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Abstract

Recent studies have advanced the notion that the axonal organization of neurofilaments (NFs) is based on mutual steric repul-
sion between the unstructured ‘‘sidearm’’ domains of adjacent NFs. Here, we present experimental evidence that these repulsive
forces are modulated by the degree of sidearm phosphorylation. When NFs are sedimented into a gelatinous pellet, pellet volume
falls with increasing ionic strength and enzymatic dephosphorylation; sedimentation of phosphorylated NFs in the presence of diva-
lent cations also dramatically reduces pellet volume. Further, atomic force microscopy imaging of isolated mammalian NFs reveals
robust exclusion of colloidal particles from the NF backbone that is reduced at high ionic strength and attenuated when the fila-
ments are enzymatically dephosphorylated. Phosphate–phosphate repulsion on the NF sidearm appears to modulate NF excluded
volume in a graded fashion, thereby controlling axonal NF organization through interfilament forces.
� 2004 Elsevier Inc. All rights reserved.
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Neurofilaments (NFs) are an abundant and impor-
tant cytoskeletal element of large, myelinated neurons.
Vertebrate NFs are composed of three polypeptide sub-
units: a light chain (NF-L, 61 kDa in humans), a med-
ium chain (NF-M, 90 kDa), and a heavy chain (NF-H,
110 kDa). The amino termini of the monomers contain
rod domains which associate to form the filament back-
bone, and the carboxy termini of NF-M and -H form
‘‘sidearms’’ that protrude from the filament backbone
[1–4]. Cross-sections of motor neurons show that NFs
have a unique organization; they nonrandomly fill the
bore of the axon with a characteristic interfilament spac-
ing of 35–40 nm. Further, NF–NF spacing appears to be
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modulated by phosphorylation. and the level of phos-
phorylation has been correlated with NF–NF spacing
in vivo in many axonal settings [5–8]. This modulation
is graded in the sense that interfilament spacing appears
to depend on phosphorylation in a relatively smooth
fashion. However, our understanding of the molecular
mechanism through which phosphorylation controls
spacing remains incomplete.

A number of models have been advanced to explain
the organization of neurofilaments and the relatively
large interfilament distances. Perhaps the most promi-
nent of these is the cross-bridge model, where the side-
arms of neighboring NFs noncovalently bind one
another [9–11]. A model based on direct electrostatic
repulsion between the phosphorylated sidearms of
neighboring filaments has also been proposed, although
it has garnered less attention than the cross-bridge
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model [5,12]. More recently, the sidearms have been
proposed to be highly unstructured polypeptides that
undergo rapid Brownian motion to occupy a large effec-
tive volume, producing an entropic repulsion when two
NFs are brought near one another [13–16].

The entropic repulsion model allows one to invoke
conceptual and analytical frameworks developed to de-
scribe non-biological polymers [17]. Because NF side-
arms contain an abundance of both positively and
negatively charged residues (155 anionic residues, 154
cationic residues in the case of human NF-H), they
may be classified as polyampholyte chains [18,19]. Syn-
thetic polyampholytes have been studied extensively on
both a theoretical level [20–22] and an experimental level
[23–25], and two important lessons emerge from this
work. First, polyampholyte properties often depend
strongly on ionic strength. Second, in cases where poly-
ampholytes contain titratable groups (so-called an-
nealed chains), changes in pH can substantially
influence polyampholyte physical properties. Thus, by
altering intramolecular electrostatic interactions, one
may manipulate the structure of polyampholyte chains
and therefore the properties of the structures into which
they self-assemble, including gels.

NFs form viscoelastic gels under appropriate buffer
conditions, and the properties of these gels offer in-
sight into the interfilament interactions that drive gel
assembly. Leterrier et al. [10] examined the gelation
kinetics and viscoelastic properties of NF gels using
cone-and-plate rheometry. They found that NF gels
have very large elastic moduli compared to other
intermediate filaments of comparable molecular weight
(e.g., vimentin), a property which was ascribed to spe-
cific cross-bridging between the sidearms. Both the
kinetics of gel formation and the equilibrium visco-
elastic properties were found to depend on the pres-
ence of phosphoinositides and actin filaments. In a
later report, a ‘‘switch’’ model was proposed to ex-
plain this regulation in which the sidearm of a NF
either binds to its own backbone or to the sidearm
of an adjacent NF depending on sidearm phosphory-
lation, the presence of various NF-associated proteins,
and divalent cation concentration [26].

The hypothesis that NF organization is influenced by
the polyampholyte nature of NF sidearms predicts that
interfilament interaction forces should vary with side-
arm phosphorylation and key electrostatic properties
of the buffer: ionic strength, pH, and divalent cation
concentration. Here, we examine those relationships
and interpret our findings in terms of polyampholyte
behavior. We reconstitute mammalian NFs into gels un-
der different buffer conditions and assay for excluded
volume by measuring the size of the pellet. We also per-
form atomic force microscopy (AFM) imaging on iso-
lated NFs and correlate findings on the single-filament
level to gel properties.
Materials and methods

Isolation of NFs from bovine spinal cord. NFs were isolated from
bovine spinal cord (BSC) as described elsewhere [13,27]. BSC was
obtained from a local slaughterhouse and held on ice until processing,
which began within 45 min of resection from the animal. BSC was then
diced into 1–2 cm slices and homogenized in buffer A (100 mM Mes,
1.0 mM EGTA, and 0.5 mMMgCl2, pH 6.5) at 1.6 mL buffer per gram
BSC. This mixture was then centrifuged at 34,500g at 4 �C for 30 min.
The supernatant was decanted, made 30% glycerol by volume, mixed
thoroughly, and incubated at 37 �C for 20 min. This resulting solution
was then centrifuged at 158,000g for 2 h at 20 �C, yielding a pellet
which is a concentrated, NF-rich gel. This gel was resuspended in the
buffer of interest and used in experiments as described below. In some
cases, the pellet was frozen in liquid nitrogen, stored at �80 �C, and
thawed immediately prior to use, with no detectable change in prop-
erties after 2–3 months.

Preparation of NF pellets. For studies of NF gel volume, approx-
imately 100 lL of pellet was resuspended in 1 mL Millipore-purified
water (18 MX-cm) and split equally among a set of 1.5 mL Eppendorf
tubes. Each tube was then centrifuged at 158,000g for 30 min at 20 �C
using a tabletop microcentrifuge, the supernatant was discarded, and
the resulting pellet was resuspended in the buffer of interest. Each tube
was then centrifuged again and resuspended again. After 3–4 cycles of
centrifugation and resuspension, the top margin of the pellet was
marked and measured using a micrometer caliper. Each sedimentation
was performed along with an internal standard containing the same
total mass of NFs. Results are reported as the relative pellet size which
is the ratio of the pellet height for a given sample to that of the
standard.

AFM imaging of single NFs. For studies of isolated NFs, approx-
imately 2–5 lL of pellet was resuspended in 1 mL of the buffer of
interest. Fifty microliters of this suspension was adsorbed on freshly
cleaved ruby red muscovite mica (grade V1 or V2, Asheville–
Schoonmaker Mica, Newport News, VA) at room temperature for 15 s
and washed with 5 mL buffer. The sample was then transferred to the
AFM stage for imaging at room temperature. Images were obtained
with a Multimode AFM with a Nanoscope III or IIIa controller
(Digital Instruments, Santa Barbara, CA), using a glass fluid cell.
Imaging was performed with Olympus silicon nitride cantilevers
(OMCL-TR400PSA) with lengths of 200 lm and nominal spring
constants of 0.02 N/m and with C-type silicon nitride ‘‘Microlever’’
cantilevers (Digital Instruments) with lengths of 320 lm and nominal
spring constants of 0.01 N/m. Prior to imaging, the microscope,
sample, and cantilever were allowed to equilibrate at room tempera-
ture for at least 1 h. All images were collected in contact mode.

Enzymatic treatment of NFs. The dephosphorylation protocol was
based on previous reports [28,29]. First, 100 lL NF pellet was resus-
pended in water as described above. To this suspension was added
5 lL of bovine calf intestine alkaline phosphatase (106.95 U/ll, Sigma
Chemical, St. Louis, MO). The reaction mixture was then incubated at
37 �C for 5 h. For gel studies, the resulting suspension was repeatedly
centrifuged and resuspended in the buffer of interest as described
above, thus removing enzyme via the supernatant in the process. For
AFM imaging, 5 lL of the reaction mixture was diluted into the buffer
of interest and adsorbed and imaged as described.
Results

When a suspension of NFs is centrifuged at suffi-
ciently high speed, the NFs form a gelatinous pellet.
As the pellet size increases, the effective volume occupied
by each NF increases and the mean interfilament spac-
ing increases. To examine the effects of buffer conditions



Fig. 2. Effect of salt concentration on NF pellet size. Relative pellet
size is shown as a function of salt concentration at pH 4.4 (circles), pH
6.8 (triangles), and pH 9.2 (squares). The total salt concentration
includes contributions from the MES buffer (10 mM in each case) and
NaCl. In all cases, the error bars fall within the size of the marker
(n = 6).
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and NF biochemistry on NF–NF spacing, we performed
an assay for pellet size (Fig. 1). In this assay, a suspen-
sion of NFs is evenly divided into several aliquots, and
each aliquot is resuspended in a buffer of defined ionic
strength, pH, and divalent cation (Ca2+ or Mg2+) con-
centration. All aliquots are centrifuged together, yield-
ing a set of pellets containing equal amounts of NFs.
The relative volumes of the pellets therefore provide
an indirect measure of interfilament spacing.

Because NF sidearms are polyampholytes, electro-
statics are expected to play a significant role in determin-
ing sidearm structure and therefore NF–NF repulsion.
As a result, NF–NF spacing should vary as a function
of ionic strength. We examined this salt-dependence
over a range of buffer pH values (Fig. 2). Similarly,
the presence of multiple titratable groups on the NF
sidearm (glutamine, lysine, and phosphoserine) predicts
that the pH at which the experiment is conducted will
strongly influence sidearm dimensions by altering
charge. Over a wide pH range (4.4–9.2), pellet size de-
creases with increasing ionic strength. In the context of
the steric repulsion model of NF organization, the cor-
responding decrease in NF–NF spacing with increasing
salt concentration is due to condensation of NF side-
arms. At all three pH values studied, most of this
decrease occurs within a concentration range of 100–
150 mM. Higher salt concentrations exert little addi-
tional influence on NF–NF spacing. The steepest ionic
strength dependence is observed at pH 4.4, where the
NF sidearm is expected to be strongly positively charged
due to protonation of lysines in the KSP domains of
NF-H. Here, changing the salt concentration from 10
to 110 mM reduces pellet size by 40%; conversely, at
higher pH, comparable increases in salt concentrations
produce more modest reductions in pellet size (approxi-
mately 25% at pH 6.8 and 20% at pH 9.2). As the pH is
increased, the sidearms are expected to acquire a pro-
gressively negative charge as the glutamate and phos-
phoserine residues are deprotonated.

In addition to changes in ionic strength, electrostatic
repulsive forces within the NF sidearm may be directly
manipulated by reducing sidearm charge. By treating
Fig. 1. Schematic of pellet size assay. NFs are resuspended in a buffer
of given ionic strength, pH, and divalent cation concentration (A). The
suspension is then gently sedimented, resulting in NF pellet formation
(B). The resulting pellet height (arrows) is then normalized by the pellet
height of an internal standard which contains the same total mass of
NFs and is sedimented under identical conditions. The size of the pellet
reflects mean interfilament spacing and the strength of interfilament
repulsion (C). Note that in (A) the sidearms are omitted for clarity.
native NFs with alkaline phosphatase, phosphoserine
residues are dephosphorylated (Fig. 3). Evidence for
effective phosphorylation comes from gel electrophore-
sis, which demonstrates a predicted shift in molecular
weight of NF-H and NF-M (inset) [28,29]. When
dephosphorylated NFs are sedimented through a range
of salt concentrations, pellet size varies only modestly.
This is in contrast to native NFs, which show a steady
reduction in pellet size with increasing salt concentra-
Fig. 3. Effect of phosphorylation state on NF pellet size. Relative
pellet sizes are shown over a range of ionic strengths for native NFs
(solid line) and NFs treated with alkaline phosphatase (dashed line).
SDS–PAGE is used to assess the degree of phosphorylation (inset); the
left and right lanes are control and enzyme-treated NFs, respectively.
Each error bar represents the means ± one standard deviation (n = 6).
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tion. The relatively shallow dependence of NF–NF spac-
ing on salt concentration for dephosphorylated NFs is
characteristic of behavior closer to the neutral chain lim-
it, where repulsion between like-charged residues is bal-
anced by electrostatic attraction between oppositely
charged residues. The dramatic qualitative change in
the salt-dependence of gel properties with dephosphoryl-
ation underscores the importance of phosphorylation to
regulating NF–NF spacing.

The polyampholyte nature of NF sidearms may be
further characterized by examining the effect of divalent
cations on gel behavior. In addition to their obvious
physiological significance, calcium and magnesium are
known to strongly influence the viscoelastic properties
of NF gels in vitro [28]. To probe this effect, we sedi-
mented NFs in the presence of increasing concentrations
of calcium and magnesium (Fig. 4). At a total concen-
tration of only 5 mM, Mg2+ condenses NF pellets by
Fig. 4. Effect of divalent cation concentration. Relative pellet sizes in
the presence of (A) Mg2+ and (B) Ca2+. The inset in (A) depicts
photographs of pellets obtained at 0 and 50 mM MgCl2 (bar is 5 mm).
All experiments were performed at 1 mM Mes, pH 6.8. Each error bar
represents the means ± one standard deviation (n = 6).
approximately 22%. Increasing the concentration of
Mg2+ by a factor of 10 produces only an additional
12% reduction in pellet size (Fig. 4A). Thus, small con-
centrations of Mg2+ significantly alter NF–NF spacing.
These effects are reflected in the appearance of the pellets
themselves (inset). Ca2+ produces a similar degree of
condensation; addition of 5 mM Ca2+ produces a 28%
reduction in pellet size (Fig. 4B).

To investigate the structural origins of the effect of
phosphorylation on NF gel properties, we next used
AFM to image single NFs. First, native NFs were ad-
sorbed onto mica and imaged in buffer which included
either 0 or 100 mM NaCl (Fig. 5). In these images, the
NF backbones are clearly visible as snakelike filaments
in a background of residual contaminants from the
preparation. Surrounding each backbone is a zone of to-
tal width 100–150 nm from which these contaminants
are excluded. The presence of these exclusion zones con-
curs with a previous report which attributed them to
repulsive forces originating from the thermal motion
of the unstructured sidearm domains [13]. Here, the
exclusion zones are present at both relatively low and
high salt concentrations, suggesting they do not origi-
nate from direct electrostatic repulsion between the
NFs and the contaminants. When dephosphorylated
NFs are examined under the same set of buffer condi-
tions, we observe dramatically different results. As with
native NFs, the backbones are again prominently visi-
ble. Now, however, the exclusion zones are dramatically
diminished at 0 mM NaCl and essentially nonexistent at
100 mM NaCl.
Fig. 5. AFM imaging of native and dephosphorylated neurofilaments.
The top two panels depict native NFs, and the bottom two panels
depict alkaline phosphatase-treated NFs. The images in the left column
(‘‘high salt’’) were obtained at 0 mM NaCl, and those in the right
column (‘‘low salt’’) were obtained at 100 mM NaCl. In addition to
NaCl, each buffer contains 10 mM MgCl2 and 10 mM Mes, pH 6.8.
Scale bar is 500 nm.
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Discussion

Several key findings emerge from our characteriza-
tion of NF gels. In particular, gel volume falls with
increasing ionic strength, reduced sidearm phosphoryla-
tion, and millimolar concentrations of calcium or mag-
nesium. The size of the gelatinous NF pellet reflects
the effective volume occupied by each NF and therefore
serves as an indirect measure of mean NF–NF spacing
and interaction force. In terms of the entropic repulsion
model of NF–NF spacing, this reduced interaction force
originates from condensation of sidearm domains. Con-
densation or collapse of charged polymers with increases
in ionic strength is characteristic of behavior in the poly-
electrolyte limit and occurs because the added salt
screens repulsive forces between charged monomers
[30]. This notion has been validated on several levels,
including the radius of gyration of single chains [31],
the diameter of coated spherical particles [32], and the
thickness and interaction forces of adsorbed polymer
layers [24]. This is in contrast to behavior in the neutral
chain limit, where polymer chain volume may rise with
increased ionic strength [33]. The most obvious origin
of chain charge in the NF sidearm is the abundance of
phosphoserine residues in NF-H. In this model, electro-
static repulsion between negatively charged residues
(phosphoserines, aspartates, and glutamates) within
the sidearm determines the thickness of the sidearm
layer over a wide range of pH and that these repulsive
forces are screened with added salt.

Further support for phosphorylation as an important
regulator of NF–NF spacing comes from experiments in
which the sidearms are enzymatically dephosphorylated
(Fig. 3). The pellet size of dephosphorylated NFs is smal-
ler than that of native NFs and depends much less steeply
on ionic strength. This type of ionic strength-dependence
is more characteristic of neutral chain behavior, where
both attractive and repulsive forces within the polypep-
tide chain are important determinants of chain volume.
This agrees well with the behavior expected from the com-
position of unmodified mammalian NF-H sequences,
which contain closely balanced numbers of anionic and
cationic residues. In vitro, enzymatic dephosphorylation
produces dramatic changes in both the gelation kinetics
and viscoelastic properties of NF gels [28]. In addition,
thin section electron microscopy of fixed and stained
NFs has shown that dephosphorylated NFs are consider-
ably more densely packed than native NFs [29].

The finding that NF pellets are condensed by divalent
cations provides further evidence for the structural
importance of phosphorylation. In synthetic polymer
systems, divalent cations have been shown to produce
short-ranged attractive forces, leading to attraction be-
tween normally repulsive polymer-coated surfaces [34].
In the case of NFs, MgCl2 produces profound increases
in NF viscosity [35], and AlCl3 induces NF aggregation
in vitro [27]. In the context of the entropic repulsion
model, multivalent cations would serve to attenuate
NF–NF repulsion by condensing the sidearms. At suffi-
ciently large concentrations, multivalent cations would
convert the normally repulsive NF–NF interaction into
an attractive one, leading to NF aggregation in the path-
ological case. Indeed, NF sidearms have been postulated
to serve as a buffer for divalent cations in healthy neu-
rons; in neurodegenerative pathologies such as ALS, it
has been proposed that large increases in intracellular
calcium overwhelm the buffer system, leading to NF
aggregation and ultimately cell death [36].

The AFM experiments provide direct structural sup-
port for this model of the role of phosphorylation. Na-
tive, phosphorylated NFs produce robust exclusion of
contaminants even at high (>100 mM) monovalent salt
concentrations, a signature of polymer brush-like behav-
ior [13]. When dephosphorylated, these exclusion zones
are greatly attenuated at low salt concentration and
essentially ablated at high salt concentration, implying
that the sidearms occupy a smaller effective volume. It
is interesting to note that individual sidearms are never
distinctly visible in any of the images presented here,
even in the complete absence of exclusion zones. One
reason for this is the limited lateral resolution of the
AFM tip coupled with the relatively high density of
NFs along the backbone; EM of single NFs show that
sidearms are spaced 2–5 nm apart along the backbone,
a distance far smaller than the dimensions of a typical
AFM tip [1]. Second, when they condense in response
to changes in phosphorylation or buffer conditions, the
sidearms may collapse onto the backbone. In fact,
Gou et al. [26] propose a model in which inter- and
intrafilament interactions act reciprocally to modulate
the structure and mechanical properties of NF gels.

The notion that phosphorylation controls NF organi-
zation through intramolecular repulsive forces offers in-
sight into the control of NF architecture in the axon; in
particular, it suggests that phosphorylation acts as a
graded switch that modulates the structure of the entire
cytoskeleton through changes in relatively short-range
repulsive interactions. In vivo, phosphorylation levels
are determined by a balance between the activities of
intracellular kinases and phosphatases which regulate
the degree of sidearm phosphorylation (Fig. 6). Impor-
tantly, activation of many of these enzymes are events
in signal transduction cascades, including signaling
through growth and stress factor receptors, integrins,
and calcium channels [37]. Phosphorylation-dependent
NF remodeling may therefore represent a key endpoint
in the conversion of extracellular biochemical cues into
changes in axonal size and mechanics.

While many lines of evidence support NF phosphor-
ylation as an important determinant of NF–NF spacing
in vivo, the relative importance of NF-M and NF-H
phosphorylation remains controversial. Recently,



Fig. 6. Schematic of phosphorylation-based control of sidearm
conformation. The upper diagram is a NF viewed in cross-section,
with the sidearms emerging from the backbone. The native NF
sidearm sequence is composed of KSP repeats which contain an
abundance of charged residues which nearly balance one another in
number. When the sidearm is enzymatically phosphorylated, the
sidearm acquires a strong net negative charge causing the chain to
expand as a consequence of osmotic swelling and electrostatic
repulsion, producing greater NF–NF spacing.
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transgenic mice have been developed that express trun-
cated NF-H and/or NF-M subunits without tail phos-
phorylation sites [38–40]. Mice expressing truncated
NF-M subunits exhibit reduced axonal caliber, axonal
radial growth, and interfilament spacing in the setting
of either wild-type or truncated NF-H. Surprisingly,
however, while mice in which only NF-H is truncated
do exhibit retarded axonal radial growth, axonal caliber
and interfilament spacing in vivo are similar to wild-type
[39]. It is important to emphasize that these findings do
not preclude an entropic repulsion model based on
graded NF phosphorylation. First, NF-M itself has sev-
eral phosphorylation sites (e.g., human NF-M contains
10 KSP repeats); assuming a pKa for double ionization
of 6.3 [41], complete phosphorylation at physiologic
pH would add a negative charge of 20. Indeed, NF-M
phosphorylation is elevated in NF-H null mice, suggest-
ing a compensatory mechanism [42]. Second, mice lack-
ing NF-H tails exhibit some subtle but critical
cytoskeletal phenotypic properties; most importantly,
when viewed in quick-freeze deep-etch preparations,
NFs in these mice come into frequent lateral apposition
[39]. These intimate lateral contacts are rarely observed
in wild-type axons, consistent with a picture in which the
highly phosphorylated NF-H serves as a spacing ele-
ment that opposes longitudinal NF aggregation. Thus,
even if NF-M is the key modulator of axonal NF orga-
nization, both NF-M and NF-H phosphorylation ap-
pear to be important in shaping the details of that
organization. Indeed, a model in which NF-M estab-
lishes a baseline NF excluded volume and in which
NF-H phosphorylation ‘‘fine-tunes’’ this volume and of-
fers graded control of NF–NF spacing would reconcile
the transgenic mouse studies described above and the
biochemical studies reported here.
Given a model in which NF organization is deter-
mined by predominantly repulsive forces, it is curious
that NFs form compact gels at all. However, it is impor-
tant to remember that the formation of these gels is
greatly facilitated by centrifugation. Indeed, when a pel-
let is mechanically disrupted, NFs disperse back into
solution. Similarly, when the axonal membrane is chem-
ically disrupted, axonal NFs are observed to diffuse
apart [43]. Presumably, then, sedimentation forces over-
come NF–NF repulsion and allow effective attractive
forces to play a significant structural role. These attrac-
tive forces may originate from entanglement or higher-
order self-assembly of whole NF backbones. Support
for such structures comes from studies with neuroblas-
toma cells in culture, which reveal that individual and
bundled NFs coexist in growing neurites [44]. NF entan-
glement and self-assembly would also be facilitated by
regional variations in sidearm phosphorylation along
the NF backbone. Such diversity would not be unex-
pected, given that sidearm phosphates are markedly het-
erogeneous in their susceptibility to enzymatic cleavage
[28]. Such variations would produce substantial regional
differences in sidearm charge, excluded volume, and
repulsive forces.

Two recent reports have addressed the role of phos-
phorylation in controlling sidearm conformations in vi-
tro and in modulating interactions between NFs and
mitochondria in vivo. Aranda-Espinoza et al. [45] found
that dephosphorylated NF sidearms occupy a smaller
effective volume than phosphorylated sidearms, as mea-
sured by light scattering and AFM-based force spectros-
copy. Surprisingly, however, less force was needed to
fully extend dephosphorylated sidearms than phosphor-
ylated sidearms, suggesting the presence of intramolecu-
lar attractive forces mediated by phosphates.
Specifically, the authors hypothesized that electrostatic
‘‘bridging’’ between phosphoserines and lysines in the
KSP repeats is an important determinant of sidearm
conformation. The second report [46] provided evidence
that sidearm phosphorylation modulates binding be-
tween NFs and mitochondria in a manner that depends
on the mitochondrial potential. The finding that NF–
NF forces appear attractive in some experimental
contexts and repulsive in others reinforces an emerging
consensus that NFs in vivo are highly heterogeneous,
with widely varying degrees of phosphorylation and
propensity to assemble into higher-order structures.
Clearly, elucidating the physicochemical details of this
complex equilibrium and its consequences in vivo repre-
sents a substantial and ongoing challenge to understand-
ing NF physiology.

There are several important limitations to the gel vol-
ume measurements presented here. First, the results
of the assay are not directly interpretable in terms of
NF–NF spacing distances; instead, trends in these
distances are inferred through changes in gel volume.
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Second, the assay does not precisely measure the specific
volume (i.e., volume per NF). This results from the
geometry in which the assay is performed (pellet height
along the vessel wall is used as a marker for volume),
and the polydispersity of the filaments themselves. How-
ever, the relative pellet sizes are likely underestimates of
actual differences in gel volume. For example, when NF
gels are treated with 50 mM MgCl2 (Fig. 3A), gel size is
reduced approximately 35% by the pellet height assay;
however, inspection of the actual pellets (Fig. 3A, inset)
suggests that the reduction in pellet size is considerably
greater. This results from our using a single linear
dimension to track differences in volume. For example,
if the pellet is approximated as an ellipsoid, a 2-fold dif-
ference in each of two axial dimensions will produce a 4-
fold difference in volume. Thus, the assay clearly yields a
gross underestimate of differences in excluded volume,
and efforts to develop more precise assays are
warranted.

We have examined the properties of single NFs and
NF gels as a function of sidearm phosphorylation and
buffer conditions. In particular, we have shown that
the volume of native NF gels decreases with increasing
ionic strength over a wide pH range. When NFs are
enzymatically dephosphorylated, this dependence be-
comes less steep. Native NF gel size also decreases in
the presence of divalent cations at millimolar concentra-
tions. AFM imaging of isolated NFs reveals that native
NFs produce robust molecular exclusion even at high io-
nic strength, a property which is markedly attenuated
when the sidearms are dephosphorylated. Taken to-
gether, these results suggest that the native NF sidearm
acts functionally like a polyampholyte in vivo whose
conformational properties are determined by the level
of phosphorylation and the concentration of divalent
cations. At high phosphorylation levels, the sidearm lies
in the polyelectrolyte limit; as the sidearm is dephospho-
rylated, conformational behavior approaches the neu-
tral chain limit. In the context of the entropic
repulsion model, the degree of sidearm phosphorylation
modulates the volume occupied by the NF sidearm
through intramolecular electrostatic repulsion.
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