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ABSTRACT Neurofilaments (NFs) have been proposed to interact with one another through mutual steric exclusion of their
unstructured C-terminal “sidearm” domains, producing order in axonal NF distributions and conferring mechanical strength
to the axon. Here we apply theory developed for polymer brushes to examine the relationship between the brush properties
of the sidearms and NF organization in axons. We first measure NF-NF radial distribution functions and occupancy probability
distributions for adult mice. Interpreting the probability distributions using information theory, we show that the NF distribu-
tions may be represented by a single pair potential of mean force. Then, to explore the relationship between model
parameters and NF architecture, we conduct two-dimensional Monte Carlo simulations of NF cross-sectional distributions.
We impose purely repulsive interaction potentials in which the sidearms are represented as neutral and polyelectrolyte chains.
By treating the NFs as telechelic polymer brushes, we also incorporate cross-bridging interactions. Both repulsive potentials
are capable of reproducing NF cross-sectional densities and their pair correlations. We find that NF structure is sensitive to
changes in brush thickness mediated by chain charge, consistent with the experimental observation that sidearm phosphor-
ylation regulates interfilament spacing. The presence of attractive cross-bridging interactions contributes only modestly to

structure for moderate degrees of cross-bridging and leads to NF aggregation for extensive cross-bridging.

INTRODUCTION

Neurofilaments (NFs) comprise an abundant and function-
ally important cytoskeletal component of large, myelinated
neurons. These intermediate filaments run in parallel along
the axon and occupy a large fraction of the axoplasmic
volume. When the axon is cut in cross section, the
transected NFs appear as a two-dimensional distribution of
punctate structures with liquid-like order (Fig. 1, 4 and B).
The observation that NFs are spaced at nonrandom dis-
tances in the axon suggests that the NFs interact with one
another (Hsieh et al., 1994). Through these interactions,
axonal NFs generate an ordered intracellular framework that
maintains and protects axonal patency and buttresses the
axon against external compressive stresses. Evidence for the
importance of NFs to the mechanical properties of axons
comes from structural and mechanical studies on isolated
axons (McHale et al., 1995; Povlishock and Christman,
1995; Smith et al., 1999) and rheological measurements on
purified NF gels (Leterrier and Eyer, 1987; Gou et al.,
1998). Intracellular NF aggregation is also a central finding
in several neurodegenerative diseases (e.g., amyotrophic
lateral sclerosis, Parkinson’s Disease), suggesting that al-
tered interactions between NFs may participate in the patho-
logical process (Julien, 1999).
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Mammalian NFs are composed of three polypeptide sub-
units: light (NF-L, 61 kDa in humans), medium (NF-M, 90
kDa), and heavy (NF-H, 110 kDa) (Lee and Cleveland,
1996). The amino terminus of each subunit contains a rod
domain of ~300 residues in length, which associates with
the rod domains of the other subunits to form the filament
“backbone.” The amino terminus of each subunit also con-
tains a head domain of ~100 residues, which, together, are
thought to facilitate end-to-end association of heterotrimers
to form complete filaments. The carboxy terminus of NF-M
and NF-H each contains a long tail domain of more than 300
and 600 residues, respectively, which protrudes from the
backbone to form the NF “sidearms.” Electron microscopy
(EM) of isolated NFs reveals that these sidearms extend
75—100 nm from the filament backbone (Geisler and Weber,
1981). Thus, the assembled NF has a cylindrical core—shell
structure in which the core is formed by the filament back-
bone and the shell is formed by the extended sidearms (Fig.
1 C). These sidearms are believed to mediate interactions
between the filaments.

Several distinct models have been proposed for NF-NF
interactions that lead to axonal NF structure. In one model,
the sidearms interact through binding or cross-bridging in-
teractions, mediated by the sidearms themselves or by ac-
cessory factors. Support for this model comes from EM
studies of axonal (Hisanaga and Hirokawa, 1988), and pu-
rified (Chen et al., 2000) NF distributions, and rheological
data (Gou et al., 1998). No cross-linking agent has yet been
identified; neuronal bullous pemphigoid antigen 1
(BPAGIn) was found to cross-link NFs to the actin cy-
toskeleton (Yang et al., 1996), although this finding was
contradicted by a subsequent report (Leung et al., 1999). In
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FIGURE 1 Organization of axonal neurofilaments. (4) NFs run in par-
allel along the length of the axon. (B) In cross section, the NF cores appear
as particulate features with two-dimensional structure. (C) Individually,
NFs have a core—shell structure, in which the core is formed by the
backbone of the three subunit amino termini and the shell is formed by the
carboxy terminal sidearms of NF-H and NF-M. (D) Charge from the
constituent amino acids is locally high but globally near-neutral. Extensive
phosphorylation produces significant net negative charge.

a second model, the filaments repel one another through
direct, colloidal electrostatic forces. Here, the net negative
charge on the sidearms is acquired through extensive phos-
phorylation (Fig. 1 D). This model is supported by an ob-
served correlation between NF phosphorylation and mean
interfilament spacing in vivo (de Waegh et al., 1992; Strong
et al., 2001). Also, purified NF gel properties depend
strongly on phosphorylation levels (Eyer and Leterrier,
1988). In the third and most recently-proposed model, the
sidearms are unstructured polyelectrolyte chains, forming a
hairy, polymer brush-like layer around the filament back-
bone. Interfilament repulsion is achieved through mutual
steric exclusion by the sidearms; i.e., the sidearms function
as a so-called “polymer brush.” Here, electrostatic repulsion
operates on a far shorter range, governing brush structure
through monomer—monomer repulsion. Evidence for this
model comes primarily from atomic force microscopy
(AFM), in which exclusion of small particles from the
filament backbone was observed, and in which repulsive
forces extending up to 50 nm from the filament backbone
were detected, even in high-salt buffer (Brown and Hoh,
1997; Hoh, 1998). Support for similar mechanisms has now
been gathered in several other systems, including stabiliza-
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tion of microtubules by microtubule-associated proteins
(Mukhopadhyay and Hoh, 2001) and gating of the nuclear
pore complex (Rout et al., 2000).

Several lines of sequence-based and experimental evi-
dence suggest that it is appropriate to regard NF sidearms as
unstructured polyelectrolyte chains. The human NF-H side-
arm is rich in charged residues (309 of 607 total amino
acids) which are nearly evenly split between anionic and
cationic (155 and 154, respectively). The situation is similar
for NF-M (238 charged out of 504 total amino acids),
although there is considerably less balance between anionic
and cationic (145 and 93, respectively). In addition to car-
rying intrinsic charge, NF-H (and to a lesser extent, NF-M)
acquires negative charge through serine and threonine phos-
phorylation (Lee et al., 1988; Strong et al., 2001). Indeed,
measurements with squid giant axon NFs suggest that there
may be as many as 100 phosphates per NF sidearm, repre-
senting nearly maximal phosphorylation of consensus ki-
nase recognition sites (Leapman et al., 1997). This heavy
phosphorylation is critical to modulating the radius of gy-
ration of purified sidearm domains (Chin et al., 1989),
reconstituted NF gel properties (Eyer and Leterrier, 1988;
Gou et al., 1998), and interfilament spacing in vivo (de-
Waegh et al., 1992; Nixon et al., 1994; Yin et al., 1998;
Strong et al., 2001). Both the human NF-M and NF-H
sidearms are proline-rich (6.2% in NF-M and 13% in NF-H)
and low-complexity (Wootton and Federhen, 1996), and are
predicted to be devoid of extensive stretches of helix or
sheet (Rost and Sander, 1993, 1994). All three of these
properties are widely observed in sequences of polypeptides
that have been experimentally demonstrated to be unstruc-
tured (Uversky et al., 2000; Romero et al., 2001). Finally, a
neural network predictor has been developed to identify
from databases long, disordered regions of proteins in which
the training set consists of sequences from the Protein
Databank that are absent in crystal structures. Screening of
the entire Swiss-Prot database, which contained nearly
59,000 total sequences when the study was performed,
identified the murine NF-H sidearm domain as the sixth-
highest scoring sequence (Romero et al., 1998).

In addition to the AFM data discussed earlier, substantial
experimental evidence indicates that the NF sidearms are
unstructured. No three-dimensional atomic structure for ei-
ther the NF-H or NF-M sidearm has been reported despite
the availability of sequence data and expression systems for
over a decade. Circular dichroism measurements show that
the bovine NF-M and NF-H sidearm domains contain less
than 20% helical content (Chin et al., 1983). Size exclusion
chromatography demonstrates that the Stokes radius of the
bovine NF-M and NF-H sidearms are 52 and 60 A, respec-
tively, much larger than expected for sequences of those
molecular weights (Georges and Musynski, 1987). Finally,
in negative-stain EM, the NF sidearms appear as extended,
unfolded structures that reach out 75-100 nm from the NF
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core (Geisler and Weber, 1981; Willard and Simon, 1981;
Hisanga and Hirokawa, 1988).

Relating structure to interaction potentials in
NF distributions

NF organization in the axon is determined by interfilament
interactions. We can describe this organization by consid-
ering the distribution of NFs in an axonal cross section. The
spatial distribution in cross section is quantified by the
radial distribution function or two-body correlation func-
tion, (RDF, g(7)),which is the local density of NFs around a
central NF. g(r) is defined as the conditional probability of
finding an NF at a distance » given an NF at » = 0; the
probability is normalized by the average density of NFs in
cross-section. The RDF is directly related to the potential of
mean force (uy) for NFs in cross-section through the
expression uy: = —kT In g(r), where kT is the thermal
energy. The potential of mean force is defined as the inter-
action potential between two NFs averaged over all config-
urations and orientations of all other NFs in the distribution.
In the dilute limit, uyp () = uy,(r), the pair potential
between two isolated NFs. At higher NF densities, two NFs
can also interact indirectly through more proximal NFs,
producing long-range structure.

Several approaches allow one to relate interaction poten-
tials to the structure of protein or particle distributions,
including experimental techniques such as neutron and x-
ray scattering or computational methods based on simula-
tion and the application of integral equations (Perelson,
1978, Braun et al., 1984, 1987; Pearson et al., 1983; Pusztai
and Toth, 1991; Genz et al., 1994; Toth and Baranyi, 1997).
A more recently developed approach relates interparticle
correlations to local density fluctuations in the configuration
(Hummer et al., 1996, 1998; Garde et al., 2000). Here, one
starts with an ensemble of configurations, in our case cross-
sectional distributions of NFs in axons. An “observation
area” of defined shape and size is randomly placed at a large
number of positions in the distribution, the number of par-
ticles (n) that fall within each area is counted, and the
distribution of occupancy probabilities (occupancy proba-
bility distribution, OPD) is calculated. The moments of the
resulting probability distribution are related to the physical
properties of the system, including density, g(r), and higher-
order correlation functions. In general, the nth order mo-
ment of the OPD contains information about n-body and
lower order correlations. By obtaining experimental OPDs
and fitting the data to the predictions of information theory,
one may indirectly measure g(r). In practice, this approach
tends to be highly robust and relatively tolerant to poor
statistics. In addition, because the central measurement in-
volves the counting of particles within a defined area rather
than the measurement of interparticle distances, wall effects
may be minimized through judicious placement of observa-
tion windows.
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FIGURE 2 Relationship among structure, radial distribution functions,
and probability distributions. The top three panels represent a crystalline
arrangement, where interfilament spacings occur at precisely defined in-
tervals. The RDF shows sharp spikes, and, for an appropriate and fixed
choice of observation area, the OPD is quite narrow. The middle three
panels represent a liquid-like NF distribution, in which there is order on
relatively short length scales only. Broad maxima are seen in the RDF, and
the OPD is broader than for the crystal. The bottom three panels represent
an effectively ideal (noninteracting) NF distribution. The NFs are randomly
organized, the RDF shows no structure beyond excluded volume, and the
OPD is quite broad.

Measurement of the RDF directly through interparticle
distances and indirectly through OPDs complement one
another (Fig. 2). Direct measurement of the RDF is sensitive
to changes in the pair potential but tends to be quite noisy in
the absence of large pair statistics. Conversely, the OPD is
not as sensitive to the interaction potential but is smooth and
fairly easily interpreted even with modest statistics. Both the
RDF and OPD are readily measured from particle configu-
rations, and both may be directly compared to the results of
simulation in which one imposes a pair potential. Thus,
analysis of RDFs and OPDs together can provide structural
insights beyond those obtained from either metric alone. We
apply this complementary approach to relate experimentally
observed distributions of NFs within an axon to physical
models of interfilament interactions via pair potentials ob-
tained from polymer brush theory. Specifically, we examine
interaction potentials in which the sidearms are modeled as
a neutral polymer brush, a polyelectrolyte brush, and a
telechelic brush. Monte Carlo (MC) simulation is then used
to obtain RDFs and OPDs for each model, which are com-
pared to experiment.
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THEORY
Information theory

The OPD (p,, where n = 0, . . ., N) is analyzed by defining
an information entropy n = SN p.In(p,/p,). Here, p, is a
set of known (prior) distributions, which we chose to be
unbiased (constant p,). The most likely p, distribution is
obtained by maximizing m under constraints that satisfy
conditions imposed by the moments of the distribution.
Specifically, for the zeroth moment (n°) = = p, = 1, for the
first moment (n') = = np, = wAA, where p is the number
density of NFs in cross section and A4 is the observation
area, and for the second moment (%) = = n’p, = (n) + p*
San d7 [ang(lF — 7]) d7'. Including only these moments
leads to a Gaussian distribution for p,, which implies that
organization in the system may be described in terms of the
cross-sectional density and pair potential of mean force.
Higher order correlations involving three or more NFs are
not required to describe the structure. The first moment or
mean of this Gaussian distribution corresponds to the NF
number density in cross-section, and the variance, which is
related to the second moment, provides a measure of the
magnitude of the interfilament PMF. For a given density,
the more tightly distributed the OPD about the mean (i.e.,
the smaller the local density fluctuations), the stronger the
pair correlations between NFs.

Models of NF-NF interactions

The most appropriate geometry for polymer brush interac-
tions between two NFs would be two parallel cylinders;
however, to our knowledge, parallel-cylinder potentials
have not been developed, reported, or experimentally tested
for any of the models described here. We therefore chose
sphere—sphere potentials for several reasons. First, unlike
plane—plane interaction potentials, sphere—sphere potentials
incorporate curvature effects. Second, many spherical po-
tentials have been analytically derived by others, or exper-
imentally verified, or both. Finally, based on the similarity
of functional forms for these interactions, the sphere—sphere
geometry may be regarded as a reasonable approximation of
the cylinder—cylinder geometry (J. Israelachvili, personal
communication).

All models used here were developed in the same man-
ner. We start with an analytical expression for the free
energy Fp of two brush-covered parallel plates as a function
of the separation distance, D. The potential Up(D) between
two such plates is U, = Fp — Fp,. where Fp.,. is the free
energy of the plates at infinite separation (equivalent to
twice the self-energy of a single plate). We then apply the
Derjaguin approximation (Israelachvili, 1992) to convert
the plane—plane interaction potential to a sphere—sphere
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potential, Ug(7), where 7 is the center-to-center separation
distance between the spheres,

P

2L
U r) = maR, f U, dD. (D
—2R,

Here, R, is the radius of the hard NF core, and L is the
equilibrium thickness of the sidearm (brush) layer. We also
introduce «, a dimensionless constant determined empiri-
cally for each interaction potential, to accommodate the use
of these expressions, which have been derived based on
scaling theories. As a first approximation, we ignore varia-
tions along the axial (longitudinal) dimension of the NF. In
each case, the NF cross sections were represented by two-
dimensional disks, with hard-core area fractions equal to the
experimentally obtained cross-sectional area occupied by
the NF backbones. All of the potentials are radially sym-
metric. This approximation is appropriate because in vivo,
NFs run in parallel with effective persistence lengths of at
least several hundred nanometers. Because, as noted earlier,
NF sidearms are spaced ~3—4 nm apart on the backbone,
there are tens to hundreds of sidearms per persistence length
projecting in a complete range of radial angles from the NF
backbone. The length scale on which there are appreciable
radial variations in effective sidearm density are therefore
small compared to typical NF-NF separation distances; thus,
radial variations in the interaction potential are neglected.

Alexander-DeGennes potential

In the Alexander—DeGennes framework, the brush is as-
sumed to have a uniform (step) monomer density profile.
The equilibrium brush thickness is determined by the rela-
tive strength of two competing forces: the osmotic pressure
of the chain monomers that tends to swell and expand the
brush, and chain elasticity, which acts to oppose this swell-
ing. In the expression for the interaction potential between
two brush-coated surfaces, L is a composite parameter that
incorporates information about monomer dimensions and
chain length. We based our potential on the expression
developed by Likos et al. (2000). This potential has been
found to account for structure factors for polypeptide-coated
spheres obtained from small-angle neutron scattering. Here
v is the dimensionless distance (» — 2R,)/2L, where L is the
equilibrium brush thickness,

BU(»)

o for y=0

167R L? 20
e —1/4 _ IS TN § 12

+12(y—1)] for 0<y=1
=0 for y>1. 2)
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Here, B = 1/kT, and s is the distance between chains on the
grafting surface.

Self-consistent field potential

In the self-consistent field (SCF) description of a polymer
brush, the discrete monomers are represented through a field
theoretical approach. Perhaps the most widely implemented
potential of this type is that of Milner et al. (1988). Starting
with this expression, we developed an SCF-based interac-
tion potential for NFs. This plane—plane potential has been
adapted to the sphere—sphere geometry and used to model
rheologic data for entropically stabilized particles (Mewis et
al., 1989). In our simulations, we used

BU(y) == for y=0

L 3 ﬂﬁ

= QgcF (a> RcN1/2S2<12)
1 3 ! 6
X\ =In() +5 (1 =y) =551 =)

9
—S(I—y)> for 0<y=1

=0 for y>1. 3)

Here, N is the number of monomers per chain, a is the
monomer length, and L is determined by the expression,

B 12 1/3 v 1/3
S R

where v is the monomer volume taken to be &> as a first
approximation, and agc is as before.

Polyelectrolyte brush potential

To incorporate the effects of chain charge into our model,
we implemented a pair potential function that follows the
scaling analysis of Pincus (1991). Here, brush structure is
governed by the competing influences of monomer—mono-
mer electrostatic repulsion and osmotic pressure, which
tend to swell the brush, and chain elasticity, which opposes
brush expansion. The model is for two plates grafted with a
uniform layer of polyelectrolytes each composed of N
monomers of length a, a fraction f of which are charged, in
the presence of salt concentration c,. The disjoining (osmot-
ic) pressure (IT) for such a system is given by

BII = 2N?*/(s*c,D?). (5)
To obtain the free energy, we integrate with respect to D,
BF, = 2N*/(s*c,D). (6)
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Invoking the Derjaguin approximation as above, we find,

BUs(y) = aPE[ZWRch/(S4Cs)]1n(.V)’ (7)

where, again, the dimensionless distance y is used, and apg
is the scaling factor.

Telechelic brush potential

Telechelic brushes are composed of chemically bifunctional
molecules. One end binds the grafting surface, and the other
is free to bind other chains, either within the brush or in an
apposing brush. Experimental studies with the surface
forces apparatus show that telechelic brushes retain the
long-range repulsion characteristic of polymer brushes but
enter an attractive regime when the brushes are brought into
contact. Thus, telechelic brushes serve as an appropriate
physical model for cross-bridging interactions. For the re-
pulsive component of the interaction potential, we retained
the Pincus expression used earlier. We begin with the ex-
pression developed by Zilman and Safran (2001) for the
interaction potential between two plates coated with telech-
elic (end-associating) brushes,

BFP = BFrep - BENS’ (8)
where F’

rep 18 @ repulsive flat-plate polymer brush interaction
potential (taken here to be the expression for polyelectrolyte
brushes developed above), and € is the energy of association
per unit area. /N, is the number of chain ends in contact per
unit area, given by N, = 4N~ "2¢°"°(1 — u?)u'"’?, where, u =
D/(2L) and o = a*/s>. These expressions assume that in-
trafilament cross bridging is far less prevalent than inter-
filament cross bridging and that the chains in adjacent
brushes do not interdigitate. Applying the Derjaguin ap-
proximation, we find,

BU(Y) = BUPE(y)
— awe2mRL[F (1 =) =2 (1 =], (9)

where Upp(y) is the sphere—sphere interaction potential for
interacting polyelectrolyte brushes.

Choices of polymer parameters

Polymer parameters were chosen to reflect the known phys-
ical dimensions of the murine NF-H sidearm. We took N =
679, the number of amino acids in the tail domain of NF-H.
We also set R, = 5 nm and s = 3 nm based on estimates
from EM of purified single NFs (Geisler and Weber, 1981).

METHODS
Processing electron micrographs

Electron micrographs of sciatic nerve cross-sections from 9-month-old
mice were obtained as described previously (Yin et al., 1998). Each EM
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FIGURE 3 Statistical characterization of NF distributions from mouse sciatic nerve. (4) EM of mouse sciatic nerve cross section at 9 months. The NFs
are the dark, pointlike structures. (Bar is 100 nm). Note that, although other cellular elements such as microtubules and organelles are shown to accurately
represent the cross section, regions depleted in these elements were chosen for analysis. (B) RDF. (C) OPD for observation circle of radius 60 nm. The
points represent experimentally obtained values, and the line corresponds to the predicted Gaussian fits of information theory. Each plot is a
number-weighted average of EMs from six axons containing 200-1000 NFs each.

was scanned into an image file and then digitized. A rectangular area of
1-5 wm in either dimension was identified, in each case, completely within
the axoplasm and relatively free of microtubules and other organelles. The
position of each NF within this defined area was then identified by hand
and recorded, resulting in a set of pair coordinates. These coordinates were
then used to calculate OPDs and RDFs as described below. The RDF and
OPD from six micrographs containing 200-1000 NFs each were weighted
according to the number of NFs in each micrograph and averaged.

Monte Carlo simulation

NFs were represented as two-dimensional disks in canonical ensemble
Metropolis MC simulations in which particles interacted through the radi-
ally-symmetric pair potentials described above. The disks were initially
placed in a square lattice at a number density corresponding to axonal NFs.
One MC move consisted of a single randomly-chosen particle displaced in
both x and y within a fixed range. The total energy of the configuration was
calculated assuming additivity of all pair energies. Periodic boundary
conditions were enforced. A MC cycle consisted of a number of MC moves
equal to the number of disks. After equilibration, as judged by constant
energy and radial distribution function, distributions were accumulated
every 10-15 cycles and averaged at the completion of the simulation to
calculate RDFs and OPDs.

Calculation of radial distribution functions

Disk—disk distances were calculated in a pairwise manner. These distances
were then binned and normalized by a factor proportional to the number of
particles and the separation distance to yield g(r). Calculation of g(r) in a
system of finite size introduces the possibility of artifacts due to the
presence of walls. Several solutions have been proposed and implemented
to address this, including the use of periodic boundaries (Allen and Til-
desley, 1987) and normalizing against a randomly-distributed distribution
(Pearson et al., 1983). After trying both of these methods, we found that
periodic boundaries yielded the most robust results within reasonable
computation times. Results were reproducible over a reasonable range of
bin sizes, with the expected increase in noise with decreasing bin width.

Calculation of occupancy probability distributions

A circular observation area of fixed radius (60 nm unless stated) was
placed at a random location within each distribution, and the particle
occupancy number for each observation was recorded. This process was

repeated many times (typically 10—20 times the number of particles),
producing a histogram of occupancy numbers. This histogram was nor-
malized by the number of observations to yield the OPD. In all cases,
Gaussian fits were performed as parabolic fits to In(p,).

RESULTS

When the sciatic nerve of a 9-month-old mouse is sectioned
and its constituent axons are visualized by EM, an ordered
distribution of point-like structures is revealed (Fig. 3 A).
Each of these structures is the cross section of an individual
NF. To quantify NF organization, we calculated both RDFs
(Fig. 3 B) and OPDs (Fig. 3 C). The RDF appears noisy
because of the necessity for a small bin size (I nm) in
combination with the finite experimental data. The values of
g(r) at distances less than 10 nm approach zero, which is
consistent with measurements of isolated NFs by EM that
demonstrate an excluded volume diameter of 8§—12 nm
(Geisler and Weber, 1981). The deviation of these values
from zero reflects both the noise in these g(r) calculations
and measurement uncertainties at small separation dis-
tances. Two key features of the RDF are the position of the
first peak (7,,,,) and its magnitude (g,,,,)- The most prom-
inent feature of the RDF is a gradually developing maxi-
mum with g, > 1 at ., at 30—45 nm, consistent with
previously measured distributions of nearest-neighbor inter-
filament spacings for mice of this age (Yin et al., 1998). The
OPD, in turn, is well described by a Gaussian distribution
with a mean of 2.6 and a standard deviation of 1.7. Within
a robust range, the Gaussian description holds independent
of the choice of observation window radius (varied between
~50 and 100 nm, not shown). Taken together, these exper-
imental findings show order in the system that can be
described using only the NF cross-sectional density and the
NF-NF pair potential of mean force. This motivates our
representation of the system in Monte Carlo simulations by
a radially symmetric NF-NF pair potential that character-
izes NF organization.
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FIGURE 4 Representation of NF sidearms as neutral polymer chains.
The sidearms were modeled to interact according to the Alexander—De-
Gennes potential (solid lines) and self-consistent field potential (dashed
lines) for neutral polymer brushes. (4) RDFs. (B) OPDs. In (B), the points
represent the results from simulation, and the lines represent Gaussian fits.

We next implemented two neutral polymer brush models
(Alexander—DeGennes and self-consistent field descrip-
tions) in Monte Carlo simulations and calculated the result-
ing RDF (Fig. 4 4) and OPD (Fig. 4 B). Both models
produce RDFs with gradually developing first peaks at
50—-60 nm. It is interesting to note that the scaling param-
eter (a) needed to superimpose the data with the SCF
potential (3 X 10~7) was much smaller than for Alexander—
DeGennes potential (0.05). These parameters are expected
to differ because the Alexander—DeGennes expression is
itself obtained from scaling arguments. A physical interpre-
tation of this difference is discussed below. For both poten-
tials, 7, 18 10—15 nm greater than the experimentally
obtained value. The value of g,,,, is in reasonable agree-
ment with experiment. However, given the marked scatter
in the experimental data, anything more than a qualitative
comparison of these features of the RDFs is not possible.
The experimental OPD, by contrast, is much more amenable
to comparison with simulation. Both models produce
Gaussian OPDs with mean occupancies of 2.7, as expected
by the fixed NF density. The variances of the two OPDs
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FIGURE 5 Effect of equilibrium brush thickness on structure in NF
distributions. The equilibrium brush thickness (L) was systematically var-
ied, and several descriptors of g(r) and p,, were examined. (4) (n>) — (n)*.
For a Gaussian curve, this corresponds to the variance, which decreases
with stronger interfilament correlations. (B) The magnitude of the first
maximum in g(7) (gax)- This is a metric for structure at distances corre-
sponding to nearest-neighbor spacing. (C) The interfilament distance (7,,,)
at which the maximum value of g(r) is reached. The shaded area corre-
sponds to the range of interfilament distances covered by the first peak in
the experimental RDF (shown in Fig. 1), and, as such, gives a range over
which NF-NF spacing is expected to be controlled by the model.

from simulation are identical to one another but are some-
what smaller than the experimental OPD.

To examine the effects of brush properties on the NF
distribution, we conducted additional simulations in which
only the equilibrium brush thickness (L) was varied in the
Alexander—DeGennes expression. Changes in the radial dis-
tribution functions are tracked by examining the primary
peak position and magnitude in g(r) and the variance of the
OPD. As the brush thickness is increased, the variance of
the OPD falls, a signature of stronger pair correlations and
smaller local density fluctuations (Fig. 5 4). Consistent with
this result are the changes in the RDFs. As the brush
thickness is increased, the distribution develops structure,
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and this structure shifts to greater distances (Fig. 5, B and
C). At the lowest values of L, as the effective NF cross-
sectional density decreases, structure disappears with g,
approaching the hard-sphere limit. Physiologically, 7.,
corresponds to favored nearest-neighbor interfilament spac-
ings. The values obtained from simulation are in agreement
with the range of these values observed in our system (Fig.
1), and, more generally, for a variety of axonal systems
(deWaegh et al., 1992; Lee and Cleveland, 1996). Thus,
changes in brush thickness can affect structure in cross-
sectional NF distributions by increasing the range of inter-
filament interactions and increasing effective NF density.

Because the Alexander-DeGennes potential collapses
monomer properties (size, charge, etc.) into the parameter L,
one cannot directly probe the effects of independently
changing these microscopic parameters on brush structure.
This is important to the extent that the NF sidearms acquire
a substantial net negative charge from extensive serine
phosphorylation of NF-H, and much evidence from studies
in vitro and in vivo implicates the degree of NF-H phos-
phorylation as an important regulator of interfilament spac-
ing. To explore these effects, we conducted simulations in
which the NF sidearms were represented as polyelectro-
lytes. When all serines in the murine NF-H tail sequence are
phosphorylated, it bears a fractional charge of 0.067. As the
fractional charge is increased to this level, corresponding to
successive phosphorylation, the RDF gains structure (Fig.
6 A). The basis for this change is the increase in equilibrium
brush thickness, which rises linearly with fractional charge
according to the Pincus formalism. This is illustrated by the
narrower OPDs with increasing fractional charge (Figs. 6 B
and 7 A), which mirrors the observed dependence when the
brush thickness was directly manipulated through the pa-
rameter L in the Alexander-DeGennes potential. As the
range of interfilament repulsion rises, pair correlations be-
come stronger and local fluctuations in density are reduced.
Likewise, the parameters describing the RDF change
systematically. As the fractional charge is increased, we
observe a graded increase in structure (Fig. 7 B) and a
shift to greater favored NF-NF separation distances (Fig.
7 C). Moreover, changes in fractional charge produce
changes in NF-NF spacing that correspond to the range
of the first maximum in the experimental RDF (Fig. 1).
According to all three metrics of NF organization, struc-
ture changes in a gradual manner over a physiologic
range of phosphorylation.

The preceding results support the notion that a purely
repulsive force imparts structure to NF distributions ob-
served in axons and that a phosphorylation/dephosphoryla-
tion mechanism can control the range of this repulsion and
thereby the organization of the distribution. A potential
based on this physical model yields NF distributions that are
consistent with experimentally measured values. We next
examined the effect of superimposing attractive cross-bridg-
ing interactions onto a repulsive potential through a tele-
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FIGURE 6 Effect of sidearm charge on structure in NF distributions.
The fractional charge was increased to 0.067, corresponding to successive
phosphorylation to the fully phosphorylated NF sidearm. (4) RDFs. (B)
OPDs. The Gaussian for the experimental data (broken line) is reproduced
here as a guide. In each case, the arrow indicates the direction of increasing
fractional charge.

chelic brush model (Fig. 8). Modeling cross bridging as a
telechelic brush-like interaction produces an NF-NF attrac-
tive component in the potential. The choice of this model
was motivated in part by a previous report in which we
represented these interactions in terms of a square-well
attractive potential. There, we found that the discontinuity
in the square-well potential results in prominent spikes in
the RDF that are inconsistent with the experimental data (S.
Kumar, X. Yin, B. D. Trapp, M. E. Paulaitis, and J. H. Hoh,
submitted for publication). In molecular terms, superimpos-
ing an increasingly attractive component onto the repulsive
potential is equivalent to either increasing the energy of
individual cross bridges or increasing the number of cross
bridges at a fixed energy. As the attractive component is
increased incrementally to ~30k7, neither the RDF nor the
OPD change appreciably, in contrast to the observed phys-
iological range of change. The width of the OPD essentially
remains constant. There is a small decrease in g,,,, and an
increase in r,,,,,, reflecting the greater sensitivity of the RDF

max>

to changes in potential.
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FIGURE 7 Variation of RDF and OPD parameters with sidearm phos-
phorylation. (4) (n*) — (n), (B) max» @nd (C) 7pax. The maximum charge
here (0.067) approximately corresponds to complete phosphorylation of the
NF-H sidearm. As the charge is increased up to this value, NF-NF pair
correlations rise as a result of stronger interfilament repulsion, and the
position of the favored NF-NF spacing increases. The shaded area in (C)
is as described for Fig. 5.

As the attractive component is increased beyond 70—
80T per NF pair, an abrupt transition is observed in the
RDF and OPD. g,,,. is an order of magnitude greater than
that observed for cross-bridging interactions up to 307, and
the radius corresponding to the effective excluded volume is
twice the NF backbone radius (» = 10 nm) (Fig. 9 4). Visual
inspection of a configuration sampled during the simulation
reveals that this is due to extensive NF aggregation (insef).
The OPD deviates dramatically from a Gaussian distribu-
tion, with a maximum occupancy probability at n = 0,
which reflects the dominance of voids left as a result of
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FIGURE 8 Effect of NF-NF attractive interactions on structure in NF
distributions: moderate cross bridging. The repulsive component of the
interaction potential was fixed at the values corresponding to a fractional
charge of 0.067, and the attractive energy was increased up to a total of
~30kT per NF pair through a formalism in which the sidearms were treated
as telechelic (associative) polymers. (4) RDFs. For modest increases in NF
attractive forces, few changes are observed in the first peak of g(r). (B)
OPDs. In each case, the arrow points in the direction of increasing attrac-
tion. Neither the RDF nor the OPD changes appreciably in this regime of
attractive energies.

aggregation. Further, the large deviation from Gaussian
behavior indicates that pair correlations in the context of the
information theory framework cannot describe the organi-
zation. At these high attractive energies, the shape and
magnitude of the RDF and OPD differ substantially from
the experimental results, suggesting that attractive energies
in this regime yield unrealistic descriptions of axonal NF
organization. This justifies setting 70k7 as a maximum
cutoff below which the effect of NF cross bridging as a
structural determinant may be examined.

We therefore varied the attractive component between 0
and 70kT and examined the effect on the parameters of the
RDF and OPD (Fig. 10). There is very little change in either
the variance of the OPD over this range of attractive ener-
gies (Fig. 10 4) or the position of the first peak in the RDF
(Fig. 10 C). In particular, coverage of the range of 7,
observed in the experimental RDF is poor. The primary
maximum of the RDF does decrease modestly as the attrac-
tive energy is increased (Fig. 10 B). However, the observed
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FIGURE 9 Effect of NF-NF attractive interactions on structure in NF
distributions: strong cross bridging. When the NF-NF attractive energy is
increased beyond 70—80k7, an abrupt phase transition occurs, leading to
characteristic changes in the RDF and OPD. (4) RDF for attractive com-
ponent of 15047. Inspection of a sample configuration (inset) reveals
NF-NF aggregation and phase separation. (B) OPD for the same pair
potential. The pronounced maximum at » = 0 and the non-Gaussian shape
reflect the large void spaces induced by NF-NF aggregation.

direction of change is toward decreasing NF-NF organiza-
tion with increasing cross bridging, which is opposite from
that predicted by NF cross-bridging models (Gotow et al.,
1994). We find that increasing attractive cross-bridging
interactions in a physiologically realistic regime does not
significantly influence NF organization. Where effects are
seen, they regulate NF organization in a manner opposite
that predicted by the underlying physical model. That is,
cross bridging diminishes the organizing influence of repul-
sive interactions. Therefore, these results do not support the
cross-bridging hypothesis.

DISCUSSION

Several key findings emerge from the analysis of NF dis-
tributions. In particular, the RDFs show first peak positions
consistent with measured mean nearest-neighbor interfila-
ment distances. The experimental OPDs are well described
by a Gaussian distribution, motivating the representation of
the NF distributions in terms of a density and pair potential
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FIGURE 10 Variation of RDF and OPD parameters with sidearm cross
bridging. Changes in NF distribution structure parameters with increases in
NF-NF attraction for levels of cross bridging that are not sufficiently
strong to induce aggregation. (4) (n*) — (n)*. (B) Zuax- (C) Fmax. There is
little change in any of the parameters over this range of attractive energies.
At the highest energies, the attraction counteracts the repulsive forces and
reduces NF-NF correlations. The shaded area in (C) is as described for
Figs. 5 and 7.

of mean force. The use of interaction potentials, in which
the sidearms are represented as neutral polymer chains,
provides RDFs and OPDs that reproduce the general fea-
tures in the experimental data. All of the physical parame-
ters in these models may be reliably estimated from existing
structural data. With respect to the scaling constant «, we
find that a much smaller prefactor is needed for the SCF
potential to describe the data than for the Alexander—De-
Gennes potential. Given the scaling arguments used to de-
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termine these potentials, the disparity in prefactors is not
surprising; the differences in which each model treats the
monomer density profile may also play a role. Indeed, direct
comparison of the compressive forces predicted by each
model shows that the SCF force is both greater and more
long range than the Alexander—DeGennes force (Milner et
al., 1988). Simulations in which the brush thickness was
systematically varied reveal that increases in brush thick-
ness produce increases in the structure of the NF distribu-
tion. This immediately suggests that changes in sidearm
expansion may serve to regulate interfilament spacing and
NF organization. This notion has been invoked in the con-
text of cross-bridging models, where the sidearms have been
hypothesized to “extend” or “unfold” under increasing
phosphorylation, leading to increased cross-bridging dis-
tances (Jaffe et al., 2001). However, the data presented here
show that sidearm extension itself, not changes in cross-
bridging dimensions, determines axonal NF structure.

The simulation results implicate phosphorylation as a
mechanism for controlling sidearm expansion. As the frac-
tional charge along the sidearm is increased through the
physiologically observed range, we observe dramatic
changes in NF organization both by RDFs and by OPDs.
This is consistent with a mechanism in which increased
sidearm phosphorylation produces an expanded brush
through local electrostatic and osmotic interactions. As dis-
cussed earlier, much evidence supports sidearm phosphor-
ylation as an important regulator of interfilament spacing.
Our results support a mechanism by which phosphorylation
serves as a biochemical regulator (i.e., a graded switch) that
controls interfilament spacing by expanding or collapsing
the sidearm brush. Cross bridging may occur between NFs,
but there is no evidence here that they contribute to structure
in the context of a preexisting repulsive potential. This
finding is consistent with previous efforts to model cy-
toskeletal interactions, which suggest that soft electrostatic
repulsion between dilute cylindrical particles can generate
considerable long-range order (Kramer and Herzfeld, 2000),
and cross-linking proteins primarily serve to stabilize the
relative orientations of individual filaments rather than drive
their organization (Herzfeld, 1996).

Cross-linking has been invoked as an important regula-
tory force for actin and intermediate filament networks
(Coulombe et al., 2000, Mullins et al., 1998). An emerging
theme for many of these networks is that structural and
mechanical properties are controlled by many relatively
low-affinity cross-links, allowing rapid changes in cell
shape and viscoelasticity. Therefore, one might expect that,
if cross bridging were a critical regulator of axonal NF
structure, one would observe significant changes in this
structure over a range of small binding energies. Instead,
our simulations with telechelic brush potential functions
predict only modest changes in structure for attractive en-
ergies up to ~70k7. When the cross-bridging energy is
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increased beyond this threshold, the simulations demon-
strate extensive NF aggregation.

Although it is unlikely that NFs in healthy axons ever
aggregate to the extent observed here, the simulations in this
regime suggest a connection between dominant attractive
forces in general and mechanisms of NF pathology. Several
studies show that NF aggregation in neurodegeneration is
accompanied by increases in intracellular calcium concen-
trations (Cassarino et al., 1999), whereas others have shown
that multivalent cations can induce NF aggregation in vitro
(Leterrier et al., 1992). Moreover, normally repulsive poly-
electrolyte brushes can be induced to attract in the presence
of divalent cations (Tamashiro et al., 2001). One may there-
fore postulate a pathological process in which the normally
repulsive NF-NF interaction is made attractive through a
large, local increase in multivalent cation concentration,
leading to aggregation.

In our depiction of cross-bridging interactions, we ne-
glect cross bridging between sidearms on the same filament
(i.e., intrafilament cross bridging) as a positive structural
determinant. This is justified for several reasons. First, the
structures reported in EM studies are largely inter- rather
than intrafilament cross bridges. Second, in cases where
intrafilament cross-bridging models have been invoked,
such cross bridges are proposed to weaken rather than
strengthen interfilament interactions by making the side-
arms less available to adjacent NFs (Gou et al., 1998).
Although our data do not support interfilament cross-bridg-
ing as a significant contributor to NF structure, net increases
in intrafilament interactions, i.c., reductions in NF sidearm
brush thickness, weaken interfilament interactions and di-
minish axonal NF structure.

Both the RDF and the OPD yield important structural
information about the organization of NF cross-sections,
although the RDFs show considerably more experimental
noise than the OPDs. Several factors account for this. First,
the RDF is more sensitive than the OPD to the noise
produced by the relatively limited experimental sample size.
Second, the OPD incorporates pair correlations through an
integrated form of the RDF, via the second moment of the
OPD. This integration tends to average out the noise in the
RDF, leading to smooth probability distributions. An im-
portant tradeoff, however, is that the OPD tends to be less
sensitive to changes in interaction potentials than does the
RDF. This is evidenced by the simulations with telechelic
brush models in the regime of moderate attractive energy, in
which the RDF shows modest changes with increasing
attraction but in which changes in the OPD are essentially
negligible.

Finally, it is interesting to note that all of the repulsive
potentials examined here somewhat overpredict structure,
particularly at small separation distances. At least three
factors contribute to this. First, at small NF-NF separations,
these separations begin to approach experimental uncertain-
ties in measuring relative NF positions by EM. Second, the
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RDF is calculated by collecting a histogram of NF-NF
separation distances and normalizing by a factor that is itself
proportional to separation distance. Thus, these two factors
tend to magnify errors in measurements of small separation
distances. Third, the infinitely steep repulsion included in
these interaction potentials produces artificially stringent
exclusion volumes at small separations. This phenomenon
has been observed in neutron scattering studies of flexible
dendrimers, in which hard-wall potentials were found to
substantially overpredict the first peak in the structure fac-
tor. In those studies, the Gaussian core model (GCM), a
considerably softer interaction potential, was found to im-
prove the description of the data (Likos et al., 2001). To our
knowledge, GCM potentials, which explicitly incorporate
all of the molecular details relevant to NFs (e.g., chain
charge, grafting density), have not yet been developed or
implemented for polymer brush interactions. It would be
useful to fashion more physically detailed GCM expressions
and to check for better agreement with experiment.
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