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Abstract

Background: The K-helical coiled coil structures formed by 25^
50 residues long peptides are recognized as one of Nature's
favorite ways of creating an oligomerization motif. Known de
novo designed and natural coiled coils use the lateral dimension
for oligomerization but not the axial one. Previous attempts to
design K-helical peptides with a potential for axial growth led to
fibrous aggregates which have an unexpectedly big and irregular
thickness. These facts encouraged us to design a coiled coil peptide
which self-assembles into soluble oligomers with a fixed lateral
dimension and whose K-helices associate in a staggered manner
and trigger axial growth of the coiled coil. Designing the coiled
coil with a large number of subunits, we also pursue the practical
goal of obtaining a valuable scaffold for the construction of
multivalent fusion proteins.

Results : The designed 34-residue peptide self-assembles into
long fibrils at slightly acid pH and into spherical aggregates at
neutral pH. The fibrillogenesis is completely reversible upon pH

change. The fibrils were characterized using circular dichroism
spectroscopy, sedimentation diffusion, electron microscopy, dif-
ferential scanning calorimetry and X-ray fiber diffraction. The
peptide was deliberately engineered to adopt the structure of a
five-stranded coiled coil rope with adjacent K-helices, staggered
along the fibril axis. As shown experimentally, the most likely
structure matches the predicted five-stranded arrangement.

Conclusions: The fact that the peptide assembles in an expected
fibril arrangement demonstrates the credibility of our conception
of design. The discovery of a short peptide with fibril-forming
ability and stimulus-sensitive behavior opens new opportunities
for a number of applications. ß 2001 Elsevier Science Ltd. All
rights reserved.

Keywords: Coiled coil ; Design; Fibril ; Peptide synthesis ; Stim-
ulus-sensitive hydrogel

1. Introduction

One of the main goals of chemistry is to achieve control
over the structure of synthetic molecules, opening the way
for new applications, ranging from materials science to
medicine. Obtaining de novo designed molecules with a

priori predicted properties is a convincing proof of success
in this direction. Although, in general, the design of pro-
tein structures is still a risky task frequently resulting in
failure to obtain a desired structure, several successful at-
tempts to design K-helical coiled coil structures have been
reported [1,2]. The designed coiled coils included dimers,
trimers and tetramers, oriented parallel and antiparallel,
forming homo- and hetero-oligomers, structures with
left- and right-hand superhelical twists [1^3]. However,
all these structures as well as all known natural coiled coils
[3,4] are compact K-helical bundles which do not use the
axial direction for oligomerization. Previous attempts to
design K-helical coiled coils with ability to grow in the
axial direction resulted in ¢brous aggregates of irregular
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thickness that was an order of magnitude greater than
anticipated for the designed coiled coils [5,6]. We describe
here a design of a peptide forming soluble ¢brils of de¢ned
diameter. The novel coiled coil architecture was achieved
by imparting to the short K-helices a potential for lateral
pentamerization and axial staggering. Designing an oligo-
mer with a large number of subunits, we also had in mind
the practical goal of creating a valuable sca¡old for the
construction of multivalent fusion proteins, knowing that
for this purpose the coiled coil with the highest number of
subunits is especially promising [7].

2. Results

2.1. Design of K-helical ¢bril-forming peptide

The K-helical coiled coil structures share a seven-residue
repeat (abcdefg)n containing hydrophobic residues at posi-
tions a and d and polar residues generally elsewhere. Our
design was based on the assumption that the peptide
length and repetition of identical heptads are important
factors to promote ¢brillar association. Indeed, the iden-
tical repeats build in a possibility for the helices to be
axially staggered because such K-helices being shifted by
multiples of the heptad have almost the same interhelical
interactions in the parallel (in terms of the peptide N^C
direction) coiled coils. The staggering could open a new
dimension of the coiled coil propagation and trigger an
unprecedentedly high multimeric associate. As concerns
the peptide length (L), the shifts vl of the adjacent K-
helices should be equal to a value divisible by one heptad
(Fig. 1a). On the other hand, the staggered helices of the
n-stranded rope complete one turn without overlapping of
the i-th and (i+n)-th K-helices, if the shift is more than
(L+Nl)/n, where Nl is an addition, equal to one residue,
to give a space for head-to-tail packing of K-helices. The
shift of more than (L+Nl)/n may also be unfavorable be-
cause it leads to the head-to-tail gap and exposure of some
a and d residues to the solvent. Thus, in accordance with
this consideration, the most favorable minimal length of
the K-helix for an n-stranded rope is (nU731) residues, i.e.
20, 27 and 34 residues for the three-, four- and ¢ve-
stranded ¢brils, respectively.

Assuming that the longer the peptide the higher its abil-
ity to oligomerize, we chose a 34 residues long peptide and
focused on the design of a ¢ve-stranded structure similar
to the most recently identi¢ed ¢ve-stranded K-helical bun-
dles [8,10,11]. Establishment of interactions, which control
the number of strands in the coiled coils, presents another
major challenge. It is known that fragments in a range of
20^50 residues with the common coiled coil pattern form
two-, three-, four- and even ¢ve-stranded helical bundles
depending on slight variations in their sequences [8,12^15].
Despite some progress [12^15], the rules governing the
stoichiometry of the coiled coils are largely unknown

[3,4]. Analysis of the known ¢ve-stranded coiled coil struc-
tures allowed us to formulate a hypothesis which states
that favorable interactions between side chains in the b,
c, e, f, and g positions play an important and sometimes
critical role in formation of the coiled coils with the high-
est number (four to ¢ve) of strands [11]. This hypothesis
has been used to design a basic heptad repeat which was
then repeated several times in the 34-residue peptide. This
repetition multiplies the e¡ect, which is supposed to force
the peptide to a desirable oligomerization.

The following considerations were taken into account to
design the basic heptad repeat.

1. The sequences of the known pentamers show no strong

Fig. 1. (a) Two-dimensional schematic representation of a ¢ve-stranded
¢bril with staggered K-helices. K-Helices are shown as arrows with
cross-lines indicating the heptad repeats. (b) Structural model of K-heli-
cal ¢ve-stranded ¢bril containing 34-residue peptides. Each strand is
formed by the K-helices aligned head-to-tail (one strand is shown in
blue, N-termini are in yellow). The strands are wrapped around the
coiled coil axis in a left-handed superhelix with parameters similar to
the ones of the known pentameric coiled coil [8]. The equivalent posi-
tions of the adjacent K-helices trace out a right-handed helical trajec-
tory. (c) Model of the ¢bril built of peptides with ¢ve additional resi-
dues (in yellow) of non-coiled coil sequence. The structures were
modeled and the picture was generated by the Insight II package [9].
The atomic coordinates are available on the World Wide Web (http://
cmm.info.nih.gov/kajava).
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bias for any particular apolar residues at either the a or
d position. Therefore, in the designed peptide, positions
a and d are occupied by leucine since this residue occurs
most frequently in the short coiled coils.

2. Considering that apolar residues at positions e or g
may cause the formation of four- or ¢ve-stranded K-
coiled coils due to widening of the hydrophobic cluster
[11,16^18], an alanine was placed in position e.

3. Glutamic acid and arginine were chosen for positions f
and g because of possible interhelical f^gPP electrostatic
interactions in the ¢ve-stranded coiled coil [11]. Impor-
tantly, such salt bridges cannot be formed in the two-
or three-stranded coiled coils. To favor the parallel ori-
entation over the antiparallel one, the helices contain
positively charged arginine on one side of the apolar
interface and negatively charged glutamic acid on the
other side.

4. The choice of glutamine for positions b and c was
guided by the observation that, in the pentamer, they
are close enough to form interhelical hydrogen bonds.

Taking into account all the constraints, the designed
sequence of our K-helical ¢bril-forming peptide (KFFP)
was QcLdAeRf EgLa(QbQcLdAeRf EgLa)4.

2.2. Experimental characterization of structures formed by
KFFP

Circular dichroism (CD) spectroscopy of the chemically
synthesized KFFP shows more than 95% of the K-helical
secondary structure at acid pH and room temperature
(Fig. 2a). The ratio between molar ellipticities of the pep-
tide at 220 and 208 nm is V1.0, which has been suggested
to be typical of interacting K-helices [19]. Upon pH in-
crease, the KFFP spectrum is noticeably changed (Fig.
2a) and the peptide solution becomes slightly turbid. The
transition between the dispersed and turbid states is abso-
lutely reversible, highly cooperative and occurs at pH 5.5^
6.0 (inset in Fig. 2a). Heating to 95³C at neutral pH re-
stores the characteristic spectrum of the K-helical struc-
ture, while cooling to room temperature returns the pep-
tide to the precipitated state.

In accordance with the sedimentation^di¡usion study,
the sedimentation pro¢le of the preparation has one sym-
metrical peak at 5.0S, a di¡usion coe¤cient of 1.35U1037

cm2/s at acid pH and a concentration of 1.5 mg/ml. This
suggests that at acid pH, peptides assemble in elongated
structures of about 80 peptide molecules and a large-to-
small radius ratio of more than 20. Electron microscopy
study shows that these oligomers are uniform ¢brils whose
diameter is about 3.2 þ 0.5 nm (Fig. 3A,B), while at neu-
tral pH the associates are spherical particles with diame-
ters of 10^15 nm (Fig. 3C).

Calorimetric study shows that the ¢brils are extremely
stable, showing no signs of denaturing up to 130³C (the
limit of the instrument) in aqueous solution. Therefore,
denaturing reagents such as GuHCl, dimethylsulfoxide
(DMSO) and urea were added to lower the denaturing
temperature. Reproducible melting curves were obtained
in DMSO (Fig. 4). Although the ¢brils retain an unusually
high stability even in DMSO as compared with other pro-
teins [20], they are cooperatively melted at 99³C and 120³C
respectively in 75% and 60% DMSO (Table 1). As seen
from Fig. 4, the melting curves are asymmetric. This is
compatible with the irreversible one-stage model ACB
or can be an indication of non-equilibrium processes
[21]. Our experiments favor the latter explanation. Indeed,
upon a repeated heating of the preparations, the main
transitions of the melting curves are reproduced com-

Fig. 2. Far-UV CD spectra of (a) KFFP at pH 2.7, 3.2, 4.5, 5.4, 6.2,
and 8.0 and (b) QCQAC+KFFP at pH 2.7, 3.2, 4.5, 4.8, and 5.2. Spec-
tra were recorded at a peptide concentration of 0.5 mg/ml in 10 mM so-
dium phosphate bu¡er at 20³C. Insertion shows pH dependence of
[a]220 nm values. pH values in insets are the same as in the main pic-
tures.

Table 1
Melting curves parameters of the designed peptide at di¡erent DMSO concentrationsa

Td (K) vHcal (kJ/mol)b vT1=2 (K) vHeff (kJ/mol) vHcal/vHeff

60% DMSO 393.0 179 14.7 360 2.0
75% DMSO 372.0 125 15.6 295 2.4

a10 mM sodium phosphate bu¡er, pH 2.5. Peptide concentration is 1.2 mg/ml.
bvHcal values were measured for the main peaks.
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Fig. 3. Electron microscopy pictures of (A) ¢brils negatively stained with uranyl acetate (pH 2.8), (B) rotary shadowed ¢brils (pH 2.8) and (C) rotary
shadowed spherical particles (pH 7). Bars = 100 nm.

Table 2
Observed spacings and intensities of KFFP di¡raction patterns

Observed Calculated, hexagonal packing

Spacing (d ; nm) Intensity Form of the re£ectiona Spacing (d, nm) Index

Set I 2.45 þ 0.05 middle ring 2.44b 10
1.42 þ 0.03 middle ring 1.41b 11
1.22 þ 0.02 middle ring 1.22b 20
0.52 þ 0.01 very weak arc, m, di¡use K-helical, m

Set II 2.32 þ 0.05 very strong ring 2.30c 10
2.13 þ 0.05 very strong arc, e 2.14d 10
1.33 þ 0.03 middle ring 1.33c 11
1.24 þ 0.02 strong arc, e 1.24d 11
1.135 þ 0.02 middle ring 1.15c 20
1.07 þ 0.02 middle arc, e 1.07d 20
0.87 þ 0.02 weak di¡use ring 0.83c (0.87e) 21
0.83 þ 0.02 middle di¡use arc, n-e 0.77d (0.81e) 21
0.51 þ 0.01 very weak arc, m K-helical, m

am, meridional ; e, equatorial ; n-e, near-equatorial. Equator coincides with axis of the capillary.
ba = 2.82 nm.
ca = 2.652 nm.
da = 2.470 nm, oriented portion.
eCalculated assuming coherently scattering bunches with a limited number (here 19) of hexagonally packed ¢brils.
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pletely which evidences the restoration of the ¢bril struc-
ture at cooling. Furthermore, at a lower temperature the
presence of an additional small absorption peak that dis-
appears upon repeated cooling might be connected with
the melting of non-equilibrium residual structures. The
observed e¡ect of the heating rate on the position of the
peak also supports the non-equilibrium character of the
melting process. As demonstrated previously, slowdown of
the denaturation kinetics often takes place at the addition

of organic solvents [22] and, in particular, of DMSO [20].
Thus, most probably, the presence of DMSO, rather than
the intrinsic features of the ¢brils, causes the slow kinetics
of the denaturation.

This cooperative melting of the ¢brils and their uniform
shape, as seen in the electron microscope, suggest a de-
¢ned molecular structure. The X-ray di¡raction analysis
revealed a substantial crystalline component in the KFFP
specimen (set I of Table 2). In accordance with this result,
the ¢brils have a hexagonal packing with 2.82 þ 0.05 nm
distance between the adjacent ¢brils (Table 2). This is in
agreement with the closest distance between the ¢ve-
stranded coiled coils observed in the crystal of the carti-
lage oligomeric matrix protein assembly domain [8]. The
X-ray diagram also has a 1/0.51 nm31 re£ection which is
characteristic of the K-helical coiled coils [23]. Subsequent
drying of the specimen led to its partial orientation at the
areas of the capillary meniscus. Indeed, the X-ray diagram
of the dry specimen, in addition to the ring re£ections, had
several equatorial and one meridional peaks (Fig. 5 and
set II of Table 2). The oriented portion of the ¢brils gives
a 1/0.51 nm31 meridional re£ection and this proves that K-
helices are oriented along the ¢brils. The oriented ¢brils
are almost perpendicular to the capillary axis and, prob-
ably, belong to the texture of the capillary meniscus. The
near-equatorial and near-meridional locations of 1/0.83
nm31 and 1/0.51 nm31 re£ections, correspondingly, sug-
gest a slight ( þ 15³) tilt of ¢brils relative to this perpen-
dicular direction.

The inter¢brillar distance in the `dry' oriented portion
of the specimen drops to 2.47 þ 0.05 nm (or to 2.65 þ 0.05
nm assuming coherent scattering bunches with a limited
number of hexagonally packed ¢brils [24], Table 2) and
from this value the drying did not further a¡ect it. It
allows us to suggest that this minimal value is close to
the van der Waals diameter of the ¢brils. Molecular mod-
eling showed that the estimated diameter might ¢t the size
of both four- and ¢ve-stranded ropes. For example, our
calculation of packing energy between modeled ¢ve-
stranded coiled coils shows that these coiled coils can
come as close as 2.6 nm to each other without generating
the sterical tension.

3. Discussion

The experimental data show that KFFP is able to self-
assemble into uniform soluble ¢brils with a diameter of 2.5
nm and K-helices oriented along the ¢brils. Although there
are a number of known L-structural ¢brils with de¢ned
diameter formed by short peptides [25,26], KFFP is the
¢rst example of an K-helical peptide with such ¢bril-form-
ing property. The fact that the designed sequence, chosen
among more than a million possible coiled coil heptad
combinations, self-assembles in a expected ¢bril arrange-
ment has demonstrated the credibility of our conception of

Fig. 4. Temperature dependence of partial molar heat capacity of KFFP
in 10 mM sodium phosphate bu¡er, pH 2.5 at di¡erent concentrations
of DMSO. 75% DMSO, ¢rst (1) and second (2) heatings; (3) 60%
DMSO, ¢rst heating. Peptide concentration was 1.2 mg/ml. Triangles
show a calculated curve which has the best ¢t of the experimental func-
tions.

Fig. 5. X-ray di¡raction diagram taken from the dry specimen of
KFFP.
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design. At the same time, the fact that the ¢brillogenesis
occurs below pH 6, while the peptide was designed to form
¢brils at neutral pH, suggests that the importance of f^gPP
salt bridges in the ¢bril formation was overestimated.
Probably, the main factors of ¢brillogenesis are the length
of the coiled coil fragment and widening of its hydropho-
bic cluster by placement of alanine in position e, as well as
hydrogen bonding of glutamines in positions b and c. Fa-
vorable f^gPP interactions between arginines and glutamic
acids cannot be completely ruled out, because these resi-
dues can form hydrogen bonds even at acid pH.

The anticipated ¢ve-stranded ¢bril (Fig. 1) is the most
suitable model to explain the obtained set of the experi-
mental data: the ¢bril diameter, completely K-helical pep-
tide conformation and orientation of the helices along the
¢bril. The 34-residue K-helices of KFFP perfectly ¢t a par-
allel ¢ve-stranded ¢bril with one-heptad axial shift of the
adjacent K-helices (Fig. 1b). Molecular modeling suggests
a slightly thinner diameter of the ¢brils, compared with
the known pentamers [8], due to the location of smaller
Ala residues in the e positions of the design peptide. This
is in agreement with the 2.47 nm (or 2.65 nm) diameter of
the ¢brils estimated by X-ray analysis (Table 2). The alter-
native of the ¢ve-stranded coiled coil is a parallel four-
stranded ¢bril with a 27-residue K-helix (79%) and the
remaining seven residues of KFFP bulged from the ¢bril
in non-helical conformation. Both the unfolding of one
heptad repeat and the lower K-helicity compared to
more than 95% of the experimental one make this model
less probable, but it cannot be completely ruled out. How-
ever plausible a structural model of the ¢ve-stranded rope
may be, it needs additional experimental support.
Although the elongated shape of the ¢bril hampers the
prospects for X-ray crystallography, further investigation
hopefully will lead to the solution of its detail structure.

The discovery of a short peptide, able to self-assemble
into K-helical ¢brils, is a ¢rst step to the future engineering
of the coiled coils with new desirable properties. We syn-
thesized peptides with ¢ve to eight additional residues of
non-coiled coil sequence at the N-terminus. The CD and
electron microscopy studies show that these peptides have
properties analogous to those of original KFFP (Fig. 2b).
The fact that KFFP with additional non-coiled coil frag-
ment still forms the ¢bril suggests that addition of a vari-
ety of biologically active ligands will not disrupt the ¢bril
formation. In this case, hundreds of copies of the ligand
may protrude from the ¢bril and impart high multivalency
to the complex. As an example, Fig. 1c shows an arrange-
ment of the ligands in the ¢ve-stranded ¢bril model. This
property of our peptide can be widely used in medical
treatments and biotechnological processes where a higher
e¤ciency can be achieved by associating a larger number
of functional subunits into one complex [7,27,28]. Attach-
ment of groups taking part in the electron or any other
transfer can also produce a `peptide wire' with numerous
transmitter abilities. Remarkably, at high concentration,

upon drying, the ¢brils form a hydrogel. The pH-modu-
lated behavior of KFFP is especially useful to create stim-
ulus-sensitive hydrogels, which may have applications re-
quiring encapsulation or controlled release of molecular
and cellular species [29,30]. In relation with the encapsu-
lation, knowledge about the structure of the spherical ag-
gregates formed by KFFP at neutral pH is also very im-
portant. Unfortunately, the conventional experimental
methods can provide little information about their molec-
ular structure. CD spectroscopy data suggest that most of
the peptide residues are in the K-helical conformation (Fig.
2). The spheres can be formed by laterally packed K-heli-
ces. If so, the apolar surfaces of the K-helices, most prob-
ably, are in contact with each other, while the charged and
polar residues can form interhelical hydrogen and ionic
bonds. However, this hypothesis requires further experi-
mental examinations.

It should also be mentioned that the self-propagating
behavior of KFFP resembles formation of amyloid- and
prion-like ¢brils with one di¡erence: the conformations of
the known amyloid deposits are predominantly L-structur-
al [25,26,31] while the ¢brils described here are K-helical.
The ¢nding of KFFP points to a possibility of human
diseases which can be associated with the deposition of
K-helical, not only L-structural, ¢brils.

4. Signi¢cance

Comparative analysis of the known K-helical coiled coil
structures allowed us to formulate a hypothesis about fac-
tors which may govern the formation of long K-helical
¢brils from short peptides. To test this hypothesis we de-
signed and synthesized a 34-residue peptide which was
predicted to form a ¢ve-stranded coiled coil ¢bril with
K-helices staggered along the axis. Indeed, the experimen-
tal data revealed that the peptide spontaneously forms K-
helical ¢brils with 2.5 nm diameter at slightly acid pH. The
observed diameter of the ¢brils, K-helical conformation of
the peptide and the orientation of K-helices along the ¢bril
axis agree well with the anticipated ¢ve-stranded arrange-
ment. To our knowledge, this is the ¢rst K-helical peptide
with such ¢bril-forming potential. The experimental anal-
ysis also shows that the ¢brils can be easily transformed
into spherical aggregates at neutral pH and this transfor-
mation is completely reversible.

The unique ¢bril-forming ability and stimulus-sensitive
behavior of the designed KFFP open new opportunities
for a number of applications in biotechnology and medi-
cine. A coiled coil with such a large number of subunits is
especially promising as a sca¡old for the construction of
multivalent fusion proteins. Indeed, it was shown that
KFFP which was fused with a non-coiled coil fragment
still forms the ¢bril. This suggests that fusion of KFFP
with active ligands will not disrupt ¢bril formation. In
this case, a large number of copies of the ligand may
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protrude from the ¢bril and impart high multivalency to
the complex. This property of KFFP can be widely used in
medical treatments and biotechnological processes where a
higher e¤ciency can be achieved by associating a larger
number of functional subunits into one complex [7,27,28].

The pH-modulated behavior of KFFP can be used to
create stimulus-sensitive hydrogels, which may have appli-
cations requiring encapsulation and controlled release of
molecules or cells.

5. Materials and methods

5.1. Peptide synthesis

Peptides were synthesized on a peptide synthesizer (Applied
Biosystems 431A) and puri¢ed by a combination of size exclusion
liquid chromatography (Sephadex G25 column 50U2 cm using
50% acetic acid/H2O as mobile phase) and RP-HPLC (SS250U1/2
in/10 Nucleosil 300-7 C18 using a 0^45% CH3CN gradient in
0.1% TFA/H2O in 30 min with a £ow rate of 3 ml/min). The
purity of peptides was analyzed by RP-HPLC (C18 analytical
column) and mass spectroscopy. Peptide concentration was mea-
sured by the nitrogen determination method [32].

5.2. CD measurements

CD spectra were obtained on a Jasco-600 spectropolarimeter
(Japan Spectroscopic Co.) equipped with a temperature-con-
trolled holder in 0.185 mm thick cells at a peptide concentration
of 0.3^0.5 mg/ml. The molar ellipticity was calculated from the
equation

�a � � �a �obsMres=�10cL�
where [a]obs is the ellipticity measured in degrees at wavelength V,
Mres is the mean residue molecular weight of peptide, c is the
peptide concentration (g/l) and L is the optical path length of
the cell (mm). The percentage of K-helicity has been calculated
as described in [33].

5.3. Sedimentation^di¡usion experiments

Sedimentation^di¡usion experiments were performed in 0.1 M
NaCl, 10 mM Na-phosphate, pH 2.8 bu¡er solution using a
Beckman Model E analytical ultracentrifuge with the Schliren
optical system. The sedimentation coe¤cient was evaluated at a
speed of 42 040 rpm by standard procedure [34]. The di¡usion
experiments were carried out at the same conditions at a speed of
12 590 rpm.

5.4. Electron microscopy

Samples were studied with a JEOL JEM100B electron micro-
scope. The magni¢cation for each micrograph was calibrated us-
ing grating replicas (2160 lines/mm). For staining of sample sus-
pensions the water solution of 2% uranylacetate was used. 5^10
Wl of this sample was placed on a grid with Pioloform ¢lm. The
grids on the copper holder were transferred through the airlock
into a vacuum chamber of a freeze-etch apparatus [35]. The angle
between the £ow of evaporated Pt particles and the grid surface

was about 5³. All operations were carried out in vacuum of 2^
4U1036 Torr and at a temperature of 173 K. During Pt evapo-
ration the object holder with the grid was rotated. The thickness
of the replica was V2 nm.

5.5. Calorimetric measurements

Calorimetric measurements were made on a precision scanning
microcalorimeter SCAL-1 (Scal Co., Russia) with 0.33 ml glass
cells at a scanning rate of 1 K/min and under 2.5 atm pressure.
The peptide concentrations ranged from 0.5 to 2.0 mg/ml in 10
mM sodium phosphate bu¡er and pH 2.5. The data were ana-
lyzed after scan rate normalization and the baseline subtraction
was done as described [36]. The ¢tting of the experimental curves
with theoretical ones was done using the relationship for an irre-
versible one-stage process described in [37]:

cp;exc � ecmax
p exp

vEuf�T3Tm�
RT2

m

� �
exp exp

vEuf�T3Tm�
RT2

m

� �� �
where Tm is the apparent temperature of denaturation, vEuf is
the activation energy of unfolding, cmax

p is the excessive heat ca-
pacity at the maximum of the trace, e stands for the natural
logarithm base, T is the absolute temperature, R is the gas con-
stant. Van't Ho¡ enthalpy was calculated as [36]:

vHeff � 4RT2
m

vHcal
cmax

p ;

where vHcal is the calorimetric enthalpy.

5.6. X-ray ¢ber di¡raction

The gel-like specimen of ¢brils formed at pH 2.8 was packed
into the X-ray quartz capillary with a diameter of 1 mm and wall
thickness 0.1 mm. The X-ray data were collected using the Searle
X-ray camera (UK) completed with Elliott toroidal mirror focus-
sing optics mounted on GX-20 rotating anode X-ray generator
(UK) with nickel-¢ltered copper radiation, operated at 40 kV and
50 mA. Patterns were recorded on £at direct-exposure X-ray ¢lm
(Retina, Germany), during exposure times of 3^18 h. The speci-
men-to-¢lm distance ranged from 40 to 155 mm.
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