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Neuronal cytoplasmic intermediate filaments are principal structural and mechanical elements of the axon. Their expression dur-

ing embryonic development follows a differential pattern, while their unregulated expression is correlated to neurodegenerative

diseases. The largest neurofilament proteins of medium (NF-M) and high molecular weight (NF-H) were shown to modulate the

axonal architecture and inter-filament spacing. However, the individual roles of the remaining α-internexin (α-Inx) and neuro-

filament of low molecular weight (NF-L) proteins in composite filaments remained elusive. In contrast to previous predictions,

we show that when co-assembled with NF-M, the shortest and the least charged α-Inx protein increases inter-filament spacing.

These findings suggest a novel structural explanation for the expression pattern of neurofilament proteins during embryonic de-

velopment. We explain our results by an analysis of ionic cross-links between the disordered polyampholytic C-terminal tails

and suggest that a collapsed conformation of the α-Inx tail domain interferes with tail cross-linking near the filament backbone.

1 Introduction

The cytoskeleton is composed of three interconnected struc-

tures: the actin microfilaments, microtubules and intermedi-

ate filaments (IFs). The 10 nm diameter of IFs is “interme-

diate” between actin microfilaments (8nm) and microtubules

(26 nm)1,2. Different from microfilaments and microtubules,

IF expression is very complex with over 70 genes encoding IF

proteins in various tissues and cells types in routes parallel to

embryonic differentiation2,3.

Here we focus on IF proteins expressed in the mammalian

nerve system. This group includes the three neurofilament

(NF) triplet subunits NF-L (62 kDa), NF-M (103 kDa) and

NF-H (117 kDa), as well as α-internexin (α-Inx, 66 kDa),

which was only recently identified as the fourth neuronal IF4,5.

In addition to the IF proteins mentioned, GFAP, vimentin,

nestin and peripherin are major components of cytoskeletons

in different neural cells.

IF expression in neural cells follows a sequential pattern6.

In the prenatal stage, neurons predominately express α-Inx,

while in mature neurons, α-Inx expression levels decrease and

the NF triplet proteins expression levels increase. NF-M is the
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first NF protein to be simultaneously expressed with α-Inx7.

This results in filaments composed of the NF triplet proteins as

well as α-Inx5. The reasons for this developmental specificity

of neurons with regards to IF proteins are not entirely under-

stood. It is hypothesized that the multitude of IF proteins in

the central nervous system is the basis an intricate fine tuning

of structures and functions at the cellular level. While the late

introduction of the larger NF-M and NF-H proteins in neurons

is explained by the requirement for enhanced radial growth of

the axonal caliber, the prenatal preference of α-Inx over NF-L

as precursor protein is unclear and will be addressed here.

All cytoplasmic IF proteins have a common tripartite do-

main organization: a central α-helical rod domain of about

310 amino acids is flanked by non-structured N-terminal head

and C-terminal tail domains of varying lengths (Fig.1A). The

main difference between the neuronal IF proteins lies within

the polyampholytic, intrinsically disordered C-terminal domain

whose length ranges between 91 to 679 amino acids in mam-

mals (Fig. 1 and Table S1). The head and the rod domains

of the proteins make the backbone of the filament, while the

C-terminal segments, i.e. the tails, protrude outside, forming

a bottlebrush shape8–10(Fig.1B). The four proteins are divided

into two groups based on tail-length and assembly properties.

The first group, comprises α-Inx and NF-L whose tail-lengths

in bovine are 91 and 158, respectively, self-assemble into 10

nm filaments in vitro. The second group comprises NF-M with

a tail of 514 and NF-H with a tail of 679 amino acids; and, only

assembles into heteropolymer filaments with either α-Inx or

NF-L.

At high densities, filaments interact via their protruding
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C-terminus tails to form hydrogel networks. This provides

the mechanical and structural properties to neuronal cells in

myelinated fibers11–15. NF-M and NF-H tails are considerably

longer and contain a higher number of charges than NF-L and

α-Inx tails (Fig.1). Accordingly, the interactions between the

long-tailed proteins are considered to be the decisive factors

in setting the traits of the NF network. The shorter tails are

expected to remain closer to the filament backbone, support

filament assembly and hinder aggregation16. Consequently,

the short-tailed proteins are not assumed to be significantly

involved in inter-filament interactions.

Since either NF-L or α-Inx is sufficient for filament for-

mation with NF-M and NF-H18–21, the simultaneous expres-

sion of both NF-L and α-Inx in mature neurons presumably

presents some functional redundancy or a gain of additional

undetermined function. The simultaneous expression may sug-

gest some synergistic adjustment of the inter-filament distance

due to inter- or intra-filament interactions by NF-L and α-Inx.

For example, it was theoretically predicted that the conforma-

tion of the long-tails is affected by NF-L and α-Inx ratios22.

In order to investigate the role of α-Inx and NF-L in NF

complexes, we structurally characterize hydrogel networks of

various subunit protein compositions and osmotic pressures.

We find that the two short-tailed α-Inx and NF-L equally serve

as a substrate for assembly with NF-M and NF-H. While it

is thought that adjacent filaments interact via their protrud-

ing long tails, we will show below that the short tailed sub-

units significantly alter the structural properties of networks

of composite filaments. We will also show that the effect is

synergistic as it also depends on the identity of the long-tailed

partner, either NF-M or NF-H. In networks composed of fila-

ments self-assembled from three and four subunit proteins, the

absence of one protein, either long or short-tailed, does not

dramatically modify the network properties. As a potential

mechanism explaining our experimental results, we suggest

ionic cross-bridging interactions between the polyampholytic

tails.

2 Materials and Methods

2.1 Native NF purification

NF triplet subunits (NF-L, NF-M and NF-H) were purified

from bovine spinal cord using a modification of an earlier pro-

tocol23,24. Spinal cords were homogenized in an equal volume

of buffer A (0.1 M MES, 1 mM EGTA, 1 mM MgCl2, 0.02%

(w/v) sodium azide, pH 6.8 with NaOH) with 1% (w/v) Tri-

ton X-100 and 1 mM phenylmethylsulfonyl fluoride. The ho-

mogenates were centrifuged at 30,000 RPM (Beckman rotor

type 45-Ti) for 70 min at 4°C. An equal volume of glycerol

was added to the supernatant and incubated overnight. A pel-

let of NFs was recovered from the glycerol solution by precip-

itation at 40K RPM (Beckman rotor type 45-Ti) for 90 min at

4°C. The pellet was homogenized in buffer A with 0.8 M su-

crose and clarified by spinning through a step gradient of 0.8

M sucrose buffer (0.8 M sucrose in buffer A) layered on top

of 1.5 M sucrose buffer (1.5 M sucrose in buffer A) for 4 h at

55,000 RPM (Beckman rotor type 70-Ti). The pellet was ho-

mogenized in buffer B (0.1 M potassium phosphate and 0.1%

(v/v) 2-mercaptoethanol in 8 M urea, pH 6.5), and applied to

a DEAE sepharose column (DEAE Sepharose fast flow col-

umn, GE Healthcare). The column was rinsed with buffer B

containing 55 mM NaCl which eluted NF-H and protein con-

taminates. The next elution step, performed with buffer B at

pH 7 containing 200 mM NaCl, eluted NF-L and NF-M. Us-

ing hydroxylapatite (HT) column chromatography (hydroxy-

lapatite bio gel HT gel, Bio-Rad), the contaminants were re-

moved from the NF-H fractions. NF-L and NF-M were sep-

arated by HT column with a gradient of 0.1 to 0.4 M potas-

sium phosphate pH 7.0. Purity and separation were verified

by SDS-PAGE (Fig. S1).

2.2 Recombinant protein purification

Bovine NF-L and α-Inx were purified using BL21 E. coli

strains transformed with pET30a vectors. Overnight cultures

were grown in 5 ml LB medium supplemented with 50 µg

ml−1 kanamycin. The overnight cultures were diluted into

fresh 0.5 L LB medium supplemented with 550 µg ml−1 kanamycin,

grown to 0.6 OD, at 600 nm. Protein expression was induced

by the addition of 0.4 mM isopropyl-b-thiogalactoside (IPTG),

and allowed to grow for additional 4 h. The bacteria suspen-

sion was centrifuged at 6000 RPM with a Fiberlite F14 rotor

(Thermo Scientific) for 20 min and resuspended in Tris buffer

(50 ml of 25 mM Tris-HCl pH 7.5, 150 mM NaCl and pro-

tease inhibitors) and stored overnight at -80°C. Frozen cells

were thawed and treated with 1% (w/v) of Triton X-100 and

were then sonicated on ice-cold water with a 500 watt tip at

20% amplitude. We sonicated for 2 min using short 5 second

pulses followed by 5 second pauses. Clearing of the lysates

was performed by two rounds of centrifugation at 10,900 RPM

with a Fiberlite F14 rotor for 60 min at 4°C and resuspended

in Tris buffer. The last pellet was then resuspended in 8 M

urea buffer (100 mM sodium phosphate for NF-L and 10 mM

sodium phosphate for α-Inx, pH 7). The debris was pelleted

by centrifugation at 8,100 RPM with a Fiberlite F14 rotor

for 10 min, and the NF containing supernatant was applied

to a DEAE Sepharose column. The α-Inx was eluted with

a sodium phosphate gradient of 10 to 100 mM, while NF-L

was eluted by a NaCl gradient of 0 to 200 mM. NF-L required

additional purification with a size exclusion HiLoad 16/600

Superdex 200 (GE Healthcare) equilibrated in 8 M urea buffer

(100 mM sodium phosphate, 150 mM NaCl, pH 7). Purity

was verified by SDS-PAGE (Fig. S1).
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2.6 Small angle X -ray scattering

The powder diffraction scattering data from NF hydrogels con-

tained in quartz capillaries was integrated azimuthally and the

intensity was plotted versus reciprocal distance q. The in-

tensity, in arbitrary units, showed a broad peak with a max-

imum in the range of q = 0.1−0.2 nm−1 (see refs.24,30). The

peak location relates to the inter-filament spacing (d = 2π/q).

Broadening of this peak is observed due to density fluctua-

tions and the semi-flexible nature of the individual filaments.

Baseline background of the form A · q−B +C with B = 2− 3

is subtracted (Fig. S2), and the resultant peak is fitted with a

Lorentzian function using Matlab routines13,30.

Preliminary experiments were performed at our home-lab

using a Pilatus 300K detector and a Xenocs GeniX Low Di-

vergence CuKα radiation source setup with scatterless slits31.

Subsequent measurements were performed at synchrotron fa-

cilities: P12 beamline in DESY, Hamburg; SWING beam-

line in SOLEIL, Paris; and I911 SAXS beamline in MAX-lab,

Lund with 10 KeV.

3 Results

α-Inx self-assembles with either NF-M or NF-H into fila-

ments which form nematic hydrogels. We purify NF pro-

teins from bovine spinal cord and from transformed E. Coli

hosts, both under denaturing conditions. Using assembly buffer,

subunit proteins self-assemble into heteropolymer filaments

at near-physiological conditions (buffer A with added NaCl

at 150 mM final monovalent ion concentration, see Materi-

als and Methods section). Filament formation is verified by

AFM and TEM. We find that recombinant and native NF-L

forms filaments with a diameter in the range of 10 nm similar

to those reported previously16. In the wide-scan AFM image

(Fig. 2A), many long and short filaments are imaged. The

negatively stained samples give more insight into the beaded

appearance of these short filaments, which tend to associate

laterally with the long filaments (Fig. 2B), as previously re-

ported16.

We also find that mixtures of α-Inx with NF-H (Fig. 2E,F)

or α-Inx with NF-M (Fig. 2G) self-assemble into filaments

that are similar to composite heteropolymer filaments of NF-L

with NF-M or NF-H27. In contrast, on its own α-Inx assem-

bles into filaments and irregular aggregates (Fig. 2C,D) indi-

cating that the presence of NF-M or NF-H prevents irregular

aggregation. The formation of such irregular structures is con-

sistent with previous observations for α-Inx21,32. Notably, the

recombinant NF-L proteins, purified similarly to α-Inx (see

Materials Methods) did form filaments (Fig. 2B).

Following filament formation, samples are centrifuged to

produce hydrogels. The pelleted filaments generate a stable

nematic liquid crystalline hydrogel, which is phase-separated

from the supernatant (Fig. S4). We note that filament assem-

bly and centrifugation steps were performed under reducing

conditions, with 0.1% (v/v) 2-mercaptoethanol to prevent co-

valent bonding. We also examined the possible role of hy-

drophobic interactions in hydrogel stability; we self-assembled

an NF-L sample with 0.01% (w/v) Triton33, which resulted in

the formation of similar filaments and a stable nematic hydro-

gel. It appears that neither covalent Cys-Cys bonds nor hy-

drophobic interactions can account for the observed NF net-

work stability. Instead, ionic cross-links are responsible for

the attraction between filaments and the resultant stable phys-

ical hydrogel11,13,30 .

α-Inx and NF-L based filaments include up to one third

of long-tailed subunit proteins. Both NF-M and NF-H re-

quire either NF-L or α-Inx to form filaments. For each sub-

unit pair we compare the assembled pellet to that of the dena-

turing solution, i.e., before assembly24 (Fig. S5). We find a

linear relation between initial long tail proteins mole fraction

to their final assembled mole fraction, i.e., in the assembled

pellet. The linear slope is approximately one, which indicates

that as long as a maximal ratio is not reached, incorporating

a long tail protein is almost as likely as incorporating another

short tail protein into a filament. However, above roughly one

third of initial long-tail mole fraction, we find that additional

long-tail subunits are not incorporated into the filaments. The

maximal assembled long-tailed protein fraction is not strongly

regulated by the identity of the long- or short tail subunit pro-

teins (Fig. S5).

The NF-L:NF-M heteropolymer filaments form signif-

icantly more condensed networks than α-Inx based fila-

ments. To study the translational organization of the hydrogel

ultrastructure, we determined the inter-filament spacing, d, us-

ing small angle X-ray scattering SAXS24,30. This allows prob-

ing the structural and mechanical properties of NF networks in

solution at near physiological salt concentrations and varying

osmotic pressures, Π. We examine below networks formed

by filaments with increasing number of subunit proteins. Fila-

ments are self-assembled from either one (homopolymer), two

(bipolymer), three (triplet) or four (quartet) different subunit

proteins. All hydrogels are assembled by equilibration against

assembly buffer, unless stated otherwise.

Networks consisting of two NF components were designed

to reveal the specific roles of each protein, by comparing α-

Inx with NF-L, and NF-M with NF-H. Since only the short-

tail proteins (NF-L and α-Inx) can serve as a backbone for

filament formation, we assemble NF-L and α-Inx with either

NF-M or NF-H. For osmotic pressure measurements, we as-

semble networks with a maximal long-tail fraction (dashed

lines in Fig. S5).

The osmotic pressure Π−d diagrams for the four bipoly-

mer filament networks are presented in Fig. 3A-C. At low os-

motic pressures (Π . 104 Pa), both NF-H containing bipoly-
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NF-L Ù-Inx Ù-Inx:NF-H

Ù-Inx:NF-M

G
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A EC F

Fig. 2 Filament formation of heteropolymer protein complexes. Native (A) and recombinant (B) NF-L forms 10 nm wide filaments. α-Inx

aggregates irregularly under the same conditions into filaments of varying widths (C), but mostly into dense aggregates (d). However, α-Inx

forms composite filaments with either NF-H (E,F) or NF-M (G). Filaments were assembled in buffer A with added NaCl to reach 150 mM

monovalent salt. Scale bars for AFM images (A,C,E) are 200 nm; 100 nm for negative-staining TEM (B,F,G) and 250 nm for rotary metal

shadowing TEM (D).

mer filament networks are in expanded state with d ≈ 80 nm.

In contrast, NF-M bipolymer filament networks strongly de-

pend on their short-tailed partners. Here, NF-L:NF-M co-

assembly is in a collapsed state with d ≈ 40 nm, whereas α-

Inx:NF-M is in expanded state (Fig. 3B). These results are

intriguing as α-Inx tail is both shorter and less charged than

NF-L tail. Furthermore, the expanded state of the α-Inx:NF-

M network compared to the NF-L:NF-M network does not

agree with the mean field calculated trend22. There, replac-

ing NF-L with α-Inx in the NF triplet network was predicted

to reduce the brush height. The disagreement suggests that

the trend observed in the NF-L:NF-M network at low osmotic

pressures is related to specific interactions between the two

proteins. Unfortunately, a comparison between the expanded

states of NF-L:NF-H, α-Inx:NF-M and α-Inx:NF-H is limited

by the experimental error of our measurements which is larger

than the differences previously predicted at comparable ionic

strengths34,35.

At high osmotic pressures ( Π ≥ 104 Pa) we observe an ir-

reversible collapse of the inter-filament distance down to ≈ 40

nm in all bipolymer filament networks except for NF-L:NF-M.

Upon further compression, all bipolymer filament networks

exhibit a similar trend, which follows the curve of the NF-

L homopolymer filament network (Fig.3C). Only the highly

compressed α-Inx:NF-H curve appears slightly different, where

a more extended inter-filament distance is observed (Fig. 3A).

Notably, a comparison of recombinant and native NF-L net-

works has shown that the NF-L post-translational modifica-
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Fig. 3 Osmotic pressure vs. inter-filament distance curves for filaments of different protein compositions. (A) Networks of filaments

comprising NF-H with different short tails, either α-Inx or NF-L, at 1:4 mol:mol subunit molar ratio respectively. A secondary low intensity

peak at 35-45 nm is also fitted to SAXS data for both networks at the expanded state, as previously observed30 (not shown). (B) Networks of

filaments comprising NF-M with either α-Inx or NF-L at 1:3 mol:mol subunit ratio respectively. Here, the secondary correlation peak is

shown and denoted by X symbol. (C) Comparison of NF-L based networks: NF-L homopolymer filaments, composite filament comprising

NF-L:NF-M (taken from Beck et al.30) and NF-L:NF-H. (D) Comparison of two triplet filament networks to the quartet filament network.

The latter comprises α-Inx:NF-L:NF-M:NF-H at biologically relevant 4:2:2:1 subunit molar ratio. Typical horizontal error bars for distances

larger than 50 nm, (i.e., in the expanded state) are shown in (A) and (B) only. Typical error bars for the collapsed state obtained for Π ≈ 104

Pa and higher are shown in (C) and (D) only. Measurements conducted at 150 mM monovalent salt.

tions, in particular the 3 potential tail phosphorylation sites36,

do not have a significant effect on the network response(Fig.

S3).

The expansion of the α-Inx:NF-M bipolymer filament

network resembles that of three and four component net-

works. We examine the inter-filament distance in α-Inx based

bipolymer filament networks at various monovalent salt con-

centrations ranging from 40 mM to 240 mM (Fig. 4). At

low pressures, networks are found in the expanded state, with

all inter-filament distances above 70 nm, regardless of salt

concentrations. Therefore, unlike the NF-L:NF-M network

which collapses at monovalent salt concentrations exceeding

70 mM13,30, α-Inx based filament networks remain expanded

with increasing ionic strength.

The mature NF network is composed of all four subunit

proteins. In Fig. 3D, we examine hetero-filament networks

composed of either four (quartet) or three components (triplets)

subject to osmotic pressure. The quartet is formed by assem-

bling all four proteins at the biologically relevant stoichio-

metric ratio of 4:2:2:1 (NF-L:α-Inx:NF-M:NF-H)5. The two

triplet networks measured are composed of α-Inx:NF-M:NF-

H filaments (with corresponding 7:3:2 ratios) and NF-L:α-

Inx:NF-M filaments (3:4:3 ratios). The Π−d diagrams show

that the omission of one component does not have a dramatic

effect on the hydrogel response. Their response is also compa-

rable to the NF-L:NF-M:NF-H network measured before30. A

possible exception is found for the α-Inx:NF-M:NF-H triplet

which was slightly more expanded in comparison other triplet

and quartet networks at pressures exceeding the pressure re-

quired for network irreversible collapse (Π ≥ 104 Pa). Inter-

estingly, similar stability with regards to NF composition was

recently predicted by simulations of several NF triplet com-

positions, which did not, however, include α-Inx37. Unfor-

tunately, the experimental error of d measured at low osmotic

pressure is too large in order to allow us to examine the minute

changes predicted by exchanging NF-L and α-Inx22.
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Fig. 4 α-Inx based bipolymer filament networks do not condense with increasing monovalent salt concentrations. The compression response

of (A) α-Inx:NF-H is salt independent in a near-physiological range. Similarly, (B) α-Inx:NF-M remains at an expanded state with increasing

salt concentrations. This is in contrast to the reported salt dependent transition of NF-L: NF-M into a collapsed conformation at monovalent

salt concentrations exceeding 70 mM30. Experimental error for the inter-filament distance is ≈10 nm.

Electrostatic analysis reveals multiple ionic cross-linking

sites on NF tails. The structural role of physical, non-covalent,

ionic cross-linkers in NF networks was previously demon-

strated14,38. Such cross-linkers should also affect the inter-

filament distance13,30,39,40. In order to find potential cross-

linking sites we undertake an electrostatic “handshake” anal-

ysis of the NF tails30. We evaluate short-range electrostatic

attractive interactions, between tails, using a coarse-grained

model; where segments engage in a zipper-like electrostatic

interaction. Interacting segments may belong to a pair of tails

protruding from the same filament or from two opposing fila-

ments. We fix the distance between neighboring amino acids

on the same tail to be 0.35 nm, while the opposing segments

are separated by 0.28 nm (the span of anionic/cationic bonds

in ionic crystals). The energy landscape between residues

from two tails is represented as a two-dimensional matrix and

estimated from Coulomb’s law30:

∆E± (n1,n2) = ke

w/2

∑
i=−w/2

m

∑
j=−m

eZ1 (n1 + i)eZ2 (n2 ± i− j)

|r1 (n1 + i)− r2 (n2 ± i− j)|
(1)

where ke is the electrostatic constant and indices 1 and 2 de-

note two different interacting tails with n1 and n2 referring to

residue numbers on tail 1 and 2, respectively. Charge eZl(nl)
and location rl(nl) of amino acid reside nl on each tail are in-

dexed likewise. The calculation includes 2m+ 1 next-nearest

neighbors and coarse grained over w amino acids. Phosphorly-

ation sites for NF-L, NF-M and NF-H tails are imported from

the UniProt database36 and their charge is calculated as in30.

We consider two separate scenarios of ionic handshakes: par-

allel (∆E+) and anti-parallel (∆E−) configurations. Each con-

figuration accounts for alternative conformations where either

inter or intra-filament attractions can be realized (Fig. S6).

The generated matrices suggest energetically favorable sites

for ionic bridging, which are responsible for tail attractions.

Therefore, it is reasonable that the specific amino-acid se-

quence, and charge distribution in particular, is key in regu-

lating the interactions between the tails and the inter-filament

distance (Fig. 3).

We find that the anti-parallel (Fig. 5) and parallel (Fig. S7)

ionic handshake matrices are similar. The similarities between

the two matrices are the result of the coarse-grained calcula-

tion. Significant differences can only be observed when ex-

amining segments which are comparable to the coarse-grained

widow ( ≈10 amino acids), as can be seen by comparing the

α-Inx matrices in Fig. 5 with Fig. S7. The locations of large

attractive and repulsive areas strongly depend on the specific

sequence, but not on the parallel or anti-parallel configuration.

This is verified by handshakes calculated between randomly

permuted tail sequences and will be discussed later.

The numerous attractive sites observed in the matrices sug-

gest multiple possible tail conformations. We evaluate the cu-

mulative effect of attractive sites and correlate it to the inter-

filament distance. For an anti-parallel configuration, the dis-

tance is correlated to the value of constant C− = n1+n2, where

residue n1 interacts with residue n2. For a parallel configu-

ration, the distance is correlated to the constant C+ = N2 −
(n2 −n1) for n2 > n1 and C+=N1−(n1 −n2) otherwise. Here,

N1 and N2 are the total amino acid lengths and we set N2 ≥
N1 for clarity. For each given value of C− or C+ we sum

over the attractive residue pairs only, obtaining ∆E−
neg (C

−) or

∆E+
neg (C

+) respectively (Fig. 6, Figs. S8-S10 and detailed

calculations in Supplementary).

To identify the role of a specific tail sequence we also

calculate an average

∣

∣

∣
∆E±

neg (C
±)

∣

∣

∣
for 100 permuted tail se-

1–12 | 7

Page 7 of 13 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



N
F

-L
 r

es
id

u
e 

#
50 100 150

50

100

150

20 40 60 80

20

40

60

80

D
-I

n
x

 r
es

id
u

e 
#

200

400

600

100

200

300

400

500

20 40 60 8020 40 60 80 50 100 15050 100 150

200

400

600

100

200

300

400

500

N
F

-H
 r

es
id

u
e 

#

N
F

-M
 r

es
id

u
e 

#

D-Inx residue # NF-L residue # D-Inx residue # NF-L residue #

N
F

-M
 r

es
id

u
e 

#

N
F

-H
 r

es
id

u
e 

#

100

300

500

NF-M residue # NF-H residue #

100 300 500

200

400

600

200 400 600

í��020

û((K
B
T)

D-Inx residue # NF-L residue #

N
F

-M
 r

es
id

u
e 

#

N
F

-H
 r

es
id

u
e 

#

A

G(

B

HF

C D

Fig. 5 Handshake analysis of tail-to-tail interactions. Two tails aligned in an anti-parallel configuration, showing tail-to-tail interaction of

ionic cross-linking sites on two opposite tails. The colors in the ∆E−(n1,n2,w = 10,m = 5) handshake matrices are given by equation 1.

Homopolymer filament handshakes of (A) α-Inx, (B) NF-L, (C) NF-M and (D) NF-H are on the first row. Below are bipolymer filament

handshakes of NF-M with either (E) NF-M or (F) NF-H and NF-H with either (G) α-Inx or (H) NF-L. The phosphorylation of NF-L, NF-M

and NF-H but not α-Inx was taken into account in these calculations as previously described30.

quences in both parallel and anti-parallel configurations (Fig.

6 and Figs. S8-S10). For each network, the permuted val-

ues are compared to the original, non-permuted

∣

∣

∣
∆E±

neg (C
±)

∣

∣

∣
.

The comparison emphasizes the significance of a specific se-

quence within each of the tails. Deviations from the aver-

age permuted sequences indicate more probable cross-linking

sites and inter-filament spacing.

α-Inx forms a dense corona close to the filament back-

bone. α-Inx aggregation can be explained by the multiple at-

tractive sites along the tail (Figs. 5A and 6A). In contrast, the

NF-L:NF-L matrix shows a large (100×100 amino acids) re-

pulsive domain and an attraction due to the positively charged

C-terminal tip (Figs. 5B and 6D). Hydrophobic interactions

may account for additional attraction between amino-acid sites

in NF-L and α-Inx homopolymer filaments. We find that α-

Inx is the least hydrophilic, with a hydrophobicity score17 of

-0.6, whereas the NF triplet proteins are more hydrophilic with

-1.4 to -1.6 scores (Fig. 1G,H and Table S1). This finding fur-

ther supports that in comparison to NF-L, α-Inx tail is more

susceptible to collapse on the filament backbone.

α-Inx prevents cross-linking interactions near the fila-

ment backbone. Both NF-L:NF-H and α-Inx:NF-H networks
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show a similar compression response (Fig. 3A). The corre-

sponding handshake matrices show similar multiple weak at-

tractive sites at NF-H’s last 200 amino acids (Figs. 5G,H, 6C,F

and Fig. S8C,F). In fact, our analysis agrees with previous

studies of NF-H mutants, where a minimal truncation of the

last 191 amino acids resulted in network and cross-bridging

disruption39.

At low osmotic pressure, the inter-filament distance mea-

sured in the α-Inx:NF-M network is surprisingly larger than

the inter-filament distance measured in the NF-L:NF-M net-

work. An examination of NF-M handshake matrices reveals

an attractive interaction of the NF-M tip with NF-M and NF-L

segments close to the filament backbone (Figs. 5B,F, 6E and

Fig. S10). The analysis suggests two potential cross-linking

interactions that promote the reduced inter-filament distance

we observe. First, opposing NF-L tails can interact, as dis-

cussed before in the homopolymer case. The existence of such

NF-L interactions can also explain why the measured inter-

filament distance in the NF-L:NF-M and NF-L homopolymer

networks is similar (Fig. 3C). Second, NF-M tail tips can in-

teract with segments close to the filament backbone. This can

occur either through penetration of the NF-M tail into oppo-

site filament brushes, or by looping of the NF-M tail back to

its filament backbone. Such loops were recently suggested by

simulation34,41 and AFM pulling experiments42. As for tail

interpenetration, Monte-Carlo simulations predicted increased

inter-penetration with simultaneous decrease in tail expansion,

as the inter-filament distance was reduced from 60 to 40 nm43.

Nonetheless, a microscopic experimental validation of the in-

ternal organization of the tails would be needed in order to

confirm our analysis and its correspondence to simulations

and previous experiments44.

A comparison of α-Inx:NF-M and NF-L:NF-M matrices

shows how α-Inx affects the conformation of the NF-M tails

(Figs. 5E,F and 6B,E). The α-Inx:NF-M matrix indicates that

multiple weak attractive sites exist along the NF-M tail. It

resembles the matrices of α-Inx:NF-H and NF-L:NF-H net-

works which are also in an expanded state. Specifically, we

find that

∣

∣

∣
∆E±

neg (C
±)

∣

∣

∣
values of NF-L:NF-M deviate signifi-

cantly, in favour of attractive interactions, from the averaged

permuted sequences. The deviations favor cross-linking sites

which result in shorter inter-filament spacing. In contrast, the

nearly neutral α-Inx seems to flatten the energy landscape to

be similar to the permuted sequences (Figs. 6B,C,E,F). In the

absence of specific attraction, the most probable configuration

will be an expanded one, as measured in our experiment.

The collapsed nature of α-Inx mentioned earlier can seem-

ingly reduce the inter-filament spacing in α-Inx-based het-

eropolymer filament networks22. However, it appears that

the specific structural properties generated by the α-Inx col-

lapsed tails prevent the attractive interactions close to the fil-

ament backbone, which accounted for the condensed state of

NF-L:NF-M. Further support is given by comparing the inter-

filament distance of α-Inx:NF-H and NF-L:NF-H bipolymer

filament networks at high osmotic pressure (Fig. 3A). There,

the distance is larger for bipolymer filaments networks con-

taining the shorter α-Inx tail, which suggests that α-Inx tails

effectively repel the longer tails from cross-linking nearby the

backbone.

4 Discussion

We measured the inter-filament distance response to osmotic

stress in multi-component networks of neuronal intermediate

filaments. The NF network structural and mechanical prop-

erties are determined by synergistic interactions between the

short and long protein tails. This effect is less pronounced in

the three and four-component networks, where the omission of

a single component does not change the network compression

significantly.

The coarse-grain handshake analysis shows preferable sites

that induce attractions between different tails. Although our

analysis lacks many molecular details including hydrophobic-

ity, steric and entropic factors, it captures the key experimen-

tal findings. Further support for extensive tail interactions is

given by available simulations on NF proteins34,41,43.

The experimental results and analysis allow us to schemat-

ically illustrate the possible conformations that correspond to

the dominant cross-linking sites (Fig. 7). The short-tailed

NF-L and α-Inx form an inner layer corona close to the fil-

ament core22. Due to the dissimilar properties of the α-Inx

and NF-L tails with respect to charge, amino-acid length (N)

and hydropathy, they are expected to form different coronas.

The α-Inx tail is nearly neutral, with a -0.03 e/aa linear charge

density (φ ), which is much lower than the −0.29 e/aa calcu-

lated for NF-L tail (Table S1). α-Inx tail is also shorter and

less hydrophilic (Fig. 1G,H). In the physiological salt con-

centrations (cs), the concentration of tail counter-ions is lower

than the concentration of the bulk ion solution. Therefore,

such charged brushes are always in the “salted brush” regime,

where the brush height holds H ∼N
3/4φ 1/2c

−1/4
s (ref.45). Hence,

NF-L is expected to stretch from the filament backbone due to

its higher negative charge46. On the other hand, α-Inx, which

is almost neutral, is organized in a denser, collapsed brush sur-

rounding the filament backbone (Fig. 7B). We note that the

estimated radius of gyration (Rg) of α-Inx in solution is ex-

pected to be 40% smaller than that of NF-L (Table S2), but we

do not expect the distance between adjacent tails on the corona

(2 nm) to be larger than Rg.

Heteropolymer filaments that contain long tails are thus

predicted to form two distinctive layers22. The inner layer

corona is composed of the short tails while the longer tails
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Fig. 7 A schematic illustration of suggested tail conformations. (A) NF-L and NF-H are organized in a brush and “flower” conformation. (B)

α-Inx based coronas, with either NF-M as depicted in the figure or NF-H, organize in a collapsed brush and flower. (C) NF-L with NF-M

form a brush and “truffle”.

are repelled farther away from the corona, into the outer layer.

Since the tails within the outer layer are less dense, they are

expected to form a “flower-like” conformation that can cross-

link with opposite filaments (Fig. 7A,B). The “flower” confor-

mation agrees with our results for heteropolymer filament net-

works containing NF-H. There, the inter-filament distance at

low pressure is almost unaffected by the identity of the remain-

ing tails, as the distance is determined by the NF-H “flowers”

decorating the “collapsed brush” corona.

However, bipolymer filaments containing NF-M are orga-

nized differently. The condensed state of NF-L:NF-M net-

works implies that NF-M interpenetrates the opposite brush

to form cross-links with tail segments close to the filament
backbone. This may allow cross-linking between the appos-

ing NF-L inner coronas. Consequently, the NF-M tail favors

conformations in the vicinity of the filament backbone. As an

analogue to the “mushroom” regime, we refer to these hidden

tails as the “truffle” regime (Fig. 7C). A comparison of the

expanded α-Inx:NF-M network to the condensed NF-L:NF-

M network is indicative of the different structural roles of α-

Inx and NF-L in multi-component assemblies. We suggest

that the neutral charge and the less hydrophilic residues of

the α-Inx tail cause the formation of a collapsed corona that

hinders cross-linking interactions close to the filament back-

bone. Condensation of α-Inx results in an effective repulsion

of long-tails from the backbone.

Notably, we show that the inter-filament distance response
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of the α-Inx:NF-M network resembles that of the quartet net-

work, in contrast to the NF-L:NF-M network. Since most

studies indicate that NF-M and α-Inx form a transitory net-

work in early postnatal stages6,7, the measured differences

between NF-M bipolymer filament networks suggest a new

structural rationale for the sequential expression of NF pro-

teins during embryonic development. These findings also cor-

respond well with in vivo measurements demonstrating that

NF-M is a dominant factor in controlling axonal diameters47,48.

We show that the addition of α-Inx does not significantly al-

ter the inter-filament spacing of the three component network

(Fig. 3), in agreement with reports of transgenic mice, where

the deletion of α-Inx had no apparent effect on axon caliber49.

However, our results show that careful attention must be taken

to the early development expression level of α-Inx within neu-

ronal IF networks due to its synergistic interactions with the

NF triplet proteins.

On top of the complex interactions mediated by the pri-

mary amino acids of the various NF protein tails, a reversible

regulatory mechanism for NF network stabilization is intro-

duced by post-translation modifications6. In particular, phos-

phorylation of the NF long tails significantly increases their

negative charge fraction50. We expect that the phosphoryla-

tion level will alter the electrostatic interaction between the

tails. Such effects were indeed observed and will be addressed

in future communications.

A recent study of the peripheral nervous system (PNS)

identified peripherin in composite filaments along with the NF

triplet51. Like α-Inx, peripherin expression in the PNS de-

creases postnatally until stabilizing at a non-negligible fixed

stoichiometry with the NF triplet proteins. Both α-Inx and

peripherin also act as the short tailed partner in these assem-

blies, as peripherin’s tail is only 65 amino-acid long. Given

these similarities in expression pattern and size, the role of pe-

ripherin in composite filament networks should be of physical

and biological interest.
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We measure the mechano-elastic properties of composite bottlebrush nematic hydrogels consisting 
of proteins originated from the central nervous system. We show that intra-brush interactions �ine 
tunes the network structure which may serve as a structural-regulatory mechanism in neuronal early 
developmental stages. 
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