylation (NF-LH) or due to the removal of critical bind-
ing segments (NF-L). It is plausible that the resultant reduction in the attractive forces
between the filaments leads to an isotropic transition, similar to the Maier-Saupe the-
ory [102]. There, the attractive orientation-dependent van der Waals attraction between
the molecules favors a parallel arrangement of molecules. Consequently, I suggest that
the attractive cross-bridging also facilitates the anisotropic transition of NF bottlebrushes,

and may explain their atypical nematic organization.

Unfortunately, the relation between NF cross-bridging and anisotropy is made more
complex, since cross-bridging not only affects the inter-filament attraction, but also the
bottlebrushes’ morphology. Namely, increasing cross-bridging can reduce the brush height
(and therefore the filament number concentration) and even persistence length [103].
Therefore, the effect of the cross-bridging on the two key factors in Onsager’s theory
(Eq. 1.9), i.e. the aspect ratio lx/de and volume fraction, is unclear. Elucidating the
role of NF cross-bridging requires experiments which will solve the intricate relations be-
tween ionic strength, brush height, filament concentration, cross-bridging, and anisotropy
in the bottlebrush solution. Such experiments necessitate an exceptionally tight control
of many parameters, which is provided by the cross-polarized compatible microfluidic

device developed in section 2.7.

The use of microfluidic devices also facilitates the study of NF liquid-crystalline be-
havior under confinement (i.e. the shape of the microfluidic cell). In section 2.7 we
showed that the domain size of the nematic phase of fd-viruses depends on the confining
cell in which it was formed (compare Figs. 2a and 2g therein [104]). Similarly, Hesse et.
al. self-assembled NFs in nano-channels and formed liquid crystals which were more ori-
ented than those obtained in wider capillaries. The ability to mold the PDMS cell in the
microfluidic device can help establish the relation between the anisotropic organization
and the geometric confinement. Notably, this relation also makes a biologically relevant

problem, since NFs form the supportive skeleton of neurons.

Neuron cells contain multiple regions, distinct by their shape and size (e.g. Soma,
axon and dendrites). The geometries of these regions change during development to ac-
commodate the evolving needs of the cells [41,81]. The space-filling NF skeletons which
support each of these regions is also specific, and may vary in composition and phospho-
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rylation levels. Accordingly, NF alignment is not uniform: the less phosphorylated NF
filaments of the Soma appear un-oriented, while the highly phosphorylated NFs of the

distal axon appear well-aligned [81].

Understanding the liquid-crystalline behavior of NFs poses a special challenge, as it
encompasses most of the problems tackled in this thesis: brush height, cross-bridging and
(neutral) bottlebrush anisotropic organization. However, its future investigation can rely
on the tools developed in our current research. Theoretically, the molecularly-detailed
mean-field model (section 2.6) can be expanded to NFs by combining it with the inter-
action scheme used in Ref. [34] to study the brush profiles of NFs. Experimentally, the
microfluidic device developed in section 2.7 enables, for the first time, to manipulate con-

centration, ionic strength and to conveniently mold the confining cell’s geometry.

Relevance to other biological polymer brush systems

Given the useful properties of NF bottlebrush as structural scaffolds, and their mutable
binding and mechanics, it not surprising to find other polymer brush systems in biology.
In the following section I will briefly review different protein brush or glycoprotein’ brush

complexes [105].

Notable IDP brushes include the bottlebrush complex formed by microtubules (MTs)
decorated with microtubules associated proteins (MAPs), other IF networks, and the FG
nucleoporins that form an iris-like gate between the cytoplasm and the nucleus (nuclear

pores).

MTs build a filamentous protein network that forms the cytoskeleton by inter-connecting
with actin and IF networks (Fig. 1.4). Intrisically disordered MAPs, such as tau pro-
tein, non-covalently attach to the smooth MT cylinders to produce a bottlebrush architec-
ture. The grafted tau cross-links adjacent MTs while sterically stabilizing them against
bundling [89]. The binding mechanism between two tau proteins attached to opposing
MTs is thought to be electrostatic, similar to the mechanism reported here for NFs. Tau
proteins also contain multiple phosphrylation sites that control the binding between fila-
ments, as observed in NF-M and NF-H tails. Nonetheless, there are several key differ-
ences between the cytoskeletal MTs and NFs. First, MTs persistence length is over 1 mm
while NFs persistence length is only few hundreds of nm’s long. NF brush height ranges
between 15-45 nm, while MTs grafted with tau is less than 2.5 nm. And last, MAPs

7 Glycoproteins are proteins that contain oligosaccharide chains (glycans) covalently attached to protein
side-chains.
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are non-covalently attached to MTs, unlike the NF tails which are part of the polypep-
tide chain. Differences and similarities of IF and MT architectures must be viewed with

respect to their roles and interaction in the cytoskeleton.

The roles of tail brushes formed by IFs in general (i.e., not just NFs) were covered
in section 2.2. While there are 70 human genes expressing IF proteins, most studies of
the disordered tails have so far focused on a handful of keratins, vimentin, four NF and
desmin proteins only. In all cases, a critical role of tail mediated binding was reported.
For example, desmin tail mutations that appear desminopathy diseases were found to have
a detrimental effect on the elasticity of desmin IF networks (see chapter 3 in Ref. [106]).
Evidently, more research is required in order to understand this large family of bottlebrush
filaments, not the least because of their involvement in disease. The tools developed in

this thesis can be naturally be expanded into other IF proteins.

A different binding mechanism and architecture of IDP brushes is found in nuclear
pores [30, 107]. Nuclear pores are large protein complexes that cross the nuclear en-
velope, which is the double membrane surrounding the cell nucleus. Nuclear pores act
as gates between the nucleus that contains most of the genetic material and the rest of
the cell surrounding it (cytoplasm). A dense brush composed of intrinsically disordered
FG-nucleoporin proteins forms an iris-like ring that selectively controls the import and
export through the pores. The selectivity is achieved by hydrophobic interactions of the
repeating amino acid residues phenylalanine and glycine found on the FG-nucleoporin
with themselves, the cargo, and auxiliary signaling proteins. The hydrophobic patches
and the resultant binding of FG-nuceloporins are evolutionary conserved, reminiscent of
the NF-Ls negatively charged tip we found in Ref. [108] (see Fig. S7). While similar
hydrophobic binding patches were identified in the K8 keratin tail [109], the prevalence

of hydrophobic interactions on IF tails has yet to be determined.

Three examples of glycoproteins systems are the glycocalyx, the glycomacropeptides
surrounding the casein micelles in milk, and aggrecan molecules. The glycocalyx is an
extracellular layer surrounding many animal cell types and bacteria. It can approximately
150 nm and consists a myriad of carbohydrate-rich molecules, polysaccharides, glyco-
proteins, and glycolipids®. Among its other roles, the glycocalyx mediates the adhesion
interactions such cells and protects the plasma membrane from chemical injury [110].
Similar protection is provided by phosphorylated NF tails, which can protect the NF net-
work from proteolytic digestion® [111,112].

8 A glycolipid consists of an hydrophobic lipid tail and one or more hydrophilic sugar groups linked by a
covalent glycosidic bond.

9 Proteolysis is the digestion (cleavage of the protein chain) by designated proteins, called proteases.

44



The glycomacropeptides'® are short negatively charged C-terminal ends (=60 amino
acids) of kappa-casein protein, which coat casein micelles in milk. Each casein micelle
is a highly porous globular aggregate of approximately 100 nm in diameter. It is thought
that interacting glycomacropeptides brushes prevent large micellar aggregation, thus hin-
dering precipitation of the casein micelles and facilitating their digestion. The internal
organization of the micelle by the intrinsically disoredered casein proteins is still debated,
despite extensive research performed in the past 100 years [113]. The methodology used
in this thesis to identify and manipulate electrostatic binding between IDPs could shed a

new light on the critical IDP-mediated binding in casein micelles and in the glycocalyx.

Perhaps the most famous glycoprotein brush is formed by the load-bearing aggre-
can molecules in the extracellular matrix. Aggrecan is a critical component for cartilage
structure and the function of joints, and is also vital for the organization of extracellular
spaces between neurons in the brain. An aggrecan molecule is composed of a core protein
(250 kDa) that is grafted by 100 negatively charged saccharide chains. The compression
mechanism of extracellular aggrecans and cytoplasmic NFs is very similar. In both cases,
the highly negatively charged tails produce a repulsive ionic osmotic pressure against ex-
ternal compression. Notably, in NFs the brush consists of the protein C-terminal, whereas
the aggregan brush is composed of grafted oligosaccharide chains. Moreover, aggrecan
molecules can graft unto hyaluronic acid, which results with the characteristic ‘bottle-

brush of bottlebrushes’ architecture in joints [114].

In summary, despite the many differences in scale, geometry, and basic building
blocks, there are clear similarities in the design and roles of the various biological brushes.
Consequently, the physical analysis of any system provides valuable model and ideas
for their collective investigation. This is especially important given the multiple opens
questions regarding nuceloporins interactions and organization, casein-micelle internal
structure, cartilage degradation, cellular signaling, and the prevalence of acute diseases

accompanied by structural disorders of cytoskeletal proteins.

Future experiments and perspectives
To conclude my thesis, I wish to present additional experiments that, in my opinion, are
required to meet the multiple open question and opportunities presented by my thesis.

In sections 2.3 and 2.4 we have identified cross-bridging motifs of NF-L and phospho-

rylated NF-M. However, identification and future quantification of the binding energies

10 Also known as caseinomacropeptides.
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call for complementary experimental techniques, such as bulk or micro-rheologies of the
NF hydrogels. As of today, such experiments successfully identified critical cross-linking

motifs in other IF proteins, including desmin and vimentin [106].

In section 2.3, we fitted the compression response of NFs using a modified Alexander-
de Gennes brush model. However, at low ionic strengths (below 100 mM) the data are
neither adequately explained by the models employed, nor by the simulations and cal-
culations made by our colleagues. Since polyelectrolyte semi-dilute solutions are well
understood, the surprisingly large repulsive forces we measure should be re-examined. If
the compression response arises from the disordered tails, as we suggest, this consider-
able excessive repulsion should also appear in a simple solution made of the tails alone
(i.e., ungrafted from the filament backbones). This naturally calls for osmotic pressure
measurements of semi-dilute tail solutions at various ionic strengths. The concentrations
can be measured by the protein absorbance at 280 nm or from the polyelectrolyte peak

observed in SAXS measurements'?.

Such experiments may also help clarify the atypical scaling of IDP size with number
of amino-acids, reported in Ref. [116]. There, it was found that IDP radius of gyration
grows as Rg = 0.193N,), [nm], where N,, is the number amino acids and v = 0.522. In
contrast, chemically unfolded proteins scaled as v = 0.6, which is actually closer to the
theoretical nu = 0.588 obtained for self-avoiding polymers [6, 117]. This discrepancy
suggested that IDPs are inherently different from self-avoiding and interacting polymers,
which was not so surprising. However, what I find more striking is that IDPs follow a

scaling law at all: this suggests that a general IDP model exists, which is yet to be found.

HNF-L [87] and NF-H [115] tails can be recombinantly over-expressed and purified.
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A Appendix: protocols

A.d

A.2

A3

A4

A5

A.6

Native protein purification protocol

Recombinant protein purification and expression

Negative staining of neurofialments for transmission electron microscopy

Sample preparation for atomic force microscopy

Protein concentration determination by mini-Bradford assay

Neurofilament self-assembly protocol
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