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This past few years have heralded remarkable times for

intermediate filaments with new revelations of their structural

properties that has included the first crystallographic-based

model of vimentin to build on the experimental data of intra-

filament interactions determined by chemical cross-linking.

Now with these and other advances on their assembly, their

biomechanical and their cell biological properties outlined in

this review, the exploitation of the biomechanical and structural

properties of intermediate filaments, their nanocomposites and

biomimetic derivatives in the biomedical and private sectors

has started.
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Hard a-keratin — where it all began
It was through the study of a-keratin that the first

doyens of Structural Biology coined terms such as ‘a-

helix’ [1] and then ‘coiled coil’ [2,3] to describe these

fundamental features of protein structure. It has taken

eight decades to solve most of the crystallographic detail

of those first samples of hair and wool [4] and to

appreciate the detail of the a-keratin fibre and the

precision of its oxidized state that underpins the resil-

ience inherent to wool and hair fibres [5]. The impor-

tance of the pseudo-hexagonal packing of the a-keratin

fibres and how this contributes to the scaling (nanometre

to millimetre) and composite potential of keratocyte a-

keratin materials is now realized [6��,7��]. The molecu-

lar organization of wool makes it a wonderful textile as it

exemplifies phase transition (a-helix to b-sheet [8])
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induced elasticity of its component keratin fibres when

they are axially stretched [9]. This was first observed and

documented by Astbury [4] and subsequently studied in

more detail to reveal the importance of coiled-coil

sliding and disulphide bonding to the biomechanical

properties of hair [10,11]. The ability of hair to undergo

a reversible phase transition [12,13] is an important

feature to understand and then exploit in nanocompo-

site biomimetics (Figure 1). The nanocomposite alloy of

nickel titanium is called a ‘memory metal’ because it can

return to their original shape once the deforming forces

are removed. Both hard a-keratins [9] and cytoplasmic

intermediate filaments [14] display such ‘memory-like’

properties too.

In hair, the biomechanical properties of the component

intermediate filaments have been tuned to their local

environment. So whilst the a-helix to b-sheet phase

transition of individual helices and coiled-coil sliding

are key features for hard a-keratins [10], the amorphous

matrix into which they are embedded [15��] and the cell

matrix complex [16] play their part. The matrix shields

the embedded a-keratin fibres from water, which for

wool and hair is critical as their a-keratin stretches easier

when it is wet than when it is dry [17].

At the other extreme, is hagfish slime. This provides a

protective slime coat that is secreted by these animals

when threatened or attacked. Intermediate filament-

based fibres are the main structural component. The

secrets of the assembly, storage and subsequent deploy-

ment of the hagfish slime filaments are now under inves-

tigation [18��]. Yet more attractive features to incorporate

into future intermediate filament-based fibres and nano-

composite materials are being revealed.

It is the inherent biomechanical properties of such a-

helical coiled coil fibres and the atomic detail of their a-

helix, coiled coil and higher order (e.g. pseudo-hexagonal

in hair) packing and organization that provide blueprints

for the next generation of bioengineered fibre materials

(Figure 1). Whilst the structural determination of some

(e.g. keratin) might remain incomplete [19], we can still

appreciate the scaling (nm to mm) potential of the fibre–
matrix interaction [6��] to generate high tensile strength

fibres. Indeed, it is the irregular fibre packing into the

macrofibrils found in hard a-keratin materials that has so

far resisted the conventional crystallographic interro-

gation to reveal the detail of this scaling potential and

its diversity within keratin-based materials. This tertiary
Current Opinion in Cell Biology 2015, 32:131–137
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Figure 1
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Current and future directions of peptide coils design. (a) Crystal structure of the de novo designed parallel coiled-coil hexamer (pdb code 3R3K

[64]); (b) crystal structure of a de novo designed 16 nm protein cage (pdb code 4D9J [90]); (c) model of designed peptide coils covalently attached

to graphene sheet(s) as an example of a potential nanocomposite; (d) model of macroscopic structures built from peptide chains.
organization of intermediate filaments is one of the meso-

scopic features that we understand the least, but which

will be critical to their successful exploitation in future

bioengineered nanocomposite materials (Figure 1).

The science of storing coiled coils and
weaving threads with the tensile strength of
steel
Weight for weight, spider silk is one of the strongest fibres

on the planet — stronger even than steel. If intermediate

filaments and their biomimetics are to become commer-

cial alternatives, they will need to be similarly strong.

Some coiled-coil protein fibres can accommodate very

high elastic strains (e.g. hagfish slime fibres [20]) and

when confronted with high deforming forces, transform

from a-helical rich structures into rigid b-sheets that are

then locked to exhibit failure stresses approaching that of

natural silk [20]. The recent analysis of silk proteins from

bees, ants and hornets has found them to be coiled-coil

based. They illustrate that we have still much to learn

about coiled coil and their potential as materials of the

future [21]. These silks are woven on demand by the

insects forming either fibres or sheets [22]. Making

threads from recombinant intermediate filament proteins
Current Opinion in Cell Biology 2015, 32:131–137 
is more challenging [23,24��]. Generating recombinant

silks [25] is already a multibillion pound, global industry

because of the wide range of desirable properties associ-

ated with such fibres and a shortage of spiders with a

strong work ethic!

A bioelastomeric fibre made recombinantly and to spe-

cific mechanical, dye uptake, hydration compatible

properties are highly desirable features for the textile

industry. If such properties could then also be coupled

to the storage and weaving of these materials as ob-

served in nature then this would revolutionize yarn

production and storage. Imagine being able to form de
novo fibres on demand from a pool of 40 mm tactoids or

1 mm birefringent rods as seen for the silks of different

Apoidea and Vespoidea species (see [22] and references

therein). Imagine storing pre-woven, untangled skeins

as in the hagfish slime thread gland [18��]. The storage,

spinning and curing of the coiled-coil fibres achieved in

the natural world is a reality far beyond the structural

biologist’s panacea for dealing with intermediate fila-

ment coiled coils — urea and then more urea and gua-

nidinium hydrochloride! To understand the extent of

the universe for natural intermediate filaments, we need
www.sciencedirect.com
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to understand how fibres are ‘cured’ during their assem-

bly, the mechanisms of their strain-induced conforma-

tional changes at the molecular scale and the origin of

the internal energy dissipation. Armed with such prop-

erties, the future textile, medical and defense industries

will be unrecognizable!

Human hair — a shape memory material with
ancient origins
For each of us, hair is a daily reminder of the importance

of a-keratin-based fibres and it is also a signature for

future archaeologists [26�]. The interconversion of

straight and curly hair is a cosmetic decision for which

the mechanistic and cell biological details are now be-

coming clearer. The matrix proteins that embed the a-

keratin fibres are critical for such cosmetic changes [27]

with the inter-matrix S–S oxidation of these proteins and

not the keratins determining the degree of curl. Curly hair

is independent of ethnicity and due to the asymmetric

differentiation of the precortex in the human hair shaft as

a result of differences in cell proliferation, but the extent

of the curliness seems to be due to the a-keratin content

[28]. We can perhaps add ‘memory material’ as a feature

to the dynamic nanocomposite property of human hair.

There are 24 different keratins expressed in those cells

making the human beard [29��] and, considering the

functional unit of both epidermal and hard a-keratins

are tetramers [30,31], we have yet to determine whether

fidelity or promiscuity [32] in a-keratin pairing are mutual

exclusive or tolerated within the hair fibres [29��]. Hair a-

keratins themselves have ancient origins as revealed by

analysis of the Neanderthal genome and its relationship

to present day humans [33�,34�]. Four hair a-keratin

genes with an unusually high frequency of introgression

were found in East Asians (KRT83, KRT84, KRT85,

KRT86) whilst those with high frequency in Europeans

(KRT5, KRT71, KRT74) were three completely differ-

ent genes of epithelial keratin (KRT5) or without anno-

tated function [34�]. From these studies on humanoid

evolution, it is the thermoregulatory and protective prop-

erties of hair that is considered to be an important

property. It is also clear the resilience of hair and its

proteins are critical, a point illustrated by the fact that

storage for 30 000 years in the Siberian permafrost did

nothing to dent the in vitro assembly potential of mam-

moth hair a-keratins [35]. This resilience affords hard a-

keratins a role as a forensic/drug abuse/diet sensor (e.g.

[36�,37]). Tracking modern carbon in tusks [38] and

verifying shahtoosh products [39] absolutely depends

upon the resilience of hair.

Intermediate filament coiled coils and their
current applications in biomedicine
Our discussion has so far focused our attention onto the

materials industry, but the application of the underlying

knowledge of intermediate filament, coiled coil assembly
www.sciencedirect.com 
has already been exploited in biomedicine as a self-

assembly nanoparticle delivery platform. These applica-

tions would not have been realized without the following

intellectual framework. Crystallographic data for vimen-

tin, keratin and lamin proteins [19,40��,41], combined

with chemical cross-linking [42,43] and biophysical char-

acterization of the assembly units [31,44], the importance

of trigger sequences [45] and the design of stable coiled

coil peptides [46] were the knowledge base needed to

design trimeric and pentameric coiled coil nanoparticles

[47]. Such particles now function as a vaccine scaffold

[48]. The self-assembly polypeptide nanoparticle (SAPN)

strategy has other guises (e.g. synthetic virus-like particle;

SVLP) and derivations such as lipoprotein virus-like

particles [49] and coiled coil based vesicles with mem-

brane fusion properties [50��]. Using such technologies,

vaccines to malaria [51,52], toxoplasma [53] and HIV [54]

are being developed, but the technology is also a useful

scientific tool to target specific epitopes in any protein of

interest for example [55]. It is also clear though that such

virus-like structures can be used to target specific cells

[56��] and also deliver cargo, as evidenced by the proof

principle experiment of encapsulating gold particles with-

in these structures [57] to expand their biomedical appli-

cation [58].

It is the potential of the coiled coil and its ordered oligo-

merisation that is inspirational to bioengineers as evi-

denced by the analysis of the GCN4 coiled coil [59�,60].

There are several aspects to the oligomerization that might

be controlled including the binding affinity, oligomeriza-

tion state (dimer, trimer, tetramer, etc.), the direction of

association of sequences (parallel versus anti-parallel) and

the partnering specificity. Control of binding affinity can be

achieved via sequence length and has been explicitly

demonstrated in dimeric coiled coils [61]. Dimer, trimer

or tetramer coiled coils can be designed [62��], but their

ability to sort within a mixture is still missing. Design of a-

barrels with central channels formed from (parallel) coiled

coils extent the potential applications [63] on the back of

the discovery of the CC-hex state for a synthetic coiled coil

[64]. Anti-parallel coiled coils have also been investigated

[65], culminating in a tetrahedron built from a single

polypeptide chain because the designed peptide specified

both parallel and anti-parallel coiled coils [66]. Finally the

analysis of partner specificity of parallel dimeric coiled coils

[67,68] resulted in algorithms to predict the interaction

strength of de novo sequences [69,70]. Now sequences that

assemble in defined partnerships [71] to produce specified

small nanostructures are available [72].

Bioinspired filaments based on coiled coils —
deciphering the scaling features of
intermediate filaments for application in the
materials of the future
The complex mechanical properties of intermediate fila-

ments [14], including their ability to form filaments of
Current Opinion in Cell Biology 2015, 32:131–137
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defined width, their ability to exhibit visco-elasticity and

strain hardening and their ability to respond to deformation

in a dynamic and environmentally sensitive fashion are a

challenge to replicate in bioengineered mimetics. Knowl-

edge of the coiled coil building block, the heptad repeat

with its hydrophobic seam and knobs-into-holes packing

[3] and the surface charge repeat that drives oligomerization

[59�,60] have allowed the first attempts at the manufacture

of bioinspired filaments. These attempts included the Self-

Assembly Filaments (SAFs) that utilize the keratin hetero-

dimer principle [73], and helped identify the importance of

the scaling problem [74]. The synthetic filaments formed

were rigid with variable width and length, a far cry from the

uniformity of the cytoplasmic intermediate filament. Prog-

ress is being made and the recent iteration illustrates that

refinement of the original 28mer polypeptide can deliver

80 nm wide 40 mm long fibres [75]. For these engineered

filaments and the intermediate filament proteins them-

selves [40��], it is atomic level structural information of

the coiled coil packing within the polymer that is required

to understand the self-assembly features. Using coiled coil

domains from other structural proteins (coiled-coil domain

of cartilage oligomeric matrix protein [76] or by design [77]

pH or small molecule induced fibre assemblies are possible

and seem capable of forming microfibres [76] therefore

demonstrating the nano-scaling to meso-scaling property

required for future biomimetics of, for instance, wool or silk.

Conclusions
The current state of the art regarding designed coiled coil

filament assembles can be summarized as follows. Suc-

cessful programming of the behavior of individual build-

ing blocks permits controlled self-assembly at the

nanometre scale. Width and radius can be controlled

by the length of the assembly subunit, but subsequent

hierarchical assembly for example [74–76] remains an

emergent property that is poorly understood and, as

length scales increase, the synthesis of specific micro-

structures is unpredictable. This matches the information

known from natural systems in which the specifics at the

nano-scale are often well characterized by the connection

to the primary sequence whilst the detail of the metre-

scale microstructure is not. The challenge therefore, for

structural cell biologists and bioengineers is to understand

the principles that afford the width, length and subcellu-

lar organisation of intermediate filaments.

It is the length scale spanning nanocomposite nature of

intermediate filament-based materials [6��,7��] that is

responsible for their remarkable mechanical properties

[9]. In living cells too intermediate filaments are key

determinants of the cellular mechanical properties for

example [78] and their networks proposed to be flaw

tolerant [79], but they are also integral to the cellular

stress response [80,81]. The dynamic nature of interme-

diate filaments and the role of post-translational modifi-

cations in facilitating their subcellular organization and
Current Opinion in Cell Biology 2015, 32:131–137 
their different functions underline the importance of their

assembly and subunit dynamics to their cellular functions

[82]. We must also appreciate their links to membranes

and other cellular structures, whether it is the attachment

of the nuclear lamina to the inner nuclear membrane for

example [83] or the attachment of cytoplasmic filaments

to the outer nuclear membrane for example [84] or to the

plasma membrane and other membrane compartments

within the cell for example [85,86], all are crucial to their

biomechanical function and are further examples of their

nanocomposite potential. These properties are conserved

throughout evolution, with bacteria such as Streptomyces
also utilizing intermediate filament-like proteins to

strengthen hyphael membranes. The bacterial interme-

diate filament-like protein FlIP forms a fibrous mesh to

support vulnerable points on the plasma membrane [87],

electron microscope images that fire the imagination and

resonate with those iconic pictures of the oocyte nuclear

lamina [88]. Whilst there is currently a large gap between

the functionality of synthetic and natural fibres, bioengi-

neered nanocomposites [89] that can sense and transduce

mechanical and environmental cues to produce transcrip-

tional and translational responses [82] is a technological

prize awaiting our full appreciation and application as a

result of exploiting fully the meso-scale properties of

intermediate filaments and their bioengineered mimics.

Acknowledgements

The financial support of the Leverhulme Trust (RPG-2012-554 (RAQ)),
Fight for Sight (#1358 (RAQ)), BBSRC (BB/L014092/1 (RAQ); BB/
K00817X/1 (EP)) and EPSRC (EP/1010173/1) are gratefully acknowledged.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Pauling L, Corey RB: Compound helical configurations of
polypeptide chains: structure of proteins of the a-keratin type.
Nature 1953, 171:59-61.

2. Crick FH: Is alpha-keratin a coiled coil? Nature 1952, 170:882-
883.

3. Crick FHC: The packing of a-helices: simple coiled-coil. Acta
Crystallogr 1953, 6:689-697.

4. Astbury WT, Woods HJ: X-ray studies of the structures of hair,
wool and related fibres. II. The molecular structure and elastic
properties of hair keratin. Trans R Soc Lond 1934, A232:
333-394.

5. Bruce Fraser RD, Parry DA: The role of disulfide bond formation
in the structural transition observed in the intermediate
filaments of developing hair. J Struct Biol 2012, 180:117-124.

6.
��

Fortier P, Suei S, Kreplak L: Nanoscale strain-hardening of
keratin fibres. PLoS ONE 2012, 7:e41814.

The next installment in the hard a-keratin story unravelling their strain
hardening proporties.

7.
��

Harland DP, Walls RJ, Vernon JA, Dyer JM, Woods JL, Bell F:
Three-dimensional architecture of macrofibrils in the human
scalp hair cortex. J Struct Biol 2014, 185:397-404.

A comprehensive sdescription of the hair nanocomposite and its com-
ponent parts.
www.sciencedirect.com

http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0445
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0445
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0445
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0450
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0450
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0455
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0455
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0460
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0460
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0460
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0460
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0465
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0465
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0465
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0470
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0470
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0475
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0475
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0475


IFs and their coiled coils: past, present and future Quinlan, Bromley and Pohl 135
8. Bendit EG: The [alpha]-[beta] transformation in keratin. Nature
1957, 179:4558-5535.

9. Miserez A, Guerette PA: Phase transition-induced elasticity of
alpha-helical bioelastomeric fibres and networks. Chem Soc
Rev 2013, 42:1973-1995.

10. Kreplak L, Franbourg A, Briki F, Leroy F, Dalle D, Doucet J: A new
deformation model of hard alpha-keratin fibers at the
nanometer scale: implications for hard alpha-keratin
intermediate filament mechanical properties. Biophys J 2002,
82:2265-2274.

11. Chou CC, Buehler MJ: Structure and mechanical properties of
human trichocyte keratin intermediate filament protein.
Biomacromolecules 2012, 13:3522-3532.

12. Dobb MG, Johnston FR, Nott JA, Oster L, Sikorski J, Simpson WS:
12 — Morphology of the cuticle layer in wool fibres and other
animal hairs. J Text Inst Trans 1961, 52:T153-T170.

13. Meyers MA, Chen P-Y, Lin AY-M, Seki Y: Biological materials:
structure and mechanical properties. Prog Mater Sci 2008,
53:1-206.

14. Janmey PA, Euteneuer U, Traub P, Schliwa M: Viscoelastic
properties of vimentin compared with other filamentous
biopolymer networks. J Cell Biol 1991, 113:155-160.

15.
��

Greenberg DA, Fudge DS: Regulation of hard alpha-keratin
mechanics via control of intermediate filament hydration:
matrix squeeze revisited. Proc Biol Sci 2013, 280 20122158.

The importance of restricting the hydration of hard a-keratins to their
mechanical properties.

16. Harland DP, Caldwell JP, Woods JL, Walls RJ, Bryson WG:
Arrangement of trichokeratin intermediate filaments and
matrix in the cortex of Merino wool. J Struct Biol 2011, 173:29-
37.

17. Fudge DS, Gosline JM: Molecular design of the alpha-keratin
composite: insights from a matrix-free model, hagfish slime
threads. Proc Biol Sci 2004, 271:291-299.

18.
��

Winegard T, Herr J, Mena C, Lee B, Dinov I, Bird D et al.: Coiling
and maturation of a high-performance fibre in hagfish slime
gland thread cells. Nat Commun 2014, 5:3534.

The opposite to hair regarding water — functional intermediate filaments
within an aqueous environment; different mechanical properties dictated
by the locaal environment, but still these filament perform.

19. Lee CH, Kim MS, Chung BM, Leahy DJ, Coulombe PA: Structural
basis for heteromeric assembly and perinuclear organization
of keratin filaments. Nat Struct Mol Biol 2012, 19:707-715.

20. Fudge DS, Hillis S, Levy N, Gosline JM: Hagfish slime threads as
a biomimetic model for high performance protein fibres.
Bioinspir Biomim 2010, 5:035002.

21. Poole J, Church JS, Woodhead AL, Huson MG, Sriskantha A,
Kyratzis IL et al.: Continuous production of flexible fibers from
transgenically produced honeybee silk proteins. Macromol
Biosci 2013, 13:1321-1326.

22. Sutherland TD, Weisman S, Walker AA, Mudie ST: Invited review
the coiled coil silk of bees, ants, and hornets. Biopolymers
2012, 97:446-454.

23. Negishi A, Armstrong CL, Kreplak L, Rheinstadter MC, Lim LT,
Gillis TE et al.: The production of fibers and films from
solubilized hagfish slime thread proteins. Biomacromolecules
2012, 13:3475-3482.

24.
��

Pinto N, Yang FC, Negishi A, Rheinstadter MC, Gillis TE, Fudge DS:
Self-assembly enhances the strength of fibers made from
vimentin intermediate filament proteins. Biomacromolecules
2014, 15:574-581.

The first threads spun from vimentin, a cytoplasmic, cellular intermediate
filament.

25. Schacht K, Scheibel T: Processing of recombinant spider silk
proteins into tailor-made materials for biomaterials
applications. Curr Opin Biotechnol 2014, 29:62-69.

26.
�

Matsunaga R, Abe R, Ishii D, Watanabe S, Kiyoshi M, Nocker B
et al.: Bidirectional binding property of high glycine–tyrosine
www.sciencedirect.com 
keratin-associated protein contributes to the mechanical
strength and shape of hair. J Struct Biol 2013, 183:484-494.

It is not all hard a-keratins — the contribution of the keratin associated
proteins to the mechanical properties and features of hair.

27. Suzuta K, Ogawa S, Takeda Y, Kaneyama K, Arai K:
Intermolecular disulfide cross-linked structural change
induced by permanent wave treatment of human hair with
thioglycolic acid. J Cosmet Sci 2012, 63:177-196.

28. Thibaut S, Barbarat P, Leroy F, Bernard BA: Human hair keratin
network and curvature. Int J Dermatol 2007, 46(Suppl 1):7-10.

29.
��

Langbein L, Yoshida H, Praetzel-Wunder S, Parry DA, Schweizer J:
The keratins of the human beard hair medulla: the riddle in the
middle. J Investig Dermatol 2010, 130:55-73.

The best comprehensive study on human hard a-keratins.

30. Woods EF, Gruen LC: Structural studies on the microfibrillar
proteins of wool: characterization of the a-helix-rich particle
produced by chymotryptic digestion. Aust J Bio Sci 1981,
34:515-526.

31. Quinlan RA, Cohlberg JA, Schiller DL, Hatzfeld M, Franke WW:
Heterotypic tetramer (A2D2) complexes of non-epidermal
keratins isolated from cytoskeletons of rat hepatocytes and
hepatoma cells. J Mol Biol 1984, 178:365-388.

32. Langbein L, Eckhart L, Rogers MA, Praetzel-Wunder S,
Schweizer J: Against the rules: human keratin K80: two
functional alternative splice variants, K80 and K80.1, with
special cellular localization in a wide range of epithelia. J Biol
Chem 2010, 285:36909-36921.

33.
�

Vernot B, Akey JM: Resurrecting surviving Neandertal lineages
from modern human genomes. Science 2014, 343:1017-1021.

The value of hard a-keratins to human ancestry.

34.
�

Sankararaman S, Mallick S, Dannemann M, Prufer K, Kelso J,
Paabo S et al.: The genomic landscape of Neanderthal ancestry
in present-day humans. Nature 2014, 507:354-357.

Evolution of human hair a-keratins.

35. Gillespie JM: Mammoth hair: stability of alpha-keratin structure
and constituent proteins. Science 1970, 170:1100-1102.

36.
�

Fahy GE, Richards M, Riedel J, Hublin JJ, Boesch C: Stable
isotope evidence of meat eating hunting specialization in adult
male chimpanzees. Proc Natl Acad Sci U S A 2013, 110:5829-
5833.

Hair resilience and an example of how it has forensic, dietary and
regulatory applications.

37. Gambelunghe C, Rossi R, Ferranti C, Rossi R, Bacci M: Hair
analysis by GC/MS/MS to verify abuse of drugs. J Appl Toxicol
2005, 25:205-211.

38. Uno KT, Quade J, Fisher DC, Wittemyer G, Douglas-Hamilton I,
Andanje S et al.: Bomb-curve radiocarbon measurement of
recent biologic tissues and applications to wildlife forensics
and stable isotope (paleo)ecology. Proc Natl Acad Sci U S A
2013, 110:11736-11741.

39. Fei J, Yang J, Zhou H, Tang M, Lu W, Yan A et al.: A novel method
for identifying shahtoosh. J Forensic Sci 2014, 59:723-728.

40.
��

Chernyatina AA, Nicolet S, Aebi U, Herrmann H, Strelkov SV:
Atomic structure of the vimentin central alpha-helical domain
and its implications for intermediate filament assembly. Proc
Natl Acad Sci U S A 2012, 109:13620-13625.

First crystallographic model of the complete vimentin coiled coil.

41. Strelkov SV, Schumacher J, Burkhard P, Aebi U, Herrmann H:
Crystal structure of the human lamin A coil 2B dimer:
implications for the head-to-tail association of nuclear lamins.
J Mol Biol 2004, 343:1067-1080.

42. Steinert PM, Marekov LN, Fraser RD, Parry DA: Keratin
intermediate filament structure. Crosslinking studies yield
quantitative information on molecular dimensions and
mechanism of assembly. J Mol Biol 1993, 230:436-452.

43. Wang H, Parry DA, Jones LN, Idler WW, Marekov LN, Steinert PM:
In vitro assembly and structure of trichocyte keratin
intermediate filaments: a novel role for stabilization by
disulfide bonding. J Cell Biol 2000, 151:1459-1468.
Current Opinion in Cell Biology 2015, 32:131–137

http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0480
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0480
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0485
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0485
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0485
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0490
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0490
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0490
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0490
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0490
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0495
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0495
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0495
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0500
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0500
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0500
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0500
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0500
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0505
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0505
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0505
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0510
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0510
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0510
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0515
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0515
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0515
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0520
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0520
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0520
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0520
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0525
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0525
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0525
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0530
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0530
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0530
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0535
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0535
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0535
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0540
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0540
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0540
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0545
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0545
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0545
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0545
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0550
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0550
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0550
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0555
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0555
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0555
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0555
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0560
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0560
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0560
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0560
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0565
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0565
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0565
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0570
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0570
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0570
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0570
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0575
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0575
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0575
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0575
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0580
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0580
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0585
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0585
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0585
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0590
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0590
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0590
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0590
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0595
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0595
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0595
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0595
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0600
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0600
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0600
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0600
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0600
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0605
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0605
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0610
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0610
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0610
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0615
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0615
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0620
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0620
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0620
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0620
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0625
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0625
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0625
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0630
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0630
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0630
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0630
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0630
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0635
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0635
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0640
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0640
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0640
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0640
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0645
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0645
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0645
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0645
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0650
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0650
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0650
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0650
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0655
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0655
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0655
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0655


136 Cell architecture
44. Quinlan RA, Hatzfeld M, Franke WW, Lustig A, Schulthess T,
Engel J: Characterization of dimer subunits of intermediate
filament proteins. J Mol Biol 1986, 192:337-349.

45. Wu KC, Bryan JT, Morasso MI, Jang SI, Lee JH, Yang JM et al.:
Coiled-coil trigger motifs in the 1B and 2B rod domain
segments are required for the stability of keratin intermediate
filaments. Mol Biol Cell 2000, 11:3539-3558.

46. Burkhard P, Ivaninskii S, Lustig A: Improving coiled-coil stability
by optimizing ionic interactions. J Mol Biol 2002, 318:901-910.

47. Raman S, Machaidze G, Lustig A, Aebi U, Burkhard P: Structure-
based design of peptides that self-assemble into regular
polyhedral nanoparticles. Nanomedicine 2006, 2:95-102.

48. Yang Y, Ringler P, Muller SA, Burkhard P: Optimizing the
refolding conditions of self-assembling polypeptide
nanoparticles that serve as repetitive antigen display systems.
J Struct Biol 2012, 177:168-176.

49. Ghasparian A, Riedel T, Koomullil J, Moehle K, Gorba C,
Svergun DI et al.: Engineered synthetic virus-like particles and
their use in vaccine delivery. Chembiochem: a European journal
of chemical biology. 2011, 12:100-109.

50.
��

Rabe M, Schwieger C, Zope HR, Versluis F, Kros A: Membrane
interactions of fusogenic coiled-coil peptides: implications for
lipopeptide mediated vesicle fusion. Langmuir 2014, 30:7724-
7735.

Targetted cargo delivery with membrane fusion — one of the potential
derivations of the coiled coil based nanoparticle.

51. Kaba SA, Brando C, Guo Q, Mittelholzer C, Raman S, Tropel D
et al.: A nonadjuvanted polypeptide nanoparticle vaccine
confers long-lasting protection against rodent malaria. J
Immunol 2009, 183:7268-7277.

52. Mueller MS, Renard A, Boato F, Vogel D, Naegeli M, Zurbriggen R
et al.: Induction of parasite growth-inhibitory antibodies by a
virosomal formulation of a peptidomimetic of loop I from
domain III of Plasmodium falciparum apical membrane
antigen 1. Infect Immun 2003, 71:4749-4758.

53. El Bissati K, Zhou Y, Dasgupta D, Cobb D, Dubey JP, Burkhard P
et al.: Effectiveness of a novel immunogenic nanoparticle
platform for Toxoplasma peptide vaccine in HLA transgenic
mice. Vaccine 2014, 32:3243-3248.

54. Wahome N, Pfeiffer T, Ambiel I, Yang Y, Keppler OT, Bosch V et al.:
Conformation-specific display of 4E10 and 2F5 epitopes on
self-assembling protein nanoparticles as a potential HIV
vaccine. Chem Biol Drug Des 2012, 80:349-357.

55. Schroeder U, Graff A, Buchmeier S, Rigler P, Silvan U, Tropel D,
Jockusch BM, Aebi U, Burkhard P, Schoenenberger CA: Peptide
nanoparticles serve as a powerful platform for the
immunogenic display of poorly antigenic actin determinants. J
Mol Biol 2009, 386:1368-1381 http://dx.doi.org/10.1016/
j.jmb.2008.11.023.

56.
��

Yang Y, Neef T, Mittelholzer C, Garcia Garayoa E, Blauenstein P,
Schibli R et al.: The biodistribution of self-assembling protein
nanoparticles shows they are promising vaccine platforms. J
Nanobiotechnol 2013, 11:36.

Coiled coil based nanoparticles and their application in vaccine devel-
oipment. An excellent paper detailing progress with this application of
coiled coils and entry point into the affiliated literature.

57. Yang Y, Burkhard P: Encapsulation of gold nanoparticles into
self-assembling protein nanoparticles. J Nanobiotechnol 2012,
10:42.

58. Doll TA, Raman S, Dey R, Burkhard P: Nanoscale assemblies
and their biomedical applications. J R Soc Interface 2013, 10
20120740.

59.
�

Harbury PB, Kim PS, Alber T: Crystal structure of an isoleucine-
zipper trimer. Nature 1994, 371:80-83.

A seminal work for coiled coils.

60. Harbury PB, Zhang T, Kim PS, Alber T: A switch between two-,
three-, and four-stranded coiled coils in GCN4 leucine zipper
mutants. Science 1993, 262:1401-1407.
Current Opinion in Cell Biology 2015, 32:131–137 
61. Thomas F, Boyle AL, Burton AJ, Woolfson DN: A set of de novo
designed parallel heterodimeric coiled coils with quantified
dissociation constants in the micromolar to sub-nanomolar
regime. J Am Chem Soc 2013, 135:5161-5166.

62.
��

Fletcher JM, Harniman RL, Barnes FR, Boyle AL, Collins A,
Mantell J et al.: Self-assembling cages from coiled-coil peptide
modules. Science 2013, 340:595-599.

Nanoparticles design.

63. Woolfson DN, Bartlett GJ, Bruning M, Thomson AR: New
currency for old rope: from coiled-coil assemblies to alpha-
helical barrels. Curr Opin Struct Biol 2012, 22:432-441.

64. Zaccai NR, Chi B, Thomson AR, Boyle AL, Bartlett GJ, Bruning M
et al.: A de novo peptide hexamer with a mutable channel. Nat
Chem Biol 2011, 7:935-941.

65. Hadley EB, Gellman SH: An antiparallel alpha-helical coiled-coil
model system for rapid assessment of side-chain recognition
at the hydrophobic interface. J Am Chem Soc 2006, 128:16444-
16445.

66. Gradisar H, Bozic S, Doles T, Vengust D, Hafner-Bratkovic I,
Mertelj A et al.: Design of a single-chain polypeptide
tetrahedron assembled from coiled-coil segments. Nat Chem
Biol 2013, 9:362-366.

67. Acharya A, Rishi V, Vinson C: Stability of 100 homo and
heterotypic coiled-coil a–a0 pairs for ten amino acids (A, L, I, V,
N, K, S, T, E, and R). Biochemistry 2006, 45:1132-1232.

68. Newman JR, Keating AE: Comprehensive identification of
human bZIP interactions with coiled-coil arrays. Science 2003,
300:2097-2101.

69. Mason JM, Schmitz MA, Muller KM, Arndt KM: Semirational
design of Jun-Fos coiled coils with increased affinity:
universal implications for leucine zipper prediction and
design. Proc Natl Acad Sci U S A 2006, 103:8989-8994.

70. Negron C, Keating AE: Multistate protein design using CLEVER
and CLASSY. Methods Enzymol 2013, 523:171-190.

71. Reinke AW, Grant RA, Keating AE: A synthetic coiled-coil
interactome provides heterospecific modules for molecular
engineering. J Am Chem Soc 2010, 132:6025-6031.

72. Bromley EH, Sessions RB, Thomson AR, Woolfson DN: Designed
alpha-helical tectons for constructing multicomponent
synthetic biological systems. J Am Chem Soc 2009, 131:928-
930.

73. Pandya MJ, Spooner GM, Sunde M, Thorpe JR, Rodger A,
Woolfson DN: Sticky-end assembly of a designed peptide fiber
provides insight into protein fibrillogenesis. Biochemistry 2000,
39:8728-8734.

74. Bromley EH, Channon KJ, King PJ, Mahmoud ZN, Banwell EF,
Butler MF et al.: Assembly pathway of a designed alpha-helical
protein fiber. Biophys J 2010, 98:1668-1676.

75. Sharp TH, Bruning M, Mantell J, Sessions RB, Thomson AR,
Zaccai NR et al.: Cryo-transmission electron microscopy
structure of a gigadalton peptide fiber of de novo design. Proc
Natl Acad Sci U S A 2012, 109:13266-13271.

76. Hume J, Sun J, Jacquet R, Renfrew PD, Martin JA, Bonneau R
et al.: Engineered coiled-coil protein microfibers.
Biomacromolecules 2014, 15:3503-3510.

77. Potekhin SA, Melnik TN, Popov V, Lanina NF, Vazina AA, Rigler P
et al.: De novo design of fibrils made of short alpha-helical
coiled coil peptides. Chem Biol 2001, 8:1025-1032.

78. Guo M, Ehrlicher AJ, Mahammad S, Fabich H, Jensen MH,
Moore JR et al.: The role of vimentin intermediate filaments in
cortical and cytoplasmic mechanics. Biophys J 2013, 105:1562-
1568.

79. Qin Z, Buehler MJ: Flaw tolerance of nuclear intermediate
filament lamina under extreme mechanical deformation. ACS
Nano 2011, 5:3034-3042.

80. Toivola DM, Strnad P, Habtezion A, Omary MB: Intermediate
filaments take the heat as stress proteins. Trends Cell Biol
2010, 20:79-91.
www.sciencedirect.com

http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0660
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0660
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0660
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0665
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0665
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0665
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0665
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0670
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0670
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0675
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0675
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0675
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0680
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0680
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0680
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0680
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0685
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0685
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0685
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0685
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0690
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0690
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0690
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0690
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0695
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0695
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0695
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0695
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0700
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0700
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0700
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0700
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0700
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0705
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0705
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0705
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0705
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0710
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0710
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0710
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0710
http://dx.doi.org/10.1016/j.jmb.2008.11.023
http://dx.doi.org/10.1016/j.jmb.2008.11.023
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0715
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0715
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0715
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0715
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0720
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0720
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0720
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0725
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0725
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0725
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0730
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0730
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0735
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0735
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0735
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0740
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0740
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0740
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0740
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0745
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0745
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0745
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0750
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0750
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0750
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0755
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0755
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0755
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0760
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0760
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0760
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0760
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0765
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0765
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0765
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0765
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0770
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0770
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0770
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0770
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0775
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0775
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0775
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0780
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0780
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0780
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0780
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0785
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0785
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0790
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0790
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0790
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0795
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0795
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0795
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0795
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0800
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0800
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0800
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0800
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0805
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0805
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0805
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0810
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0810
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0810
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0810
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0815
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0815
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0815
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0820
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0820
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0820
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0825
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0825
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0825
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0825
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0830
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0830
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0830
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0835
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0835
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0835


IFs and their coiled coils: past, present and future Quinlan, Bromley and Pohl 137
81. Landsbury A, Perng MD, Pohl E,Quinlan RA: In Functional Symbiosis
Between the Intermediate Filament Cytoskeleton and Small Heat
Shock Proteins. Edited by Simon S, Arrigo AP. 2010:55-87.

82. Snider NT, Omary MB: Post-translational modifications of
intermediate filament proteins: mechanisms and functions.
Nat Rev Mol Cell Biol 2014, 15:163-177.

83. Swift J, Discher DE: The nuclear lamina is mechano-responsive
to ECM elasticity in mature tissue. J Cell Sci 2014, 127(Pt
14):3005-3015.

84. Chapman MA, Zhang J, Banerjee I, Guo LT, Zhang Z, Shelton GD
et al.: Disruption of both nesprin 1 and desmin results in
nuclear anchorage defects and fibrosis in skeletal muscle.
Hum Mol Genet 2014, 23:5879-5892.

85. Clemen CS, Herrmann H, Strelkov SV, Schroder R:
Desminopathies: pathology and mechanisms. Acta
Neuropathol 2013, 125:47-75.

86. Konieczny P, Fuchs P, Reipert S, Kunz WS, Zeold A, Fischer I et al.:
Myofiber integrity depends on desmin network targeting to
www.sciencedirect.com 
Z-disks and costameres via distinct plectin isoforms. J Cell
Biol 2008, 181:667-681.

87. Fuchino K, Bagchi S, Cantlay S, Sandblad L, Wu D, Bergman J
et al.: Dynamic gradients of an intermediate filament-like
cytoskeleton are recruited by a polarity landmark during
apical growth. Proc Natl Acad Sci U S A 2013, 110:E1889-
E1897.

88. Aebi U, Cohn J, Buhle L, Gerace L: The nuclear lamina is a
meshwork onf intermediate-type filaments. Nature 1986,
323:560-564.

89. Guerette PA, Hoon S, Seow Y, Raida M, Masic A, Wong FT et al.:
Accelerating the design of biomimetic materials by integrating
RNA-seq with proteomics and materials science. Nat
Biotechnol 2013, 31:908-915.

90. Lai YT, Cascio D, Yeates TO: Structure of a 16-nm cage
designed by using protein oligomers. Science 2012,
336:1129.
Current Opinion in Cell Biology 2015, 32:131–137

http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0840
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0840
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0840
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0845
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0845
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0845
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0850
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0850
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0850
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0855
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0855
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0855
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0855
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0860
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0860
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0860
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0865
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0865
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0865
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0865
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0870
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0870
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0870
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0870
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0870
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0875
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0875
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0875
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0880
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0880
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0880
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0880
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0890
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0890
http://refhub.elsevier.com/S0955-0674(15)00003-4/sbref0890

	A silk purse from a sow's ear—bioinspired materials based on α-helical coiled coils
	Hard α-keratin—where it all began
	The science of storing coiled coils and weaving threads with the tensile strength of steel
	Human hair—a shape memory material with ancient origins
	Intermediate filament coiled coils and their current applications in biomedicine
	Bioinspired filaments based on coiled coils—deciphering the scaling features of intermediate filaments for application in ...
	Conclusions
	References and recommended reading
	Acknowledgements


