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Neurofilaments (NFs) are multisubunit, bottlebrush-shaped intermediate filaments
abundant in the axonal cytoskeleton. Each NF subunit contains a long intrinsically dis-
ordered tail domain, which protrudes from the NF core to form a “brush” surrounding
each NE Precisely how the tails’ variable charge patterns and repetitive phosphoryla-
tion sites mediate their conformation within the brush remains an open question in
axonal biology. We address this problem by grafting recombinant NF tail protein con-
structs NF-Light, -Medium, and -Heavy (NFL, NFM, and NFH) to surfaces, yielding
protein brushes of defined stoichiometry that can be phosphorylated in vitro. Atomic
force microscopy measurements reveal that brush height depends on composition
monotonically but not always linearly for binary NFL:NFM or NFL:NFH systems,
and that NFM-based brushes are highly extended, while brushes incorporating the
much larger NFH are surprisingly compact even after multisite phosphorylation.
Complementary self-consistent field theory (SCFT) predicts multilayer brush mor-
phologies for NFM and phosphorylated NFH brushes. Further experiments and SCFT
analysis with designed mutants reveal that N-terminal negative charges in the NFH
tail repel phosphorylated residues to generate the multilayer morphology, while the
C-terminal charge-neutral region contributes to multilayer brush morphology but
not total brush height. Charge-shuffled NFM variants show that charge segregation
promotes brush collapse near physiological ionic strengths. Collectively, this study
supports a role for NFM in establishing a dynamic range for NF brush conformation,
lending insight into previous in vitro and in vivo findings. More broadly, this work
establishes a platform for dissecting contributions of disordered protein sequence to
conformation at interfaces.

neurofilaments | intrinsically disordered proteins | cytoskeleton

Neurofilaments (NFs) are bottlebrush-shaped, neuron-specific intermediate filaments that
fill the axonal cytoplasm and contribute to axonal caliber (1). NFs are composed of mul-
tiple protein subunits with unique C-terminal tail domains which form a peripheral layer
or “brush” around each filament (Fig. 1 A and B) (2, 3). Being intrinsically disordered
regions (IDRs), these tail domains dynamically sample from a conformational ensemble
(4). In vivo, the NF tail domains have been proposed to mediate interfilament interactions
and crosslinking (5-7), to act as buffers between filaments (8, 9), and to support axonal
mechanical properties (10, 11), with these functions tuned by extensive phosphorylation
(12) and disrupted by NF aggregation in many neurodegenerative conditions (3, 13).
These functions are governed by the NF tail domains’ conformational ensembles, which
are in turn governed by their heterogeneous amino acid sequences (14, 15). In the present
work, we focus on uncovering the link between NF tail sequence features and the structure
and organization of the resulting NF tail brush.

Efforts to define sequence—structure relationships are complicated by the heteropoly-
meric nature of native NFs, which are generally formed from more than one subunit
protein. The three best-studied NF subunits are NF-Light, -Medium, and -Heavy (NFL,
NFM, and NFH), with tail domain sequences that vary significantly in length and charge.
These proteins are differentially regulated not only at transcriptional and posttranscrip-
tional levels (16), but also by multisite phosphorylation, especially at repetitive
lysine-serine-proline (KSP) motifs targeted by various proline-directed kinases.
Phosphorylation motif availability also varies by subunit, with the NFH tail containing
~50 such motifs (2, 17). Multisite phosphorylation brings additional negative charge to
the sequence, changing the monomer chemistry within the NF tail layer and potentially
affecting protein conformation.
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Fig. 1. NF tails with unique sequence features form a mixed brush. (A) Diagrams of the NF proteins. (B) Schematic of assembled NF with surrounding tail domain
layer. (C) Schematic of in vitro brush system and AFM measurement. (D) Charge properties of NF tail constructs at the neutral pH used in this work. Blue bars
indicate lysine or arginine residues, red bars indicate glutamate or aspartate residues, and half-length red bars indicate phosphorylated serines or threonines

as detected by peptide LC-MS.

Structurally, the NF tail layer can be viewed as a polymer brush,
with multiple polyampholyte species (disordered tail domains)
covalently tethered to a nanoscale cylindrical surface (filament
core). Within a brush, polymer conformations reflect a balance
between the elastic energy of polymer deformation, interactions
between monomers and solvent, and electrostatic interactions
between charged monomers and dissolved ions. Brush morphol-
ogies of charged polymers have long been studied by various the-
oretical and experimental methods such as self-consistent field
theory (SCFT) (18, 19), atomic force microscopy (AFM) (20, 21),
ellipsometry, and neutron reflectivity (22). Two important emerg-
ing directions for these materials include: developing mixed
brushes composed of multiple polymer types, which can function
as solvent-responsive materials (23) and exhibit surprisingly com-
plex brush morphologies (24, 25); and understanding the effects
of charge patterning in the polymer sequence, which molecular
dynamics simulations suggest contribute strongly to chain confor-
mation (26). Polyelectrolyte (27) and polyampholyte (28, 29)
brushes have been thoroughly covered in several excellent reviews,
though the application of these emerging formalisms to complex
proteins such as the NF subunit tail domains remains limited. A
key gap in our knowledge is how brush morphology is determined
by the subunits’ unique lengths, charge patterns, and phosphoryl-
ation states.

Previous experimental approaches to understand this relation-
ship include studies of reconstituted NF hydrogels, which have
suggested that NFM decreases interfilament spacing, while NFH
supports expanded interfilament spacing especially after phos-
phorylation (11, 30). However, in mouse genetic models, dele-
tion of the NFM tail decreases NF spacing (31), while deletion
of the NFH tail has no effect (32). Both hydrogel and mouse
genetic models infer NF brush morphology via inter-NF spacing,
which cannot separate the effects of NF tail conformation from
interfilament interactions. Protein conformation has been pre-
dicted by lattice-constrained SCFTs (33, 34) as well as by
coarse-grained computational approaches, which have suggested
that NFM extends to the periphery of the brush and NFH does
so after phosphorylation (33, 35). However, these predictions
cannot be experimentally corroborated in complex hydrogel or
animal models.

https://doi.org/10.1073/pnas.2410109121

Here, we employ a reductionist, well-controlled experimental
system combined with a continuous-space SCFT to directly probe
NF subunit conformation in protein brushes. With these
approaches we explore how brush morphology is governed by
sequence-encoded biochemical features such as charge pattern,
chain length, and multisite phosphorylation in single- and mul-
ticomponent NF tail brushes.

Results

NF Tail Constructs Form Ternary Protein Brushes of Controlled
Density, Composition, and Phosphorylation State. Building
from a previously developed platform (36), we grafted NF tail
proteins to maleimide-functionalized surfaces (Fig. 1C). This
system reflects the surface tethering of the NF tails in vivo, while
also allowing control over the grafting density and composition of
mixed brushes made of multiple subunits. Protein constructs based
on Rattus norvegicus NFL, NFM, and NFH tail domains were
recombinantly produced in Escherichia coli, allowing sequence
modifications and the introduction of a cysteine residue near the N
terminus for end-directed covalent grafting via a thiol-maleimide
Michael addition (87 Appendix, Fig. S1). The purified proteins,
which like other highly charged IDPs migrate anomalously in
SDS-PAGE (37, 38), were identified by LC-MS (S Appendix,
Fig. S2). These constructs can be phosphorylated at KSP motifs
by purified recombinant kinase ERK2, either in solution or
after surface grafting (39). LC-MS analysis of trypsin-digested
phosphorylated proteins revealed 53 phosphorylated residues in
the NFH tail construct, 8 residues in NFM, and 2 residues in
NEL (Fig. 1D).

After allowing each protein to graft to a functionalized surface,
we measured the density of grafted protein by spectroscopic ellip-
sometry. The grafting densities 6 of single-component NFL,
NFEM, or NFH tail brushes were similar to one another (Fig. 24),
and similar to the density of 0.02 chains nm™ previously reported
using this grafting chemistry for an NFH tail construct (36). These
grafting densities are sparse compared to densities of typical syn-
thetic polymer brushes, which is unsurprising given the grafting-to
reaction scheme and the long protein chains (molecular weights
of NFL, NFM, and NFH rtails are 17, 51, and 69 kDa,
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Fig. 2. Ternary NF brushes of controlled grafting density and composition
collapse with increasing solution ionic strength. (A) Grafting density of single-
component brushes. Mean and SD, n = 6-9 samples. (B) Representative images
(Top) and schematic (Bottom) of NFL:NFH fluorescently labeled mixed brush.
(Scale bar, 5 mm.) (C) Molar compositions of single-component brushes
and 7:3:2 ternary brush. Bars show mean + range from each channel, n =2
samples. (D) Representative curves from AFM brush height measurement at
high (dark orange) and low (light orange) ionic strength. Dashed lines indicate
extracted brush heights. (E) Collapse of ternary brush height with increasing
jonic strength with (open squares) or without (closed circles) phosphorylation.
Points show mean and SD, n = 5 samples. Inset: log scale view.

respectively). However, the present grafting densities are similar
to the density of tail domains in a native NF. Assuming 32 subu-
nits incorporated per cylindrical unit of diameter 10 nm and
length 43 nm (40), a native NF grafting density might be esti-

— 32 —0.024 chainsnm™2
X 10 nm X 43 nm

mated as

To produce multicomponent brushes, we allowed a mixture of
proteins in solution to simultaneously cograft to the surface. We
empirically related the composition of the protein mixture applied
to the surface and the brush molar composition using relative
fluorescence. Proteins were lightly prelabeled with amine-reactive
fluorophores, then allowed to cograft on the surface and visualized
with a laser scanner platform (Fig. 2B and SI Appendix, Fig. S3).
By comparing the fluorescence intensity from mixed brushes to
the intensity from a single-component reference sample of known
grafting density, we calculated the density of each component in
the mixed brush, and the resulting molar brush composition
(Materials and Methods and SI Appendix, Fig. S4 and Nore 1).

In vivo, NFs are found in a range of protein compositions that
depend on many factors (41-43). However, one commonly
described stoichiometry is a molar NFL:NFM:NFH ratio of 7:3:2
(44), so we chose a protein mixture that resulted in a ternary brush
composition close to this ratio (Fig. 2C). We then measured brush
height with AFM under a variety of solution conditions. This
force-based metric records the position at which the AFM probe
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first detects resistance as it approaches the sample, relative to the
position of near-vertical force response where the probe is in
contact with the underlying glass substrate. Representative force—
distance curves demonstrate the difference in brush height for a
7:3:2 ternary brush at low (1.6 mM) or high (51.6 mM) solution
ionic strength, showing that the brush is more extended at low
ionic strength (Fig. 2D). All brush height measurements in this
work were performed at pH 7.4 to reflect physiological pH. All
samples used for brush height measurements were made with
unlabeled proteins, though measurements of fluorescently labeled
protein brushes yielded similar behavior (SI Appendix, Fig. S5).

The height of ternary NF tail brushes decreased with increasing
solution ionic strength according to a power law with exponent
-0.4176 (Fig. 2E). This collapse is more dramatic than would be
expected for a salted polyelectrolyte brush, which exhibits a scal-
ing law exponent of -0.33 with ionic strength (45). We note that
the brush height of ~15 nm near physiological ionic strength is
consistent with the range inferred from electron micrographs of
mouse axons, where an observed 30 to 50 nm inter-NF spacing
would correspond to a 10-nm filament core with two interposed
brushes of 10 to 20 nm (32, 46). In vivo, extensive phosphoryl-
ation of NFM and NFH tail domains has been proposed to
contribute to axonal NF organization and function. Therefore,
we phosphorylated ternary NF tail brushes in situ, and observed
slightly expanded brush heights and a concomitant decrease in
magnitude of the power law exponent (Fig. 2E and SI Appendix,
Table S1).

Protein Composition, Phosphorylation, and lonic Strength
Govern Expansion of Binary Brush Systems. As the NFM and
NFH tails are both long and highly charged chains, we particularly
wanted to isolate the contributions of these subunits to brush
morphology. Because NFL is required for filament assembly
in vivo (1) and would therefore always be present in the native
NF tail brush, we varied the mole fraction of NFM or NFH tails
against a background of NFL in a series of binary mixed brushes
with constant total protein grafting density. We again combined
spectroscopic ellipsometry and relative fluorescence to calculate
fuem or fypy, the mole fraction of NFM or NFH within a given
brush. We empirically correlated the compositions of the applied
protein mixture and the resulting brush (Fig. 34). NFL:NFM
binary brush compositions were fit using a quadratic function
resulting in a SD of the residuals (Sy.x) of 0.11, while NFL:NFH
brush compositions were linearly correlated to grafting solution
composition with Syx 0.093. Total protein grafting density on
the surface showed no trend with brush composition and was
characterized by a SD 0f 0.012 chains nm* (~40% relative error)
over NFL:NFM samples and 0.0085 chains nm > (~28% relative
error) over NFL:NFH samples (57 Appendix, Fig. S6).

We measured the height of a series of NFL:NFM or NFL:NFH
mixed brushes in phosphate-buffered saline (Fig. 3B). While intro-
ducing NFH to an NFL-based brush only minimally affected brush
height, the addition of NFM, phosphorylated NFM, or phospho-
rylated NFH tended to increase brush height. To investigate the
role of charge interactions in binary mixed brushes, we then tuned
ionic strength with NaCl in a weakly buffered system. At lower
ionic strengths, all brushes were more expanded and the effects of
protein composition were more pronounced (Fig. 3C). As expected,
single-component NFL brushes were statistically indistinguishable
across experiments (SI Appendix, Fig. S7). Binary brush heights
were generally monotonically dependent on composition, though
this dependence was nonlinear for NFL:NFM mixed brushes.
Increasing the fraction of NFM resulted in more expanded brushes
with only slight changes upon phosphorylation. Conversely, while

https://doi.org/10.1073/pnas.2410109121

30of10


http://www.pnas.org/lookup/doi/10.1073/pnas.2410109121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2410109121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2410109121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2410109121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2410109121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2410109121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2410109121#supplementary-materials

Downloaded from https://www.pnas.org by UC Berkeley on November 27, 2024 from | P address 136.152.18.78.

4 of 10

A BE 40 40 Binary Mixed Brushes
E NFL:NFM NFL:NFM Phos.
= % 30 30 ® NFL:NFH [0 NFL:NFH Phos.
[T —
= % 22 20 § %H Single-Component Brushes
<
.' g 10 10 |_§_| o NFL [0 NFL Phos.
S
o0 o NFM 0 NFM Phos.
0.0 0.5 1.0 0.0 0.5 1.0 0 T T T 0 T T T NEH O NFH Ph
Volume frac. Volume frac. b 0S.
NFM faen D § 100
C lonic strength %
©
€ 120 120 120 120 <
< @
= 90 90 90 90 2
=
g 60 60 60 60
< 1
‘g 30 30 30 30 £
S -
m K=
r 0 T r 0T T r 0 T T s
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 i
[}
fNFM NFM fNFM g
g 80 80 80 80
j=
=
£ 60 60 60 60 %H s E
o é Hj.("%“ =
2 40 40 40 @.. % 40 % 5
G % »-D-(‘EHI-D-L@-| @ ] o e
s 20 20 20 20 =
g | %&%@@ é i At T g Ty
0= T T T T 07 T T @
.0 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 1 10 100
fNFH fNFH NEH fNFH lonic strength / mM

Fig. 3. NFM contributes to brush expansion while the effect of NFH is phosphorylation-dependent in binary mixed brushes. (A) Brush compositions for binary
mixtures of NFL:NFM (Left) and NFL:NFH (Right) as a function of protein mixture applied to the surface. Empirical fits (solid lines) allow control of brush composition
within sample error. Points represent individual samples. (B) Heights of NFL:NFM (Left) and NFL:NFH (Right) mixed brushes in phosphate-buffered saline with
(open squares) or without (closed circles) phosphorylation. Points represent mean and SD, n = 4-8 samples. X-error bars show SD of the residuals from the

relevant fitting in (A)

.(C) Heights of NFL:NFM (Top row) and NFL:NFH (Bottom row) mixed brushes in lower ionic strength solutions with (open squares) or without

(closed circles) phosphorylation. Left to Right: 51.6, 11.6, 4.6, 1.6 mM ionic strength. Points represent mean and SD, n = 4-8 samples. X-error bars show SD of
the residuals from the relevant fitting in (A). (D) Single-component brush heights against solution ionic strength for NFL (Top), NFM (Middle), or NFH (Bottom) tail
construct brushes, with (open squares) or without (closed circles) phosphorylation. Points represent mean and SD, n = 4-8 samples.

phosphorylated NFH tended to increase the brush height, non-
phosphorylated NFH resulted in more collapsed brushes.

The dependence of brush height on composition led us to exam-
ine single-component NFL, NFM, or NFH brushes more closely.
Among these three, NFM brushes were the most extended at all
ionic strengths measured (Fig. 3D). As expected, NFL produced
shorter brushes than NFM. Intriguingly, nonphosphorylated
NEFM was able to form more expanded brushes than phosphoryl-
ated NFH at all ionic strengths, despite the phosphorylated NFH
sequence being significantly longer and containing more net neg-
ative charge than NFM. Increasing the concentration of ATP did
not further expand NFH brushes, suggesting saturation of avail-
able phosphosites (S7 Appendix, Fig. S8). Additionally, comparison
between NFH tail constructs with N-terminal or C-terminal
purification tags, and between protein batches of moderate or high
purity, indicated that neither tag location nor moderate deviations
in stock solution purity broadly affected brush grafting or height
behavior (S Appendix, Fig. S9).

We observe that NFL brush heights did not change upon phos-
phorylation, while phosphorylation slightly expands NFM brushes
atnear-physiological ionic strengths. NFL and NEM single-component
brushes also follow a power law within the measured ionic strength
regime irrespective of phosphorylation state (S Appendix, Table S1).
Indeed, at very low ionic strengths, NFL and NFM brush heights
represent significant fractions of the protein contour lengths (~56,

https://doi.org/10.1073/pnas.2410109121

165, and 232 nm for NFL, NEM, and NFH constructs, respec-
tively; S/ Appendix, Fig. S10). However, nonphosphorylated
NFH brushes adopt a collapsed morphology even at low ionic
strength, and phosphorylated NFH brushes collapse with increas-
ing ionic strength only until ~50 mM, above which the brush
height plateaus.

SCFT Predicts Sequence-Dependent Multilayer Brush Morp-
hologies. To explore chain organization within protein brushes, we
turned to SCFT, which is well suited to modeling inhomogeneous
polymer systems and can provide experimentally inaccessible
polymer density profiles. We applied a continuous-space SCFT
we previously developed to model NFH tail brushes (47), which
systematically includes the elastic energy due to protein chain
deformation, short-range residue hydrophobicity via the Flory—
Huggins parameter, and electrostatic interactions. In contrast
to the Scheutjens-Fleer SCFT, our approach frees the lattice
constraint and improves both the accuracy and flexibility of
the calculations, enabling us to explore morphologies in higher
dimensions and capture more complex morphologies. We
employed a coarse-graining procedure in which each amino acid
sequence is mapped onto a multiblock copolymer model. Each
block is parameterized by the average hydrophobicity and charge
of its constituent residues at the chosen pH. We applied this
model to single-component NF construct brushes, and based
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on the best fit with the experimental data (Fig. 4 A-C, Insets),
we chose the same Kuhn length 4 and segment volume v for
all constructs except for phosphorylated NFH, where v was
increased to account for the volume change due to the phosphates
(SI Appendix, Note 2).

Polymer density distributions calculated from the SCFT predict
that NFL brushes take a single-layer morphology which slightly
condenses with increasing ionic strength (Fig. 44). By contrast,
NEFM brush polymer densities exhibit a peak near the surface and
a shoulder further away (Fig. 4B), indicating the coexistence of a
condensed and a more diffuse layer. As ionic strength increases,
the shoulder in the polymer density profile merges into the peak,
indicating that outer diffuse layer collapses toward the surface.
For NFH, nonphosphorylated brushes form a fully condensed
layer, while phosphorylated brushes contain a relatively small inner
layer and an expanded diffuse layer which collapses with increasing
ionic strength (Fig. 4C).

Each protein is a polyampholyte with sequence-defined charge
patterns. These patterns can be described by a moving-window
local net charge per residue (NCPR) and were used to divide each
sequence into blocks of similar charge. While NFL contains a
relatively neutral block followed by three blocks of net negative
charge (Fig. 4D, blocks denoted by shading), NFM contains a

charge distribution with two negative peaks and is segregated into
nine blocks (Fig. 4E). Four blocks are needed to model NFH,
including a notable N-terminal block of dense negative charge
(Fig. 4 F, Top). Upon phosphorylation, changes to the local NCPR
profiles in NFL and NFM are negligible (S Appendix, Fig. S11),
but the central section of NFH becomes more negatively charged
(Fig. 4 F, Bottom). Of the four blocks modeling phosphorylated
NFH, Block 3 contains the majority of the phosphorylation sites.

To understand how charge patterning affects the brush mor-
phology, we examine the polymer density distributions of each
subunit’s constituent blocks at a near-physiological ionic strength
of 150 mM (Fig. 4 G-I). For NFL, while the relatively charge-
neutral N-terminal region (Block 1) is predicted to remain close
to the surface, the more negatively charged C-terminal blocks
(Blocks 2-4) extend further into the solution (Fig. 4G). In NFM,
while Blocks 1 and 2 mostly populate the condensed layer, Blocks
3-9 have a bimodal distribution existing in both the condensed
and the diffuse layer (Fig. 4H). This distribution suggests that the
dense negative charges in Blocks 3 and 7 favor stretched confor-
mations due to local charge repulsion, causing adjacent blocks to
be dragged to the outer layer due to chain connectivity. For
unphosphorylated NFH, the N-terminal negative charges are
almost completely neutralized by the positive charges carried by
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Fig. 4. SCFT predicts multilayer subbrush structures. (A-C) Calculated polymer density profiles of NFL (A), NFM (B), or NFH (C) single-component brushes
showing collapse with ionic strength. NFH polymer density profiles are shown with (dashed lines) or without (solid lines) phosphorylation. Insets: predicted brush
heights (lines) and experimental data (points; mean and SD); NFH is shown with (open squares data, dashed line fit) or without (closed circles data, solid line
fit) phosphorylation. (D-F) Local net charge per residue for NFL (D), NFM (E), nonphosphorylated NFH (F, Top), or phosphorylated NFH (F, Bottom). Color shading
indicates charge blocks used in the model. (G-/) Polymer densities separated by charge block for NFL (G), NFM (H), or NFH (/) brushes at 150 mM ionic strength.
NFH profiles show phosphorylated (dashed) and nonphosphorylated (solid) conditions.
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the remaining residues. The brush behaves effectively as a
charge-neutral polyampholyte and is insensitive to changes in
ionic strength, with all constituent blocks condensed to a single
layer due to backbone hydrophobicity (Fig. 4 7, 7op). For phos-
phorylated NFH, the surface-adjacent inner layer is predicted to
be composed of Blocks 1 and 2, while the outer layer is predicted
to be composed of Blocks 3 and 4 (Fig. 4 1, Bottom). The highly
negatively charged Block 2 repels negatively charged phosphates
in Blocks 3 and 4, preventing them from condensing to the surface.

Sequence-Encoded Charge Patterns in NFM and NFH Govern
Brush Morphologies. The SCFT results predict that chain
organization within NF tail brushes depends strongly on sequence
charge distribution. We therefore returned to our recombinant
protein system to probe how specific charge patterns in the NFM
and NFH tails govern brush extension. In NFH, we focused on
charged regions other than the extensively phosphorylated KSP
repeat region. We first deleted the dense block of negative charge
near the N terminus of the protein, forming the construct NFH
A36-72 (Fig. 54 and SI Appendix, Fig. S1). We confirmed the
identity of the purified protein by LC-MS (SI Appendix, Fig. S2)
and validated brush formation by spectroscopic ellipsometry, then
measured the response of the resulting brush to solution ionic
strength (Fig. 5B). Although we achieved lower brush densities
than for WT NFH (SI Appendix, Fig. S12), we found that without
phosphorylation, the NFH A36-72 construct formed a somewhat
more expanded brush than the wild type construct, especially
at low ionic strengths. This finding suggests that residues 36-
72 and other negative charges near the grafting point may help
attract the slightly positively charged KSP repeat region into a
compact brush. Upon phosphorylation, the NFH A36-72 brush
heights were only slightly more compact than the wild type
sequence, and the power-law collapse regime of phosphorylated
NFH A36-72 brush height began to plateau around 10 mM
ionic strength, a lower threshold than for the WT NFH brush.
Closer to physiological ionic strengths, the SCFT predicts that
the multilayer expulsion of the phosphorylated KSP repeats that
was observed in the WT brush is no longer favorable (Fig. 5D),
though a thin dilute layer is still observed at ionic strengths below
10 mM (87 Appendix, Fig. S13).

We also wanted to know whether the C-terminal relatively
charge-neutral block of NFH was contributing to brush height.
We deleted this block to form the construct NFH A462-638
(Fig. 5A and SI Appendix, Figs. S1, S2, and S12) and measured
the brush height in response to ionic strength (Fig. 5C).
Interestingly, the NFH A462-638 brush height did not plateau
in the ionic strength regime measured here, and resulted in a much
lower-magnitude power law exponent than other brushes meas-
ured (87 Appendix, Table S1). However, near physiological ionic
strength, the NFH tail A462-638 brush heights were very close
to the WT NFH brush irrespective of phosphorylation state.
SCEFT predictions of NFH A462-638 brush morphologies suggest
that repulsion of the phosphorylated residues into an outer layer
still occurs at lower ionic strengths, but near physiological ionic
strength, the layers merge and the brush occupies only one layer
(Fig. 5D and SI Appendix, Fig. S13).

Compared to NFH, the NFM tail sequence is relatively
charge-segregated, with blocks of dense negative charge spaced by
more neutral regions. One metric to quantify sequence charge
segregation is K, a parameter which is close to 1 for charge-segregated
sequences and close to 0 for well-mixed sequences (48). The wild
type NFM tail sequence is characterized by x = 0.15. We created
two charge-shuffled mutants with more evenly spaced charges by
rearranging the charged residues so that they alternated along the
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sequence, randomly distributing the excess negatively charged
residues, to create the constructs NEM shuffle 1 and NFM shuffle
2 with k 0of 0.05 and 0.06, respectively (Fig. 5E and SI Appendix,
Figs. S1, S2, and S12). The charge-shuffled NFM variants resulted
in similar brush heights to the wild type protein at low ionic
strengths, but were more able to resist brush collapse near physi-
ological ionic strength (Fig. 5F) and exhibited slightly lower-
magnitude power law exponents compared to the wild type
sequence (SI Appendix, Table S1).

To relate our mechanistic findings to the mixed brush context,
we applied our SCFT to binary and ternary systems near physio-
logical ionic strength (S Appendix, Fig. S14 A-C). Using the same
parameters as for single-component systems, we achieve good agree-
ment with experimental brush height measurements (57 Appendix,
Fig. S14D). The SCFT predicts that the morphological features of
single-component systems are also present in mixed brush systems,
including single-layer density distributions for NFL, multilayer
distributions for NFM, and phosphorylation-induced multilayer
distributions in mixtures containing NFH.

Discussion

Despite the abundance of NFs in the axonal cytoskeleton and the
importance of the tail domains in governing NF architecture, our
mechanistic understanding of how amino acid sequences deter-
mine NF tail protein conformation remains incomplete. Previous
experimental studies of the NF tail domains have inferred brush
size from axonal inter-NF spacing (32, 49), but these approaches
do not readily allow manipulation of tail sequences, control of
subunit stoichiometry, or direct measurement of brush height.
Here, we combined a recombinant NF subunit platform and
SCFT to directly probe how sequence- and phosphorylation-
defined charge features govern protein conformation in single-
component, binary, and ternary protein brushes. We find that
protein composition regulates the effect of phosphorylation on
brush height, with NFM expanding mixed brushes irrespective of
phosphorylation state and multisite phosphorylation in NFH
causing a conformational shift via repulsion against a region of
N-terminal negative charge (Fig. 6).

The brush height data support a role for NFM in expanding
the NF tail brush via repulsion between segregated regions of
dense negative charge, which causes a fraction of the protein chains
to form an extended dilute layer. Interestingly, the brush height
increased nonlinearly with NFM mole fraction in binary
NFL:NFM brushes. Adding even a modest amount of NFM sub-
stantially increased the measured height of the brush to nearly the
level of the pure NFM brush height (Fig. 3C), suggesting that the
negative charge provided by the background NFL is enough to
expel the dense negative charge blocks of NFM to form an outer
layer, which is supported by SCFT predictions of peripheral NFM
density in binary and ternary mixtures (S Appendix, Fig. S14 A
and O).

Our study introduces charge-shuffled variants of the full-length
NFM tail sequence, which enabled us to investigate the effects of
charge distribution on brush height. In a single-component brush,
more evenly shuffling the NFM sequence charges caused the brush
to expand further. This finding in the context of surface-tethered
IDPs complements evidence from NFM tail fragments (50) and
other IDPs (48, 51-53) in solution, where sequence charge deseg-
regation tends to cause chain expansion. We observe that the
charge shuffle effect on NFM tail brush height is negligible at low
ionic strengths, presumably due to the lack of screening of signif-
icant charge repulsion between distant residues in the net-negative
NFM sequence. Notably, the effect of charge patterning on IDP
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Fig.5. Charge patterns in NFM and NFH govern brush expansion. (A)
Sequence charge diagram indicating the regions of NFH targeted in deletion
constructs. (B) Experimentally measured heights of NFH A36-72 brushes (mean
and SD, n = 6-8 samples) with (open squares) and without (closed circles)
phosphorylation. (C) Heights of NFH A462-638 single-component brushes with
(open squares) or without (closed circles) phosphorylation. Mean and SD,
n = 9-14 samples. (D) Predicted polymer density profiles for phosphorylated
NFH-derived brushes comparing wild type and deletion constructs at 150 mM
ionic strength. (E) Local net charge per residue for wild type NFM tail construct
(Top) and two charge-shuffled variants (Middle, Bottom). The dotted line indicates
average charge over the entire sequence. (F) Heights of NFM charge shuffled
variant brushes compared to wild-type NFM. Mean and SD, n = 6-8 samples.

conformation has been suggested to be proline-dependent (50, 54),
so charge patterning may exert a different effect in NFH, which
contains well-mixed charges and many relatively evenly distributed
prolines (S/ Appendix, Fig. S1).

The present data also provide perspective on previous conflict-
ing findings regarding the effect of NFM tail phosphorylation.
We find that the NFM tail expands only minimally upon phos-
phorylation in both binary and single-component brushes, in
agreement with previous Monte Carlo simulations (35, 55). In
contrast, a reconstituted NF hydrogel platform showed that NFM
phosphorylation decreased the estimated NF tail brush thickness
(11). Inter-NF spacing is slightly smaller in phosphoincompetent
NFM tail mice than in WT mice at 2 mo of age, though this
difference equalizes by 6 mo of age (46). Inter-NF spacing in this

PNAS 2024 Vol.121 No.49 2410109121

complex animal model may also reflect age-dependent compen-
satory phosphorylation effects, but the modest impact of NFM
tail phosphorylation is consistent with our finding that this phos-
phorylation only minimally impacts brush height. Discrepancies
between all these models may derive from the species-dependent
availability of phosphorylation sites in the NFM tail sequences.
Reconstituted NF models (11) have used native NFs purified from
bovine tissue, where the NFM tail sequence contains 17 KSP
motif repeats, in contrast to the 5 repeats in the R. norvegicus—
derived constructs employed here and the seven repeats mutated
in the mouse model (46). Interestingly, the human NFM contains
13 KSP-related motifs. When comparing mouse, human, and
bovine NFM tail sequences, our SCFT predicts that all sequences
take a multilayer morphology after phosphorylation at the KSP
repeats, but only the mouse sequence forms a multilayer structure
without phosphorylation, similar to the rat sequences used in this
work (SI Appendix, Fig. S15). This difference might be due to a
central sequence region with more positively charged residues in
bovine and human NFM. Future work with the recombinant
platform presented here could experimentally compare NFM
sequences deriving from different species to examine whether the
divergent effects of NFM phosphorylation are due to the increased
number of phosphorylation sites.

In contrast to NFM, our data support that the abundant KSP
motifs in the NFH tail actuate a conformational shift upon phos-
phorylation due to charge repulsion against the N-terminal nega-
tively charged block. This phosphorylation-dependent expansion
of NFH is in agreement with findings from Monte Carlo simula-
tions, bovine NF hydrogels, and prior SCFT (11, 33, 35, 55-57).
However, the ternary NF brushes measured here were only slightly
expanded by phosphorylation. This limited effect may be due to
the relatively low quantity of NFH present in a 7:3:2 mixture, as
the height of the binary NFL:NFH brush series seemed to corre-
late approximately linearly with NFH mole fraction. Previous

Brush morphologies

Physiological
ionic strength

Mixed brushes

NFL:NFH NFH

Phos. NFH

Fig. 6. Summary of brush morphologies at physiological ionic strength.
(Left) Grafting recombinant proteins onto surfaces allows AFM-based height
measurements of ternary, binary, and single-component brushes. (Right)
Experimental and SCFT results indicate that near physiological ionic strength
and neutral pH NFL brushes form a single layer due to evenly spaced negative
charge repulsion (Top), while NFM brushes take on a condensed layer and
a dilute layer that expands slightly after phosphorylation (Middle). NFH is
nearly net neutral before phosphorylation leading to a collapsed brush. After
phosphorylation, an outer layer is formed by repulsion of the phosphates
against an N-terminal negatively charged region, while the most C-terminal
region does not further contribute to brush height (Bottom).
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work showed that NFH tail deletion in mice does not affect NF-
NF spacing (32); our data suggest that this lack of effect may be
due to the low NFH density in the wild type mouse (41, 58).

The NFH tail may play roles other than regulation of brush
height. Interestingly, in the NFH A462-638 variant, we removed
almost 1/3 of the total protein chain and did not significantly
reduce the brush height at physiological ionic strength. Indeed,
brush morphologies predicted by SCFT predict that this C-terminal
segment contributes only to multilayer brush morphology and not
to overall brush height at physiological ionic strengths. These data
suggest a model where these C-terminal residues are brought along
with the phosphorylated KSP repeat region of the sequence and
contribute to the more peripheral layer of polymer density. Such a
structure would be consistent with a previous proposal that the
most C-terminal ~190 residues of the R. norvegicus NFH tail act
as an interfilament crosslinking domain (6), which might be most
effective at the periphery of the brush layer.

The multilayered features of NFM and phosphorylated NFH
brushes obtained by our SCFT are consistent with overall mor-
phology predictions from previous studies (33, 34). We note the
discrepancies between the experimental brush heights and those
predicted by SCFT, which reflect aspects of the physical system
not captured in the model. At low ionic strengths, the model
underpredicts brush height, which is attributed to the simplified
treatment of a uniform dielectric environment with the dielectric
constant of water. The lower dielectric constant of proteins in real
brushes would amplify charge repulsion to increase brush height,
and the dielectric contrast between the brush and the substrate
would also increase brush height via image charge repulsion (47).
At intermediate ionic strengths, the SCFT overestimates the height
of phosphorylated NFH brushes, which can be attributed to the
lack of explicit treatment of proton dissociation (59). For polyan-
ions in this range of ionic strengths, the local proton concentration
is higher than the bulk value, resulting in fewer ionized groups in
the brush and therefore lower brush heights. As the ionic strength
increases, sodium ions from the bulk solution displace the local
hydrogen ions and the local pH approaches that of the bulk,
improving the agreement between the theoretical predictions and
experiments. Furthermore, while we performed one-dimensional
calculations in this study, previous work from the Szleifer group
has predicted laterally segregated morphologies for weakly charged
brushes composed of shorter chains (60, 61). Future work with
our theory will employ three-dimensional calculations to investi-
gate lateral heterogeneity, as well as a more rigorous treatment of
pH by considering the local proton concentration on the dissoci-
ation equilibrium.

We also acknowledge that our experimental paradigm differs
from the native NF system in two important respects. First, NFs
are not planar but cylindrical, which dilutes monomer density
with increasing radial distance from the core. Second, whereas we
do not control the spatial pattern of subunit grafting, NFs present
subunit tails in a much more spatially ordered way (62). Although
Monte Carlo simulations have suggested that the spatial grafting
distribution of different NF tail domains does not affect their
conformations (35), these differences in geometry are a limitation
of the present system. However, the complexity of the system is
complemented by a simplified and highly controlled model, which
can isolate aspects of the physiological system not readily accessible
when using native NFs. For example, future studies could inves-
tigate the effect of total grafting density, the tail domains of periph-
erin and o-internexin, or the number of KSP repeats in NFM.
Future work could also coat an AFM probe with NF tail proteins
to measure protein—protein interaction forces between NF tails,
which are expected to contribute strongly to NF network assembly
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in vivo. Further, while our study focuses on phosphorylation sites
in KSP repeats, future studies could explore other phosphorylation
motifs recognized by non-proline-directed kinases. Finally, AFM
height measurements give a label-free metric of IDP conforma-
tions in the context of a surface-tethered protein assembly. Because
the brush height metric used here is based on a force resistance
threshold, it may be particularly well suited to capture the biome-
chanical function of these brushes in resisting interfilament com-
pression (11, 63).

Materials and Methods

See Sl Appendix, Supplemental Materials and Methods for detailed descriptions of
cloning, protein production and purification, protein brush grafting, fluorophore
conjugation, and spectroscopic ellipsometry.

Protein Phosphorylation and LC-MS. Protein brushes were phosphorylated by
ERK2 as described previously (39). Phosphorylated residues were confirmed by
LC-MS afterin-gel digestion with trypsin (Promega #V511A) according to standard
protocols. Briefly, several pg of each protein were phosphorylated in solution as
described previously (39) and separated by SDS-PAGE. Gels were fixed with meth-
anol and acetic acid and stained with Coomassie Blue. Gel bands were excised
and dehydrated in acetonitrile, reduced with dithiothreitol and alkylated with
acrylamide, then rehydrated with 10 ng uL™ trypsin in 100 mM NH,HCO; buffer
and incubated overnightat 37 °C. Peptides were extracted in 50% acetonitrile, 5%
formicacid, 45% water, and dried with a vacuum centrifuge before mass spectro-
metricanalysis. Samples of purified intact proteins and trypsin-digested proteins
were submitted to the QB3/Chemistry Mass Spectrometry Facility at the University
of California, Berkeley, and analyzed using Synapt and Orbitrap instruments, as
described elsewhere (64, 65).

Fluorescent Brush Quantification. Fluorescent mixed brushes were formed
by grafting fluorescently labeled protein onto functionalized glass coverslips. To
enable quantification, each experimentincluded several single-component refer-
ence samples for each protein. After washing and equilibrating in PBS, the cover-
slips were imaged at a resolution of 25 um (Typhoon FLA 9000, Cytiva). Samples
labeled with Cyanine7.5 NHS ester were imaged with a near-infrared scanner
(Odyssey, Li-Cor). Image quantitation was performed in ImageJ (Fiji). Average
pixel intensity was recorded for each sample and channel, and was normalized
to the average signal from the relevant single-component brush references for
each channel. Assuming constant grafting density across experiments from a
given protein stock, the single-component brush density is known from spec-
troscopic ellipsometry measurements. Assuming that signal intensity correlates
linearly with labeled protein abundance, the grafting density of each component

. N __ mixed brush intensity
Ina Sample IS GIVEN a5 G'mixed brush = single—component intensity

grafting density is found by summing grafting density over all protein com-

P . __ grafting density of NFM
ponents. Molar composition is calculated as fyz, = ol grfing dondy of b

All regression fitting was performed in GraphPad

O single—component- Total

grafting density of NFH

fuen = Total grafting density of brush”

Prism.

AFM. Brush height measurements were performed by AFM (MFP3D-BIO,
Oxford Instruments) as previously described (36). Briefly, AFM silicon nitride
probes of nominal spring constant 0.08 N/m and nominal tip radius 20
nm (MLCT-BIO, Bruker) were calibrated by the thermal method before use
and cleaned by 4 min plasma treatment. Force spectroscopy was performed
under aqueous solutions at room temperature. Each force curve was 600 nm
in length with a ramp rate of 1.2 pm s and used a trigger threshold of 50
nm deflection (corresponding to ~3 nN). To avoid reprobing the same part
of the brush, replicate curves were obtained in force maps of 100 or 144
curves spaced by at least 0.2 um in both X and Y directions, and three such
maps were performed at distant locations on the sample giving 300 to 432
replicate measurements per sample. When changing solution conditions,
samples were allowed to equilibrate in the new solution for at least 90 min
before measurement (S Appendix, Fig. S16) and the probe was rinsed with
several mL deionized water and several mL of the new solution. For solutions
buffered with 2 mM Tris base, buffer pH was checked after several hours to
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ensure alack of drift, and reported ionic strengths were calculated as £C,z? /2
with the Tris buffer (pKa 8.06) contributing 1.62 mM of monovalent ions and
counterions according to the Henderson-Hasselbalch equation at pH 7.44.

Raw data were imported into MATLAB for brush height extraction. The recorded
Z-piezo position was converted into tip-sample distance and the precontact base-
line region was fitted to a line and subtracted from the entire force curve. The
height of the first point of contact with the brush was considered as the first
point where the recorded force exceeded the baseline by three baseline SD for
three consecutive data points. The glass position was obtained by performing a
linear fit to the furthest linear contact region, measuring SD around this fit, and
finding the last point at which three consecutive data points fall outside of three
SD of this fit. The brush height was then calculated as the difference between
these two positions.

SCFT. An SCFT was applied as described previously (47). A detailed derivation is
presented in S/ Appendix, Note 2 and details on charge density and Flory-Huggins
parameters are presented in S/ Appendix, Note 3. In a semicanonical ensemble,
the brush proteins are modeled as multiblock charged polymers grafted upon an
impenetrable and charge neutral substrate in a monovalent salt solution. Each
protein is treated as a Gaussian chain with N number of segments of volume v and
Kuhn length b. After following the standard procedures [(47), refs. 48——52]to
decouple the interacting system, and using the saddle point approximation, we
obtain a series of continuous-space, self-consistent field equations. Assuming
the protein brush to be homogeneous in the directions parallel to the grafting
surface, the protein density profiles ¢,() describe the distribution of residues in
the direction normal to the substrate. Amino acid sequences can be mapped to
the charged multiblock polymer model by grouping sections of residues which
contribute nearly constant slope to the cumulative sum of the protein charge
distribution. The density distribution of block i is related to the overall density
by ZL $,(2) = ¢,(2) for & number of total blocks per amino acid sequence.
The charge density of each amino acid is calculated at the bulk pH using the
Henderson-Hasselbalch equation. The charge density a; of each blockis thus the
average of its constituentamino acids. The hydrophobicity of block i is manifested
by its Flory-Huggins interaction parameter y;, which describes the short-range
van der Waals interactions between the block and the solvent. The coarse-grained
charge and hydrophobicity distributions for each protein used in the SCFT calcu-
lations are presented in S/ Appendix, Table S2.

Pure brushes composed of NFL, NFM, NFH, and NFH deletion construct tails
were modeled using the single-component brush grafting densities measured by
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spectroscopic ellipsometry. Reported relative hydrophobicities (66) were rescaled
suchthat y,,,, = 2.25and the charges of phosphoserine and phosphothreonine
were set at—1.0e, chosen for the best fit with experimental data. For simg)licity,
the same Kuhn length b = 0.60 nm and segment volume v = 0.05 nm” were
chosen based on best fit with the experimental brush heights for all proteins
except phosphorylated NFH and phosphorylated NFH deletion constructs, where
v=0.15nm’ provided a better fit. The bulk pH was taken to be 7.44. For simplic-
ity, the solvent was chosen to be pure water and the relative dielectric constant
of the system was assumed to be uniform at the value of water, e, = 80. The
temperature was set at 293 K. To compare to brush heights measured by AFM,
heights H were determined using a criterion where the protein density reaches
athreshold value of 107,

Net Charge Per Residue and « Calculations. Locally averaged net charge per
residue was calculated in Python for each sequence as the average charge within
amoving window along the sequence length, with a window size of 31 residues.
Moving average charge was not calculated for the first and last 15 residues due
to smaller window size. Charge contributions were used as follows: Glutamate
and aspartate contributed —1.0 ¢, lysine and arginine contributed +1.0 ¢, and
phosphorylated serines and threonines at sites detected by LCMS contributed
—1.5 e. k parameters of NFM tail and NFM tail shuffle variants were calculated
for sequences according to the method given in ref. 48 using a blob size of 5.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix. Codes to extract brush height and perform SCFT calcu-
lations are accessible on GitHub at https:/github.com/eading-7/nf-brushes (67).
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