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1. Introduction

The design and engineering of self-assembled peptide-based
materials is receiving increasing attention in materials
science.[1,2] This is partly because of the inspiration that biologi-
cal materials provide to materials scientists; our improved abil-
ity to design, engineer and characterize peptides and proteins
in general over the past decade; and the variety of potential ap-
plications for such materials in the broad areas of bionanotech-

nology and biotechnology. Potential applications for self-as-
sembled peptide systems include components of smart and
responsive materials, as biocompatible materials for surface en-
gineering, and as templates for the growth and organization of
organic and inorganic materials.[1,2] One specific application is
as a scaffolds for 3D cell culture and tissue engineering (TE).[3]

TE is a multidisciplinary field that encompasses aspects of
chemistry, cell biology, and engineering. The ultimate aim of
TE is to produce 3D cell cultures and fully functional tissues
for applications in regenerative medicine. The current state-of-
the-art is to use biodegradable materials (often described as
scaffolds)—which can either be preformed or assembled in si-
tu—in combination with cells, with cell culture often being car-
ried out in a bioreactor.[4,5] Ideally, in this way, the combination
of support, cell type, and conditions can be chosen to direct dif-
ferentiation of cells down one lineage and, thence, the produc-
tion of one tissue type. Our interest in this area has to been to
design self-assembling, biocompatible materials for develop-
ment as scaffolds for 3D cell culture.

Gene expression in cells has been known for some time to be
linked not only to chemical composition, but also to surface to-
pography of scaffolds.[6] Consequently, for 3D cell culture to be
successful, scaffolds must mimic the native extracellular matrix
(ECM) as far as possible. There is a vast array of available scaf-
folds for tissue engineering; they range from solid pre-formed
polymer scaffolds, formed using heat fusion or adhesive tech-
niques, to cell/scaffold hybrids with assembly of the scaffold en-
capsulating the cells.[7] The native ECM is predominantly com-
posed of a nonwoven mesh of fibrous proteins, such as collagen
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Two stages in the rational redesign of a peptide-based, self-assembling fiber (SAF) are described. The SAF system comprises
two peptides designed to form an offset a-helical coiled-coil heterodimer. The “sticky-ends” are complementary and promote
longitudinal assembly. Alone, the two peptides are unstructured, but co-assemble upon mixing to form a-helical fibrils, which
bundle to form fibers 40–50 nm wide and tens of micrometers long. Assembly is controllable and occurs at pH 7 in water, mak-
ing SAFs a potential scaffold for 3D cell culture. The purposes of the redesigns were 1) to investigate the fiber-thickening pro-
cess, and 2) to increase fiber stability for potential biological and biomedical applications. First, mutations were made to the
original peptide designs to increase fibril–fibril interactions and so produce thicker and more-stable fibers. The second iteration
aimed to increase the primary peptide–peptide interactions by increasing the overlap in the offset dimer and so promote the
initial step in fiber formation. As judged by circular dichroism spectroscopy and transmission electron microscopy, both itera-
tions improved fiber assembly and stability: the critical peptide concentration for assembly improved from 60 lM to 4 lM; the
midpoint of thermal unfolding increased from 22 °C to 65 °C; and the salt tolerance improved from 75 mM to greater than
250 mM KCl. These improvements bring closer applications of the SAF system under physiological conditions, for example as a
biocompatible material for 3D cell culture. In addition, ordered surface features were observed in the second- and third-genera-
tion fibers compared with the original design. This indicates improved internal order in the redesigned fibers. In turn, this sug-
gests a molecular mechanism for the improved stability and sheds light on the fiber-assembly process.
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and elastin, that provide tensile strength and elasticity. For this
reason fibrous scaffolds on a similar scale to the fibrous pro-
teins in native ECM are of particular interest. The most com-
mon fibrous scaffolds are polymer based and are often electro-
spun. This method is comparatively cheap and allows
production of both randomly orientated and aligned scaffolds
with fibers of controllable width on the same scale as the fibers
in native ECM.[8] In contrast, we are interested in developing
self-assembling peptide systems for TE applications. In princi-
ple, the structures and stabilities of self-assembled materials
can be programmed into their molecular building blocks,[9] i.e.,
from the bottom up. There is currently a lot of interest in this
approach as peptides and proteins have several potential ad-
vantages over alternative scaffold materials:[10–12] native ECMs
have a large protein component; peptides are relatively easy to
produce, either synthetically or recombinantly; and, in princi-
ple, peptides can be assembled in the presence of cells, allowing
encapsulation and avoiding the problem of stimulating in-
growth into preformed scaffolds. Peptide-based self-assembling
systems capable of supporting cell growth have been produced.
For example, Holmes et al. have designed a b-sheet-based pep-
tide that forms gels that can encapsulate cells.[13] Hartgerink et
al. have designed a peptide-amphiphile-based self-assembling
fibrous system that gels under acidic condi-
tions.[14] This comprises a hydrophobic alkyl
tail and polar amino acid head group that in-
cludes the RGD (arginine–glycine–aspartic
acid) cell-attachment sequence. This has been
used to foster the growth of bone in vitro.[15]

The same group has also succeeded in differ-
entiating neural-progenitor cells into neurons
on a peptide-amphiphile scaffold incorporat-
ing the neurite-promoting laminin epitope
IKVAV.[16] Most recently, Schneider and co-
workers reported interactions between cells
and a self-supporting gel formed from a self-
assembling b-hairpin peptide.[17] The design
and assembly of biomaterials of this type and
their application in TE is described more fully
in several contemporary reviews.[1,2,18,19]

Previously, we have designed a self-assem-
bling fiber (SAF) system based on the rela-
tively well-understood leucine-zipper motif.[20]

The leucine zipper is the most straightforward
example of the a-helical coiled coil. The ma-
jority of coiled-coil structures are based on
the 7-residue (heptad) sequence repeat, abc-
defg, where a and d are usually hydrophobic
and the remaining residues tend to be po-
lar.[21–23] When folded, the a and d positions
of such sequences align along one face of the
helix making it amphipathic, Figure 1. Two or
more such amphipathic helices assemble
through their hydrophobic faces to make the
coiled-coil oligomer. Charged residues at e
and g, which flank the a/d core, are involved
in partner selection in hetero-oligomeric as-

semblies.[24–30] Certain coiled coils—notably, intermediate fila-
ments—extend for tens to hundreds of residues, and, once
formed, the basic coiled-coil units assemble or bundle further
to form higher-order assemblies and thickened fibers.[31–35] To
mimic such a system, we designed the SAF peptides. These
comprise two short, complementary peptides engineered to in-
teract and form a ‘sticky ended’ heterodimer, Figure 2A. The
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Figure 1. The abcdefg (heptad) repeat characteristic of coiled-coil protein
sequences configured onto a-helical wheels. The a-helix has 3.6 residues
per turn. Therefore, hydrophobic residues spaced alternately 3 and 4 resi-
dues apart along the chain at a and d are brought together to give the helix
an apolar face. With the other residues—b, c, e, f, and g—largely occupied
by polar residues, the overall structure is amphipathic and oligomerizes
through the hydrophobic seam. A dimer is shown in this figure, but coiled-
coil interfaces with 2, 3, 4, 5, and 12 helices are all known.

Figure 2. Rational design and redesign of the SAF system. A) In the original, first-generation de-
sign, complementary hydrophobic, hydrogen-bonding, and electrostatic interactions were engi-
neered into two peptides, SAF-p1 and SAF-p2, to foster the assembly of sticky-ended dimers,
and the formation of long protofibrils. In practice, these protofibrils bundle to give thickened
matured fibers [20]. B) In the second-generation redesign, additional positively charged argi-
nines were placed on the surface of SAF-p2a to complement pairs of negatively charged aspartic
acid residues on the surface of SAF-p1. The aim was to increase the bundling of protofibrils
and, hence, thickening and stability of the fibers. C) In the third generation, an extra heptad was
introduced into each peptide to extend their overlap in the sticky-ended dimer and so lead to in-
creased formation and stability of the protofibrils. For simplicity, the schematics emphasize the
complementary electrostatic interactions used to drive and cement fiber assembly: blue blocks
represent heptads with positively charged lysine residues at the coiled-coil interfacial e and g
sites; red blocks represent heptads with negatively charged glutamic acid residues at the e and
g sites; ‘–’ and ‘+’ represent the charged aspartic acid and arginine residues, respectively, on the
surfaces of the peptides; and ‘*’ represents complementary buried asparagine residues.
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sticky ends are complementary to foster longitudinal assembly
of the heterodimers into long coiled-coil fibers. To our knowl-
edge this arrangement of coiled-coil strands is unprecedented
in nature, although other research groups have since reported
designs for such assemblies.[36–38]

The details of the original, first-generation SAF design are as
follows: both SAF peptides are 28-residue, linear peptides com-
prising proteinogenic amino acids only; to foster coiled-coil di-
mer formation, the core a and d positions are mostly isoleucine
and all leucine, respectively;[39,40] each peptide has a basic ami-
no-terminal (N-terminal) half (with e = g = Lys) and an acidic
carboxy-terminal (C-terminal) half (e = g= Glu) to promote
staggered assembly;[20,25,41] and finally, to cement the stagger
further, each peptide has a single asparagine at a different a
site. The significance of these asparagine inclusions is that their
amide side chains must be satisfied by hydrogen-bonding inter-
actions when located within a coiled-coil core; placing another
complementary asparagine in the partnering coiled-coil strand
achieves this and also imparts dimer specificity.[42,43] These
first-generation SAFs provided the starting point for the rede-
signs outlined here.

The first-generation SAF design has been verified experi-
mentally as follows:[20] as judged by circular dichroism (CD)
spectroscopy, both SAF peptides are unstructured alone in be-
nign buffer (10 mM MOPS (3-(N-morpholino)propane sulfonic
acid), pH 7.00), but fold to helical assemblies when mixed at
5 °C; electron microscopy (EM) confirms that the mixtures
contain fibers that extend for micrometers in length; and X-ray
fiber diffraction confirms a-helical structure running parallel to
the long-axis of the fibers.

The SAF system is attractive for biomaterials applica-
tions,[1,2] including as scaffolds in TE,[3] because assembly oc-
curs at pH 7 and is effected simply by mixing of two peptide so-
lutions that require no preprocessing. In addition, we have
demonstrated that fiber morphology can be altered through ra-
tional design, including making peptide-based matrices from
the fibers;[44–46] and that functional peptides and proteins can
be recruited to the surfaces of the fibers.[47] However, the first-
generation fibers have limited utility in such applications be-
cause they only assemble up to 15 °C, denature at > 22 °C, and
are intolerant to salt. One of the aims of the work presented in
this paper was to test if the SAFs could be stabilized through
rational redesign. Our starting point was the observation that
the first-generation fibers showed thickening similar to the
aforementioned natural coiled-coil fibrous intermediate fila-
ments: a typical dimeric a-helical coiled coil is ∼ 2 nm thick;
however, matured SAFs are 40–50 nm wide. Therefore, in fi-
brillogenesis and the maturation process, some lateral assembly
must be taking place in addition to the designed longitudinal
assembly. In this context we refer to the single 2 nm coiled coil
as a ‘protofibril’. We sought to test and exploit this to make
thicker and potentially more-stable fibers by mutating the se-
quence of one of the partner peptides to increase protofibril–
protofibril interactions, Figure 2. We refer to these peptides
and the resulting fibers as ‘second-generation SAFs’. In a sec-
ond redesign iteration we increased the overlap between the

two second-generation SAF peptides by adding an extra hep-
tad to each peptide, Figure 1C. This was to increase the length
of the hydrophobic overlap between the two peptides in the
initial sticky-ended heterodimer and so increase its stability.
The rationale here was promote fiber assembly by increasing
the population of sticky-ended heterodimers, which we de-
signed as the nucleators and building blocks of the SAFs. We
refer to this iteration as ‘third-generation’ SAF peptides and
fibers.

2. Results

2.1. Second-Generation SAFs: Improving Protofibril–
Protofibril Interactions

2.1.1. Redesign Principles

Many natural coiled-coil proteins assemble further beyond
the primary helix–helix interactions to form higher-order
structures and thickened fibers.[48] Coulombic (charge–charge)
interactions on the outer surfaces of the helices are often impli-
cated in these processes.[49–51] For example, intermediate-fila-
ment proteins initially form two-stranded, parallel coiled coils.
These dimers further dimerize themselves into antiparallel tet-
ramers. The tetramers then assemble in a staggered manner to
form protofilaments, which bundle to form 10 nm filaments.[48]

Alternating patches of basic and acidic amino acids on the sur-
face of the intermediate structures are believed to lie at the
heart of this assembly mechanism.[52] Inspired by this, we
sought to enhance complementary charged features on the sur-
face of the SAFs’ constituent leucine-zipper building blocks to
increase lateral fiber assembly. To this end, we modeled contig-
uous copies of the SAF-p1 and SAF-p2 sequences, Table 1, as

an extended dimeric coiled coil, Figure 3A. Inspection of the
model suggested that two aspartic acid side chains at consecu-
tive b sites in the heptad repeat (abcdefg), Figure 1, of SAF-p1
formed negatively charged pairs that wound around the surface
of the protofibril, Figure 3A and Table 1. Therefore, to intro-
duce complementary positively charged pairs of amino acids,
we redesigned SAF-p2 to incorporate two arginine residues,
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Table 1. SAF-peptide sequences.

Peptide Sequence [a]

Heptad repeat g abcdefg abcdefg abcdefg abcdefg abcdef

SAF-p1 K IAALKQK IASLKQE IDALEYE NDALEQ

SAF-p2 K IRALKAK NAHLKQE IAALEQE IAALEQ

SAF-p2a K IRRLKQK NARLKQE IAALEYE IAALEQ

SAF-p1-ext K IAALKQK IASLKQE IDALEYE NDALEQK IAALEQ

SAF-p2a-ext K IRRLKQK NARLKQK IAALEQE IAALEYE IAALEQ

[a] Differences between successive designs are highlighted by bold, italic
font.
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also spaced seven residues apart, at two consecutive c sites.
This resulted in peptide SAF-p2a, Table 1, which we proposed
would combine with SAF-p1 to give protofibrils with matching
acidic and basic patches on their surfaces, Figure 3B. In turn,
these patches could complement each other in protofibril–pro-
tofibril interactions to promote lateral higher-order assembly
(fiber thickening).

2.1.2. Peptide Assembly

As with the original design, SAF-p1 and
SAF-p2a were shown by CD spectroscopy to
be unstructured in isolation. However, when
mixed, the peptides gave CD spectra with
minima at 208 and 222 nm consistent with the
formation of considerable a-helix. The precise
amount of a-helix could not be gauged be-
cause of light scattering from the samples that
led to a red-shift of the spectrum and attenua-
tion of the 208 nm signal. This is consistent
with our previously reported observations for
the original SAF peptides where the a-helical
character of the structures was confirmed by
X-ray fiber diffraction.[20] The fibrous nature
of the assembly was confirmed by transmis-
sion electron microscopy (TEM). In compari-
son to the first-generation fibers, which were
slightly curly in appearance under TEM, Fig-
ure 4A, the second-generation SAFs gave
long straight fibers without bends or kinks,
Figure 4C. Moreover, and consistent with the
redesign rationale, the second-generation fi-
bers were thicker and better defined than the
first-generation: the average fiber width for
the second-generation design was 69.2 nm
with a standard deviation (s.d.) of 18.5 nm
over 113 measurements (n), compared with
43.3 nm (s.d.= 9.3 nm; n = 195) for the first-
generation SAFs.[20] Clear meridional reflec-
tions at 5.15 and 10.3 Å in X-ray fiber diffrac-
tion patterns confirmed a-helical coiled coils
running parallel to the long axis of the fibers
(data not shown).

Finally, and surprisingly, under high magnification, a striation
pattern was visible across the widths and along the entire
lengths of the second-generation fibers, Figure 4D. This re-
markable and novel observation—the first-generation fibers do
not show such organization, Figure 4B—warrants further in-
depth investigation, which will be presented elsewhere. Briefly,
however, fast-Fourier-transform (FFT) analysis of the striations
revealed that the lines were separated by 4.23 nm, which corre-
sponds almost exactly to the length expected for a 28-residue
SAF peptide fully folded into an a-helical coiled-coil confor-
mation (28 × 1.48 Å = 4.14 nm). Our working model is that the
uranyl acetate, which is generally used as a negative stain for
TEM, acts as a positive stain to highlight a regular feature on
one of the peptides along the coiled-coil protofibrils, hence the
appearance of a striation every peptide unit. One feature that
could bind uranyl acetate is the pair of aspartic acid residues at
the b sites in the C-terminal half of SAF-p1, Table 1 and Fig-
ure 2. We are currently testing this model and will present the
results elsewhere. Most importantly, whatever the origin of the
striations, they indicate that the individual peptides and proto-
fibrils within the fiber are aligned and highly ordered in the
second-generation fibers, but not in the first.
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Figure 3. Models for the SAF coiled-coil protofibrils. A) All-atom represen-
tation of the 2-stranded coiled-coil model for the originally designed SAF-
p1:SAF-p2 assembly. This shows pairs of aspartic acid (red) and single argi-
nine (blue) residues tracking around the surface of the coiled coil. B) A sim-
ilar model for the redesigned SAF-p1:SAF-p2a assembly in which additional
arginine residues were introduced to complement the aspartic acid pairs.

2 µm

2 µm

2 µm 50 nm

50 nm

50 nm

Figure 4. Imaging the stabilized fibers. Low (A) and high (B) magnification electron microsco-
py images of the first-generation (SAF-p1:SAF-p2) fibers matured for 12 h at 5 °C; second-gen-
eration (SAF-p1:SAF-p2a) fibers matured for 12 h at 20 °C (C and D); and for the third-genera-
tion (SAF-p1-ext:SAF-p2a-ext) fibers matured for 12 h at 37 °C (E and F). All samples were
stained with uranyl acetate.
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2.1.3. Stability

As a first step in testing whether the
second-generation peptides formed
more-stable fibers, the minimum peptide
concentration required for assembly was
determined. To measure this, the helicity
of SAF peptide mixtures at different
peptide concentrations was probed by
CD spectroscopy. Using this method,
the first-generation design had pre-
viously been shown to have a critical
concentration for assembly of 60 lM; for
the second-generation peptides this was
found to have improved to 30 lM, Fig-
ure 5A.

The helicity of pre-assembled fibers
was also followed as a function of tem-
perature to probe the thermal stability of
the assembled fibers: first-generation fi-
bers assembled at 5 °C unfold irreversibly
with a nominal midpoint of thermal un-
folding (TM) of 22 °C.[20] A similar experi-
ment for the second-generation fibers
assembled at 5 °C gave a sigmoidal transi-
tion typical of protein unfolding and an
improved TM of 32 °C, Figures 5B and C.
Encouraged by the increase in stability,
assembly of second-generation fibers was
attempted at 22 °C. Interestingly, al-
though assembly was slowed (fibrillogen-
esis took around 2 h as opposed to
20 min for fibers grown at 5 °C), the ther-
mal stability of the resulting fibers was
greater (TM, 49 °C) than that of fibers
grown at 5 °C, Figures 5B and C. This
point, that the thermal stability of the fi-
bers can be increased through slowed
growth at elevated temperatures, is expanded on in the Dis-
cussion. In contrast, although fiber growth was also slowed at
elevated temperatures and there was some variation in the
midpoint of the unfolding curves for the first-generation fibers
formed at 5, 10, and 15 °C, the differences in stability were
less dramatic than those observed for the second-generation
fibers, Figure 5D, i.e., for the first-generation design, fiber sta-
bility could not be improved significantly through slowed
growth at higher temperatures.

Finally, the salt tolerances for the first- and second-genera-
tion fibers were compared by CD spectroscopy. The first-
generation fibers were sensitive to small additions of KCl,
with helicity being lost entirely at concentrations of 75 mM

and above, Figure 6. In contrast, the helicity of the second-
generation was largely unaffected by KCl at up to 100 mM

salt, after which structure was lost in a sharp transition, Fig-
ure 6.
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Figure 5. Spectroscopic measurements of fiber formation and stability in solution. A) Helicity—
that is, the negative of the CD signal at 222 nm, which provides a measure of coiled-coil structure
in solution—plotted against concentration for first-generation fibers (circles and solid line) and the
second-generation fibers (squares and broken lines). B) The loss of helicity as a function of tem-
perature for the second-generation fibers prepared at two different temperatures: 5 °C (solid line)
and 22 °C (broken line). C) The first derivatives of the plots shown in (A highlighting the midpoints
of thermal unfolding. D) A similar analysis to (C but for the first-generation fibers. In this case fi-
bers were grown at 5 °C (solid line), 10 °C (broken line), and 15 °C (dotted line). Conditions for B–
D: 100 lM peptide, 10 mM MOPS buffer at pH 7.0.

Figure 6. The effect of increasing salt (KCl) on the helical stability of first-
(circles and solid line) and second-generation (squares and broken line)
SAFs. Conditions: 100 lM peptide; 5 °C; 10 mM MOPS buffer at pH 7.0.
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2.2. Third-Generation SAFs: Increasing the Hydrophobic
Overlap

2.2.1. Redesign and Assembly

As previously described, asparagine residues at the a posi-
tions of canonical coiled coils preferentially pair with each
other.[42,43,53] This is exploited in the SAF designs by including
asparagines at different, complementary heptads in the two
peptides in order to prescribe the sticky-ended register of the
primary dimer. However, the inclusion of such residues in the
hydrophobic core destabilizes coiled-coil structures. In other
words, buried asparagines add specificity at the expense of low-
ered stability. In order to counteract this destabilization, in the
third-generation design the asparagine-containing halves of the
SAF peptides were extended by one heptad each to give a five-
heptad design, Figure 2C, Table 1. Again, CD spectroscopy
was used to probe secondary structure. As with both the first-
and second-generation designs, third-generation peptides were
unstructured in isolation. On mixing, the peptides gave the
attenuated and red-shifted a-helical spectrum characteristic of
the light scattering caused by the large fibers in solution, Fig-
ure 7A.

The third-generation peptides appeared to contain less helix
than the second-generation: typical helicity (–[h]222) values
recorded by CD spectroscopy were 25 000–30 000 and 15 000–

20 000 deg cm2 dmol–1 for the second and third-generation fi-
bers, respectively. However, the aforementioned light scatter-
ing renders accurate comparisons unreliable. As before, fiber
assembly was confirmed by TEM, Figure 4E. The third-genera-
tion fibers were thinner (58.2 nm, s.d. 9.9 nm, n = 200) than
those formed by the second-generation peptides. Under high
magnification, however, the third-generation fibers were still
striated, Figure 4F. This suggests that, despite the thinning and
altered morphology of the third-generation fibers, the extra
heptads do not disturb the packing of the peptides within the fi-
bers; in other words, that the electrostatic interactions intro-
duced in the second-generation, and maintained in the third,
not only continue to cement protofibril–protofibril interac-
tions, but also to specify them. Furthermore, FFT analysis of
the third-generation fibers returned a value of 5.23 nm for the
separation between striations. This supports our model that the
striations are related to the alignment of fully folded a-helical
peptide units parallel to the long axis of the fibers; in the case
of these peptides, which have 35 amino-acid residues, the
length spanned by a fully helical peptide would expected to be
35 × 1.48 Å = 5.18 nm.

The same criteria used to determine the thermal stabilities of
the first- and second-generation designs were used to judge the
stability of the third-generation fibers. This second iteration of
rational redesign resulted in a further increase in stability: for
the third-generation designs, fibrillogenesis occurred at up to
37 °C, and TM rose to 64 °C. Fibrillogenesis at different temper-
atures did not significantly change the TM; that is, as with the
first generation, stability cannot be improved through slower
growth at higher temperatures. The critical concentration for
assembly could not be judged by measuring helicity at various
peptide concentrations, as it was below 10 lM and the limits of
reliable CD measurements. Consequently, the critical concen-
tration was determined by TEM as follows: samples were pre-
pared over a range of peptide concentrations from 10–2 lM;
TEM images were recorded, Figure 8, and the critical concen-
tration was taken as the lowest peptide concentration that gave
visible fibers—this was found to be 4 lM.

2.2.2. Tolerance to Salt

One aim of the rational redesign of the SAFs is to increase
their stability sufficiently for assembly in cell culture. As a pre-
lude to such experiments, and to mimic physiological condi-
tions of pH, salt concentration, and temperature, assembly of
the third-generation SAFs was investigated in phosphate-buf-
fered saline (PBS, 150 mM NaCl) and at 37 °C; neither the first-
nor second-generation fibers assembled at this concentration
of salt at any temperature, Figure 6. Under these conditions,
the third-generation SAF mixtures gave a-helical spectrum
with the attenuation of the signal at 208 nm and red-shift char-
acteristic of standard SAF preparations, Figure 7A. Further-
more, following thermal unfolding and cooling back to 37 °C,
complete recovery of signal was observed, and the presence of
fibers was confirmed by TEM, Figure 7B. The fibers reformed
their original morphology and striation patterns after cooling.
This is interesting, as it shows that thermal unfolding of the
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2 µm

Figure 7. The third-generation fibers in PBS (phosphate-buffered saline).
A) CD spectra recorded at 37 °C (solid line), 85 °C (broken line), and 37 °C
following cooling from 85 °C (dotted line). B) TEM image of fibers follow-
ing cooling with striations still visible (insert); the fibers were of compar-
able size to those observed prior to melting.
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third-generation SAFs is reversible in PBS. This contrasts with
the behavior of the earlier SAF designs, which do not reassem-
ble after thermal denaturation in more benign buffers.

It is important for TE applications that fibers persist for suf-
ficient time for cells to attach and to begin to produce their
own matrix. To probe the longevity of fibers in salt-containing
solutions at 37 °C, TEM images were recorded 24 h and 4 and
8 days after mixing. These revealed that the fibers were stable
for prolonged periods under these conditions, although inspec-
tion of the images recorded at up to one month after mixing
showed the matured fibers beginning to bundle.

With these results we have achieved our aim of producing
fibers that are not only stable, but also self-assemble, under
conditions of physiological pH, temperature, and ionic concen-
tration.

3. Discussion and Conclusions

Through two iterations of rational peptide redesign we have
succeeded in considerably stabilizing the assembly and struc-
ture of a designed protein fibrous material (SAF) in aqueous
buffers. Specifically, the original (first-generation) design could
only be assembled at up to 15 °C, at around pH 7 and without
salt. Our aim was to promote assembly and increase stability of
the fibers for applications requiring conditions around 37 °C,
pH 7, and at physiological salt concentrations. The two rational
redesign steps were: 1) to promote fiber thickening through
improved electrostatic interactions between the nascent proto-
fibril chains; 2) to improve the initial step in fibrillogenesis—

namely, the formation of a sticky-ended peptide dimer—by
making the component peptides longer, thus increasing their
overlap and the hydrophobic interaction between them. Con-
sistent with this redesign rationale, compared with the first-
generation structures the second-generation were thicker, and
both the second- and third-generation fibers formed more rap-
idly and at lower peptide concentrations. Furthermore, the sec-
ond- and third-generation fibers could be assembled at pH 7 at
up to 22 °C and above 37 °C, respectively; and at up to 100 mM

salt and above 250 mM salt, respectively.
Two interesting and novel features of the SAF system also

emerged from the redesign process. In contrast to the first-gen-
eration fibers, which are long cylindrical structures devoid of
surface features, both of the redesigned fibers show clear stria-
tion patterns that run straight across the fibers perpendicular to
the long fiber axis. These nanoscale features persist for tens of
micrometers along the lengths of the fibers. Moreover, the dis-
tances between striations—second generation, 4.23 nm; third
generation, 5.23 nm—almost precisely match the expected
lengths of the designed SAF peptides configured in a-helical
conformations. This strongly suggests that the peptide building
blocks of the fibers are aligned end-to-end along the long axis
of the fibers, and side-by-side across their widths. A full struc-
tural analysis of these fibers will be presented elsewhere.
Briefly, however, we note that similar nanoscale features are
evident in other natural protein systems such as collagens,[48]

and, more recently, in designed peptide[54] and DNA[55] systems.
In these systems, like ours, the striation patterns reflect the un-
derlying molecular building blocks of the assemblies.

The other notable feature of the second-generation fibers is
that their stability can be improved by growth at higher tem-
peratures, at least up to the point where the peptides no longer
fold and assemble. Briefly, when grown at 5 °C the midpoint of
thermal unfolding (TM) of the fibers is 32 °C; and when grown
at 22 °C the unfolding transition is cleaner and the TM im-
proved to 40 °C. ‘Cleaner’ refers to the fact that the unfolding
transition for the higher-temperature preparation is sigmoidal
indicative of cooperative unfolding, whereas that for the lower-
temperature preparation, although initially sharper, has a
broad tail suggestive of a second unfolding process. Interest-
ingly, and consistent with this, fibers grown at an intermediate
temperature, 15 °C, gave an unfolding profile with two distinct
populations with similar TM values for fibers grown at 5 and
22 °C.[56] These data indicate that there are at least two types of
fiber present in some of the preparations, and that the popula-
tion of each type depends on the conditions. In strong support
of this, although mixed populations of striated and smooth fi-
bers are observed to some extent for all preparations of sec-
ond-generation fibers, those prepared at 22 °C are striated
more frequently and more clearly than those prepared at lower
temperatures. In summary, these results indicate that fiber mor-
phology and stability is determined to some extent by the con-
ditions (in this case, temperature) under which the fibers are
prepared. This is interesting and it provides another route for
altering and even tailoring the properties of the self-assembled
fibers. For the second-generation designs, the best-defined and
most-stable fibers are formed slowly at 22 °C.
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Figure 8. Critical concentration for assembly of the third-generation fibers
determined by TEM. Images of third-generation peptide mixtures at
A) 10 lM, B) 6 lM, C) 4 lM, and D) 2 lM.
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Why do more-stable and better-ordered fibers result when
second-generation fibers are assembled at higher tempera-
tures? The most straightforward explanation of this is as fol-
lows: first, we assume that all of the processes leading up to fi-
ber formation—namely, sticky-ended heterodimer formation,
fiber elongation into protofibrils, and protofibril association to
form fibers—are reversible protein-folding and assembly
events. Thus, any misfolding event, which could ultimately lead
to a defect (or less regularity) in the fiber—for instance, the in-
corporation of an incorrect or misaligned peptide—could be
reversed by one or more of the reverse (disassembly and un-
folding) reactions. Although raising the temperature increases
the rates of the forward (folding and assembly) reactions, it
does the same to these reverse reactions. Thus, at higher tem-
peratures, correction of misfolding and potential defects will be
faster; in other words, there is less opportunity for aberrant in-
teractions to become kinetically trapped.

One point that needs clarification in this proposed mecha-
nism is the observation that the overall rate of fibrillogenesis is
slowed at higher temperatures. This seems counterintuitive be-
cause all of the rates should increase with temperature. How-
ever, peptide folding and assembly processes have significant
change in entropy (DS) terms that favor the reverse (unfolding
and disassembly) reactions. Thus, their overall equilibrium po-
sitions will shift to the unfolded side with increased tempera-
ture. In other words, the pools of productive species—the
sticky-ended heterodimers and protofibrils—that lead to fibril-
logenesis will be reduced at higher temperatures, and the over-
all rate of fibrillogenesis will be slowed.

Our observations fit with this proposed mechanism: for 60 or
100 lM second-generation peptide mixtures at 5 °C maturation
to thick fibers took ca. 20 min; note that the rates of fibrillo-
genesis showed the expected concentration dependence with
half times (t1/2) of approximately 10 and 2 min, respectively,
for these two concentrations. In contrast, at 22 °C the processes
took > 2 h. As stated above, fibers grown at 22 °C showed bet-
ter morphology and clearer striations. In essence, this is similar
to many other systems in which slowed growth leads to better-
ordered and more-stable cooperative assemblies.

Perhaps surprisingly, the stability of the third-generation fi-
bers could not be improved similarly by raising the tempera-
ture and slowing growth; it is possible that, for this design itera-
tion, assembly is so rapid that it is not influenced significantly
by the relatively small temperature range that can be examined
in aqueous solution; indeed, fibrillogenesis of the third-genera-
tion fibers is rapid (ca. 20 min) at all temperatures. Neverthe-
less, the third-generation fibers assemble and are stable above
37 °C in physiological salt at pH 7.

The results that we have presented are extremely encourag-
ing for our overall goal of achieving the rational design of a
biocompatible peptide-based scaffold for in vivo applications
in 3D cell culture and tissue engineering. Experiments are now
in progress in our laboratory to assess the assembly of the
third-generation SAFs in cell-culture media, and how cells
respond to this new biomaterial. Moreover, the success of this
rational design approach that we describe bodes well for the
challenge of rationally designing nanostructured soft materials

from the bottom up.[1,2,19] The potential applications of pep-
tide-based fibrous systems do of course extend beyond the de-
velopment of scaffolds for 3D cell culture and tissue engineer-
ing.[3] Specifically, other applications could include preparing
modified biocompatible surfaces, making responsive materials,
and as self-assembled templates for the organized growth of or-
ganic and inorganic materials.[1,2]

4. Experimental

Model Building: Models for the SAF protofibrils were made as fol-
lows: the coiled-coil backbone was generated by a program, NON-
CRICKCC [57], using standard coiled-coil parameters (every seventh
residue equivalent; pitch, 144 Å; helix spacing, 8.9 Å); side chains were
added in InsightII (MSI, San Diego, CA) using favored rotamers for
side chains in the a-helix. The models were soaked in a 5 Å layer of
water and energy minimized using 100 steps of steepest decent in the
CVFF force field.

Peptide Synthesis: Peptides were made chemically on a Pioneer Pep-
tide Synthesis System (PE Applied Biosystems, CA, USA) using stan-
dard Fmoc-based solid-phase protocols (Fmoc = 9-fluorenylmethyloxy-
carbonyl). Peptides were purified by semi-preparative reverse-phase
high-pressure liquid chromatography (RP-HPLC). The final constructs
were identified by matrix-assisted laser ionization desorption time-of-
flight (MALDI-TOF) mass spectrometry (Micromass Ltd, Manchester,
UK). MS [M+H] +: SAF-p1: m/z 3174 (calc), 3175 (found); SAF-p2: m/
z 3128 (calc), 3129 (found); SAF-p2a: m/z 3325 (calc), 3326 (found);
SAF-p1-ext: m/z 3927 (calc), 3928 (found); SAF-p2a-ext: m/z 4079
(calc), 4080 (found). Peptide concentrations were determined by UV
spectroscopy assuming an e280 of 1280 M

–1 cm–1 for tyrosine.
Circular Dichroism (CD) Spectroscopy: CD spectra and melts were

recorded as described previously [20] except that 1, 0.5, 0.2, and 0.1 cm
cuvettes were used to cover peptide concentration ranges used. For the
thermal denaturation experiments 0.1 cm cuvettes were used; solutions
were incubated at 5, 10, 15, 22, or 37 °C (see text for details for each
generation) for between 2 and 12 h as indicated in the text prior to the
melts; and the following spectrometer settings were employed: a 1 nm
slit width, a 4 s response time, and a ramping rate of 0.5 °C per minute
for thermal melts.

Electron Microscopy: Samples for TEM were prepared and images
recorded as described previously [20]. With the exception of the TEM
experiments performed to determine the critical concentration for as-
sembly of the third-generation SAFs, for which peptide concentrations
are given in the text, the final concentration of each SAF peptide was
100 lM. Fiber widths were measured on images recorded at 1000 ×
magnification using the straight-line selection tool of imageJ [58]. The
third-generation fibers prepared in PBS were stained using ammonium
dimolybdate.
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