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Abstract: Self-assembling peptides present attractive platforms for engineering materials with controlled
nanostructures. Recently, an α-helical fibril forming peptide (αFFP) was designed that self-assembles into
nanofibrils at acid pH. Circular dichroism spectroscopy, electron-microscopy and x-ray fibre diffraction data
showed that the most likely structure of αFFP fibrils is a five-stranded coiled coil rope. In the present study,
scanning transmission electron microscopy (STEM) was used to improve our understanding of the αFFP
fibril structure. The measurements of fibril mass per length suggest that there are ten α-helices in transverse
sections of the fibrils. Based on the known data, it is proposed that a predominant fibrillar structure of αFFP
is a dimer of α-helical five-stranded protofilaments wrapped around a common axis. It is shown that these
structures have an axial dimension of 58 ± 16 nm and a width of 4 ± 1 nm. A small number of thin fibrils is
also observed in the negative stained preparation and STEM images. The thin fibrils may correspond to the
single protofilament. Copyright  2003 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Molecular self-assembly as a tool for fabrication
of defined nanostructures will have a significant
impact in the coming decade. Numerous self-
assembling systems have already been developed
[1–3]. Polypeptides have not generally been con-
sidered to be useful for traditional materials sci-
ence. Recent advances in genetic engineering and
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peptide synthesis have changed this view. Several
spontaneously assembling peptides that form rib-
bons, tubes and fibrils have emerged as biological
materials for diverse applications [4–6]. Most pre-
viously designed nanofibrils were made of peptides
having β-structural conformations, while attempts
to design α-helical nanofibrils led to fibrous aggre-
gates that were unexpectedly large and exhibited
an irregular thickness [7,8]. Recently, a 34-residue
αFFP peptide was designed that is able to self-
assemble into uniform soluble fibrils of diameter
about 3 nm, which have their α-helices oriented
along the fibril direction [9]. The unique fibril-
forming ability of the designed αFFP opens new
opportunities in biotechnology and medicine. For
example, it was shown that covalent attachment of
non-coiled coil peptides to αFFP does not disrupt
the fibril formation. Such a fibrillar complex can be
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used as a scaffold for construction of multivalent
fusion proteins with attached biologically active lig-
ands protruded from the fibril body. This property of
αFFP can provide a higher efficiency in a number of
medical treatments and biotechnological processes
[10,11]. Furthermore, being oriented these nanofib-
rils can form materials with anisotropic transmitting
capabilities and can be applied in optics and nan-
otechnology. To improve the properties of αFFP
fibrils for particular applications it is important to
know their atomic structure. However, the elon-
gated shape and large molecular weight of the
fibrils reduces the prospects for direct structural
approaches such as x-ray crystallography or NMR to
provide the necessary information. Molecular mod-
elling showed that the diameter estimated by x-ray
fibre diffraction analysis might fit the size of both
four- and five-stranded α-helical coiled coil ropes
[9]. It is suggested that the five-stranded fibril is
the most suitable model to explain the experimen-
tal data, but this model needs further experimental
support. In this study, scanning transmission elec-
tron microscopy (STEM) was used to determine the
mass per unit length of the fibrils [12,13]. These
data provide additional constraints that further elu-
cidate the structural arrangement of the peptides in
the fibrils.

MATERIALS AND METHOD

Peptide Synthesis

Peptides were synthesized on a peptide syn-
thesizer (Applied Biosystems 431A) and purified
by RP-HPLC. The purity of peptides was anal-
ysed by RP-HPLC (C18 analytical column) and
mass spectrometry. The peptide concentration was
measured by the nitrogen determination method
[14].

Electron Microscopy

Thin films were evaporated from a carbon rod
source onto freshly cleaved mica in an Edwards
Auto 306 coating system (Edwards High Vacuum).
The carbon films, approximately 3 nm in thickness,
were floated off in de-ionized water and picked up on
lacy Formvar/carbon films (EM Sciences) supported
on 200 mesh copper grids. After the grids were
blotted and dried, they were refluxed in acetone
vapour to remove any residual hydrocarbons and
were glow discharged in air immediately before

use. The αFFP peptide was dissolved in 100 mM

sodium chloride maintained at a pH of 3.0 by the
addition of HCl. For negative staining, a 5 µl aliquot
of peptide solution at a concentration of about
0.1 µg/µl was applied to a grid and the peptide
was allowed to adsorb for 2 min. The grid was
then washed twice in de-ionized water before being
negatively stained by adding a drop of 1% uranyl
acetate. Excess fluid was blotted off and the grid
was allowed to dry in air. Transmission electron
micrographs were recorded using a CM120 electron
microscope equipped with a GIF100 imaging filter
imaging filter and a cooled slow scan CCD camera.
Images were acquired and processed by means of
the Digital Micrograph program (Gatan) running
on a Power Macintosh 8500 computer. Image
magnification was calibrated using a grating replica
(EM Sciences).

STEM mass-per-length measurements were per-
formed as described previously for other proteins
[15,16]. A 5 µl aliquot of protein at a concentra-
tion of 0.1 µg/µl was first applied to a grid and was
allowed to adsorb for 2 min. A 2 µl aliquot of tobacco
mosaic virus at a concentration of 0.4 µg/µl was
then injected into the drop and allowed to adsorb
for 2 min, after which the specimen was washed
by applying drops of deionized water and drawing
off the excess liquid. The TMV was kindly supplied
by Dr G. Stubbs of Vanderbilt University. The grids
were partially blotted to maintain a thin layer of
water and were immediately plunge-frozen into liq-
uid ethane at −180 °C using a KF80 freezing device
(Leica). Specimens were cryotransferred at −170 °C
into a VG Microscopes HB501 STEM and were
freeze dried by warming slowly to −100 °C [17]. After
recooling the sample to −170 °C, annular dark-field
images were acquired digitally at an accelerating
voltage of 100 kV using a Gatan DigiScan system.
The field emission source of the STEM provided a
probe diameter of approximately 1 nm. Images con-
taining 1024 × 1024 pixels were recorded with a
100 µs counting time per pixel to give an electron
dose of approximately 103 e/nm2 and an acquisition
time of 100 s. Images were transferred to an Apple
Macintosh computer and were processed using the
IMAGE program (National Institutes of Health). Inte-
grated intensities in 20 nm lengths of the fibrils
were measured and the average of two background
intensities from adjacent regions of the support film
were subtracted. Mass-per-length values were deter-
mined by measuring integrated intensities in similar
lengths of TMV which has a known mass-per-length
of 131 kDa/nm [12].
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Molecular Modelling

The structural model of a five-stranded protofila-
ment with staggered α-helices was modelled in our
previous work [9]. The coiled coil structures, each
containing 20 αFFPs, were used to model a dimer
of protofilaments. The initial arrangements of two
five-stranded coiled coils that provide a maximal
number of ionic and hydrogen bond interactions
between the protofilaments were selected manually
using INSIGHT II package [18]. The structure was
refined further by the energy minimization proce-
dure, based on the steepest descent algorithm (200
steps) implemented in the Discovery subroutine of
INSIGHT II, and fixing backbone atoms. The final
stage of minimization was 500 steps of the conju-
gate gradients algorithm. The distance-dependent
dielectric constant was used for the energy calcu-
lations. Figure 5B and 5C were generated by the
INSIGHT II package [18].

RESULTS

Number of αFFP Molecules in the Fibril
Cross-section as Determined by STEM

In negative stained preparations the αFFP fibrils,
formed at pH 3.0, appeared as uniform linear
structures, which were sometimes bent or kinked
(Figure 1A). The straight segments were typically
20–40 nm in length but the total fibrils length was
as high as 60 nm. Although negative staining did not
allow precise measurements of protein dimensions,
it is estimated from the stain exclusion that the fibril
width was in the range 3–5 nm. A few narrower
structures were also visible with approximately half
the width, i.e. 2 nm.

Low-dose scanning transmission electron micros-
copy (STEM) provided a quantitative measure of
the fibril mass per unit length. Figure 1B is a
STEM image of unstained αFFP fibrils together with
particles of tobacco mosaic virus, which was used
as a mass calibration standard. After subtraction
of background intensity due to scattering from
the carbon film, the STEM intensity was directly
proportional to the mass density. Eight STEM
images similar to that in Figure 1B were analysed to
obtain the mass per length distribution for a total
of 192 αFFP fibrils. The resulting data were plotted
as a histogram in Figure 2, after binning in units
of 1 kDa/nm. The histogram is well described by a
single Gaussian peak centred at 7.95 kDa/nm, with

A

B

Figure 1 Electron micrographs of αFFP assembled at
pH 3.0: (A) TEM image of negative stained preparation;
majority of fibrils have widths in range 3–5 nm (arrows)
but some narrower structures of width approximately 2 nm
are also observed (arrowheads). (B) STEM image of rapidly
frozen and freeze dried preparation with tobacco mosaic
virus used as a mass standard. Bars = 50 nm.

a standard deviation of 2.1 kDa/nm and a standard
error of the mean of 0.15 kDa/nm (n = 192). There
was also evidence for a much smaller population
of narrower filamentous structures. This population
was neglected in the mass per length measurements
because of the low signal to background ratio and
high statistical noise in the low dose STEM images.
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Figure 2 Histogram of fibril mass per length obtained
from dark-field STEM measurements.

Circular dichroism spectroscopy of αFFP showed
that its conformation within the fibrils was α-
helical and x-ray fibre diffraction data suggested
that these α-helices were oriented along the fibril
axis [9]. These data together with the observed
mass-per-length (MPL) value allowed the estimation
of a number of peptide molecules in the cross-
section of the fibrils. Indeed, for αFFP with a
molecular mass of 4.085 kDa, the MPL of a single
α-helix was 4.085 kDa/4.96 nm = 0.8235 kDa/nm.
Therefore, our STEM data indicated that there were
(7.95 ± 0.15)/0.8235 = 9.65 ± 0.18 (±sem) peptides
in a cross section of the fibril, consistent with a
stoichiometric value of 10 peptide molecules per
cross section.

Axial Dimensions of the Fibrils as Determined by
STEM

Measurements of 214 fibrils in a total of eight
STEM images like the one in Figure 1B gave
a mean fibril length of 58 nm with a standard
deviation of 16 nm (Figure 3). These fibrils appeared
to contain straight segments as well as bends or
kinks along their length. It was difficult to make
accurate measurements of the fibril width from the
STEM images due to possible lateral shrinkage of
the structures after freeze drying but the widths
appeared to be consistent with the estimated TEM
values of 3–5 nm.
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Figure 3 Histogram of fibril length distribution obtained
from dark-field STEM measurements.

Structural Interpretation of the STEM Data

The designed αFFP is a representative of α-
helical coiled coil sequences that share a seven-
residue repeat (abcdefg)n containing hydrophobic
residues at positions a and d and polar residues
generally elsewhere. Being folded in an α-helix this
peptide had a hydrophobic side surface formed
by leucine residues at a, d positions and also
alanines at e positions. Polar or charged residues
that occupied positions b, c, f and g form an
opposite hydrophilic side of the α-helix. A transverse
section through two possible arrangements of fibril
is shown schematically in Figure 4, with each
helix represented as a disk having hydrophobic
(shadowed) and hydrophilic halves. Analyses of
possible coiled coil structures show that the
maximal number of strands for the coiled coil
structures with the centre filled by hydrophobic
side chains is five (Figure 4B) [19]. The six and
more stranded coiled coil structures would have
a central hole filled with water instead of the
hydrophobic core (Figure 4A). For example, a ten-
stranded coiled coil would have a central pore of
about 2 nm. In this arrangement, the apolar side
chains are exposed to the water and this makes
coiled coil structures with more than five strands
energetically unfavourable. This conclusion is in
agreement with the experimental data. It is known
that 20–50-residue long peptides with the α-helical
coiled coil pattern form two-, three-, four-, and five-
stranded bundles depending on slight variations in
their sequences [20–22] while coiled coils with more
than five strands are not observed.
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B

Figure 4 Schematic diagrams of two putative transverse
sections of αFFP fibrils. (A) A ten-stranded α-helical fibril
of about 5 nm diameter and 2 nm central pore. (B) Two
five-stranded α-helical fibrils of diameter varying between
2.8 and 5.6 nm. Each circle represents a cross-section of
an α-helix. Non-polar hydrophobic surfaces are shown by
shadowed areas.

Knowing this, it is suggested that the ten-stranded
αFFP fibrillar structures that were observed by
STEM represent a dimer of five-stranded coiled coil
structures, rather than a single ten-stranded coiled
coil (Figures 4, 5). Indeed, molecular modelling
showed that αFFP perfectly fit a five-stranded
fibril with one-heptad axial shift of the adjacent
α-helices [9]. The presence of the five-stranded
coiled coil sub-structures is also in agreement
with the data of x-ray fibre diffraction [9]. It
was shown that the crystalline components of
the αFFP specimen have a series of reflections
that can be explained by a hexagonal packing
of fibrils with a 2.5–2.8 nm distance between
the adjacent fibrils. This is in the range of the
known distances between five-stranded coiled coils
observed in the crystals [20]. The dimeric fibrils
with five-stranded protofilaments can be packed
into such quasi-hexagonal array, while a crystal
formed by a 5 nm wide ten-stranded coiled coil
structure can not explain the observed x-ray
pattern.

DISCUSSION

The previously reported study showed that the
diameter of the fibrils, α-helical conformation of
the peptide and the orientation of α-helices along
the fibril axis agree well with the five-stranded
coiled coil arrangement [9]. In this work, the mass
per length value of αFFP fibrils was determined
using STEM. The results of these measurements
suggest that the cross-section of the fibril has ten
α-helices. It is speculated that the fibril consists
of two five-stranded coiled coil protofilaments.
It is worth mentioning, in this arrangement,
that the interface of five-stranded coiled coils is
formed by polar or charged side chains. Our
molecular modelling shows that these side chains
can form a network of hydrogen bonds between
the glutamines at position b, c and ionic bonds
between arginine and glutamine at positions f and
g (Figure 5C). These patches of interactions are
located regularly along the fibril axis and may
control dimerization of the protofilaments. The
coiling of the protofilaments around a common
axis deforms their outside surfaces, which can
make further lateral growth of the fibril impossible.
Therefore the coiling can explain the limited
diameter of the fibrils.

The strong tendency of protofilaments to dimerize
explains why single five-stranded protofilaments are
not abundant in the STEM images. Those single
five-stranded protofilaments that are adsorbed to
the support film may produce too small a signal
to be visible in the noisy STEM images. This is
consistent with previous measurements on negative
stained preparations suggesting that there are
thin and thick αFFP fibrils (Potekhin, personal
communication). A small number of thin fibrils are
indeed present in the negative stained preparation
in Figure 1A.

The analysis of the fibril length distribution shows
that the fibrils have a length limited to about
58 ± 16 nm (Figure 3). This result is in accordance
with the previous sedimentation-diffusion study [9],
which suggested that αFFPs assemble into elongated
structures with a large-to-small radius ratio in
excess of 20. The defined length of the fibrils may be
important for their solubility, whereas most fibrils of
unlimited length tend to precipitate into aggregates
[7,8]. The interactions that control the length of
the αFFP fibrils are not established yet. It might
be, for example, due to the tension accumulated
by the coiling of otherwise straight five-stranded
protofilaments.
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Figure 5 A structural model of the observed αFFP fibrils. (A) A general view of a fibril containing two protofilaments.
(B) Enlarged picture of a region of the fibril shows two five-stranded α-helical ropes that correspond to each of the
protofilament. α-Helices are shown by ribbons. Each strand is formed by the α-helices aligned head-to-tail. The five 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 [20]. (C) An axial projection of the fibril demonstrates possible hydrogen bonds and ionic interactions
between the protofilaments (shown by dotted lines). The backbone of the α-helix is present as a ribbon. Carbon atoms are
in green, oxygen atoms are in red and nitrogen atoms are in blue.

In conclusion, this study demonstrates the pres-
ence of a fibrillar structure with ten α-helices in
its transverse section. The number of α-helices
is divisible by five, which is the number of α-
helices in the coiled coil structure previously sug-
gested by the x-ray fibre diffraction analysis [9].
In accordance with these data, it is proposed that
two five-stranded coiled coil ropes tend to inter-
act with each other and form thicker fibrils. The
existence of the protofilamentous level of organiza-
tion in the fibrils can be tested further by mod-
ifications of the αFFP sequence that may reduce
or increase the ability of the protofilaments to
associate. Depending on the modification, αFFP
may form a single protofilament or a fibril con-
taining more than two protofilaments, which may
open additional opportunities for biotechnological
applications.
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