Assembly of NFL and desmin intermediate
filaments: Headed in the right direction
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Intermediate filaments (IFs), together with actin filaments and microtubules, form the cytoskeleton—a
critical structural component of all cells. Humans express 73 unique IF proteins that associate as obligate
homo- or heterodimers. IF dimers assemble into tetramers, which are the building blocks of the higher-order
cytoskeletal and nucleoskeletal structures visualized
in vitro and in cells (1). Cytoplasmic IFs are functionally
suited to the needs of each cell and tissue type. For
example, keratins provide mechanical resilience to the
epidermis (2), whereas the light, medium, and heavy
neurofilament proteins (NFL, NFM, and NFH) simultaneously provide axons with the stability and flexibility
needed for proper neuronal function (3). In the past
several decades, significant advancements have been
made in the basic biology and disease involvement of
IFs, but insights into the molecular structures are lacking
for most IF proteins (4). In PNAS, Zhou et al. (5) address
the hypothesis that interactions between N-terminal
low complexity domains (LCDs) on IF proteins, shown
previously to undergo phase separation (6), could provide structural insights into how mature filaments are
formed.
All IF proteins have three domains: N-terminal
“head,” C-terminal “tail,” and central coiled-coil “rod”
(Fig. 1) (1). The rod domains, which are highly conserved, form the dimer interface, while the head and tail
are variable regions composed of few overrepresented
amino acids (i.e., of low complexity) (5, 6). The present work builds upon previous observations that the
aliphatic alcohol 1,6-hexanediol, which disrupts
nonmembrane-bound structures and phase-separated
liquid-like droplets, is able to rapidly disassemble
vimentin and keratin IFs without affecting the organization of actin or microtubules in cells (6). This ultimately
helped reveal that the head (but not the tail) domains
of several human IFs, including vimentin, peripherin,
α-internexin, and neurofilaments, form gel-like condensates composed of uniform polymers that are labile to
disassembly (6).
The authors took advantage of this system to ask
whether NFL head domains within these phase-separated

assemblies are able to form specific interactions with
native proteins from normal mouse brain lysates. Interestingly, the top protein that was captured upon
incubation of the mouse brain lysates with NFL head
domain hydrogels was the NFL protein endogenous
to the mouse brain (based on the presence of peptides corresponding to all three domains). Specificity
of self-association was confirmed by comparing to
hydrogels composed of LCDs of several other nonIF proteins, which did not capture mouse brain NFL.
Furthermore, specificity in NFL head–head domain
interactions was demonstrated by incubating NFL
head domain hydrogels with recombinant fulllength NFL or head/rod/tail segments separately
and in combination with the adjacent domain. Only
constructs containing the NFL head or NFL head +
rod domains associated with NFL head domain hydrogels, confirming the requirement for the presence of
the NFL head LCD. Similar reconstitution experiments
were performed with desmin, which behaved in the
same way as NFL.
Having established specificities of self-association
with test hydrogels, the authors next addressed
whether the polymers exhibited secondary structure. To that end, two-dimensional solid-state NMR
(ssNMR) spectra of the NFL and desmin head domain
polymers revealed a predominance of β-strand secondary structure. While the cross-peaks were not sufficiently resolved to allow determination of the precise
level of order, in-register parallel β-sheets, as what is
seen in most amyloid-like assemblies, were ruled out
based on calculated 13C–13C distances. The critical
next question was whether the structures observed
with the NFL head and desmin head domain-only assemblies are biologically significant. This was tested
by comparing the ssNMR spectra of head domain-only
assemblies to the spectra of fully assembled mature
filaments containing all three domains. The latter was
accomplished by combining intein chemistry and isotopically labeled amino acids to prepare full-length
NFL and desmin assemblies. Out of three potential
outcomes, two would have argued against biological
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Fig. 1. The LC head domains on neurofilament light (NFL) and desmin form labile cross–β-strands that promote self-association and filament
assembly. All 73 human IF proteins share a common domain structure, which consists of a central α-helical rod domain (forming the dimer
interface) flanked by N-terminal head and C-terminal tail, which are low complexity (LC) domains. While previously thought to function in the
absence of structural order, Zhou et al. (5) show that the N-terminal head domains form labile cross–β-strands that promote self-association to
facilitate assembly of desmin and NFL in vitro. Note that the single generic β-strand depicted in the illustration is not representative of structure
elucidated from this work. Multiple disease-causing mutations affecting the LC head domains of desmin and NFL significantly enhance
self-association, providing insight on IF proteostasis mechanisms. Combined with previous studies showing that the LC head domains drive phase
separation of IFs (forming hydrogels composed of amyloid-like polymers) and that IFs associate directly with RNA and RNA-binding proteins,
these findings suggest potential involvement of NFL and desmin in the localization of ribonucleoprotein particles in myocytes and neurons. Image
created using Biorender under an academic license.
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significance: if structure was absent or structure was present but
did not correspond to what was observed with the head domainonly assemblies. Neither of those two outcomes materialized; the
authors showed, both qualitatively and quantitatively, that the
spectra obtained from the head domains within the NFL and desmin full-length assemblies were the same as the head domainonly assemblies. Furthermore, the spectra of the full-length proteins, when assayed at different temperatures, provided evidence
that the head domains contain both unstructured and structured
segments, but there was no interconversion between the two
states upon temperature alteration.
Phosphorylation of the IF head domains is known to promote
filament disassembly, and approximately one-third of the amino
acid contents of the NFL and desmin head domains are
accounted for by serine residues. In further probing the dynamics
of the LCD phase-separated assemblies, the authors demonstrated that phosphorylation by protein kinase A (PKA; a physiological kinase for many IFs) released NFL and desmin head
domains from the hydrogels. This is in line with the known roles
of phosphorylation in promoting filament disassembly (7) and
demonstrates that the PKA sites are accessible in the context of
hydrogel-bound NFL and desmin assemblies.
The IF cytoskeleton is important for homeostasis and critical for
allostasis—the ability to regain homeostasis following exposure to
stress (8, 9). Paramount to these functions are the adaptability and
flexibility of IF structures to meet diverse cellular demands. This is
thought to be achieved via protein synthesis-independent turnover, or cycling, of the IF network facilitated by the motile behavior of filament subunits in cells (10, 11). Naturally occurring
mutations in IF genes that interfere with the dynamic behavior
of the filament networks cause both tissue-specific and systemic
human diseases, including progressive and fatal neuropathies, myopathies, skin fragility disorders, metabolic dysfunctions, and premature aging syndromes, among many others (12). Abnormal
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filaments and prominent intracellular IF aggregates are common
to most of these diseases, resulting from direct gene mutations,
but in other cases they can arise as a result of chronic unresolved
stress (13–18). In parallel studies using recombinant human NFL
and desmin, the authors show that self-association facilitated by
the respective LC head domains is significantly enhanced in the
context of Charcot–Marie–Tooth-causing mutations in NFL (residues Pro8 and Pro22) and myopathy-causing mutations on desmin
(Ser residues at positions 2, 7, 12, 13, and 46). Therefore, aberrant
LC head domain self-association may be involved in the pathologic
accumulation of mutant NFL and desmin in these diseases.
In conclusion, Zhou et al. demonstrate that the N-terminal
LCDs of NFL and desmin form labile cross-β strands that promote
self-association and facilitate filament assembly in vitro (Fig. 1) (5).
The findings challenge the prevailing view that, while critical for
mature filament assembly, the N-terminal domains on IFs are
structurally amorphous. Beyond providing molecular-level views
of the assembly of NFL and desmin, these findings open exciting
new possibilities to understand how dysfunctional IFs in neurons
(19) and myocytes (14) cause human diseases. Together with previous discoveries by the McKnight (6) and Eisenberg laboratories
(20), the present findings also lend support to the hypothesis that
different IFs, through their ability to undergo LCD-mediated
phase separation, may function to localize RNA granules in cells.
Specifically, it was shown previously that vimentin filaments bind
the fused in sarcoma (FUS) RNA-binding protein (6) and that epithelial keratins contain aromatic-rich, kinked segments (LARKS),
which are thought to facilitate nonmembrane-invested LCD assemblies of many different types of proteins (20). In addition, both
desmin and vimentin have been identified as RNA-binding proteins in cardiomyocytes using global profiling studies (21). Further
validating and interrogating these interactions in cellular and animal
models will illuminate how structure dictates function and provide
opportunities for mechanism-based targeted therapies of IF diseases.

H. Herrmann, U. Aebi, Intermediate filaments: Structure and assembly. Cold Spring Harb. Perspect. Biol. 8, a018242 (2016).
L.-H. Gu, P. A. Coulombe, Keratin function in skin epithelia: A broadening palette with surprising shades. Curr. Opin. Cell Biol. 19, 13–23 (2007).
P. Bomont, The dazzling rise of neurofilaments: Physiological functions and roles as biomarkers. Curr. Opin. Cell Biol. 68, 181–191 (2021).
S. A. Eldirany, I. B. Lomakin, M. Ho, C. G. Bunick, Recent insight into intermediate filament structure. Curr. Opin. Cell Biol. 68, 132–143 (2020).
X. Zhou et al., Transiently structured head domains control intermediate filament assembly. Proc. Natl. Acad. Sci. U.S.A. 118, e2022121118 (2021).

2 of 3 | PNAS
https://doi.org/10.1073/pnas.2102176118

Faridounnia and Snider
Assembly of NFL and desmin intermediate filaments: Headed in the right direction

Downloaded at Univ N Carolina Chapel Hill on June 2, 2021

6 Lin Y, et al. (2016) Toxic PR poly-dipeptides encoded by the C9orf72 repeat expansion target LC domain polymers. Cell 167, 789–802.
7 N. T. Snider, M. B. Omary, Post-translational modifications of intermediate filament proteins: Mechanisms and functions. Nat. Rev. Mol. Cell Biol. 15, 163–177
(2014).
8 S. Etienne-Manneville, Cytoplasmic intermediate filaments in cell biology. Annu. Rev. Cell Dev. Biol. 34, 1–28 (2018).
9 D. M. Toivola, P. Strnad, A. Habtezion, M. B. Omary, Intermediate filaments take the heat as stress proteins. Trends Cell Biol. 20, 79–91 (2010).
10 R. E. Leube, M. Moch, R. Windoffer, Intracellular motility of intermediate filaments. Cold Spring Harb. Perspect. Biol. 9, a021980 (2017).
11 R. Windoffer, M. Beil, T. M. Magin, R. E. Leube, Cytoskeleton in motion: The dynamics of keratin intermediate filaments in epithelia. J. Cell Biol. 194, 669–678
(2011).
12 M. B. Omary, P. A. Coulombe, W. H. McLean, Intermediate filament proteins and their associated diseases. N. Engl. J. Med. 351, 2087–2100 (2004).
13 R. K. Liem, A. Messing, Dysfunctions of neuronal and glial intermediate filaments in disease. J. Clin. Invest. 119, 1814–1824 (2009).
14 L. G. Goldfarb, M. C. Dalakas, Tragedy in a heartbeat: Malfunctioning desmin causes skeletal and cardiac muscle disease. J. Clin. Invest. 119, 1806–1813 (2009).
15 N. O. Ku, P. Strnad, B. H. Zhong, G. Z. Tao, M. B. Omary, Keratins let liver live: Mutations predispose to liver disease and crosslinking generates Mallory-Denk
bodies. Hepatology 46, 1639–1649 (2007).
16 C. L. Leung et al., A pathogenic peripherin gene mutation in a patient with amyotrophic lateral sclerosis. Brain Pathol. 14, 290–296 (2004).
17 N. J. Cairns et al., alpha-Internexin aggregates are abundant in neuronal intermediate filament inclusion disease (NIFID) but rare in other neurodegenerative
diseases. Acta Neuropathol. 108, 213–223 (2004).
18 A. Didonna, P. Opal, The role of neurofilament aggregation in neurodegeneration: Lessons from rare inherited neurological disorders. Mol. Neurodegener. 14, 19
(2019).
19 A. Yuan, M. V. Rao, Veeranna, R. A. Nixon, Neurofilaments and neurofilament proteins in health and disease. Cold Spring Harb. Perspect. Biol. 9, a018309 (2017).
20 M. P. Hughes et al., Atomic structures of low-complexity protein segments reveal kinked β sheets that assemble networks. Science 359, 698–701 (2018).
21 Y. Liao et al., The cardiomyocyte RNA-binding proteome: Links to intermediary metabolism and heart disease. Cell Rep. 16, 1456–1469 (2016).

Faridounnia and Snider
Assembly of NFL and desmin intermediate filaments: Headed in the right direction

PNAS | 3 of 3
https://doi.org/10.1073/pnas.2102176118

