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2
The ?lament-forming ot-helical proteins may be associ

ot-HELICAL PROTEIN BASED MATERIALS
AND METHODS FOR MAKING SAME

ated to form any of various types of ot-helical ?laments

including coiled coils or higher order structures including,
CROSS REFERENCE TO RELATED
APPLICATION

Without limitation, intermediate ?laments (IFs). In speci?c
embodiments of the invention, the ot-helical ?laments com
prise hag?sh slime thread IFs or ?laments made up of
proteins Which are homologous to hag?sh slime thread

This application is a continuation-in-part of PCT appli
cation No. PCT/CA03/00223, ?led on 14 Feb. 2003 and

proteins. In certain preferred embodiments of the invention,

published on 21 Aug. 2003 under Article 21(2) in English,

the ot-helical ?laments are not associated With a protein

and claims the bene?t of application No. 60/356,144 ?led on
14 Feb. 2002.
1. Technical Field
This invention relates to biological polymers and mate

matrix.

The proteins may be isolated directly from natural
sources. The proteins may also be recombinantly produced
through in vivo or in vitro expression systems. In such cases
the gene sequence for the desired proteins is cloned into

rials made from biological polymers. Speci?c embodiments
of the invention provide methods for making ?bres, ?lms, or

expression vectors and expressed. The proteins may also be
synthesized through cell free translation systems, or through

other bulk materials that are useful in industrial applications

including textiles and high performance materials.
2. Background
In the search for neW materials for industry, researchers
are looking more and more to biology for inspiration. This

“biomimetics” approach is driven by the desire for materials
that are not only ecologically-friendly in their production
and degradation, but also exceptional in their material prop
erties. Spider dragline silk is a classic example, exhibiting
strength greater than steel on a per-Weight basis (Denny,
1976; Vollrath and Knight, 2001). Such a material has

chemical peptide synthesis protocols.
20

25

Another aspect of the invention provides a material con

enormous market potential, and it is not surprising that
investment in research toWard the production of arti?cial
dragline silk has been intense over the past tWo decades.

Unfortunately, advances toWard the production of spider silk

sisting essentially of ?lament-forming ot-helical proteins, at
least 5% by Weight of the material being in a [3-sheet form
When the material is in a substantially unstrained state.
30

on an industrial scale have been sloW.

BRIEF DESCRIPTION OF THE DRAWINGS

repetitive (Fahenstock et al., 2000; Gatesy et al., 2001;
35

are, there is a serious draWback to the use of dragline-like

?bres in industry. In the dry state, dragline silk exhibits
impressive strength and toughness. HoWever, When it is
hydrated, dragline undergoes a process knoWn as “super

Further aspects of the invention and features of speci?c
embodiments of the invention are described beloW.

A main complication in the effort to produce biomimetic
spider silk is that genes for silk proteins are large and
Guerette et al., 1996 and Hayashi and LeWis 2000). This
makes their maintenance in expression vectors difficult.
As desirable as the mechanical properties of spider silk

The ot-helical ?laments may additionally be cross-linked
to provide additional strength to the materials made from
them. In addition, or in the alternative, the ot-helical ?la
ments may be plasticiZed to confer desired physical
attributes.
The invention also relates to materials made according to
the above methods, and uses of the materials in industry.

40

In draWings Which illustrate embodiments of the inven
tion but Which should not be construed to limit the scope of
the invention:
FIG. 1 is a block diagram illustrating a method according
to the invention.
FIG. 2 is a diagram of conserved regions of intermediate

contraction” in Which it shrinks to about 50% of its original

?lament proteins.

length (Work, 1982).

FIG. 3 is an SDS-PAGE of isolated hag?sh slime thread
solubiliZed in 10M urea, in Which the left lane contains

There remains a need for strong ?bres that are suitable for
industrial exploitation in ?elds such as textile manufactur
1ng.

45

molecular Weight markers.
FIG. 4 is a curve depicting the mechanical behaviour of
a hydrated slime thread.

SUMMARY OF THE INVENTION

FIG. 5 is a strain recovery curve of a hydrated slime

This invention relates to a method of making industrially

50

useful materials from ?lament-forming ot-helical proteins.
The materials are made by forming ?bres, ?lms, or other
bulk materials from ot-helical ?laments Which comprise

assembled ?lament-forming ot-helical proteins. The ot-heli
cal ?laments are then stretched. The ?laments may be

of slime threads extended to a strain of 0.6.
55

stretched by straining the ?bres, ?lms, or other bulk mate

stretched by repeatedly applying a load and removing the
load. In alternative embodiments, the ot-helical ?laments are
60

behaviour of a dry slime thread.
FIG. 8 is a stress-strain curve depicting the mechanical

behaviour of a dry slime thread subjected to multiple cycles

of loading and unloading.

?laments are converted to [3-sheet forms, Which may include

[3-sheet crystals. The materials retain their [3-sheet structure
even after the stretching is discontinued. This alters the

mechanical properties of the ?laments. The ?bres, ?lms, or

FIG. 6C depicts the X-ray diffraction pattern of a bundle
of slime threads extended to a strain of 1.0.
FIG. 7 is a stress-strain curve depicting the mechanical

rials. In some embodiments, the ot-helical ?laments are

stretched during the process of forming ?bres, ?lms, or other
bulk materials. Upon stretching, ot-helices in the protein

thread.
FIG. 6A depicts the an X-ray diffraction pattern of a
bundle of unstrained slime threads.
FIG. 6B depicts the X-ray diffraction pattern of a bundle

65

FIG. 9 is a stress-strain curve of a dry slime thread after
draW-processing in air to a strain of 1.0.
FIG. 10 is graph comparing the stress-strain curves of an

other bulk materials can be applied in a Wide variety of

unprocessed dry slime thread and a draW processed dry

applications.

slime thread processed to a strain of 1.0.

US 7,049,405 B2
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3
DESCRIPTION

The ?laments formed in block 100 can take various forms

including, most generally, coiled coil forms (block 102), or

Throughout the following description speci?c details are

more speci?cally IF forms (block 104) and even more

set forth in order to provide a more thorough understanding

speci?cally hag?sh slime thread IFs (block 106).

of the invention. However, the invention may be practiced
Without these particulars. In other instances, Well knoWn

are concentrated in block 110 to concentrations suitable for

ot-helically coiled protein ?laments obtained in block 100

forming the ?laments into ?bres, ?lms, and bulk materials.
The required concentration Will depend to some degree upon
the particular technique used to form the ?laments into

elements have not been shoWn or described in detail to avoid

unnecessarily obscuring the present invention. Accordingly,
the speci?cation and draWings are to be regarded in an
illustrative, rather than a restrictive, sense.

larger structures such as ?bres, ?lms, and bulk materials.
Where the ?laments are spun into ?bres, concentrations in
excess of 1 mg/ml are preferred. Concentrations of 10 mg/ml
or even higher may be used. Any suitable concentration
technique may be used. Block 110 indicates a number of
alternative techniques that may be used to concentrate the

We have developed methods for producing strong, indus
trially useful materials based on ?lament-forming ot-helical
proteins. In particular, We have discovered that ?bres, ?lms,
and bulk materials formed from certain classes of ot-helical
?laments are substantially irreversibly transformed When
stretched. In some embodiments, the ?laments are IFs. In

?laments. These include vacuum evaporation (block 112),

speci?c embodiments, the IFs comprise hag?sh slime thread

lyophiliZation (block 114), dialysis (block 116), PEG dessi

IFs. Upon stretching, the ot-helical structure converts into a

cation (block 118) and other suitable concentration methods

(block 119).

[3-sheet form, Which alters the mechanical properties of the
materials. Once stretched to a certain point, the proteins
substantially remain in a [3-sheet conformation even When

20

stretching forces have been removed.
The methods of the invention can be used to produce

strong, industrially useful ?bres, ?lms, and bulk materials.
25

1.0 General Description of a Method of the Invention
FIG. 1 is a block diagram illustrating a general scheme 80

for producing strong, industrially useful materials from
?lament-forming ot-helical proteins. At block 90, starting
materials comprising ?lament-forming ot-helical proteins

one or more preferred directions. The ?laments need not all

be aligned in the same direction and need not all be parallel
to one another. A majority of the ?laments should be aligned
in one or more preferred directions. In some embodiments of
30

are obtained. These ?lament-forming proteins may be har
vested and isolated from natural sources (block 92) includ
ing the speci?c case Where the proteins are obtained from

hag?sh, Which may include hag?sh of the species Eptatretus
stoutii (block 94). In preferred embodiments of the invention
the ?lament-forming ot-helical proteins are obtained by

The ?laments can be aligned to some degree, either prior
to or during the step of forming the ?laments into larger
structures. It is desirable to at least partially align the
?laments When forming larger structures so that in the
resulting material, ?laments are oriented preferentially in

35

the invention, alignment of the ?laments may be performed
during concentration of the ?laments (block 119A). In other
embodiments, the ?laments may be aligned during forma
tion of the ?laments.
An alignment-promoting material may be added so that it
is present While the ?laments are being concentrated and/or
formed into larger structures (block 119B). In some embodi

ments, the alignment-promoting material may comprise up

methods such as cell free translation (block 96), recombi

to 5% of the total Weight of the ?laments. In other embodi

nant methods (block 98), or chemical peptide synthesis

ments, the alignment-promoting material may comprise

(block 99).
The ?lament-forming ot-helical proteins may comprise

more than 5% of the total Weight of the ?laments. The
40

alignment-promoting material may comprise one or more

any proteins that Will form ot-helical ?laments. The ?la

suitable proteins or peptides, for example. Several proteins

ments can include coiled coils and IFs. In a speci?c embodi

have noW been described that function as intermediate

ment, the ot-helical ?laments comprise hag?sh slime threads

?lament-bundling proteins. Filament-bundling proteins may

composed largely of ot-helical IF proteins.
The starting materials may already be in the form of
suitable ?laments. Suitable ?laments may be obtained, for

be isolated from natural sources or obtained from recombi
45

bundles keratin intermediate ?laments in skin, possesses an

example, by extracting hag?sh slime thread IFs.
If the starting materials are not already in the form of
?laments then, in block 100 the starting materials are formed
into ?laments. The ?laments are typically nanoscale ?la
ments having diameters in the range of 1 to 15 nanometers.
In preferred embodiments of the invention the ?lament
forming ot-helical proteins are alloWed to self-assemble to

50

sesses repeat domains that bind many types of cytoskeletal

may be optionally added to promote assembly of the ?la
ment-forming proteins into ?laments. In general, self assem
bly can be promoted by placing the starting materials in an
environment Which provides appropriate conditions for self
assembly. Conditions under Which the protein constituents

55

of a Wide variety of IFs Will self-assemble to form IFs are

60

(see eg Steinbock F A, et al., Dose-dependent linkage,
assembly inhibition and disassembly ofvimentin and cytok
eratin 5/14 ?laments through plectin’s intermediate ?la
ment-binding domain, J. Cell Sci. 113(3):483491 (2000)).
Various proteins and peptides having structures knoWn to
induce bundling in intermediate ?lament proteins, such as

described in the literature. Conditions under Which the

protein constituents of hag?sh slime threads self-assemble to
form hag?sh slime thread ?laments are described in SpitZer

those that occur in ?laggrin and homerin in mammalian
systems, may be used as alignment-promoting materials.
Suitable custom peptides based on conserved IF binding
sequences may also be used as alignment-promoting mate

rials. Inorganic materials (eg metals Which bind to and

(1984) and SpitZer (1988). Typically self assembly occurs

typically approximately 0.2 mg/ml.

intermediate ?lament-bundling domain (see eg Mack, J. W.
et al., The mechanism ofinteraction of?laggrin with inter
mediate?laments: The ionic Zipper hypothesis 1. Mol. Biol.
232: 50466 (1993)). The family of cytolinker proteins pos
IFs and are most effective With type III IFs such as vimentin

form nanoscale ?laments. Suitable enZymes or substrates

best at loWer concentrations of the protein starting materials
in the range of about 0.05 mg/ml to about 1 mg/ml and most

nant sources. For example, the protein ?laggrin, Which

65

promote alignment of ?laments) may also perform the
function of promoting alignment of the ?laments.
In some alternative embodiments, alignment and bundling
of ?laments are promoted by maintaining conditions Which
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promote ?lament bundling prior to or during concentration

machinery. The ?laments may also be extended after the

of the ?laments. It is knoWn that several different factors can

?bres, ?lms, or bulk materials are formed.

cause intermediate ?lament bundling. Ma et al., A ‘hot-spot’

Stretching or extending may be done While the ?bres,

mutation alters the mechanical properties of keratin?lament
networks, Nat. Cell Biol. 3(5):5034506 (2001) demonstrate

?lms, or bulk materials are dry as indicated by block 142 or
When the ?bres, ?lms, or bulk materials are Wet, as indicated

that IFs can be induced to bundle With only minor changes
in buffer conditions such as a pH change from 7.4 to 7.0, a

at block 144. The degree of stretching may be varied to
achieve desired material properties. The degree to Which the
?bres, ?lms, or bulk materials can be stretched is limited by
the breaking strength of the ?bres, ?lms, or bulk materials
Which, in turn, depends in part on the degree of alignment of

slight increase in ionic strength (by adding 10 mM NaCl), or
by substituting phosphate buffer for Tris buffer. Therefore,

altering pH (block 119C), altering ionic strength (block
119D), or altering buffer composition (block 119E) can also

the ?laments Which make up the ?bre or ?lm. Typically,

promote ?lament alignment and bundling.

When the stretching is performed on dry ?bres, ?lms, or bulk

The method may include steps directed to induce ?lament

materials, the ?laments are strained to a strain in the range

bundling. These steps may include appropriate selection of
buffer conditions and/or introduction of alignment-promot
ing materials. In some embodiments, the alignment-promot

of e:0.025 to E:l.0. When stretching is performed on Wet
?bres, ?lms, or bulk materials, strains in excess of 6:035

and ranging up to values Which depend upon the breaking
strain of the ?bres, ?lms, or bulk materials, but may be 6:16

ing materials comprise one or more suitable materials

selected from:
proteins, such as

cytolinker proteins,
?laggrin

or more are preferred. The ?laments may be strained once,
20

be used to strain the ?laments.
Blocks 130 and 150 are optional. These blocks include

hornerin

proteins Which include the intermediate ?lament-bind
ing domain of ?laggrin or hornerin;
compounds Which include the intermediate ?lament
binding groove of Plakins; and
peptides based on conserved IF binding sequences

steps to promote cross-linking betWeen the proteins in the
?laments Which make up the ?bres, ?lms, or bulk materials.
25

metal ions;
other organic or inorganic materials that promote bun
dling of the ?laments.

30

In some embodiments, alignment-promoting materials or

use the same or different Ways to promote cross-linking.

The resulting ?bres, ?lms, or bulk materials can be used
35

drug delivery vessels, tissue engineering substrates, bio
40

a given cross-section Will substantially increase the persis

align them during assembly into larger structures, such as
?bres, ?lms, or bulk materials. In addition, the bundling of
45

and subsequent to the concentration performed in block 110.
The ?laments may also be aligned using other suitable

alignment methods (block 119F). For example, ?laments
may be aligned under How as described, for example, in Silk
50

Which is incorporated herein by reference. The ?laments

may also be aligned by charge, by substrate directed align
ment, or by any other suitable alignment technique.
Once concentrated, the ot-helical ?laments are formed
into larger structures such as ?bres, ?lms, or bulk materials

sensors, and electronic devices.

2.0 Production of ot-Helical Protein Based Materials4ot
Helical Filament Sources
Suitable IFs or IF-like ?laments may be isolated from

tence length of the ?laments and therefore make it easier to

Polymers: Materials Science and Biotechnology (1994),

in manufacturing industrially useful materials (block 160).
Some examples of materials Which can be made using ?bres,
?lms, or bulk materials made according to the invention
include, but are not limited to, textiles, biomedical devices,

ments tend to form bundles of ?laments. Bundling ?laments

the ?laments may facilitate removal of excess solvent during

tanning, metal-coordination, and other methods for promot
ing cross-linking (block 138). Method 80 may include both
of blocks 130 and 150, either one of blocks 130 and 150 or
neither one of blocks 130 and 150. Blocks 130 and 150 may

simultaneously satisfy the functions of aligning the ?la
ments and locally concentrating the ?laments. Aligned ?la
into structures that possess tens to hundreds of ?laments in

Some speci?c mechanisms that may be exploited to promote
cross-linking of the proteins include UV exposure (block
132), treatment With glutaraldehyde (block 134), treatment
With other types of radiation such as y radiation (block 136),

alignment-promoting conditions are introduced during block
90 (i.e. introduced With the starting materials) and/or block
100 (i.e. introduced during formation of ?laments) to cause
the ?laments to form bundles in dilute suspension. The
alignment-promoting materials or conditions may then

or they may be strained by repeatedly applying and remov
ing a load from the ?laments. Any suitable mechanism may

55

(block 120). This may be accomplished using any suitable

virtually all animal cells (Matoltsy, 1965), plants (for
example, carrots (Masuda et al., 1997)), and fungi (for
example, yeast (Jannatipour and Rokeach, 1998)).
The ?lament-forming ot-helical protein starting materials
may comprise any suitable proteins capable of forming
?laments. In one embodiment, the ?lament-forming ot-he
lical proteins form IFs Which meet the criteria outlined in the
speci?cation beloW. In a speci?c embodiment, the ?lament

forming ot-helical proteins are the protein constituents of
hag?sh slime threads.
Suitable ?lament-forming ot-helical proteins may be
recombinantly generated by a variety of in vitro or in vivo

spinning techniques. The Encyclopedia of Polymer Science

expression systems. The vectors can be transformed into

and Engineering (1988), Which is incorporated herein by

hosts, such as bacteria (for example: Escherichia coli),

reference, provides examples of various spinning techniques
that may be used to form ?laments into ?bres or ?lms.

eukaryotic organisms (for example: yeast) or mammalian
60

cell lines. In vivo expression systems may use transgenic

At block 140, after being formed into ?bres, ?lms, or bulk

organisms (for example: goats (http://nexiabiotech.com) and

materials, the ot-helical ?laments are extended. This may be

plants such as tobacco and potatoes (Scheller et al., 2001 and

done during the process of forming the ?bres, ?lms, or bulk

Pandey, 2001)) that have been genetically engineered to

materials or in a separate step. For example, ?bre formation
and stretching can simultaneously occur in cases Where the
ot-helical ?laments are subjected to signi?cant shear and
tensile forces as the ?bre is extruded from ?bre forming

facilitate the production and isolation of suitable ?lament
65

forming ot-helical proteins in usable purities and quantities.
The proteins can be isolated from the hosts and puri?ed. The
genes Which code for hag?sh slime thread proteins have
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been sequenced (see Kouth et al. 1994, 1995) and these gene
sequences may be used to produce hag?sh slime thread

may contain conserved sequences or functional domains

proteins by recombinant methods.

promoting materials may also include metals Which facili
tate ?lament alignment or bundling. The ?laments may also

from knoWn ?lament-bundling proteins. The alignment

Suitable ?lament-forming ot-helical proteins may also be

be encouraged to align through changes in pH, changes in
ionic strength of buffer, and changes in buffer composition.

produced chemically (for example, using standard peptide
synthesis protocols or by using any solution or substrate
based peptide synthesis methods), or With cell free transla

In some embodiments, the alignment-promoting materials
are introduced With the starting materials. In a speci?c
embodiment, alignment-promoting materials can be incor

tion methods.

The ?lament-forming ot-helical proteins should be pro
vided in reasonably pure form to facilitate self-assembly of
?laments and spinning of ?bres or ?lms from such ?laments.
Any standard or modi?ed puri?cation protocols may be
employed to purify the proteins. The best method to use Will
depend on the protein sourceifor example see LaZaris et al.
(2002) compared to Scheller et al. (2001).

porated into the source of the ?lament-forming proteins. For
example, a recombinant vector containing a gene for a

?lament-forming protein may also include a gene for an
alignment-promoting material, such as a ?lament-bundling

protein or peptide. In other embodiments, the alignment
promoting materials can be introduced during formation of
?laments, to cause the ?laments to form bundles in dilute

Self-Assembly of ot-Helically Coiled Protein Filaments
In preferred embodiments of the invention, the starting

suspension. Alignment and bundling of the ?laments may
facilitate assembly of the ?laments into larger structures,

materials are permitted to self-assemble to form ?laments.

As described above, the ?lament-forming ot-helical pro

such as ?bres, ?lms, or bulk materials. The larger structures
20

teins may comprise the protein constituents of one or more

section. In addition, the bundling of the ?laments may
facilitate removal of excess solvent during and subsequent to
concentration of the ?laments.
The ?laments may also be aligned under How as

IFs. IF proteins can self-assemble at appropriate pH, tem
perature, ionic strength, and concentration of metal chelators

and/or reducing agents (for examples see Hargreaves et al.
(1998), Abumuhor et al. (1998), Cerda et al. (1998), Fradette

25

described, for example, in Silk Polymers: Materials Science
and Biotechnology (1994). The ?laments may also be
aligned by charge, by substrate directed alignment, or by any
other suitable alignment technique.

30

align the ?laments When forming the ?bres, ?lms, or bulk

et al. (1998), Herrmann et al. (2000), Herrmann et al. (1999),
Porter et al. (1998), SpitZer et al. (1984), SpitZer et al.
(1988), Wang et al. (2000), Wu et al. (2000) and Yoon et al.
(2000)). In some embodiments of the invention, once iso

lated, the ?lament-forming ot-helical proteins are alloWed to

As discussed above, it is desirable to at least partially

self-assemble into ot-helical ?laments. IF proteins are par

ticularly useful in such embodiments of the invention.
Concentration of ot-Helically Coiled Protein Filaments
To produce useful materials from the ot-helical ?laments,
a concentration step may be required. The starting concen

35

tration of ot-helical ?laments produced by self-assembly of
?lament-forming ot-helical proteins may be in the range of
about 0.05 to 2 mg/ml. As described above, the ot-helical
?laments may be concentrated by any suitable methods to
concentrations suitable for forming ?bres, ?lms, or bulk
materials. Such concentrations typically range from about
0.5 mg/ml to 100 mg/ml. The ot-helical ?laments may be
lyophiliZed and then brought to concentrations in the ~0.5
mg/ml to 100 mg/ml range in aqueous solvents (for

40

described, for example, in The Encyclopedia of Polymer
Science and Engineering Where it is shoWn that ?bres may
be spun in air, vacuum, gas, under electrical charge and/or
Wet-spun into a coagulation bath such as methanol. Typical
spinning speeds may range from, but are not limited to,
0.5410 cm/sec.
50

As discussed above, the ?laments can be aligned to some

55

Langmuir-Blodgett multi-layers, alternating polyanion
polycation deposition or a variety of surface grafting meth
ods (a summary of these methods can be found in Science
Vol. 273, 1996 pp. 84141016). The ?lms may also be

ments.

deposited epitaxially.
60

ing materials may comprise any organic or inorganic mate
rial that promotes ?lament alignment or bundling. The

Suitably concentrated solutions, gels or liquid-crystals of
ot-helical ?laments and previously formed ?bres or ?lms
may also be formed into bulk materials, including, but not

limited to, rods, sheets, cords, strips, etc.
Modulating the Mechanical Properties of ot-Helical Protein

alignment-promoting material may comprise one or more

sources or obtained from recombinant sources. The peptides

Suitably concentrated solutions, gels or liquid-crystals of
ot-helical ?laments may also be converted into ultra-thin

(<100 nm) or thin (100 to 10,000 nm) ?lms by standard
techniques, for example: shear betWeen tWo plates, spin
casting, substrate directed deposition, the formation of

?laments into larger structures. In some embodiments of the

suitable proteins or peptides. Such proteins include ?lament
bundling proteins, Which may be isolated from natural

trated solutions, gels, or liquid-crystals.
The ?laments may be spun directly into ?bres through an

degree, either prior to or during the step of forming the

The ?laments may be aligned in a number of different
Ways. An alignment-promoting material may be added so
that it is present While the ?laments are being concentrated
and/ or formed into larger structures. The alignment-promot

ot-helical ?laments may be spun into ?bres or used to
form ?lms or bulk materials directly from suitable concen

ori?ce using conventional spinning technologies as

example: Water, phosphate buffered saline etc.). The con

invention, alignment of the ?laments may be performed
during concentration of the ?laments. In other embodiments,
the ?laments may be aligned during formation of the ?la

materials so that in the resulting material, ?laments are
oriented preferentially in one or more preferred directions.
The ?laments need not all be aligned in the same direction
and need not all be parallel to one another. A majority of the
?laments should be aligned in one or more preferred direc
tions.

Fibre Spinning and Film Production

centrated ot-helical ?laments may be spun directly into ?bres
or used to make IF based gels, liquid crystals for forming
?bres, ?lms, or bulk materials.

Alignment of Filaments

may have tens or hundreds of ?laments in a given cross

65

Based Materials
The ?bres or ?lms produced by methods according to the

invention may be processed further to achieve improved
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mechanical properties. The following are examples of pro
cessing steps that may be used alone or in conjunction to
modulate the mechanical properties of the material.

nents of transducers or as substrates for making metal-doped

DraW Processing

3.0 Speci?c Embodiments of ot-Helical Filaments

The ot-helical structures contained Within the ot-helical
protein based materials of this invention can be converted
from their native state to a [3-sheet conformation. This

3.1 Intermediate Filaments
IFs are a speci?c group of ot-helical ?laments Which may

tially in the electronics industry (for example: as compo

nano-Wires).

be used in this invention. IFs are a diverse group of
intracellular ?laments that are found Within most animal

process usually involves crystallization of protein chains in
the extended chain conformation and provides improved
strength, stiffness and/or toughness While reducing extensi
bility. The conversion is achieved by drawing the ?bre or

cells. IFs make up a signi?cant portion of the cytoskeleton
in living cells (Alberts, 1994), and have been shoWn to

impart cells With mechanical integrity (Fuchs and Cleve
land, 1998; Wang and Stamenovic, 2000). IFs are especially

?lm in the dry or Wet state (in aqueous and/or organic
solvents) to draW ratios ranging betWeen, but not limited to
~0 and 500%, depending on the degree of alignment of the
ot-helical ?laments, the hydration state and/or the solvent
used to hydrate the ?bre, ?lm, or bulk material.
The amount of strain Which should be applied to the ?bre,

abundant in ot-keratins such as hair, nail, and horn, Where
they make up the ?brous component of these tough bio
composites. IFs can be sub-classi?ed into six different types.

Type I IFs (acidic keratins) and Type II IFs (basic keratins)
are knoWn as the keratin IFs. Type III IFs comprise vimen

?lm, or bulk material depends on the intended use for the

?bre, ?lm, or bulk material. The ?bre, ?lm, or bulk material
can be strained by applying a load. Alternatively, the ?bre or
?lm can be strained by repeatedly applying a load, then
removing the load from the ?bre or ?lm a desired elongation
has been achieved. The ?bre, ?lm, or bulk material can be
strained during the ?bre spinning or ?lm or bulk material
formation process, or they can be strained after the ?bre,
?lm, or bulk material formation process. Any suitable draW

tin, desmin, glial ?brillary acidic protein, and peripherin.
20

paranemin.
IFs are made of IF proteins. Over 200 IF proteins from a

variety of species have been sequenced to date (Parry and
25

There are several characteristics common to all IF pro

teins. IF proteins exhibit a tripartite domain structure, With
a central ot-helical rod domain ?anked by non-helical N- and

to strain. Some knoWn draW processing methods are
30

Engineering (1988).
Cross-Linking
The material properties of ?bres or ?lms of ot-helical
?laments may be modulated by standard non-speci?c cross

linking of the IF-based materials With glutaraldahyde, UV,

tion of metals, such as calcium, iron, Zinc, copper, etc.
Metals may be co-ordinated through metal binding domains
in the sequences of the ?lament-forming ot-helical proteins,
for example through histidines Which bind metals such as
copper and/or Zinc. Globular domains of the ?lament
forming ot-helical proteins could be modi?ed to contain such
metal binding sites. Cross-linking increases the stiffness and
decrease the extensibility of ot-helical ?laments. Depending
on the particular application, cross-linking may be used to
optimiZe the stiffness and toughness of an IF-based material.

35

40

four heptad repeat regions (1A, 1B, 2A, 2B). Region 2B
contains a characteristic “stutter” in one of its heptad repeats
45

cine (for example: as sutures, as drug delivery vessels, as
tissue engineering substrates and as bio-sensors), and poten

in Which three residues are missing. At the beginning of
region 1A is a conserved region knoWn as the “helix
initiation motif,” and at the end of region 2B is a similarly

conserved “helix termination motif" (Parry and Steinert,

1999).
The terminal domains that ?ank the central rod domain
are not nearly as Well conserved, but homologies have been
identi?ed among the keratin IFs. Adjacent to the beginning
of region 1A and the end of region 2B are highly conserved

55
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may be applied in a Wide variety of industrial settings. For
example, such materials may be used in making textiles (for
example: as clothing and as high performance ?bres for

sporting goods and anti-ballistic applications), in biomedi

continuous over the entire length of the domain. Three

non-helical “linker” regions (LI, LI2, and L2) occur betWeen

amount of plasticiZer added may be adjusted and optimiZed
to achieve desired material properties.
Uses of ot-Helical Protein Based Materials
Fibres, ?lms or bulk materials according to the invention

Where a and d are most often apolar residues such as leucine,
valine, or isoleucine, and residues e and g are often charged.
The central rod domain contains betWeen 310 and 357

residues With heptad repeats occurring over the majority of
the length of the domain. HoWever, the heptad pattern is not

PlasticiZers
PlasticiZers may be introduced at any stage of the pro

posed process. Examples of polymeric plasticiZers are given
in The Encyclopedia ofPolymer Science and Engineering
(1988). Again, depending on the particular application, the

C-terminal domains. The rod domains exhibit a strong

heptad repeat structure of the form:

y-irradiation, tanning (for examples see The Encyclopedia of
Polymer Science and Engineering, 1988), by the cross
linking of speci?c amino acids such as cysteine, lysine, and
tyrosine (for example see Capello (1998), Stedronsky et al.
(2000) and Duckler et al. (1971)), and/or by the co-ordina

Steinert, 1999), With over 50 IF proteins identi?ed from

humans (Fuchs and Cleveland, 1998).

processing technology may be used to subject the ?laments
described in The Encyclopedia of Polymer Science and

Type IV IFs comprise neuro?laments. Type V IFs comprise
nuclear lamins. Type VI IFs comprise nestin, synemin, and

non-helical regions knoWn as H1 and H2, respectively.
Adjacent to regions H1 and H2 are hyper-variable regions
V1 and V2, Which are not only variable among IFs, but often
exhibit allelic variability at a single gene locus. It is likely
that the sequence and siZe of regions V1 and V2 can be
altered Without serious consequences for IF assembly or
integrity. Regions E1 and E2 occur at the extreme ends of IF
protein chains and are generally short and basic.
IF protein chains are knoWn to form coiled-coil helical

dimers because of the presence of heptad repeats in the
central rod domain. This is due to the presence of the

hydrophobic apolar residues in the heptad repeats. To limit
65

contact With Water, the apolar residues of one chain interact

hydrophobically With the apolar residues of another chain.
This in turn stabiliZes the helix structure. The dimers are
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believed to associate into anti-parallel tetramers, Which link

In this disclosure and the appended claims, the term “inter
mediate ?lament” (abbreviated herein as “IF”) includes any
?lament made from IF proteins, as de?ned above.

end to end and form proto?laments. Proto?laments are
believed to Wind around one another to form proto?brils,
and four proto?brils may Wrap around each other to form

3.2 Hag?sh Slime Threads
In a further speci?c embodiment of the invention, the

?laments approximately 10 nm in diameter. Typical IFs
found in cells are 10 to 20 pm in length. IFs having lengths

?lament-forming ot-helical proteins comprise hag?sh slime

in the range of 100 nm to 100 um or greater may be

generated. Under appropriate in vitro conditions, solubiliZed

thread proteins and the IFs comprise hag?sh slime thread

IF proteins self-assemble into IF ?laments.
FIG. 2(a) illustrates the structure of a typical IF protein.
As shoWn in (a), the IF protein comprises a central rod

from the slime of Paci?c hag?sh species Eplalrelus sloulii.
Hag?shes have the ability to produce vast amounts of

IFs, speci?cally threads of the type Which can be isolated
?bre-reinforced defensive slime. The threads that reinforce
the slime (hereafter referred to as “slime threads”) are

domain containing four regions of heptad repeats (regions
1A, 1B, 2A, 2B), Which are interrupted in three conserved
locations by linker sequences L1, L12, and L2. Region 2B

manufactured Within specialiZed cells called thread cells that
groW and mature Within the slime glands of hag?shes

contains a conserved “stutter” in Which three residues are

(DoWning, 1981; Femholm, 1981). Each thread cell pro

missing from a complete heptad. FIG. 2(b) shoWs a typical
IF protein dimer. The heptad repeat structure of the central
rod domain results in the formation of IF protein dimers, in

duces a single, continuous, intricately coiled thread. When
the thread cell is ejected from the slime gland, the plasma
membrane of the thread cell erupts, and the slime thread

Which tWo central rods Wrap around one another in a

coiled-coil stabiliZed by hydrophobic interactions.

20

Parry and Steinert (1999) point to seven criteria that can
be used to ascertain Whether a given protein can be classi?ed
as an IF protein. According to these criteria, all IF proteins
possess:

1. Four heptad containing coiled-coil segments correspond
ing in length to regions:
a. 1A (35 residues);
b. 1B (101 or 143 residues):
c. 2A (19 residues); and

to be composed almost entirely of 67 kDa IF proteins.
25

30

2. A linker segment, L2, With a length of 8 residues.
3. TWo conserved motifs:
35

40

curve of a hydrated slime thread. Native slime threads in
Water shoW strain hardening, With ultimate stresses compa
rable to those for keratins.

b. Helix termination motif (at the end of region 2B).
4. A common period in the linear distribution of acidic and
basic residues.

sibility (emax:2.2) (Table 1). FIG. 4 depicts a stress-strain

6. An ability to form ?laments of 1(Ll5 nm diameter.

7. A level of homology With other IF proteins that lies Well
in excess of that shoWn by heptad containing regions in
other ot-?brous proteins such as tropomyosin.
Aperson skilled in the art Will appreciate that IF proteins
are united not only by sequence homology but also by
patterns of hydrophobicity in their amino acid sequences.
Therefore, for the purposes of this disclosure and the

Mechanical Properties of Hydrated Slime Threads
Although slime threads are composed almost exclusively
of keratin-like IFs, the properties of the threads as they
function in the slime are different from the properties of
keratins such as nail, hair, quill, and horn. Whereas keratin
structures exhibit a high initial sti?fness (El-:2 GPa) and
modest extensibility (emax:0.5), slime threads in Water
exhibit a loW initial sti?fness (El-:64 MPa) and high exten

a. Helix initiation motif (at the beginning of region 1A);

5. A phase discontinuity in the heptad repeat in the middle
of segment 2B.

3.3 Other Filaments
Other ?laments may also be used in the practice of the

invention. For example, ot-helix containing ?laments formed
from single folded protein molecules could be used.

d. 2B (121 residues).

and

unravels. Each thread is approximately 1 to 3 um in diameter
and 10 to 17 cm in length. Slime threads are composed
almost exclusively of IFs. FIG. 3 is an SDS-PAGE of a slime
thread solubiliZed in 10 M urea. The slime thread IFs appear

TABLE 1
Mechanical properties of hag?sh slime threads in seawater.

45

Values are mean 1 SE. Sample sizes are in parentheses.

appended claims, the term “intermediate ?lament proteins”
(abbreviated herein as “IF proteins”) includes proteins that
fall under Parry and Steinert’s classi?cation (i.e. all proteins

E;

Yield 6

Yield 0

Max 6

(MPa)

(AL/Lo)

(MPa)

(AL/Lo)

Strength
(MPa)

Toughness

6.4 1 0.9

0.34 1 0.01

3.2 1 0.4

2.2 1 0.2

180 1 20

130 1 20

(8)

(12)

(12)

(14)

(9)

(9)

(Ml/m3)

classi?ed as IFs noW and in the future), as Well as proteins

While the inventors do not Wish to be bound by any

Which constitute modi?cations of knoWn IF protein
sequences that retain the ability to form ?laments in vitro of

particular theory of operation, it is believed that the low E

the siZe range 7116 nm in diameter. Such modi?cations may
include, but are not limited to:

55

series With stilf central rod domains. Strain recovery experi
ments With hydrated slime threads demonstrate that elasto
meric behavior dominates at strains up to 6:035, With

Conservative mutations in any part of the sequence in
Which a residue is replaced by one of similar siZe and

polarity (e.g. leucine for isoleucine).

60

An increase or decrease in the siZe of the central rod
domain via the addition or deletion of heptad repeats.
An increase or decrease in the siZe and/or sequence of the

chain disul?de cross-linking.

deformation being reversible in this range (see FIG. 5). At
strains greater than 0.35, deformation becomes primarily
irreversible, or plastic, due to the extension of ot-helices into
[3-sheets in the central rod domains. At strains greater than

1.0, [3-sheet crystal content (and therefore stiffness) is at its
highest, and the stiffness remains relatively constant until

terminal domains, especially regions V1 and V2.
An increase or decrease in the cysteine content of the
proteins to either facilitate or hinder intra- or inter

can be attributed to soft, elastomeric terminal domains in

65

failure at a strain of about 2.2.

Congo red staining experiments demonstrate that the
[3-sheet content of the threads increases betWeen strains of
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0.35 and 1.0. Congo red is a dye Which can be used to detect

Mechanical Properties of DraW-Processed Slime Threads
The inventors have discovered that draW-processing

amyloid ?bres. The dye creates an apple-green birefringence
When it interacts With [3-sheets. At strain values less than

?bres ?lms, or bulk materials of ot-helical ?laments that lack

0.35, slime threads stained With congo red appeared grossly
swollen and lose their mechanical integrity. At strain values
greater than 0.35, slime threads retained their mechanical

an associated protein matrix produces ?bres, ?lms, or bulk
materials that are stilf, strong, and, depending on the degree
of processing, very tough. An example of ot-helical ?laments

integrity and displayed increasing metachromasia With

Which can be used to create such ?bres, ?lms, or bulk

materials is hag?sh slime thread IFs. The draW processing
may be performed in air.
Because the ot-to-[3 transition in slime threads and other

increasing strain. At 6:035, the threads appeared orange
yelloW. At 6:050, the threads appeared green. At E:0.75,
the threads appeared blue. At E:1.0, the threads appeared
blue-violet, and at 6:15, the threads appeared magenta to

suitable proteins is effectively permanent, draW processing
results in a stiff, strong ?bre dominated by [3-sheet structure.
This phenomenon is best illustrated by a series of mechani

colourless.

X-ray diffraction patterns also demonstrate that the
[3-sheet content of the threads increases betWeen strains of
0.35 and 1.0. As shoWn in FIG. 6A, unstrained slime threads

display a typical ot-helix X-ray diffraction pattern. In FIG.
6C, at a strain of 1.0, slime threads display a typical [3-sheet
crystal X-ray diffraction pattern. At a strain of 0.6, slime
threads display a mixed X-ray diffraction pattern (FIG. 6B).
ot-keratins are also capable of undergoing an ot-to-[3

cal load cycles in Which a slime thread in air is loaded and
unloaded incrementally to failure. As shoWn in FIG. 8, at the
beginning of the trial, the thread behaves simply like a slime
thread in air, but as the cycles progress, [3-sheet content
increases, ultimately leading to a stiff and strong ?bre With
only about 1/10 of its original extensibility, as illustrated in
20

transition in Which the IF ot-helices are extended into

about 10 GPa, and a strength of about 600 MPa.

[3-sheets forms (Fraser et al., 1969). ot-keratins, such as in

FIG. 10 compares the stress-strain curves of tWo different

hair, nail, and quill normally substantially comprise ot-heli
cal proteins in their natural state. Little, if any of the proteins

FIG. 9. These draW-processed ?bres have impressive prop
erties for biological polymers, With an initial stiffness of
slime threads. One slime thread Was tested after drying only.

25

The other Was draW-processed to a strain of 1.0 before

in keratins are in a [3-sheet structure in their natural state. In

testing. The curves indicate that unprocessed threads possess

these materials, the ot-to-[3 transition is reversible (Hearle,
2000), presumably due to the cross-linked matrix of keratin
associated proteins that function in parallel With the IFs and

threads possess high stiffness and strength. Slime threads

provide a restoring force that eventually restores the ot-he
lices. In slime threads, the ot-to-[3 transition also leads to the

greater extensibility and toughness, While the processed
With intermediate properties could be produced by partial
30

stiffness and toughness for particular applications.

formation of [3-sheet crystals that then constitute the rigid

4.0 Speci?c Embodiment of a Method for the Production of
ot-Helical Protein Based Materials

reinforcing components of a supra-molecular polymer net
Work. In the absence of a protein matrix, this process is
essentially irreversible. A person skilled in the art Will

35

understand that many other ot-helix containing ?laments,
including other IFs, that are also substantially free of protein
matrices, Will also undergo irreversible ot-to-[3 transitions
When stretched.

Mechanical Properties of Dry Slime Threads
Dry slime threads have a very high El. (about 8 GPa), and

40

over a strain range about tWice as long. Dry slime threads are

In a speci?c embodiment, the ?lament-forming ot-helical
protein starting materials are obtained by isolating slime
threads from Paci?c hag?sh species Eplalrelus sloulii. Alter
natively, slime thread proteins may be recombinantly gen
erated by a variety of in vitro or in vivo expression systems.
Because hag?sh slime thread protein encoding genes are

neither large nor problematically repetitive, expression of
these proteins does not pose the same challenges that

expression of spider drag-line protein genes do.

yield at a strain of about 0.025 into a long, loW modulus

plateau region that continues to a strain of about 0.8 (see
Table 2). At the end of the plateau, stiffness rises moderately
to failure at a strain of about 1.0 (see FIG. 7). The main
differences betWeen these properties and the properties of
keratins are that E is higher in slime threads, and the ot-to-[3
transition (Which correlates With the plateau Zone) occurs

processing. Such an approach could be used to optimiZe

The hag?sh slime thread proteins may also be produced
45

chemically (for example, using standard peptide synthesis
protocols or by using any solution or substrate based peptide
synthesis methods), or With cell free translation methods, as
described above.

The hag?sh slime thread proteins should be reasonably
50

pure to facilitate self-assembly into ?laments and spinning
of the ?laments into ?bres or forming ?lms or bulk materials

also stronger than keratins. These differences can be attrib
uted to the absence of a (relatively Weak) cross-linked
matrix in slime threads, Which in keratins tends to dilute the
strength and stiffness of the IFs.

to make materials according to the invention. Any standard
or modi?ed puri?cation protocols may be employed.

Self-Assembly of Hag?sh Slime Thread Proteins into Inter
55

TABLE 2

mediate Filaments
As described above, IF proteins self-assemble at appro

Mechanical properties of dry hag?sh slime threads. Values

priate pH, temperature, ionic strength, and concentration of
metal chelators and/or reducing agents. Therefore, under

are mean 1 SE. Sample size is in parentheses. e = strain,
0 = stress.

60

Yield 6

Yield 0

Strength

Toughness

E; (MPa)

(AL/Lo)

(MPa)

Ultimate 6 (MPa)

(MI/m3)

7700 r 500

0.024 r

150 z 10

1.0 r 0.1

530 z 40

240 z 20

(7)

0.001
(13)

(7)

(13)

(7)

(7)
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appropriate conditions, recombinantly produced hag?sh
slime thread proteins self-assemble into IFs.

Concentration of Hag?sh Slime Threads
To produce useful materials from hag?sh slime threads, a
concentration step may be required. Self-assembled slime
thread IFs at starting concentrations ranging betWeen ~0.05
and 0.8 mg/ml are concentrated by standard methods, as
described above, to concentrations ranging from ~0.5 mg/ml

US 7,049,405 B2
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to 100 mg/ml, or lyophiliZed and then brought to concen
trations in the ~0.5 mg/ml to 100 mg/ml range in aqueous

The ?bres, ?lms, and bulk materials can be strained during
the ?bre spinning or ?lm and bulk material forming process,
or they can be strained after the ?bres, ?lms, and bulk

solvents (for example: Water, phosphate buffered saline etc.).
The concentrated slime threads are then spun directly into
?bres or used to make ?lament based gels and/or liquid

materials are formed.

In contrast to drag-line silk proteins, Which supercontract
in distilled Water, draW-processed slime threads do not

crystals.

supercontract. They decrease in length by only 8% When

Alignment of Hag?sh Slime Thread IFs

sWollen in distilled Water, and it is likely that this value can

It is desirable to align the ?laments in the slime thread

be decreased by light cross-linking folloWing draW-process

solutions, gels, or liquid-crystals When forming the ?bres,

1ng.

?lms, or bulk materials. Alignment of the ?laments in the
?bres, ?lms, or bulk materials facilitates draW processing as
described beloW. The ?laments need not all be parallel to one
another. A majority of the ?laments should be aligned in one
or more preferred directions. The ?laments may be aligned
in various Ways including those described above.
As discussed above, the hag?sh slime thread IFs can be

Cross-Linking
As described above, slime thread ?bres or ?lms may also

be cross-linked. Cross-linking Would increase the stiffness
and decrease the extensibility of slime thread proteins.

Depending on the particular application, cross-linking could
be used to optimiZe the stiffness and toughness of a slime
thread ?bre material.

aligned prior to assembly into materials such as ?bres, ?lms,
or bulk materials. The hag?sh slime thread IFs can be

aligned by adding alignment-promoting materials, or by
altering the pH, ionic strength, or composition of buffers
during self-assembly or concentration of the hag?sh slime
thread IFs. Alternatively, alignment-promoting materials
may be recombinantly produced along With recombinant
hag?sh slime thread IFs.
The ?laments may also be aligned under ?oW as

20

posed process. Examples of polymeric plasticiZers are given
in The Encyclopedia ofPolymer Science and Engineering
(1988). Again, depending on the particular application, the
amount of plasticiZer added could be adjusted and opti
25

described, for example, in Silk Polymers: Materials Science
and Biotechnology (1994). The ?laments may also be

aligned by charge, by substrate directed alignment, or by any
other suitable alignment technique.

Materials generated With the proposed process may be
used in the textiles industry (for example: as clothing, as
30
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are examples that may be used alone or in conjunction to

5.0 Examples
5.1 Mechanical Testing of Hydrated Slime Threads
40

Slime threads Were isolated from Paci?c hag?sh (Eplalre
Zus sloulii). Tensile properties of slime threads Were mea
sured using a modi?cation of a glass microbeam force

transducer apparatus as described in (Pollak, 1991). The
technique is based on the premise that extremely small
45

tensile forces can be measured by attaching a test sample to

a ?ne glass microbeam and monitoring the bending of the

DraW Processing
Slime thread ?bres, ?lms, and bulk materials may be draW
processed by draWing the material in the dry or Wet state (in
aqueous and/or organic solvents) to draW ratios ranging

tronics industry (for example: as mechano-tranducers or as

metal-doped nano-Wires).

also be formed into bulk materials as described above.

modulate the mechanical properties of the material.

high performance ?bres for sporting goods, anti-ballistic
applications or other applications Where high performance
materials are required), in biomedicine (for example: as
sutures, as drug delivery vessels, as tissue engineering
substrates and as bio-sensors), and potentially in the elec

verted into ultra-thin (<100 nm) or thin (100 to 10000 nm)
?lms by standard techniques as described above. They may

Modulating the Mechanical Properties of IF Based Materials
The ?bres, ?lms, or bulk materials produced With the
proposed method may either be used directly, or processed
further to achieve improved mechanical properties. Included

miZed.
Uses of Slime Thread Based Materials

Fibre Spinning and Film Production
Concentrated slime thread IF solutions, gels, or liquid
crystals are then either initially aligned under ?oW or spun
directly into ?bres through an ori?ce using suitable spinning
technologies as described above. The concentrated slime
thread solutions, gels or liquid-crystals may also be con

PlasticiZers
PlasticiZers may be introduced at any stage of the pro

beam under a microscope as the sample is deformed. De?ec
tions of the beam can be converted to force values using an

equation derived from beam theory:
50

betWeen, but not limited to ~0 and 500%, depending on the

degree of IF alignment, the hydration state and the solvent
used to hydrate the ?bres, ?lms, and bulk materials.
In one embodiment, the slime thread ?bres, ?lms, and
bulk materials are dried and strained to a strain betWeen

[3
55

e:0.025 and E:1.0. In another embodiment the ?bres, ?lms,
and bulk materials are stretched While Wet to a strain greater

than 6:035. The strain applied alters the mechanical prop
er‘ties of the ?bres, ?lms, and bulk materials. The amount of
strain to Which the ?bres, ?lms, and bulk materials are
subjected can be selected depending upon the intended use

60

Where F is the force, d is the de?ection of the beam, E is the
Young’s modulus of glass, I is the second moment of area of
the beam, and 1 is the length of the beam. The linear
relationship betWeen force and de?ection holds for beam
de?ections up to about 10% of the length, and for this reason
glass microbeams Were chosen so that the maximum de?ec

for the ?bres, ?lms, and bulk materials. The ?bres, ?lms, and

tion during a test Was typically only 1% of the length (200

bulk materials can be strained by applying a load to the

um de?ection for a 20 mm beam).
The Young’s modulus of the microbeams Was not mea

?bres, ?lms, and bulk materials. Alternatively, the ?bres,
?lms, and bulk materials can be strained by repeatedly
applying the load, and removing the load until the ?bres,
?lms, and bulk materials are subjected to a desired strain.

65

sured directly, but rather using larger glass rods from Which
the microbeams Were pulled. Glass rods of diameter 3 mm

and length 50 cm Were mounted horizontally in the jaWs of

US 7,049,405 B2
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a vise, masses hung from their ends, and the de?ection
measured using a mounted ruler. From the glass rod radius,
length, and de?ection under a given load, the elastic modu
lus Was calculated from beam theory to be 5.72:0.06><101O

ambient humidity, Which Was 40% on average, and varied
little over the course of the experiments.

5.3 Slime Thread Diameter Measurements
For each slime thread segment tested, the diameter of an
adjacent piece of thread Was measured using a HitachiTMS

N/m2.
The length of the glass microbeams (i.e. the distance from

4700 scanning electron microscope (SEM). Samples Were

its base to the point of attachment of the slime thread) Were

transferred to mirror-polished SEM grids, secured With a
bead of epoxy at either end, and gold sputter coated under
vacuum for 3.2 minutes, resulting in about a 10 nm gold
coating. Digital images of threads Were captured at an
acceleration voltage of 5.0 kV at 18.0k times magni?cation
(FIG. 3.5). Thread diameter Was measured from calibrated

measured after each test to the nearest 0.02 m using
calipers. Microbeam diameter Was measured to the nearest

m at the base and point of thread attachment eight times
using a 15x ?lar micrometer eyepiece and 10x objective on

a WildTM compound microscope.

seaWater-?lled glass-bottomed micromechanical chamber

digital images using Scion lmageTMv.3b analysis softWare
(Scion Corp., Frederick, Md., USA).

using a sharpened toothpick. Thread cells Were alloWed to

5.4 DraW Processing

Individual stabiliZed thread cells Were transferred to a

partially unravel, and a 10 mm segment Was mounted at one

Dry, untransformed threads Were obtained as described

end to the glass microbeam (diameter:504125 um (depend
ing on the nature of the mechanical test), lengthz15 mm),

above. Load-unload cycles Were performed by conducting

and at the other to a sliding glass platform that could be
moved in either direction by turning a micrometer knob. To
secure threads to the microbeam, they Were ?rst Wrapped

tensile tests as described above, and reversing the 72-rpm
20

around it approximately 10 times, and then ?xed in place
using a small amount of CencoTMSoftseal TackiWaxTM(Cen

tral Scienti?c Company, Chicago, Ill.) applied With a ?ne

25

needle. At the other end, threads Were embedded in a 1 mm

of the foregoing disclosure, many alterations and modi?ca
tions are possible in the practice of this invention Without
departing from the scope thereof. Accordingly, the scope of
the invention is to be construed in accordance With the

slab of TackiWaxTM mounted on the sliding glass platform.
Threads Were extended (strain rate:0.017 s_l:0.0006
(SE)) by coupling the micrometer knob to a 72-rpm motor
via a ?exible belt. Force Was measured by monitoring the
bending of the glass microbeam With a video camera
mounted on a Wild light microscope using a loW poWer (4><)

objective. De?ection of the microbeam Was quanti?ed using
a video dimension analyZer (VDA model 303, Instrumenta
tion for Physiology and Medicine, San Diego), and voltage

30
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output from the VDA Was collected at 20 HZ using a

Abumuhor, l. A., Spencer, P. H. and Cohlberg, J. A. (1998).
The pathWay of assembly of intermediate ?laments from
recombinant alpha-internexin. Journal of Structural Biol
ogy 123, 1874198.

Alberts, B., Bray, D., LeWis, J., Ralf, M., Roberts, K. and
Watson, J. D. (1994). Molecular Biology ofthe Cell. NeW
40

York: Garland.

Candelas, G. C., A. OritZ and N. OritZ (1988). Features of
cell-free translation of a spider ?broin mRNA. Cell Biol.
67:1734176.

inferred from the time ?eld Was corrected for the de?ection

of the microbeam by subtracting the de?ection from the
distance traveled by the traveler arm. The voltage output of

substance de?ned by the folloWing claims.
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15. A method according to claim 14, Wherein the inter
mediate ?laments are made up of ?lament-forming ot-helical

Yoon, M., Yoon, K., Moir, R. D., Matus, A. and Goldman,

mediate ?laments comprise one or more proteins having a

proteins having Weights not exceeding 100 kDa.
16. A method according to claim 15, Wherein the inter

R. D. (2000). The motile properties and assembly states of
intermediate ?lament (IF) netWorks in response to growth
factors. Molecular Biology of the Cell 11. (supplement.
Dec.) Abstract #2765. page 534a.

Weight of approximately 67 kDa.

What is claimed is:

slime threads are derived from Eplalrelus sloulii.

17. A method according to claim 1, Wherein the ot-helix

containing ?laments comprise hag?sh slime threads.
18. A method according to claim 17, Wherein the hag?sh

19. Amethod according to claim 1, Wherein stretching the

1. A method of making protein ?lament based materials,
the method comprising:
obtaining ot-helix containing ?laments of ?lament-form

at least some of the ot-helix containing ?laments comprises
repeatedly applying to and removing from the at least some
of the ot-helix containing ?laments a load suf?cient to alter

ing ot-helical proteins; and,
stretching at least some of the ot-helix containing ?la
ments su?iciently to alter the structure of the at least

a structure of the at least some of the ot-helix containing

?laments.

20. A method according to claim 19, comprising drying

some of the ot-helix containing ?laments from an
ot-helical structure to a [3-sheet structure;

Wherein the ot-helix containing ?laments comprise inter
mediate ?laments substantially free of a protein matrix,
and Wherein the altered ?laments substantially retain
the [3-sheet structure after the stretching.
2. Amethod according to claim 1, comprising forming the
ot-helix containing ?laments into a larger structure Wherein
stretching at least some of the ot-helix containing ?laments

the at least some of the ot-helix containing ?laments before
stretching the at least some of the ot-helix containing ?la
20 ments.

21. A method according to claim 20, Wherein stretching
the at least some of the ot-helix containing ?laments com

prises extending the ot-helix containing ?laments to a strain
in excess of e:0.025.
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comprises stretching the larger structure.
3. A method according to claim 2, Wherein stretching the
at least some of the ot-helix containing ?laments occurs

substantially simultaneously With formation of the larger
structure.

22. A method according to claim 21, Wherein stretching
the at least some of the ot-helix containing ?laments com

30

4. A method according to claim 2, Wherein the larger

prises extending the ot-helix containing ?laments to a strain
not exceeding about E:1.0.
23. A method according to claim 19, comprising stretch
ing the at least some of the ot-helix containing ?laments
When the at least some of the ot-helix containing ?laments

structure comprises a ?bre, ?lm, or a bulk material.
5. A method according to claim 1, Wherein a majority of

are Wet.

the ot-helix containing ?laments are aligned in one or more

the at least some of the ot-helix containing ?laments is

preferred directions.

24. A method according to claim 23, Wherein stretching
35 performed in the presence of one or more of: one or more

6. A method according to claim 5, Wherein the ot-helix

aqueous solvents; one or more non-aqueous solvents; and

containing ?laments are aligned by adding an alignment

one or more plasticizers.

25. A method according to claim 23, Wherein stretching

promoting material selected from the group consisting of a

cytolinker protein, ?laggrin, homerin, and plakin.
7. A method according to claim 5, Wherein the ot-helix

the at least some of the ot-helix containing ?laments com
40

prises extending the ot-helix containing ?laments to a strain

containing ?laments are aligned by altering pH, ionic

of at least about 6:035.

strength, or composition of a buffer containing the ot-helix

26. Amethod according to claim 25 Wherein stretching the
at least some of the ot-helix containing ?laments comprises
extending the ot-helix containing ?laments to a strain not

containing ?laments.
8. A method according to claim 5, Wherein the ot-helix

containing ?laments are aligned by How, by charge, or by
substrate directed alignment.
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9. A method according to claim 1, Wherein obtaining

ot-helix containing ?laments comprises obtaining the ?la
ment-forming ot-helical proteins and forming the ot-helix
containing ?laments from the ?lament-forming ot-helical

exceeding about 6:22.
27. A method according to claim 1, Wherein obtaining the
ot-helix containing ?laments comprises concentrating the
ot-helix containing ?laments to a concentration of at least 0.5

mg/ml.
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28. A method according to claim 27 Wherein obtaining the

proteins.

ot-helix containing ?laments comprises concentrating the

10. A method according to claim 9, Wherein forming the
ot-helix containing ?laments from the ?lament-forming
ot-helical proteins comprises providing conditions suitable
for causing the ?lament-forming ot-helical proteins to self
assemble into the ot-helix containing ?laments.

ot-helix containing ?laments to a concentration in the range
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aqueous solution.

30. A method according to claim 1, comprising promoting
cross-linking betWeen proteins of the ot-helix containing

11. A method according to claim 1, Wherein the ot-helix
containing ?laments have diameters in the range of 1 nm to

?laments.

16 nm.

12. A method according to claim 1, Wherein the ot-helix
containing ?laments have lengths in the range of 100 nm to

of 0.5 mg/ml to 100 mg/ml.
29. A method according to claim 27, Wherein concentrat
ing the ot-helix containing ?laments is performed in an
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31. A method according to claim 30, Wherein promoting

cross-linking betWeen proteins of the ot-helix containing

100 um.

?laments is performed before stretching at least some of the

13. A method according to claim 12, Wherein the ot-helix
containing ?laments have lengths in the range of 5 pm to 30

ot-helix containing ?laments.
32. A method according to claim 30, Wherein promoting
cross-linking betWeen proteins of the ot-helix containing

um.

14. A method according to claim 1, Wherein the interme
diate ?laments have diameters in the range of 7 nm to 16 nm.
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?laments is performed after stretching at least some of the

ot-helix containing ?laments.
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33. A method according to claim 1, comprising plasticiZ
ing the at least some of the ot-helix containing ?laments.

34. A method according to claim 33, Wherein plasticiZing
the at least some of the ot-helix containing ?laments is
performed before stretching the at least some of the ot-helix

containing ?laments.
35. A method according to claim 33, Wherein plasticiZing

24
36. A method according to claim 1, Wherein the ot-helix

containing ?laments comprise recombinant proteins.
37. A method according to claim 1, Wherein obtaining the

?lament-forming ot-helical proteins comprises expressing
the ?lament-forming ot-helical proteins in a cell free trans

lation system.
38. A method according to claim 1, Wherein obtaining the

?lament-forming ot-helical proteins comprises synthesizing

the ?lament-forming ot-helical proteins by chemical peptide
the at least some of the ot-helix containing ?laments is
10
synthesis.
performed after stretching the at least some of the ot-helix
containing ?laments.

