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ABSTRACT: We describe a straightforward single-peptide design that self-assembles into extended and
thickened nano-to-mesoscale fibers of remarkable stability and order. The basic chassis of the design is
the well-understood dimeric R-helical coiled-coil motif. As such, the peptide has a heptad sequence repeat,
abcdefg, with isoleucine and leucine residues at the a and d sites to ensure dimerization. In addition, to
direct staggered assembly of peptides and to foster fibrillogenesissthat is, as opposed to blunt-ended
discrete speciessthe terminal quarters of the peptide are cationic and the central half anionic with lysine
and glutamate, respectively, at core-flanking e and g positions. This +,-,-,+ arrangement gives the
peptide its name, MagicWand (MW). As judged by circular dichroism (CD) spectra, MW assembles to
R-helical structures in the sub-micromolar range and above. The thermal unfolding of MW is reversible
with a melting temperature >70 °C at 100 µM peptide concentration. Negative-stain transmission electron
microscopy (TEM) of MW assemblies reveals stiff, straight, fibrous rods that extended for tens of microns.
Moreover, different stains highlight considerable order both perpendicular and parallel to the fiber long
axis. The dimensions of these features are consistent with bundles of long, straight coiled R-helical coiled
coils with their axes aligned parallel to the long axis of the fibers. The fiber thickening indicates inter-
coiled-coil interactions. Mutagenesis of the outer surface of the peptidesi.e., at the b and f
positionsscombined with stability and microscopy measurements, highlights the role of electrostatic and
cation-π interactions in driving fiber formation, stability and thickening. These findings are discussed in
the context of the growing number of self-assembling peptide-based fibrous systems.

The design of self-assembling biomolecular fibrous sys-
tems presents challenges in fundamental science, and po-
tentially opens new routes to biomaterials for applications
in bionanotechnology. Even restricting the scope to peptide-
and protein-based systems this is a broad and active research
field. For instance, though peptide fibers based on amyloid-
like peptides led the way to new fibrous and gelling
biomaterials (1-3), these have been joined by peptide-organic
hybrids (e.g., peptide amphiphiles) (4), protein-based
assemblies (5-7), recombinant silks (8), “simple” dipeptide
systems (9, 10), peptides that mimic collagen self-assembly
(11-14), and more latterly a �-peptide system (15). The field
has been reviewed from a number of perspectives in recent
years (16-19).

Of particular interest to us and a number of others is a
growing class of rational peptide-fiber designs based on the

R-helical coiled coil (18). This use of the R-helix as the building
block sets the designs apart from those listed above, which
predominantly center on �-structure, and it allows a wealth of
protein-folding and design knowledge to be brought to the
field (20-22). This understanding stems from relatively straight-
forward relationships between coiled-coil sequence and struc-
tures, Figure 1: most coiled-coil sequences display a heptad
repeat of hydrophobic (h) and polar (p) residues, hpphppp, often
designated abcdefg. When configured into an R-helix the
hydrophobic residues at a and d are brought together to form
an amphipathic structure. Two or more such helices can
associate through their hydrophobic faces to form helical
ropelike structures. These present perfect starting points for
engineering fibrous materials; indeed, in Nature coiled coils
occur in a variety of fibers including components of cytoskel-
etons and extracellular matrices (23). The structural variety in
coiled coils is vast (21). However, rules are emerging that link
certain coiled-coil sequence features to structures and thus allow
confident de noVo designs (22).
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To our knowledge, the first report of R-helix-based peptide
fibers is from Kojima and colleagues (24). Kajava and co-
workers present a design using pentameric coiled-coil
assemblies (25), and have supplemented it with the RGD
motif for cell binding (26). Conticello and colleagues
describe a peptide design that assembles in an offset manner
(see below) to promote fiber growth along the coiled-coil
helical axis (27). Recently, they present redesigns that switch
conformation in response to pH and metal chelation (28, 29).
Many of these coiled-coil assemblies thicken to give fibers
tens of nanometers in diameter. In a bid to control such
thickening, Fairman and co-workers have designed a “bi-
faceted” coiled-coil peptide to promote longitudinal assembly
(30). Another class of R-helix based fibers has been reported
in which the R-helices lie perpendicular to the long axis of
the fibers (31).

The above examples are all for what might be termed
single-peptide designs. Our own work began in 2000 with
the report of the first dual-peptide system (32). This brings
the advantage that fibrillogenesis can be controlled and
initiated simply by mixing the peptides, albeit at the added
expense of a second designed peptide. These so-called Self-
Assembled Fibers, SAFs,1 comprise two short peptides, SAF-
p1 and SAF-p2, designed de noVo to coassemble to form an
offset, or sticky ended dimer in water. The design principles
are detailed in the Results section as they are pertinent to
the new designs presented herein. Briefly, however, the
original SAFs are 28-residue peptides with 4 canonical
heptad, abcdefg, repeats. The offset heterodimer is directed
by a combination of jigsaw-puzzle-like hydrophobic contacts
between a and d residues in the dimer interface, comple-
mentary electrostatic residues between g and e sites, Figure
1, and a buried pair of hydrogen-bonding asparagine residues
at offset a sites in the two peptides. Similarly, the overhang-
ing ends were made complementary for each other to
promote fibrillogenesis (32). We have demonstrated and
characterized the SAF designs using a combination of
solution-phase spectroscopy, electron microscopy and X-ray
diffraction (32-34): the fibers are straight, unbranched, solid
and rigid rods with approximate dimensions of 50 nm thick

and 10 µm long; they are polar structures and exhibit a
considerable degree of internal order, which is observed as
very well-defined reflections in X-ray fiber diffraction studies
(34), and visible ultrastructure (by transmission electron
microscopy, TEM). We have also demonstrated that SAF
system can be supplemented with other, special, peptides to
introduce branches, kinks, and cross-links to the assemblies,
and to decorate them with small and large molecules (35-37).
Most recently, we have chemically modified the SAFs to
make extremely long synthetic polypeptides in the MDa
range(38), andfibersofvarying thicknessandstiffness (33,39).

The aim of the new designs presented here was to capture
the structural features and engineering utility of the SAF
system in a more tractable and stable single peptide system,
to allow the use of these peptide fibers in cell-culture and
tissue-engineering applications. To this end, we designed and
characterized the MagicWand peptide. This assembles to
extended and thickened fibers with structures and ultrastruc-
ture similar to the SAFs, but with much improved thermal
stability. Moreover, the new systems highlighted hitherto
unnoticed potential interactions within the fibers, which we
were able to probe efficiently through mutagenesis because
of the synthetic accessibility of MagicWand.

MATERIALS AND METHODS

Peptide Synthesis and Purification. Peptides were synthe-
sized by standard Fmoc-based solid-phase peptide synthesis.
Amino acids were obtained from Novabiochem (Merck
KgaA, Darmstadt, Germany). The synthesizer used was a
Protein Technologies PS3 (Tuscon, AZ). Peptides were
purified by reverse-phase HPLC on a semipreparative Vydac
C8 column (Grace Davison Discovery Sciences, Deerfield,
IL), using a Jasco HPLC system (JASCO, Great Dunmow,
Essex, U.K.). HPLC fractions were checked for the presence
and purity of the required peptide by MALDI-TOF mass
spectrometry and analytical HPLC. Peptide stocks were
prepared from the purified fractions, and were lyophilized
before being stored at -80 °C. Stocks for use in subsequent
experiments were prepared in ultrapure water.

Peptide-Concentration Determination. Peptide stock con-
centrations were determined by UV/vis spectrometry in a
Perkin-Elmer Lambda 25 UV-visible spectrophotometer,
using a molar extinction coefficient, ε280, of 1280 M-1 cm-1.
Peptides lacking a tyrosine were determined by measuring
the absorbance of the peptide backbone and ε230 ) 12100
M-1 cm-1, which was back calculated from equivalent
measurements of the parent, tyrosine-containing MagicWand
peptide of known concentration.

Circular Dichroism Spectroscopy. Circular dichroism
spectroscopy was performed in a Jasco J-810 spectropola-
rimeter, using the supplied software for acquisition and
analysis. Measurements were taken in 0.1 cm Spectrosil
quartz cuvettes. Typically, spectra were recorded for 500 µL
samples, 100 µM in PBS (Sigma P4417). Machine settings
were bandwidth 1 nm; in the range 260-190 nm; scanning
speed 20 nm min-1; averaged over two acquisitions. Melting
and cooling data were acquired at a wavelength of 222 nm,
with a bandwidth 2 nm, and ∆T ) 60 °C h-1. All
experiments repeated a minimum of three times.

Transmission Electron Microscopy. Typically, peptide
samples were 50 µL in volume, 100 µM peptide in PBS,

FIGURE 1: Illustrations of the design rules employed in the MW11

peptide. (A) Helical-wheel representations for two R-helices show-
ing various coiled-coil interactions: 1, hydrophobic packing; 2,
charge-charge interactions; and intrahelical (3) and interhelical (4)
cation-π interactions. (B) Amino acid sequence of MW1 with
interactions 1-3 from (A). (C) Cartoon of the coiled-coil target
structure for MW1 illustrating the charge-matching principle aimed
to drive sticky-ended and fiber assembly.
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and incubated in a Techne Progene thermal cycler prior to
preparation for TEM. Samples were melted at 99 °C for
300 s, then incubated at 37 °C for 48 h. For staining, 6 µL
of these annealed samples were placed on carbon-coated
copper grids, washed once with ultrapure water, and allowed
to air-dry for ∼300 s. Samples were then stained with 6 µL
of either 1% uranyl acetate (Agar R1260A) or 1% am-
monium dimolybdate (Agar R1156) in ultrapure water,
washed in water again, and then air-dried. Grids were
examined in a Phillips CM100 transmission electron micro-
scope; scales were calibrated with a catalase crystal grid
(Agar 124). Typically, images were acquired at 80 kV, at
1950× magnification or 180000× magnification, using a
Kodak Megaplus 1.4i digital camera and AnalySYS iTEM
software; image analysis was performed using ImageJ 1.34S
software (40).

RESULTS

MagicWand Design Principles. The design of Mag-
icWand-1 (MW1) used well-established sequence-to-structure
relationships for coiled coils (22). First, the peptide had a
canonical heptad repeat (hpphppp; abcdefg) of hydrophobic
(h) and polar (p) residues, Figure 1. Specifically, isoleucine
(I) was placed at all a sites and leucine (L) at all d sites,
which largely define the hydrophobic interface of coiled coils
(21). This “IL” pattern strongly promotes coiled-coil dimers
(22). Four such heptads were used, making MW1 28-residues
long. In our foregoing SAF designs (32, 33), we guide
dimeric, sticky ended coiled-coil assembly further with
complementary, but offset asparagine pairs at a sites of the
otherwise hydrophobic core. While conferring heterospeci-
ficity in SAFs, this generally destabilizes coiled-coil as-
semblies (41). Since we aimed to maximize the thermody-
namic stability of MW1, asparagine pairs were not included
at any a positions in the design of MW1. Instead, to favor a
staggered alignment of helices, we used only charged
interactions between the core-flanking e and g positions (22),
Figure 1. We engineered a palindromic charge pattern along
the peptide: the terminal heptads were positively charged (g
) e ) lysine) and the central two heptads negatively charged
(g ) e ) glutamic acid), Figure 1. This +,-,-,+ pattern
contrasts with the +,+,-,- arrangement of charged heptads
in the original SAFs (32, 33). Finally, to improve solubility
and ease purification, an additional lysine was included at
the first b site, and a tyrosine chromophore at the first f. The
sequences of MW1 and its variants (see below) are given in
Table 1.

MagicWand Forms Stable, R-Helical Assemblies in Solu-
tion. With future cell-culture applications of MagicWand
peptides in mind, we tested the folding and assembly of 100
µM MW1 in phosphate-buffered saline (PBS, 10 mM
phosphate, 137 mM NaCl, pH 7.4) at 37 °C. The circular
dichroism (CD) spectrum under these conditions indicated
predominantly R-helical structure, Figure 2 and Table 2. The
thermal unfolding and refolding of MW1 in the range 37-95
°C was monitored using the CD signal at 222 nm ([θ]222)
with temperature, Figure 2. Interestingly, the following
behavior was reproducibly observed: the first unfolding curve
showed a midpoint (TM) of 68 ( 1 °C; the subsequent
refolding curve showed marked hysteresis from the melt with
a lower TM (60 ( 1 °C); unfolding was fully reversible;

moreover, the refolded material had an increased ellipticity,
and subsequent melting curves consistently returned a
stabilized TM of 73 ( 1 °C. The thermal unfolding and
refolding behavior of MW1 was also concentration-depend-
ent, consistent with oligomerization of peptides as designed.
However, it was not possible to determine a lower-limit in
peptide folding as this was below the µM concentration limits
required for reliable CD spectroscopy (see below).

MagicWand Forms Ordered Fibers. Negative-stain trans-
mission electron microscopy (TEM) confirmed that MW1
formed fibers as designed, Figure 3. Fibers were observed
over the range pH 6-9.0. Moreover, at neutral pH, fibers
were observed by TEM down to 250 pM peptide. In all cases,
the fibers had similar morphologies to the previous, dual-

Table 1: Summary of Designed Peptide Sequencesa

a Key: Sequences start at g and end at f because g-e interactions are
between successive heptads; green n represents nor-leucine.

FIGURE 2: Data from circular dichroism (CD) spectroscopy. (A)
CD spectra of MW1 at 37 °C (solid line) and 95 °C (dashed)
showing helical structure that is lost upon heating. (B) A series of
repeated heating/cooling steps of MW1, showing the hysteresis and
annealing that occur between the melt (solid) and cool (dashed)
phases. The initial melt of the sample is also shown (dotted).

Table 2: Summary of the CD Spectroscopy and TEM Data for the
MW-Peptide Assembliesa

peptide
θ222

(deg ·dmol-1cm2)
TM 2nd melt

(°C)
fiber width

(nm)

MW1 -31.2 ( 0.1 (13) 73 ( 1 (6) 90 ( 30 (48)
MW1-K3A -20 ( 1.1 (10) 73 ( 1 (3) fibers not obsd
MW1-K3E -19.9 ( 0.1 (6) 55 ( 1 (3) fibers not obsd
MW1-K3nL -28.5 ( 0.5 (4) 64 ( 2 (4) fibers not obsd
MW1-Y7Q -27.9 ( 0.9 (9) 66 ( 4 (3) 13 ( 3 (50)
MW1-Y7f21 -28.5 ( 1.1 (20) 66 ( 2 (6) 150 ( 1; 30 (208)
MW1-K3f17 -17.7 ( 0.1 (15) 65 ( 2 (4) fibers not obsd

a The uncertainties are given as standard errors from analyses of n
observations (values of n are given in parentheses).
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peptide, SAF designs, confirming that sticky ended assembly
is achievable entirely by interactions mediated through the
e and g positions, and without buried polar residues.
Specifically, MW1 fibers were long (on the order of tens of
microns), straight, unbranched and considerably thicker (90
( 30 nm; n ) 48) than expected for a stand-alone coiled
coil (∼2 nm). Moreover, upon staining with ammonium
molybdate, the fibers displayed a regular, repeating striation
pattern perpendicular to the long fiber axis, Figure 3B.
Fourier transformation of pixel intensity data from TEM
micrographs revealed a striation periodicity of 4.34 ( 0.24
nm (n ) 102), which correlates well with the peptide folded
as an R-helical coiled coil as designed; 28 residues with a
0.148 nm rise per residue ) 4.14 nm. As noted for the SAF
designs (39), we interpret this as positive staining, indicating
peptide monomers aligned parallel to the long axis of the
fiber. Interestingly however, when stained with uranyl
acetate, MW1 fibers did not show striations, but were striped
along their long axis, Figure 3C. The periodicity of these
stripes was ∼ 3.5 ( 0.04 nm (n ) 24). We have not observed
this type of patterning before in the related SAF systems.
We posit that this is standard negative staining that reflects
ordered bundling of long, straight coiled coils, possibly into
hexagonal arrays, as observed for the SAFs by X-ray fiber
diffraction (34).

Mutagenesis of MagicWand: InVestigating the Roles of
Surface Lysine and Tyrosine Residues. It is interesting that
MW1 forms thickened, ordered fibers like the SAF systems,
as it lacks certain design features of the SAFs. In particular,
the ordering within SAF structures is likely related to amino
acidssand particularly combinations of charged residuesson
the outer surfaces of the coiled coils, i.e. at b, c and
f (33, 34, 39). The corresponding residues of MW1 are
largely alanines and uncharged glutamines, that is, with the
exception of a lysine at position 3 (K3, a b site) and a tyrosine
at 7 (Y7, an f site), which were included for practical reasons
noted above. Serendipitously, these residues were placed at
positions i and i + 4 in the peptide sequence, which opens
possibilities for both intrahelical and inter-coiled-coil interac-
tions. As detailed in the Discussion, there are a number of
forms that these potential interactions could take, for instance

intrahelical cation-π and/or interhelical π-π or cation-π
interactions (42). To test the possibilities, we made a series
of point and paired mutations to the MW1 sequence, Table
1, and characterized these by CD spectroscopy and negative-
stain TEM (Table 2).

Lysine-3 can interact with the phenyl ring of tyrosine-7
either via its charged ε-amino group or through hydrophobic
interactions with the alkyl portion of the side-chain. To probe
these possibilities, three mutants were made at lysine-3:
MW1-K3E, in which glutamic acid was used to switch the
side-chain, and overall peptide charge from cationic to
anionic; MW1-K3A, where the lysine was replaced by
alanine, which is used at all other b sites of the design; and
MW1-K3nL, where nor-leucine was used to remove just the
ε-amino group of the lysine leaving its four-carbon hydro-
phobic component. Like the parent, all three mutants
displayed concentration-dependent R-helical CD spectra and
melting behaviors; although the intensities of [θ]222 signals
for MW1-K3A and MW1-K3E were significantly reduced,
as were the TM values for MW1-K3E and MW1-K3nL, Table
2. Despite this stable R-helical folding, as judged by negative-
stain TEM, none of the mutants formed thickened and
ordered fibers like the parent. Assembly was attempted over
a range of temperatures (4-37 °C), but none yielded fibers.

Two other mutants centered on tyrosoine-7. First in MW1-
Y7Q, it was replaced by glutamine, the residue at all other
f positions of the sequence. Like the aforementioned mutants
this variant had similar solution-phase R-helical and melting
properties to MW1, Table 2. In addition however, MW1-
Y7Q formed tangled networks, though these contained much
thinner fibers than those formed by the parent, Table 1. Also,
despite closely similar sample preparation, these fibers did
not display the striated pattern characteristic of the thicker
fibers formed by MW1. Second, to test the importance of
any i, i + 4 interaction between lysine and tyrosine, we
engineered the double mutant Y7Q plus Q21Y (named
MW1-Y7f21), which, in effect, moved the tyrosine residue
from the first to the third heptad repeat of the design. This
is an anagram mutation because the amino acid composition
is unchanged. In this case, the CD characteristics were very
similar to MW1 and the point mutants, Table 2. Unlike the
other mutants, MW1-Y7f21 did form thickened fibers,
striped and striated similar to MW1, Figure 4.

This mutagenesis analysis shows a role for both K3 and
Y7 in the formation of thickened and ordered fibers in the
MW system. The MW1-K3nL mutant in particular highlights
that cation-π interactions probably contribute to fiber
thickening. Moreover, the formation of ordered fibers by the
MW1-Y7f21 anagram mutant indicates that this interaction
does not require the cationic and aromatic components to
be spaced compatible with an intrahelical interaction, or
indeed even within the same heptad. Therefore, the Lys-Tyr
interaction must be an inter-coiled-coil interaction, though
for MW1 itself it is potentially both intrahelical and inter-
coiled coil.

N.b., regarding the folding of the other mutant sequences
to stable R-helical oligomers that do not lead to perceptible
fibers, this is becoming a general phenomenon, which we
and others are beginning to explore (39).

FIGURE 3: Transmission electron microscopy (TEM) images of
MW1 fibers. (A) Low magnification view showing a field of typical
MW1 fibers. (B) Magnified image with ammonium molybdate
staining showing a striation pattern perpendicular to the long axis
of the fiber. (C) Magnified view with uranyl acetate staining
showing lateral stripes.
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DISCUSSION

In summary, the MagicWand (MW) design relies solely
on pairing hydrophobic residues in the core, and charged
residues flanking the core to specify an offset parallel coiled-
coil dimer, the aim being that the dimers form building blocks
for peptide fibrillogenesis. Consistent with this, the parent
peptide, MW1, forms extended fibers tens of microns long
and tens of nanometers thick. The fibers are straight and do
not branch. They display surface nanoscale features consis-
tent with the assembly and association of R-helical coiled-
coils parallel to the long axis of the fibers as designed. In
these respects, MW1 captures many of the features from the
foregoing SAF systems (32, 33, 39), but in a more-
straightforward, single-peptide design.

In additionsand because we replaced the buried aspar-
agine residues used to direct sticky ended heterodimers in
the SAF systems (32) with isoleucinesMW1 forms stable
fibers at sub-micromolar peptide concentrations and above,
and with a TM of 73 °C for 100 µM peptide preparations.
These compare with critical concentrations for fiber forma-
tion (i.e., the lowest concentration at which fibers were
observed) of ∼60 and ∼40 µM, and TM values of 22 and 49
°C (measured at 100 µM peptide) for the first- and second-
generation SAFs, respectively, which are 28-residue peptides
like the MW designs (32, 33). The stability of MW1 is also
improved over a 35-residue third-generation SAF design,
which has a critical concentration of 4 µM and a TM of 64
°C (at 100 µM peptide) (33). Furthermore, the thermal
unfolding process in MW1 is fully reversible, which allows
the system to be annealed: melting curves for freshly
prepared MW1 samples have TMs of ∼68 °C; cooling leads
to increased apparent R-helicities; and subsequent remelting
renders TMs of ∼73 °C. This behavior is likely linked to the
single-peptide system and its strong drive to form R-helical
assemblies: once prepared MW1 forms helical structures very
rapidly; we propose that at this stage, though the prominent
forms are R-helical fibers, a mixture of such structures is
formed; the heating-cooling-heating cycle allows any
misassembled peptides, or those that are assembled as

suboptimal fibers, to become incorporated into well-defined
R-helical, fibrous assemblies. Thus, in comparison to the
dual-peptide SAF system, one element of control over the
assembly has been lost, but a considerable gain in stability
is achieved together with opportunities to anneal the system.

The ease of preparation of the MW peptides and fibers
presents a number of possibilities for the system, for example:
to tune fiber stability; to probe sequence-to-structure relation-
ships; and to develop potential applications for R-helical
fibers. With these in mind, we have designed and character-
ized a series of MW1 mutants to explore the features that
lead to fiber assembly, stability and thickening. We focused
on two residues on the outer surface of the designed leucine-
zipper dimersi.e., those outside the core a, d, e and g sites
of the heptad repeatsthat are different from the other surface-
exposed residuessnamely lysine-3 and tyrosine-7, which are
at b and f positions (see Figure 1A). Potentially, these
residues could participate in salt-bridge, cation-π, π-π or
hydrophobic interactions. Another possibility is the involve-
ment of f position glutamine residues in hydrogen-bonding
networks between coiled-coil helicessinteractions of this
type are observed in the complex, multihelix assembly of
the SARS coronavirus spike glycoprotein for example
(43)sbut these interactions were not explored directly here
through mutations due to the large number of possible
variants.

π-π, or π-stacking interactions have long been recognized
as important contributors to the structure and stability of
proteins and peptides (42, 44). For helical peptides, Aravinda
et al. show that both intra- and interhelical π-stacking
between phenylalanine residues along one face of a helix
promote helix associations (45). However, for the MW
system under the conditions we investigated, none of the
substitutions of lysine-3 by alanine, glutamate and nor-
leucineswhich all retain the tyrosinesgive supramolecular
fibers. This suggests that straight hydrophobic, or π-π
interactions alone do not play a major role in the formation
of such structures. These data also discount hydrogen
bonding between glutamines at f sites playing an important
role in fiber assembly, as, again, all the variants retain three
such residues. Clearly, however, the mutations at lysine-3
strongly implicate a role for this positively charged residue.
Moreover, the MW variants that form thickened and ordered
(striated) fibers reproduciblysnamely, MW1 and MW1-
Y7f21sare those with both lysine and tyrosine. This
suggests strongly that cation-π interactions do contribute
to fiber stability and thickening and internal structure.

Similarly to π-π interactions, cation-π interactions have
long been considered important to protein structure, stability
and function (42, 44, 46-48). They have been subject to
detailed experimental and theoretical analyses, though their
precise nature and worth remains controversial (42, 49-52).
Specifically, potential intra- (i, i + 3 and i, i + 4) and inter-
R-helical (notably between g and e sites of coiled coils)
cation-π interactions have been probed (53-55). Though
the details vary, the consensus is that the interactions are
favorable even if the underlying mechanism(s) is not agreed.
In this context, lysine-3 and tyrosine-7 have an i, i + 4
relationship in MW1, which, as illustrated by arrow 3 in
Figure 1A, presents the possibility of straightforward intra-
helical interactions that could stabilize the R-helical folding
and thence fiber formation without necessarily cementing

FIGURE 4: TEM images of MW1-Y7f21 fibers. (A) At low
magnification showing a field of typical MW1-Y7f21 fibers. (B)
A magnified view of a fiber stained with ammonium molybdate
showing striations. The arrow indicates the direction of the long
axis of the fiber. (C) Fourier transform analysis of the image in B
which shows a clear peak corresponding to one peptide length.
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fibril-fibril interactions and fiber thickening. To test this
directly, we made the anagram variant MW1-Y7f21, in
which the tyrosine was simply moved further away in
sequence from lysine-3. This forms thickened and ordered
fibers, indicating that if cation-π interactions are involved
in MagicWand assembly, they act at the inter-coiled-coil
level; indeed, the fibers are thicker than those formed by
the parent peptide, which suggests that inter-coiled-coil
cation-π interactions, as illustrated by arrow 4 in Figure
1A, may be stronger without potentially competing intrahe-
lical interactions. Developing this theme further, two more-
recent studies are relevant: Anderson et al. show that a
lysine-phenylalanine interaction can occur in a peptide from
the rhodopsin system, but that it is readily masked if the
C-terminal carboxylic acid of the latter is free (56); and Berry
and co-workers demonstrate that cation-π interactions are
reduced upon solvent exposure (57). These relate to the MW
system in that another anagram mutant in which the lysine-3
was moved by two heptads, MW1-K3f17, Tables 1 and 2,
does not form fibers, which we suspect is due to sequestering
the relocated lysine by surrounding glutamic acids at
positions 13 and 20, Table 1; and that any cation-π
interactions may well be better formed in the thickened, well-
ordered and cooperative arrangement of the interior of the
assembled fibers (34).

CONCLUSION

We have successfully designed a relatively straightforward,
single-peptide system, MagicWand, that assembles into nano-
to-mesoscale protein fibers. These are thermally stable and
exhibit considerable order comparable to our earlier, more-
sophisticated two-peptide designs (32-34). The relative
simplicity of the system has allowed a number of mutants
to be made to assess sequence-to-structure relationships. For
example, we have identified potential inter-coiled-coil cat-
ion-π interactions that are important in establishing the
matured, thickened fibers. Defining such interactions could
help further refine three-dimensional structural models for
coiled-coil fibers of the SAF and MW type, which is
otherwise a daunting task (34). In addition, because of its
ease of synthesis, solubility, faithful assembly and stability,
MagicWand provides a good chassis for the development
of future functional biomaterials.
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