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Interplay between Liquid Crystalline and Isotropic Gels in Self-Assembled
Neurofilament Networks
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ABSTRACT Neurofilaments (NFs) are a major constituent of nerve cell axons that assemble from three subunit proteins of
low (NF-L), medium (NF-M), and high (NF-H) molecular weight into a 10 nm diameter rod with radiating sidearms to form a bottle-
brush-like structure. Here, we reassemble NFs in vitro from varying weight ratios of the subunit proteins, purified from bovine spinal
cord, to form homopolymers of NF-L or filaments composed of NF-L and NF-M (NF-LM), NF-L and NF-H (NF-LH), or all three
subunits (NF-LMH). At high protein concentrations, NFs align to form a nematic liquid crystalline gel with a well-defined spacing
determined with synchrotron small angle x-ray scattering. Near physiological conditions (86 mM monovalent salt and pH 6.8), NF-
LM networks with a high NF-M grafting density favor nematic ordering whereas filaments composed of NF-LH transition to an
isotropic gel at low protein concentrations as a function of increasing mole fraction of NF-H subunits. The interfilament distance
decreases with NF-M grafting density, opposite the trend seen with NF-LH networks. This suggests a competition between the
more attractive NF-M sidearms, forming a compact aligned nematic gel, and the repulsive NF-H sidearms, favoring a more
expansive isotropic gel, at 86 mM monovalent salt. These interactions are highly salt dependent and the nematic gel phase is

stabilized with increasing monovalent salt.

INTRODUCTION

Neurofilaments (NFs) are cytoskeletal proteins that belong to
a class of structural proteins called intermediate filaments.
NFs are particularly plentiful in large mylenated axons where
they form a spacious network that aids in axonal transport and
provides a structural scaffold within these long projections. In
mature neurons of most vertebrates, NFs are heteropolymers
made up of three subunit proteins of low (NF-L), medium
(NF-M), and high (NF-H) molecular weights (Fig. 1 @). The
basic structure of the subunits is similar, each having an un-
structured N-terminus head domain, an «-helical rod domain,
and an unstructured C-terminus tail or sidearm. The subunits
differ mainly in the length of the sidearms: NF-L having a
short, 158-residue projection whereas NF-M and NF-H have
longer 514 and 613 residue tails, respectively. When assem-
bled into a mature filament, the N-terminal rod domain of the
NF subunits forms semiflexible 10 nm diameter cylinders,
with the C-terminus subunit tails radiating from the core
forming a bottle-brush-like structure (Fig. 1 b) (1,2). NF-L
subunits are unique in that they can homopolymerize whereas
NF-M and NF-H must dimerize with NF-L to assemble into a
filament (3). A series of assembly steps follows that include
dimer association into antiparallel tetramers that form 4-5 nm
diameter protofibrils, but the exact arrangement of these
components within a mature filament is not well understood
(4). Most likely, the organization accommodates the long
NF-M and NF-H tails by arranging them on the outside of the
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filament where they regulate interactions with other proteins
including neighboring NFs, microtubules, and actin to form
the neuronal cytoskeleton.

In vivo, NFs are known to associate into a network of
filaments running parallel to the axon (5), forming a space-
filling structure around microtubules. Although the mecha-
nism involved in network formation is still unknown, it is
presumed that the radiating sidearms play a key role in me-
diating interfilament spacing. Several modes of NF interac-
tions have been proposed that span from specific sidearm
attractions to a completely repulsive system that leads to a
large fixed interfilament spacing. Rheological studies have
found increased resistance to mechanical deformation that
was attributed to cross-bridge formation (6) and is supported
by electron microscopy images that show frequent links be-
tween sidearms (5,7). Another theory suggests that purely
repulsive interactions in the form of a polymer brush entropic
exclusion model will lead to a filament spacing comparable to
that seen in axons (8). This is supported by atomic force
microscope experiments showing that long-range repulsive
forces exclude small particles from a 50—-100 nm area around
the filament core (9).

NF sidearms are polyampholytes, having both positively
and negatively charged amino acids. The charge varies over
the length of the subunits and is estimated in Fig. 2 for a pH of
6.8, summed locally over 10 amino acids (sequences from
expasy.org protein database). The NF-L homopolymer is
slightly positive near the rod-forming body domain and be-
comes anionic toward the protruding C-terminal end. The
other subunits are similar to NF-L but they have an additional
distal extremity with a distinctly different linear charge dis-
tribution for NF-M compared to NF-H. In the absence of
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FIGURE 1 Cartoon showing how the three subunit proteins, NF-L, NF-M,
and NF-H (a) form dimers that associate into a mature filament with radiating
sidearms (b, redrawn from Fuchs and Cleveland (4) and modified to show the
different NF subunits). The dimers are half staggered and antiparallel in
orientation, resulting in a 22 nm spacing between protruding tails along the
length of the filaments. NF-L is the only subunit that can homopolymerize,
whereas NF-M and NF-H can only form a dimer with NF-L. In a fully
saturated filament (1:1 ratio of long tailed subunits, NF-M and/or NF-H, to
NF-L) the dimers are arranged into a mature filament as shown in the
schematic (c; x, y axis is not to scale), which represents one side of a filament
composed of 32 total subunits or 16 per side. Each ‘“X’’ is one dimer and the
solid ovals symbolize the sidearm protrusions of either NF-M or NF-H; the
open ovals signify NF-L tails.

phosphorylation, NF-M has several blocks of locally cationic
residues, one being at the tip of the tail, but the net charge is
anionic (Table 1, NF-M no phosphorylation). NF-H, on the
other hand, contains nearly evenly distributed alternating

TABLE 1 Comparison of the amino acid length, fraction of
charged amino acids (AA), fraction of the charged amino
acids that are negatively charged, the net charge, and the
average charge per amino acid along the sidearms of the
three NF subunit proteins

Total Fraction Fraction AA Net Average

length charged negatively charge charge

Sidearm (AA) AA charged e) (e)/AA

NF-L (bovine, no phos) 158 0.45 0.77 -39.6 —0.25
NF-L (bovine, ave phos) 158 0.46 0.78 —41.2 —-0.26
NF-M (bovine, no phos) 514 0.47 0.59 —474 —0.09
NF-M (bovine, ave phos) 514 0.52 0.63 -994 -0.18
NF-H (mouse, no phos) 679 0.42 0.49 —2.6 0.02
NF-H (mouse, ave phos) 679 0.49 0.58 -91.8 —0.14

Values are given for no phosphorylation and average phosphorylation (11,12).
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positive and negative charges resulting in a net neutral
sidearm (Table 1, NF-H no phosphorylation).

The net charge and linear charge distribution of the subunit
sidearms is highly dependent on the degree of phosphoryla-
tion. NF-M and NF-H, in particular, have many serine resi-
dues that can be phosphorylated, adding an additional —1.8
charge at pH 6.8, for each modified residue (10). The regions
along the subunits having many phosphorylatable groups are
marked in Fig. 2. For NF-M and NF-H subunits, the average
phosphorylation state has been determined using tandem
mass spectroscopy and is also plotted in Fig. 2 (NF-M, av-
erage phosphorylation) to show how dramatically the local
charge can vary with posttranslational modification (11).
Bovine NF-M sidearms, with average phosphorylation,
contain a large anionic central domain with smaller cationic
domains near the body and tip and an overall charge of —99e
(12). The average phosphorylation of mouse NF-H has a total
sidearm charge of —92e that is distributed with half the tail
near the body being strongly anionic with the remaining
C-terminus containing alternating cationic/anionic domains.
Gel electrophoresis has shown that bovine NF-H is more
negatively charged than NF-M (13) although site specific
phosphorylation studies have yet to be done. Both NF-M and
NF-H tails are highly negatively charged after phosphoryla-
tion, resulting in a polyelectrolyte brush when incorporated
into a filament. It follows that forces that dictate polyelec-
trolyte properties, such as brush layer thickness resulting
from an interplay between chain elastic energy and electro-
static forces, will be relevant in this system as well.

The properties of polyelectrolytes in solution (14) and
under confinement, including end grafting to different ge-
ometries, most commonly planar, spherical, and cylindrical
substrates (15,16), have been extensively studied. Significant
strides have also been made toward understanding poly-
ampholytes, due to their relation to understanding protein
interactions, but to a lesser extent than polyelectrolyte in-
teractions (17). In most cases, polyion studies have been
based on a model system with a homogeneous linear charge
density. NF interactions are more complicated with a varying
distribution of ionizable groups along the length of the
sidearm as well as phosphorylatable groups. Slight changes
in pH control the local and overall charge on the sidearms,
producing a polyampholyte at low pH and an unsaturated
polyelectrolyte at higher pH. Additionally, the sidearm charge
distribution among the three subunits is different, suggesting
that subunit composition of the filaments will alter interfila-
ment interactions.

The arrangement of the subunits within a filament is an
important parameter because it reveals the distribution of the
long protruding sidearms along the core which, for one, is
critical for determining nearest neighbor interactions. If the
tetramers are arranged in a half-staggered fashion, which is
the most widely accepted organization, the sidearms can be
attached no closer than 22 nm apart along the length of the
filament (half of the length of the ~45 nm coiled-coil dimer).
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FIGURE 2 Estimate of the charge distribution of the NF subunits with a rolling sum over 10 amino acids (18). The head, body, and tail domains are
represented by the blocked regions along the plot from N-terminus to C-terminus, respectively. The charge distribution was calculated by assuming the charge
of a single amino acid in solution at pH 6.8. Plots for NF-L (bovine), NF-M (bovine), and NF-H (mouse) without phosphorylation show the slightly negative
tail of NF-M and overall charge neutral NF-H. NF-M and NF-H are highly phosphorylated, which changes each modified amino acid from neutral to
approximately a —1.8 charge (sequences from expasy.org protein database). The bar between the NF-M and NF-H curves indicates the hydrophobicity of the
subunits. The rolling sum over 10 amino acids of the average phosphorylation state is also plotted for NF-M (11) and NF-H, showing how dramatically the
charge distribution changes with posttranslational modification. The curves show that NF subunits are polyampholytes, having both positively and negatively

charged regions along the sidearm projection.
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Since NF-M and NF-H must dimerize with NF-L, the max-
imum number of long protrusions possible is one per dimer
(1:1 molar ratio of NF-L:NF-M,NF-H). NFs purified from
fractions of bovine spinal cord have a subunit molar ratio of
7:3:2 for NF-L:NF-M:NF-H (1 NF-L:NF-L, 3 NF-L:NF-M,
and 2 NF-L:NF-H dimers) (18). If the filaments are arranged
in the manner shown in Fig. 1 b with half-staggered dimers
and 32 subunits in cross section, then this would give an
average distance between long protrusions of ~22 nm along
the length of the filament and 4—5 nm radially as depicted in
Fig. 1 ¢ (19,20).

This ratio is an average composition while in actuality the
subunit ratio varies locally and has been correlated with
changes in interfilaments spacing in vivo with filaments rich
in NF-L having a smaller spacing than those coassembled
with NF-M and NF-H (21). During axonal development,
subunits are expressed at different stages with NF-L, then
NF-M appearing during early neuron differentiation followed
by NF-H at later stages of axonal maturation (22,23). In adult
neurons, regional differences in NF composition exist where
different subunit ratios have been observed in the cell body
versus the axon (24). Furthermore, the stoichiometry is dy-
namic during nerve regeneration and cytoskeletal reorgani-
zation where NF-H disassembles and is later reintroduced
into the filament (25). These observations prompt questions
about the function of subunit ratio on filament assembly and
network formation.

Breakdown of subunit composition regulation has been
implicated in several neurological disorders. Over- or un-
derexpression of NF subunits in transgenic mouse models
leads to protein inclusions similar to those seen in diseases
including Parkinson’s, ALS, and Charcot-Marie-Tooth (26—
31). A hallmark of these diseases is NF accumulations and
network breakdown that block the transport of proteins and
other vital molecules down the axon, eventually resulting in
cell death. Although many experiments have shown the im-
portance of subunit stoichiometry for proper function and
signal conduction within neurons, systematic studies show-
ing the effects of subunit composition on NF interactions
have yet to be done.

Here, the exact molar ratio of subunits, and therefore the
grafting density of sidearms, in vitro, is controlled by using
subunits purified from bovine spinal cord. We create fila-
ments composed of NF-L alone and various ratios of NF-L
and NF-M (NF-LM), NF-L and NF-H (NF-LH), or all three
subunits (NF-LMH). By varying the composition of subunits
used in NF assembly, we find that the distinct chemical
structure of NF-M and NF-H sidearms may result in dra-
matically different physical networks that are either aligned
into nematic gels or form disordered isotropic gels. Polarized
microscopy and synchrotron small angle x-ray scattering
(SAXS) show that around physiological monovalent salt
concentrations (86 mM and pH 6.8), networks assembled
with NF-M sidearms form a nematic gel with a fixed inter-
filament spacing of 48 nm that results from competing re-
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pulsive and attractive forces. NFs assembled with a high
weight % NF-H are dominated by repulsive forces that pre-
vent alignment of filaments into a nematic network without
an applied force. These interactions are highly salt dependent
and both the nematic and isotropic gel phase can be induced
in all NF networks regardless of subunit composition, sug-
gesting that attractive interactions play a key role in stabi-
lizing the nematic network.

MATERIALS AND METHODS
Crude NF purification

Crude NFs were purified from bovine spinal cord according to the procedure
described by Leterrier and Eyer (32) and modified by Leterrier et al. (6).
Spinal cords were homogenized in an equal weight of buffer A (0.1M MES,
1mM EGTA, ImM MgCl,, 0.02 wt % sodium azide, pH 6.8 with NaOH)
then centrifuged at 100,000 X g for 1 h at 4°C. The supernatant was incu-
bated with half the volume of glycerol for 3 h. A pellet of NFs was recovered
from the glycerol solution by sedimentation for 1.5 h again at 100,000 X g.
The resulting NF pellet was homogenized in buffer A and clarified by
spinning through a step gradient of 0.8 M sucrose buffer (0.8 M sucrose in
buffer A) layered on 1.5 M sucrose buffer (1.5 M sucrose in buffer A) for4 h
at 300,000 X g. The pellet was resuspended in 0.8 M sucrose buffer and by
dropwise addition to liquid nitrogen and stored at —70°C awaiting further
purification.

Subunit purification

Additional purification using ion-exchange chromatography was needed to
remove any remaining contaminants and to separate the three NF subunits
(33). Frozen crude NFs were quickly thawed under warm water with agita-
tion and pelleted by centrifugation for 2 h at 300,000 X g. The pellets were
homogenized in enough buffer B (0.1 M sodium phosphate and 0.1 vol %
2-mercaptoethanol in 8 M urea, pH 6.5) so that the final urea concentration
remained above 6 M and incubated overnight to completely denature the
filaments. The denatured filaments were applied to a DEAE-cellulose column
(Sigma-Aldrich, St. Louis, MO), equilibrated with buffer B, to separate the
contaminating proteins and NF-H from NF-L and NF-M. The column was
rinsed thoroughly with buffer B, which eluded all NF-H and protein con-
taminates in the void volume. Pure NF-M was eluded with the addition of
buffer B with 55 mM added NaCl. Finally, increasing the pH of buffer B,
with 55 mM NaCl, to 7.0 with 5X dibasic sodium phosphate in 8 M urea
eluded NF-L and any remaining NF-M. Generally, the NF-L was contami-
nated with a small amount of NF-M and the purity was checked with a 7.5%
SDS-PAGE.

Using hydroxylapatite chromatography (Bio-Gel HT gel, Bio-Rad, Her-
cules, CA), the contaminants were removed from the NF-H fractions and
NF-L and NF-M were recovered individually. First, fractions of NF-H with
contaminants from the DEAE-cellulose column were concentrated with
Centricon tubes (Millipore, Bedford, MA) and applied to an HT column
equilibrated with buffer B. The contaminants remained in the void volume
while NF-H eluded with 0.4 M sodium phosphate (with 0.1 vol % 2-mer-
captoethanol in 8 M urea, pH 7.0). The column was thoroughly rinsed with
the 0.4M sodium phosphate then equilibrated with buffer B. Fractions from
the DEAE-cellulose column that contained NF-L and NF-M subunits were
concentrated (Centricon tubes) and the buffer was exchanged with buffer B
to remove the NaCl and bring the pH down to 6.5. The filaments were then
applied to the HT column and a series of elusion buffers, 0.13 M, 0.15 M,
0.17 M, and 0.2 M sodium phosphate with 0.1 vol % 2-mercaptoethanol in
8 M urea, pH 7.0 were added. NF-L typically eluded in the 0.15 M sodium
phosphate buffer with any remaining protein rinsing out at 0.17 M sodium
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phosphate. The NF-M subunits eluded with the high sodium phosphate
concentration. Purity was checked with SDS-PAGE and fractions were
combined and concentrated to ~4 mg/mL.

Determination of maximum sidearm
grafting density

NFs where assembled by dialysis overnight against buffer A to remove urea
and 2-mercaptoethanol, with an increasing ratio of NF-M:NF-L or NF-H:
NF-L. Postdialysis protein concentration was determined using a Bradford
assay and the NFs, at a concentration >2 mg/ml, were centrifuged for 1 h at
100,000 X g. The supernatant was immediately removed from the pellet. The
protein concentration of the supernatant was checked using a Bradford assay
and the composition was determined with SDS-PAGE and gel analysis with
Image] (National Institutes of Health). Subtracting the amount of each
subunit protein remaining in the supernatant from the initial protein before
sedimentation gives the composition of the pellet. Any protein remaining in
the supernatant was considered unassembled NFs.

NF dilution and monovalent
counterion experiments

NFs were assembled at various subunit ratios by dialysis against buffer A.
For monovalent salt samples, an equal volume of KCl solution was add to the
NFs making the final buffer concentration half that of buffer A. This gives a
total monovalent salt concentration equal to 43 mM (from buffer contribu-
tion) plus the concentration of additional added KCI. NFs at a concentration
>2 mg/ml were pelleted by sedimentation for 1 h at 100,000 X g. The su-
pernatant was immediately removed and the pellets were applied to 1.5 mm
glass capillaries and diluted with supernatant to the desired volume fraction
and characterized with polarized microscopy and SAXS.

Polarized optical microscopy

Sedimented NFs were observed in 1.5 mm glass capillaries using a Nikon
(Tokyo, Japan) 282130 microscope fitted with a 5X objective. Micrographs
where taken with a Nikon Coolpix 990 camera fitted with a MDC lens.

X-ray scattering

SAXS experiments were conducted at Stanford Synchrotron Radiation
Laboratory beamline 4-2. Scattering was collected using a 1.37 nm wave-
length with a sample-to-detector distance of ~2.5 m, calibrated using a silver
behenate standard. Samples were exposed for 5 min and the resulting powder
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diffraction patterns were acquired on a MarCCD 165 detector (Rayonix LLC,
Evanston, IL). The images were integrated over 360° using Fit2D (34,35)
software to obtain plots of intensity versus ¢ spacing. Peak positions were
extracted by subtracting a linear baseline then performing a Lorentzian fit.

RESULTS AND DISCUSSION
Sidearm grafting density

With the goal of determining the effect subunit composition
has on interactions between filaments, it is important to char-
acterize the polymerization when varying the subunit ratio. To
accomplish this, a series of experiments were conducted that
determined the composition of filaments assembled from an
initial solution of unpolymerized subunits of varying ratio.
NF-L subunits will assemble alone to form homopolymers
whereas NF-M and NF-H subunits must dimerize with NF-L
to form filaments (5). Therefore, theoretically, the maximum
grafting density would be a 1:1 molar ratio between NF-L/
NF-M or NF-L/NF-H. In reality, the final composition of an
assembled filament will depend on the initial ratio of subunits
in the assembly solution and how well the subunits associate
with one another during polymerization.

The filament composition was determined for an initial
solution of subunits as a function of increasing ratio of NF-M
(Fig. 3 a) or NF-H (Fig. 3 b) to NF-L. The linear dependence
at low weight % NF-M or NF-H subunits shows that they are
still assembling into filaments at the same rate they are added
to the assembly solution, indicating that saturation has not
occurred. The slope of each curve gives the efficiency that
NF-M or NF-H will dimerize and form a filament with NF-L.
The 0.96 slope of the NF-LM curve indicates that the subunit
ratio, after filament assembly, is nearly that of the initial
subunit composition. NF-H has a less efficient addition rate
where at an initial solution concentration of 20 wt % NF-H
subunits and 80 wt % NF-L, only 80% of the NF-H subunits
will incorporate into the assembled filament giving 16 wt %
NF-H. The region where the curves begin to deviate from the
initial slope is the maximum grafting density. Above this
point, additional NF-M or NF-H subunits will not assemble
into the filaments and instead remain in the supernatant after
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centrifugation. This occurs at ~36 mol % (48 wt %) NF-M
and 29 mol % (45 wt %) NF-H for the initial solution, which
results in nearly the same filament composition for NF-M and
25 mol % (40 wt %) for NF-H. For the remainder of this
article, the term sidearms will refer to the longer protruding
NF-M or NF-H C-terminal tails. Consequently, the distance
between tails and the grafting density refers to the packing of
NF-M and NF-H subunits along the rod, and the shorter NF-L
tails are disregarded in these values.

In cross section, intermediate filaments are composed of
~32 subunits (4 protofilaments), although this can range
from 24 to 40 subunits (between 3 and 5 protofilaments)
(36,37). For ease of determining the distance between side-
arms along the core, the grafting density data have been
normalized to 32 total subunits. At the maximum grafting
density, there are 12 NF-M and 8 NF-H sidearms per 32
subunits for NF-LM and NF-LH heteropolymers, respec-
tively. Again assuming half-staggered dimer assembly, this
would give a distance of ~5 nm between NF-M sidearm
projections (Fig. 3 a, inser) and 8 nm between NF-H pro-
trusions (Fig. 3 b, inser) around the circumference of the rod
and 22 nm along the length of the filament. Previous as-
sembly studies by Hisanaga and Hirokawa have shown the
formation of shorter filaments upon reassembly from urea
compared to crude filament purification (38,39). Electron
micrographs of our assembled subunits show filaments that
are ~100-200 nm in length that associated into longer fila-
ments at high concentrations (shown in the Supplementary
Material figures, Data S1).

Phase behavior and interfilament interactions in
NF-LM and NF-LH networks

To determine the phase behavior of NF networks resulting
from interfilament interactions at different subunit ratios, NFs
were assembled with an increasing ratio of NF-M/NF-L or
NF-H/NF-L subunits starting with homopolymers of NF-L
and using the maximum sidearm grafting density as the upper
limit for assembly. The phase behavior as a function of total
protein concentration was mapped out with polarized optical
microscopy and compiled into two component phase dia-
grams (Figs. 4 @ and 5 a). The phase diagram for NF-M as-
sembled with NF-L at 86 mM monovalent salt and pH 6.8 is
shown in Fig. 4 a. At high weight % protein, the gels are one-
phase nematic (Ng). The Ng phase exhibits defect patterns
between crossed polarizers similar to those of nematic phases
of small anisotropic rod-shaped molecules (Fig. 4 b). The
characteristic ‘‘thread-like’’ pattern is indicative of the long-
range orientational order of the backbone filaments in the NF
network. As the NF gels are diluted to low weight % total
protein, the single phase gel swells until a dilution limit is
reached, beyond which a transition to a nematic gel and
isotropic sol is observed. This transition is ~1.5 wt % total
protein for NF-L homopolymer but increases with the addi-
tion of NF-M sidearms. Further dilution results in an in-

Biophysical Journal 95(2) 823-835

Jones and Safinya

wt% Total Protein

wt% NF-M

b

t (days)

1 1
0 20 35

wt% NF-M

FIGURE 4 (a) Phase diagram showing the phase behavior, as determined
via polarized microscopy, of NF-LM networks composed of increasing
weight % NF-M as a function of total protein concentration (NF-L + NF-M)
for amonovalent salt concentration of 86 mM. At high weight % total protein,
the NFs form a nematic gel (Ng). The nematic gel is stabilized even at low
weight % total protein where a two-phase nematic gel and isotropic sol (Ng +
Is) is reached. The transition to the two-phase region occurs at a higher weight
% total protein as the NF-M grafting density is increased (solid line is a guide
for the eye). Exemplary polarized micrographs (b) show the behavior of
NF-LM networks at ~1 wt % total protein (samples from the dashed line on
the phase diagram from @) immediately after dilution and after equilibration
of 30 days. Gel swelling can be seen in both the 0 wt % NF-M (100:0, NF-L/
NF-M) and 20 wt % NF-M (80:20, NF-L/NF-M) whereas no gel swelling is
seen upon dilution of the 35 wt % NF-M (65:35, NF-L/NF-M) networks.
Bright field image (inset) shows a pellet with an asymmetric interface and a
clear, not milky, appearance, indicating that the network is a gel.

creased volume of isotropic sol phase with a fixed nematic
gel. At the maximum grafting density analyzed, 40 wt % M
(25 mol %), minimal gel swelling occurs.

The liquid crystalline and gel behavior is observed readily
in polarized optical microscopy. Fig. 4 b shows polarized
micrographs taken of the same samples, from the two-phase
region (dashed line in Fig. 4 a), immediately after dilution,
t = 0, and after an equilibration period of ¢ = 30 days.
Swelling of the NF-L (0 wt % NF-M, micrographs at left,
Fig. 4 b) homopolymer is dramatic showing distinct nematic
ordering during initial dilution, 7 = 0, and much weaker
birefringence at t = 30 days. The diminishing birefringence
intensity with gel swelling is an indication of a decrease in the
nematic order parameter corresponding to less orientational
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FIGURE 5 (a) Phase diagram showing the phase behavior, as determined

via polarized microscopy, of NF-LH networks composed of increasing
weight % NF-H as a function of total protein concentration (NF-L + NF-H)
for amonovalent salt concentration of 86 mM. At high weight % total protein,
the NFs form a nematic gel (Ng) for all compositions. For low grafting
densities of NF-H (<15 wt % NF-H), the nematic phase is stabilized at low
weight % protein where the system becomes two-phase (Ng + Is). Increasing
weight % NF-H has the opposite effect of adding NF-M sidearms, resulting
in a disordered isotropic gel + isotropic sol (/g + Is) at low weight % total
protein (solid lines are guides for the eyes). Exemplary polarized micrographs
show the behavior of NF-LH (b) networks at ~1 wt % total protein (samples
from the dashed line on the phase diagram from a) immediately after dilution
and after equilibration of 30 days. The bright field image (inset) shows an
asymmetric interface, indicating that the network is a gel.

order among filaments. At high NF-M grafting density (35 wt
% NF-M, micrographs at right, Fig. 4 b), the gel remains
fixed over time with no detectable swelling showing a sta-
bilization of the nematic phase with NF-M grafting density.
NFs in the nematic phase are always clear by eye and under
bright field microscopy, unlike the milky appearance typical
of a nematic phase, (Fig. 4 b, inset), which shows that local
chain fluctuations have been suppressed by gelation (40).

A distinctly different phase behavior is seen in hetero-
polymers composed of NF-L and NF-H with increasing
weight % NF-H (Fig. 5 a). Similar to the NF-LM gels, with
low NF-H grafting densities, the resulting network is one-
phase (Ng) at high weight % total protein and two-phase
nematic gel/isotropic sol (Ng + Is) when diluted to a lower
total protein concentration. Increasing the weight % of NF-H
subunits leads to a destabilization of the nematic gel at high
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dilution that was not observed in the NF-LM network. For
NF-H > 10 wt % total protein, the NF-LH network is in the
Ng phase with the filaments oriented, as indicated by the
nematic liquid crystalline texture seen under polarized light,
but become isotropic gels upon dilution. This transition from
a nematic to an isotropic gel after dilution is shown in the
optical micrographs (Fig. 5 ) where at time ¢t = 0, immedi-
ately after the gels are diluted, the NFs have a nematic liquid
crystalline texture although the birefringence is noticeably
less bright than the NF-LM micrographs. This indicates that
even at the highest protein concentration probed, the nematic
orientational order of the networks is considerably reduced,
most likely with enhanced thermal fluctuations in the NF-LH
system. After equilibration for 30 days, destabilization of
the nematic phase, as evident from total extinction of light,
shows that the gel is no longer orientationally ordered
whereas the asymmetric interface, seen under bright field
optical microscopy (inset in Fig. 5 b), shows that the net-
works are still gel-like with elasticity resisting flow.

SAXS reveals interfilament spacing of NF-LM and
NF-LH networks

SAXS was conducted on the samples shown in the phase
diagrams (Figs. 4 a and 5 a), and exemplary raw data, inte-
grated azimuthally over a two-dimensional image of the
powder diffraction pattern, is plotted against the scattering
angle g (Figs. 6 @ and 7 a). The scattering profiles exhibiting
broad peaks arise from filament-filament interactions within
the Ng network. The position of the peak (¢gng) is a measure
of the average center-to-center NF interfilament spacing, d =
27 /qnr (Figs. 6 b and 7 b). Each point within the phase di-
agrams was probed to determine how interfilament spacing
changes with filament subunit composition. The x-ray peak
broadening arises from two sources. First, since x-rays cou-
ple directly to density fluctuations, there is width broadening.
Second, the density and nematic director field (fi (T)) are
coupled for nematic phases composed of long semiflexible
chains (such as the Ng phase). Thus thermal fluctuations of
the neurofilaments within the network will also contribute to
the peak broadening in addition to giving rise to enhanced
SAXS around ¢ = 0 (41-43). The filament fluctuations are
controlled by the elastic constants of the liquid crystal Ng
phase, namely the bend (single filament stiffness constant),
splay, and twist constants. Therefore, a detailed lineshape
analysis of the SAXS data including the peak profile (beyond
the scope of this study) should lead, in principle, to the de-
termination of the NF stiffness (persistence length), and the
twist and splay constants in the nematic gel phase. The elastic
constants, in turn, result from NF-NF interactions.

Fig. 6 a shows the scattering intensity from NF-LM net-
works with increasing NF-M grafting density. The plots on
each curve show the shift in the correlation peak to smaller ¢
values as the networks are diluted to a lower total protein
concentration with a fixed subunit composition. Typical data
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FIGURE 6 SAXS scans of dilution series of NF-
LM networks (@) at 86 mM monovalent salt (shown
on a log-log scale with dilution series at additional
compositions in the Supplementary Material fig-
ures, Data S1). The sharp correlation peak is related
to the interfilament spacing, and an inward shift of
the peak position corresponds to an increase in
interfilament spacing. The curves are labeled with
the weight % total protein. A compilation of the
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spacing with increasing NF-M grafting density (b).
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background from SAXS intensity plots and fitting

T T T
0.20 0.30

C

NF-LNF-M (w1 %)
4 1000

* 964

v 90:10 55 1
85:15
8020
7030
6535

55
50 504

45 45 1

d spacing (nm)

40 - 40 1

354

the resulting first order peak to a Lorentzian curve.
Plotting the d spacing versus volume fraction™ /2
.| (@) for various weight ratios of NF-L:NF-M (c)
shows that the filaments dilute like a two-dimen-
sional solid, linear region, at the low weight % NF-
M, and the slope is related to the NF diameter.
Deviation from linearity corresponds to reaching
the two-phase region in the dilution phase diagram
(Fig. 4 a).
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for the homopolymer (NF-L) and a NF-LM network, at in-
termediate grafting density of 15 wt% (10 mol %) show that
the SAXS data exhibit broad peaks with peak position
(gnr = 277/d) shifting to lower g values as the Ng networks
are diluted to Ng plus Is two-phase at lower protein con-
centrations with a fixed subunit composition (Fig. 6 a, 0 wt %
NF-M and 15 wt % NF-M). In striking contrast, at high NF-M
grafting densities (35 wt % NF-M), the SAXS peak position
is nearly fixed as more solvent is added.

As with the phase diagrams, the SAXS data for NF-LH
gels (Fig. 7 a) is different than with NF-LM gels at higher
grafting densities. For low NF-H grafting densities
(<12.5%2.5 wt % NF-H) the SAXS data (Fig. 7 a, 5 wt %
and 10 wt % NF-H) shows a broad peak that moves to lower ¢
as the Ng phase is diluted from 4.1 wt % protein and the Ng
plus Is two-phase is reached at ~1.6 wt % protein where a
very weak correlation bump of the Ng phase is still evident
(consistent with the phase diagram of Fig. 5 a). For higher
NF-H grafting densities (Fig. 7 a, 15 wt % NF-H) upon di-
lution of the Ng gel phase, the correlation peak in the SAXS
data shifts to lower g (between 4 wt % and < 2 wt % protein)
and is seen to be absent at 1.3 wt % protein where the nematic
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gel phase undergoes a transition to the isotropic gel plus sol
(Ig + Is) two-phase. At even higher NF-H grafting densities
(Fig. 7 a, 25 wt 9% NF-H), a similar trend is observed except
that the /g plus /s two-phase sets in at a higher weight % total
protein. The I-N transition occurs between 1.3 wt % and 2 wt
% and 2.5-3.1 wt % for 15 wt % and 25 wt % NF-H, re-
spectively. This is in good agreement with values determined
using polarized microscopy. The interfilament spacing versus
weight % protein at different NF-H grafting densities is
summarized in Fig. 7 b. In contrast to the behavior found for
the NF-LM network, the interfilament spacing increases with
dilution and this trend remains for increasing grafting den-
sities of NF-H. Furthermore, the smallest interfilament
spacing observed at high protein concentrations increases
from ~35 nm for NF-L homopolymer to ~40 nm with 70:30
(NF-L/NF-H, wt %) grafting density, which implies that
these long protrusions are acting as a spacer preventing close
packing of the filaments.

In the Ng phase, because the dilution of the nematic net-
work by solvent occurs in the plane perpendicular to the
filament axis (i.e., in two dimensions), one expects a volume
fraction proportionality to the d spacing of doc1/ ®'/2 on the
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FIGURE 7 Exemplary SAXS scans of dilution series of NF-LH networks (@) for increasing grafting densities of NF-H (86 mM monovalent salt) labeled with
weight % total protein (shown on a log-log scale in the Supplementary Material figures, Data S1). The primary correlation peak becomes much broader at high
weight % total protein with increasing NF-H grafting density and disappears when the samples enter the isotropic gel phase (/) at low weight % total protein.
A compilation of the center-to-center interfilament distance (d spacing) for NF-LH networks as determined with SAXS versus weight % total protein (b) shows
that the interfilament spacing increases upon dilution until a correlation peak is no longer detectable when the isotropic phase is reached (as seen in the dilution
phase diagram). The linear dependence of the d spacing versus volume fraction™ "% (&) plot for various weight ratios of NF-L/NF-H indicates that the
filaments dilute like a two-dimensional solid and the slope is related to the NF diameter.

repulsive side of the interfilament potential (or force) versus d
curve. In all cases, a force was applied to the NF networks
during centrifugation, instituting an energetically unfavor-
able compaction of the gels to a high protein concentration.
Repulsive forces dominate during dilution, seen as gel swell-
ing under polarized microscopy, and the interfilament spacing
increases. The change in the equilibrium d spacing with di-
lution follows a linear trend when plotted against ® "/ (Figs.
6 c and 7 ¢). For networks containing NF-L alone, NF-LM, or
NF-LH at low weight % NF-H (<15 wt % NF-H), the curves
deviate from linearity to a constant d spacing, indicating
equilibrium due to competing attractive and repulsive inter-
filament forces. This is the stabilized nematic seen in two-
phase (Ng + Is) region of the phase diagrams. For NF-LM
nematic gels, the equilibrium d spacing decreases from ~62
nm for 0 wt % NF-M to ~48 nm for 35 wt % NF-M, showing
the increase in filament attraction with NF-M grafting den-
sity. The linear behavior shown in Fig. 7 ¢ indicates that

repulsive interactions dominate the NF-LH networks at high
weight % NF-H, corresponding to the Ng phase where the
filaments have orientational order.

The closest interfilament spacing observed for the NF-L
homopolymer is 38 nm. This means that the short tails are
causing a 28 nm spacing between filament cores. The NF side-
arms can be thought of as polymer brushes grafted to a cylin-
drical surface. For the NF-L homopolymer, there are 32 short
tails per 45 nm section of a filament. This means that the
grafting density is high enough that the tails impinge on the
volume occupied by the surrounding chain, assuming a
Gaussian chain conformation, and the NF-L tails are in the
brush regime. Using the 28 nm spacing between filament
cores, this would give a NF-L brush height of 14 nm. With the
addition of the longer sidearm subunits, mixed brush theory
predicts that the longer chains will be expelled to the periphery
of the shorter chains, creating a flower-like conformation (44).
Assuming this is the case for NFs, as was explored in a recent
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self-consistent field analysis of NF brush height (45,46), and
due to the cylindrical grafting surface, if the long chains are
pushed to the outside of the 14 nm NF-L brushes, then the long
tails have a large volume to explore, which is equivalent to
being grafted to a 19 nm diameter cylindrical surface. This
could explain the reason that for NF-LM filaments, an increase
in filament attraction is not seen until higher grafting densities
(= 20 wt % NF-M) where the sidearms are more likely to
interact with a projection from a neighboring chain.
Assuming that the filaments form a hexagonal lattice, the
slope of the linear region of curves in Figs. 6 ¢ and 7 c is related
to the diameter of the filaments (r) by the relation d/ o2 =
(47 /3+/3)"/?r. Extracting the radius of the cores from this
equation gives a diameter of ~8 nm for NF-LM and 11 nm for
the NF-LH networks. The dilution of the NF-LH system is
more repulsive over the distances probed by this experiment;
therefore the estimate for the core radius is probably more

NF-M
8 100

25

0

100
NF-H

s 15%H + M

Intensity (a.u.)

567 2 3 4567 567 2

0.1 0.1
q (1/nm) q (1/nm)

3 45867

FIGURE 8 Ternary phase diagram showing the phase behavior of fila-
ments composed of all three NF subunits at 86 mM monovalent salt and
pH 6.8 in excess buffer. The aligned nematic phase (Ng + Is) is stabilized
with increasing weight % NF-M whereas the isotropic gel phase (Ig + Is)
occurs with higher weight % NF-H. Small angle synchrotron x-ray diffrac-
tion scans show the onset of a correlation peak with increasing weight %
NF-M coinciding with nematic ordering.
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accurate for these networks. These values closely agree with
the accepted 10 nm diameter for intermediate filaments.

The two-component systems have shown that NF-LM
forms a more attractive gel than networks composed of NF-
LH. This is helpful in understanding the function of the
subunits separately, although, in vivo, networks are primarily
composed of various ratios of the three components. Fig. 8§ is
a ternary phase diagram showing the behavior of NF net-
works with various ratios of the three subunit components.
The sides of the diagram represent the two-component sys-
tems, the base being the NF-LH and the left side corre-
sponding to the NF-LM, which were previously discussed.
Increasing the ratio of NF-H subunits, the networks favor
the isotropic gel phase, whereas increasing NF-M leads to
the nematic gel phase. The diagram shows that above about
a 20 wt % NF-M, the attractive forces within the network are
strong enough to align the filaments into a nematic gel. The
7:3:2 subunit composition reported for a bovine spinal cord
purification is well into the nematic gel phase and is indicated
with a star in the ternary phase diagram.

The most striking difference between the function of the
subunit proteins is that NF-M stabilizes the oriented nematic
phase whereas NF-H leads to a disordered isotropic phase
and the network remains gel-like in both cases. Interestingly,
the nematic gel and the isotropic gel can be induced in both
systems simply by varying the salt concentration (Fig. 9, a
and b). Increasing salt induced nematic ordering in all net-
works, although the isotropic-nematic (I-N) transition occurs
at a higher salt concentration for NF-LH networks. With low
salt, the networks are isotropic, although gelation was ob-
served even at the lowest salt concentration probed.

Onsager first suggested that purely repulsive rigid rods
acquire nematic ordering at a critical rod volume fraction if
the rod length to diameter ratio is greater than 4 (47). The
transition is a result of two competing entropic effects, the
orientational entropy that favors the isotropic state and
the translational entropy that stabilizes the oriented nematic
phase at high rod concentrations. The theory was later
modified to include semiflexible rods by incorporating the
persistence length (Lp), a measure of the rigidity of the rod
(48,49). This resulted in an isotropic to nematic transition
around @y = 5.1D/Lp, where D is the diameter of the rod.
For NFs, the predicted transition using an Lp of 1 wm and the
core diameter of 10 nm gives a calculated volume fraction
transition of @y = 0.051. This is significantly larger than the
@ = 0.011 experimentally observed for the I-N transition
for NF-LH networks. This difference can be explained by
accounting for the excluded volume effect of the negatively
charged sidearms of the filaments. This creates an effective
diameter that is much larger than the core of the filaments,
analogous to the excluded volume effect due to electrostatic
repulsion that was predicted (50) and experimentally shown
(51) to significantly decrease the I-N transition. Onsager
further predicted that an increase in ionic strength will screen
the electrostatic repulsion of charged rods revealing the hard
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rod diameter. This favors the isotropic phase and has the
effect of increasing the I-N volume fraction transition. This is
opposite of the behavior seen in the NF networks, where
increasing salt stabilizes the nematic phase.

The Onsager theory was developed for bare rods and
therefore neglects the effect of ionic strength on brush height
and possible attractions between interpenetrating sidearms.
NF sidearms are polyampholytes, but the fraction of posi-
tively and negatively charged groups varies among sidearms
as summarized in Table 1. NF-L has the lowest fraction of
charged to neutral amino acids but, of the charged amino
acids, 78% of them are negatively charged, giving it a higher
linear charge density along the sidearm than NF-M. All three
sidearms exhibit charge asymmetry, being anionic, but var-
iations in charge distribution and chain length, as seen in
Fig. 2, may explain the increased attraction experimentally
observed in NF-LM networks. Monte Carlo simulations of
spherical colloids with end-grafted polyampholyte diblock
copolymers (one anionic, the other cationic) have shown,
without added salt, that charge neutrality between blocks
leads to colloidal flocculation and interpenetration of brushes
(52). Although the NF sidearms have a net negative charge,
and thus are repulsive at large interfilament spacings,
the screening effect of the salt will allow local interactions
(e.g., salt bridges and hydrogen bonds) among sidearms
causing filament attraction, at small interfilament spacings,
and stabilization of the nematic phase. As seen experimen-
tally, this attraction exists for NF-L and NF-LH networks
but at a higher monovalent salt concentration than for NF-LM.
It is clear from this work that sidearm attraction can occur
between both NF-M and NF-H sidearms in the appropriate
solvent conditions and without the help of accessory proteins.

CONCLUSION

The interactions among NFs are expected to be highly de-
pendent on the ratio of the three subunits comprising the fil-
aments, their precise phosphorylation states, and solvent
conditions (ionic strength and pH). The interfilament spacing

can be related to interactions among assembled neurofila-
ments, and we show that SAXS is a good probe of this dis-
tance. Near physiological salt conditions, NF-LM networks
align to form a nematic gel, whereas NF-LH favors a more
expansive isotropic gel. This suggests that repulsive interac-
tions dominate among filaments composed of NF-LH. For
NF-LM networks, attractive forces tend to align the filaments
whereas steric repulsion results in an interfilament spacing
significantly larger than the 10 nm filament core.

These interactions can be tailored by subtle changes in
monovalent salt concentration. For all filament subunit
compositions, low ionic strength results in a repulsive iso-
tropic gel, whereas increasing salt induces nematic ordering
and a decrease in interfilament spacing. The transition be-
tween the isotropic and the nematic phase is within the range
of the cation concentration of neurons, suggesting that small
changes in the salt environment will affect the NF scaffold
within cells, making it more compact and potentially less
ideal for axonal transport. Competing attractive and repulsive
forces observed may be a natural mechanism for maintaining
an aligned yet spacious network.

This work raises questions about the state of the NFs within
the neuronal cell body and axon. Variations in filament com-
position exist throughout development and even within vari-
ous regions of a neuron. Presumably, in vivo filaments are
composed of a combination of the three subunit proteins. The
well known 7:3:2 (NF-L/NF-M/NF/H) subunit ratio was found
to be a nematic gel, although less tightly bundled than NF-LM
networks supporting the typical imaged of aligned filaments
within axons (5). During nerve regeneration, filaments are
mainly composed of NF-LM (25), which would also be in
the nematic phase. From reported NF compositions in vivo, it
seems that the nematic phase dominates, although, as this work
shows, changes in NF composition could lead to significant
structural changes in the cytoskeleton.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.
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