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A de novo, genetically engineered 687 residue polypeptide expressed inE. coli has been found to form highly
rectilinear, â-sheet containing fibrillar structures. Tapping-mode atomic force microscopy, deep-UV Raman
spectroscopy, and transmission electron microscopy definitively established the tendency of the fibrils to
predominantly display an apparently planar bilayer or ribbon assemblage. The ordered self-assembly of designed,
extremely repetitive, high molecular weight peptides is a harbinger of the utility of similar materials in nanoscience
and engineering applications.

Introduction

Molecular self-assembly is critical to the success of nanoscale
molecular devices ranging from molecular nanoelectronic as-
semblies1,2 to biologically functional nanostructures.3 Successful
approaches can employ biomimicry by utilizing biomaterial1

self-assembly to form one-dimensional (1D) ordered, nanotem-
plates potentially suitable for 1D charge transfer.4-10 Polypep-
tides that fold via established rubrics,11 undergo intermolecular
self-assembly,12 and present an array of functionalities are
attractive and chemically robust candidates such as templates.
â-Sheet forming sequences, folded polypeptides that readily
coacervate and thereby significantly increase the size of an
autonomously formed assemblage, are of particular interest.
Fibrillar structures, including well-known amyloid fibrils,13-15

frequently involve face-to-faceâ-sheet interactions with indi-
vidual strands oriented perpendicular to the fibril axis.16 Amyloid
fibril formation has been reported from assemblies composed
of â-sheet forming polypeptides comprised of as few as 8 to
50 amino acids.17-20 We have found that a de novo designed
polypeptide sequence consisting of 687 amino acid residues in
a regular repeat,γ-turn containing structure21,22self-assembles
to form rigid, planar fibrils.23 Intersheet aggregation of the
antiparallelâ-sheet structures with charged edges has been found
to be effective in promoting aqueous solubility24 but counter-
intuitively promotes controlled aggregation as assessed on
defined surfaces.25 Formation of rigid, planar fibrils such as these
is atypical for amyloid fibrils. However, the observed fibrils,
consisting of large polypeptide molecules with a defined
architecture, could be considered to be derived from an array
of prismoid blocks, where each unit consists of 84 antiparallel
beta strands. The resultant 3.5 nm× 38 nm building blocks
present precisely located functionality in the final assembly.
Utilization of this genetically engineered approach for the
production of large monodisperse polypeptide block copolymers,

with precise dimensional and sequence control, affords access
to a variety of materials that may have biomolecular or
bioelectronic applications.

Experimental Section

Materials. Restriction endonucleasesBamHI, EcoRI, andBsaI, T4
polynucleotide kinase were purchased from New England Biolabs
(Beverly, MA). DNA Ligation Kit and benzonase were purchased from
Fermentas Inc. (Hanover, MD) and Novagen, Inc. (Madison, WI),
respectively. Inoue ultracompetent and electrocompetent cells of XL1-
Blue (Stratagene, La Jolla, CA) and DH5RF′ (Invitrogen, Carlsbad,
CA) were prepared according to standard methods.26 Competent cells
of BLR(DE3) and BLR(DE3)pLysS were purchased from Novagen,
Inc. (Madison, WI). BLR(DE3)pLysSRARE was prepared from BLR-
(DE3) transformed by pLysSRARE isolated from Rosetta(DE3)pLysS
(Novagen, Inc., Madison, WI) and the frozen stock of the chemical
competent cells (containing 10% glycerol to prevent autolysis upon
thawing) was prepared by standard method26 and stored at-80 °C.
Plasmids pUC18 and pET-28a-c were obtained from Bayou Biolabs
(Harahan, LA) and Novagen, Inc. (Madison, WI), respectively. Plasmids
and DNA fragments separated by agarose gel electrophoresis were
purified using QIAprep Spin Miniprep Kit and QIAquick Gel Extraction
Kit (Qiagen Inc., Valencia, CA). Western blotting was done using
SuperSignal West HisProbe kit (Pierce, Rockford, IL). Large-scale
purification of polyhistidine-tagged repetitive polypeptides was affected
with Ni-NTA Superflow affinity columns (Qiagen Inc., Valencia, CA).

Synthetic DNA Monomers and Adaptive Sequences.20 mM of
each pair of coding DNA,1 (8Y), 2 (8E), 3 (8H), and 4 (8K),
respectively, were mixed and then the 5′-hydroxyl groups were
phosphorylated by T4 polynucleotide kinase at 37°C for 30 min to 1
h. Deactivation of T4 polynucleotide kinase was done at 80°C for 20
min and then the solution was slowly cooled to ambient temperature
for annealing. The 5′ end of each of the adaptive oligonucleotide
sequences5b, 6a, 7b, and8a (non-palindromic 5′ BanI extruding ends)
was phosphorylated for 30 min to 1 h at 37°C, respectively, and then
the kinase was deactivated at 80°C for 20 min. To each of the solution
was added the complimentary oligonucleotides5a, 6b, 7a, and 8b,
respectively, to reach a final concentration of 20 mM. The mixture
was annealed to give5 (A1-1), 6 (A1-2), 7 (A2-1), and8 (A2-2),
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respectively. The resulting “inside-phosphorylated” sequences were
combined appropriately to give respectively the adaptive sequences5
and6 (A1) and7 and8 (H6-H6) at a final concentration of 1 mM. See
Figure 1.

Preparation of Recipient Vectors.pUC18 (10µg) and pET-28a-c
(1 µg) were double-digested withBamHI-EcoRI and NcoI-BamHI,
respectively, under the recommended conditions and then purified by
agarose gel electrophoresis. Excised gel containing the desired fragments
was purified using QIAquick Gel Extraction Kit and eluted with TE
(pH 8.0, 100µL) to give pUC18/BamHI-EcoRI for efficient amplifica-
tion of desired oligomerized units or eluted with TE (pH 8.0, 40µL)
to give pET-28/NcoI-BamHI for expression of the coding sequences,
respectively.

Block Copolymerization of 1, 2, 3, and 4 for Construction of
32YEHK Repetitive Polypeptides. First, 1 (8Y) and 2 (8E) were
condensed with adapters5 and6 (A1) and the desired fragments were
purified by agarose gel electrophoresis. Purified fragments were then
cloned into pUC18/BamHI-EcoRI. Plasmids harboring dimerized DNA
coding sequences, 16YE (9), 16YY, 16EY, and 16EE, were identified.
Similarly, plasmids harboring 16HK (10) were identified from ligation
of 3 (8H) and4 (8K) along with 16HH, 16KH, and 16KK. An equimolar
amount of9 and10 was digested byBsaI and the resulting mixture of
fragments of 16YE and 16HK units was purified and ligated with
adapter constructs5 and6. Desired fragments of the adapted tetramers
were isolated, purified, and cloned into pUC18/BamHI-EcoRI. Plasmids
harboring 32YEHK (11) were identified along with 16YE2 (32YEYE),
32KHYE, and 16KH2 (32KHKH).11 was digested byBsaI and the
resulting 32YEHK fragment was purified, oligomerized with5 and6,
and then cloned into pUC18/BamHI-EcoRI. The plasmid harboring 7
repeats of 32YEHK (12, 32YEHK7) was identified.12 was digested
by BsaI and the resulting 32YEHK7 fragment was oligomerized in the
presence of7 and8 (H6-H6) and cloned into pET-28a/BamHI-EcoRI.
A plasmid library harboring 7, 14, 21 repeats of 32YEHK repetitive
coding sequences bearing the H6-H6 adapter sequence could be
prepared by this method. It is important to note that prolonged ligation
usually resulted in significant degradation of vectors and inserts. The
representative scheme from DNA concatamerization to peptide expres-
sion is shown in Figure 2.

Polypeptide Expression.pET-28-derived expression vectors harbor-
ing coding sequences were used to transform expression hosts, BLR-

(DE3)pLysS or BLR(DE3)pLysSRARE (42°C for 90 s and then 4
volume of SOC, 37°C for 1 h). The transformants were selected on
LB agar plates containing chloramphenicol (34µg/mL), kanamycin
sulfate (50µg/mL), and 1% glucose without tetracycline. Selected
colonies were inoculated into 2xYT (30 mL for 0.8 L of culture)
containing kanamycin (50µg/mL), chloramphenicol (34µg/mL), and
1% glucose. The overnight precultures were used to inoculate desired
amounts of expression culture (2xYT containing kanamycin (10µg/
mL) and chloramphenicol (34µg/mL). The cultures were grown over
OD600 ) 1.0 and polypeptide expression was induced by the addition
of IPTG to a final concentration of 1 mM. Cells were harvested after
4 h by centrifugation (3500g, 20 min at 4°C). The cell pellets were
resuspended in water (15 mL per 1 L of cell culture) and stored at
-20 °C. Expression and purification of polypeptides were analyzed
by SDS-PAGE and western-blotting using SuperSignal West HisProbe
kit.

Polypeptide Purification and Chemical Modification. Method A.
The frozen cells were lysed by freeze-thaw sonication for 20 min in
the presence of benzonase (2µL per 1 L culture) and PMSF
(phenylmethansulfonyl fluoride, 2 mM). The cells were then allowed
to incubate for 30 min at RT. Urea (11 g per 1 L culture, 8 M at final
concentration) was added, and the sample was incubated on a boiling
water bath for 4 h with occasional mixing. In the course of denaturation,
the lysine residues were converted to homocitrulline by urea. The
resulting solution was centrifuged for 30 min at 15000g at 20°C and
the supernatant was diluted 2-fold with 10 mM imidazole, 8 M urea,
PBS, or H2O with 10 mM imidazole and then was recentrifuged for 1
h at 25000g at 20°C.

The supernatant was applied to a Ni-NTA column. The column was
washed with 40 mL portions of 10 and 20 mM imidazole in 8 M urea
and PBS (phosphate buffered saline, 0.1 M phosphate buffer (pH 7.4),
0.5 M NaCl at final concentration) and then was eluted with 300 and
500 mM imidazole solutions. Most of the desired polypeptide was found
in 300 mM fraction.

Method B.To the incubated lysate prepared by the same method as
Method A guanidine hydrochloride (14 g per 1 L culture, 6 M at final
concentration) was added, and the sample was incubated on a boiling
water bath for 1 h with occasional mixing in the course of denaturation.
The resulting solution was centrifuged for 30 min at 15000g at 20°C
and the supernatant was diluted 2-fold with H2O and then recentrifuged
for 2 h at25000g at 20°C.

The supernatant was applied to a Ni-NTA column. The yield of
polypeptide was 30 mg per 1 L of cell culture.

MALDI-TOF-MS: calculated for A253E21G338H33K21Y21 (deformyl-
methionylated) 50639; found 50722. Carbamylated (urea-boiled)
polypeptide was prepared from polypeptide-containing 8 M urea eluent
by incubating the solution for 3 h on aboiling water bath. MALDI-
TOF-MS: calculated for A253E21G338H33K21Y21+21 carbamylation
(CHNO), 51542; found 51490.

The eluent containing the carbamylated polypeptide was dialyzed
against doubly distilled H2O for 2-5 days at 4°C using a dialysis
membrane with a 3500 Da molecular weight cutoff. After dialysis,
formation of a gelatinous phase within the solution was observed. The
gelatinous phase was separated by centrifugation at 15000g for 45 min
at 4°C and subsequent decantation of the supernatant. The polypeptide
aggregates were rendered more soluble by adding to the gel an equal
volume of water followed by intensive vortex mixing. An aqueous phase
containing a soluble polypeptide fraction could be separated from the
remaining gelatinous phase by centrifugation at 15000g for 45 min at
4 °C. The concentration of the polypeptide in this extract was
determined by UV-vis spectroscopy using the tyrosine absorption
maxima at 276 nm. This solution was used for all further studies.

Resonance Raman Measurements.A recently built, deep-UV,
Raman instrument is described in detail elsewhere.27 Briefly, the fourth
harmonic (195 nm,∼2 mW) of theIndigo Slaser system (coherent) is
used to generate Raman scattering from a 0.6-mm diameter thermostati-
cally controlled sample solution stream. A custom-built subtractive

Figure 1. DNA design and sequences.
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double spectrograph equipped with a Roper ScientificSpec-10:400B
CCD camera (liquid nitrogen cooled) is utilized for recording Raman
spectra. The spectral resolution of the system is 4 cm-1. Spectra are
analyzed using GRAMS/AI (7.01) software.

Atomic Force Microscopy (AFM) Measurements. Sample Prepa-
ration: After dialysis, aqueous solutions of the polypeptide were used
at a pH of 7.0 for further studies. A concentration of 0.12 mg/mL was
determined using UV-visible spectroscopy.

Fifty microliters of the aqueous solution was dropped on a 12 mm
× 12 mm sample of highly oriented pyrolytic graphite (HOPG) (Veeco
Instruments). The polypeptide solution so deposited on HOPG was
incubated at room temperature for 30 min and then removed by a
micropipet. The surface was dried with a slow stream of nitrogen before
imaging.

AFM Imaging Conditions. AFM imaging was performed in
resonant tapping mode under ambient conditions with a MultiMode
microscope (Digital Instruments) using a Nanoscope IIIa control system.
A J scanner was used with a lateral range of∼125 µm. Images were
collected using Nanoscope III software version 4.42r8 in height and
phase mode simultaneously. The standard silicon TESP cantilevers
(nominal spring constant, 40 N/m, resonance frequency of about 300
kHz, and tip radius less than 10 nm purchased from BudgetSensors)
were used for imaging. The force was minimized during the imaging
by choosing a setpoint corresponding to more than 90% of the free
oscillation amplitude of about 12 nm. Typical scan frequency was 1

Hz and images were collected at a resolution of 512× 512 points.
The tip convolution of about 8 nm for features 1.4 nm in height was
calculated by imaging the 1.4 nm diameter gold nanoparticles generally
used for TEM calibration. Offline Nanoscope image analysis software
(version 5.12r3) was used for image analysis. The images were flattened
and no further image processing was performed.

Transmission Electron Microscopy (TEM) Measurements.Speci-
mens were prepared for transmission electron microscope observation
by placing a droplet of the peptide-containing solution (as above) on a
standard carbon-coated support grid. After 30 min solution was removed
and the specimen then stained using uranyl acetate to accentuate the
morphology of the structures. Bright field TEM images were recorded
on a film in a JEOL 200CX operating at 80 kV. All images were
obtained at focus, using an objective aperture to introduce contrast into
the images rather than defocus.

Results and Discussion

The â-sheet forming repetitive polypeptide blocks were
designed with selected amino acids at the turn positions in order
to facilitate control of coacervation and formation targeted
supramolecular structures. The defined volumes and uniquely
modified edges of the molecular subunits are controlled by the
selection of turn-inducing amino acids. The resultant nanostruc-

Figure 2. Construction of repetitive DNA sequences and expression.
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tures are therefore amenable to the introduction of functional
(e.g., charge transport) moieties with potential applications in
nanoelectronic devices. The construct consisting of repetitive
polypeptides with 32 amino acid repeats, (GA)3GY(GA)3GE-
(GA)3GH(GA)3GK (32YEHK), was designed based on the
pioneering work of Tirrell28 (Figure 3).

Genetic Coding. Inspired by Tirrell’s findings,29,30 DNA
sequences codingâ-sheet forming polypeptides, with GA repeats
as theâ-strand forming motif, were prepared and oligomerized
in a head-to-tail manner.31,32Two linking DNA constructs were
prepared for recursive oligomerization/block-copolymerization
5 and6 and expressions7 and8 employing a modified method
of Urry.33 The adapter constructs5 and6 contain recognition
sites for a type IIs restriction endonucleaseBsaI that facilitates
recovery of the oligomerized units for recursive concatenation/
block-copolymerization without inclusion of undesired DNA.34-39

Expression adapters7 and8 were designed to attach a reactive
amino acid appendage to theâ-sheet, e.g., an oligohistidine tract
without an intervening fusion sequence.

Both adaptive DNA sequences possess cohesive ends for
ligation and cloning into commercially available vectors such
as pUC18 and pET-28. This approach contrasts with published
work33 where the digestion of the oligomerized DNA by
restriction endonucleases to generate cohesive ends was required.
Utilization of concatenation/block copolymerization in the
presence of adaptive DNA sequences containing the appropriate
recognition sites of type II and IIs restriction endonucleases
enabled, respectively, cloning and regeneration of assembled
DNA units. Repetitive coding sequences could be prepared in
a reproducible and predictive manner without using special
cloning vectors. This strategy also suppresses the intramolecular
cyclization of multimers that is problematic when longer
sequences are constructed.34 As a demonstration of feasibility,
the repetitive 32YEHK-coding sequences were prepared by
ligation of the synthetic oligonucleotides coding1 (8Y) and2
(8E) in the presence of adaptive sequences5 and 6. Oligo-
nucleotides with the expected mobility on an agarose gel
electrophoretogram (Figure 4) were purified and incorporated
into a high-copy number, selection vector that could subse-
quently be cleaved by restriction digest.

Recombinant vectors harboring the (16YE)-coding sequence
9 were selected inE. coli and digested byBsaI to recover the
YE-coding oligonucleotide fragment (48 base pairs). The 16HK-
coding fragment10was obtained similarly. These two fragments
were subsequently joined in the presence of the adaptive DNA
sequences5 and6.

Utilizing this strategy, a recombinant vector harboring a
32YEHK-coding sequence was selected and then digested with
BsaI to recover the 32YEHK-encoding DNA fragment11. The
32YEHK fragments were oligomerized in the presence of5 and
6 in a repetition of the aforementioned process. The resulting
concatenated DNA fragment, e.g., an oligonucleotide tract of 7
repeats of 32YEHK (32YEHK7), was isolated. The 7-repeat
sequence was further oligomerized in the presence of7 and8,
which add hexahistidine tracts on both N- and C-terminals of
polypeptide products upon expression, and incorporated into an
expression vector. In this process a library of expression vectors
harboring 7, 14, and 21 repeats of 32YEHK-coding sequences
was fashioned for subsequent expression in the appropriateE.
coli hosts.

Peptide Isolation and Functionalization. On purification
the desiredâ-sheet polypeptide (H6YEHK21H6) was isolated
(Figure 5). The negatively charged glutamic acid (E) and
positively charged lysine (K) residues originally were introduced
at adjacent turn sites to facilitate antiparallelâ-sheet assembly
by salt bridge formation (see Figure 3). It was found however
that when the crude cell lysate was denatured with a urea
solution prior to affinity chromatography, the lysines were
carbamylated to homocitrulline residues.40 This modification did
not seem to influence peptide folding; folding to formâ-sheet
containing structures usually occurred during the course of
dialysis. Denaturation of the lysate with guanidinium hydro-
chloride solutions obviated this conversion. Confirmation of the
carbamylation process can be detected by gel electrophoretic
analysis (Figure 5). In a time course experiment, the polypeptide
isolated from a guanidinium denatured solution was heated in
the presence of 8 M urea. In lanes 11-20, it can be seen that
this treatment led to a gradual increase in polypeptide mobility
until all the lysine residues were converted to homocitrulline
as established by MALDI-TOF-MS. It was found that polypep-
tide constructs containing homocitrulline residues exhibited a
more pronounced propensity to undergo intermolecular ag-
gregation to form fibrils than material prepared where the
conversion was avoided. Therefore, our studies have focused
on these homocitrulline containing peptides.

The peptide synthesis strategy described above enables the
following: (a) use of conventional expression vectors, such as

Figure 3. Structural model of the YEHK peptide construct.

Figure 4. Representative agarose gels from oligomerization and
isolation of populations of oligomers with enrichment of the longer
fragments. Lane 1: H6YEHKH6 oligomers; lane 2: high molecular
weight markers; lane 3: low molecular weight markers.

Figure 5. 8% SDS PAGE gel electrophoretic analysis of induction,
purification, and modification of H6YEHK21H6. Lane 1, before
induction; 2, 4 h induction; 3, whole cell lysate; 4, flow through 1; 5,
flow through 2; 6, 10 mM imidazole; 7, 20 mM imidazole; 8, 300 mM
imidazole; 9, 500 mM imidazole; 8, M urea PBS; 10 and 21, molecular
weight marker (SIGMAMARKER Wide Molecular Range); 11, 300 mM
fraction heated at 98 °C for 1 min; 12, 2 min; 13, 3 min; 14, 4 min;
15, 5 min; 16, 7 min; 17, 10 min; 18, 20 min; 19, 60 min; 20, 180
min.
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pUC18; (b) construction of a library of repetitive DNA
sequences with higher multimer numbers; and (c) flexible
incorporation of the adaptive DNA sequences, e.g.,5 and6 or
7 and8, that are required for amplification and oligomerization
of DNA constructs and for introduction of the completed DNA
tract into an expression vector.

Characterization of H6YEHK21H6 by Deep UV Reso-
nance Raman Spectroscopy.Far-UV CD spectroscopy is the
conventional technique for the determination of protein second-
ary structure and for characterization of protein structure. With
H6YEHK21H6 CD spectra did indicate the reversible melting
of theâ-sheet conformation on heating and subsequent incuba-
tion at room temperature. However, traditional deconvolution
programs did not provide good approximations of H6YEHK21H6
secondary structure transformations. Since the CD phenomenon
results from coupling of magnetic and electric dipole transition
moments of coupled electronic transitions, stacked structures
such as those resulting from the tyrosine and/or histidine side
chains (Figure 3) facilitate coupling of the dipole transition
moments and therefore may contribute to the anomalously
intense CD signals observed.

In contrast to CD, the Raman scattering phenomenon is based
on short-range interactions. Consequently, regular stacking of
chromophores might result in no substantial contribution to the
additive Raman scattering of individual chromophores. As a
result, it was found that spectroscopic investigation of the
polypeptide folding structure in solution that employed deep-
UV Raman spectroscopy27,41 was particularly informative.
Illumination of the polypeptide with 195 nm light, near the
amide chromophoreπ-π* electronic transition (absorption at
∼190 nm), resonantly enhances Raman scattering from the
polypeptide backbone. Consequently, the Raman spectrum,
dominated by amide bands, represents a vibrational signature
of secondary structural elements.42,43Figure 6 shows resonance
Raman (RR) spectra of H6YEHK21H6 (blue and green lines)
at 22 and 90°C. A RR spectrum of tyrosine was subtracted
from both these spectra to eliminate the contribution of the
aromatic amino acid side chain. Theâ-sheet conformation
dominates the H6YEHK21H6 secondary structure at room
temperature as revealed by comparison of its RR spectrum with
that of poly-L-lysine (red lines in Figure 6) in a predominantly

â-sheet conformation (poly-L-lysine â-sheet assemblage was
obtained by incubation at 52°C in a pH 11.3 solution for 3
h).42 At 90 °C, the H6YEHK21H6 RR spectrum closely
resembles that of a poly-L-lysine random coil (black lines in
Figure 6 recorded at room temperature and pH 4.0), indicating
the temperature-induced melting of the H6YEHK21H6â-sheet
structure. Discrepancies between H6YEHK21H6 and poly-L-
lysine spectra in the CR-H bending mode region are attributed
to differences in the amino acid residue sequences. The observed
temperature-induced structural changes in the H6YEHK21H6
were found to be reproducibly reversible.

Characterization of H6YEHK21H6 by AFM. The spec-
troscopic study of polypeptide folding was followed by an
investigation of the controlled self-assembly of the polypeptide
on a defined surface. For that purpose, purified H6YEHK21H6
in doubly distilled water (DDW) was employed for solvent-
based deposition on highly oriented pyrolytic graphite (HOPG)
or polycrystalline Ni surfaces to investigateâ-sheet self-
organization. Deposition from the liquid phase was followed
by DDW rinsing and dry-N2 drying protocols. Topographic
investigations utilized tapping-mode atomic force microscopy
(TM-AFM). Figure 7 displays a TM-AFM topographic image
of the HOPG surface following H6YEHK21H6 deposition. In
contrast, the pre-deposition HOPG surface exhibited an atomi-
cally flat surface marked by the absence of any discernible
features.

The most notable feature in Figure 7 is the presence of highly
linear fibrillar H6YEHK21H6 structures. These structures are
stable under ambient conditions and exhibit no conformational
change after extended storage times. The fibril lengths range
from tens to thousands of nanometers. The H6YEHK21H6 fibril
width is uniform with an average value of 15( 2 nm as
determined prior to deconvolution.

Figure 8 displays a probability density plot of fibril thickness
derived from an analysis of 79 fibril samplings derived from
multiple deposition experiments. Observed fibril thicknesses as
determined by TM-AFM did not exhibit a continuum of
thicknesses as might be expected from lamellar stacking.44 Fibril
thickness varies in discrete increments of approximately 0.8(
0.2 nm. Figure 8 clearly shows a substantially higher probability
for fibrils with a thickness of 1.7( 0.2 nm, a thickness not
inconsistent with a loose bilayer or “ribbon” configuration20

(Figure 9). The observed fibril thickness increments are
consistent with thickness estimates from the computationally
derived H6YEHK21H6 polypeptideâ-sheet structure. We
speculate that the intrasheet interactions and the disposition of
the hexahistidinyl tracts at the H6YEHK21H6 termini strongly
favor a bilayer configuration. Nonetheless, we are cognizant of
the complexity of turn formation and the implication of turn
motif on amphiphilicity. Differing turn motifs can be assumed
by â-hairpins as reflected in the number of amino acids per

Figure 6. 195 nm excitation RR spectra of H6YEHK21H6 backbone
obtained at 22 °C (blue curve) and 90 °C (green curve). Tyrosine
contribution was subtracted. Red and black curves represent the RR
spectra of poly-L-lysine (PLL) â-sheet and PLL random coil, respec-
tively.

Figure 7. TM-AFM topograph of H6YEHK21H6 fibrils on HOPG.
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turn and the number of hydrogen bonds formed between the
distal strands45,46with a consequence that the faces of theâ-sheet
may be differentiated by the orientation of the methyl groups
of constituent strands toward a single face of the sheet. It has
been previously shown that closely related constructs poly-
[(AG)3EG], poly[(AG)3YG], and poly[(AG)3KG] form am-
phiphilic â-sheet structures via the intermediacy ofγ-turns to
redirect theâ-strand subunits.44 If a γ-turn containing structure
is assumed for H6YEHK21H6 as shown in Figure 9, the
amphiphilic character of the resultantâ-sheet would be con-
sistent with the observed bilayer formation. The nonpolar alanine
methyl bearing faces would be shielded from the solvent, while
the glycyl derived moieties would be exposed to the aqueous
environment.

Characterization of H6YEHK21H6 by TEM. To confirm
this structure and further investigate H6YEHK21H6 fibril
morphology, transmission electron microscope (TEM) studies
were carried out. H6YEHK21H6 was deposited on carbon-
coated support grids. Deposition protocols were similar to those
for HOPG substrates. A uranyl acetate stain was utilized on
post-dried samples to enhance edge contrast of the fibril
assemblies in the TEM. Figure 10 displays resulting TEM
micrographs. The highly linear assemblies in the upper image
of Figure 10 agree qualitatively with the TM-AFM topographs

of Figure 7. The lower image of Figure 10 displays a higher
magnification micrograph of the fibril assemblies. On analysis
of the TEM data, the average width of the fibrillar structures
was found to be about 6.5( 1 nm as shown in Figure 11.

An average measured fibril width of 6.5( 1 nm was
predominant for all TEM data studied. This is in approximate
agreement with the width of a structure comprised of two

Figure 8. Probability density plot of fibril thickness derived from AFM
topographic data of H6YEHK21H6 fibrils. 79 samplings were em-
ployed to generate the distribution profile.

Figure 9. YEHK repeat units with γ-turns forming antiparallel â-sheet
structure. Width (turn-strand turn) of computed model, 3.4-3.8 nm;
thickness, 0.72 nm. Figure 10. TEM micrographs of H6YEHK21H6 fibrils on carbon-

coated Cu grids.

Figure 11. Probability density plot of fibril width derived from TEM
of H6YEHK21H6 fibrils. 161 samplings were employed to generate
the distribution profile.

Bilayer Fibril Formation by Polypeptides Biomacromolecules, Vol. 7, No. 4, 2006 1109

CDV



â-sheets side-by-side where the hydrophobic turn groups (Tyr
and His) of the two sheets pack closely (see width estimates in
Figure 9).

As expected, TM-AFM data yielded a much larger average
fibril width of 15 ( 2 nm due to tip-convolution effects.
Calibration of the tip-convolution of the DI Nanoscope III AFM
utilized Au nanospheres with a nominal diameter of 1.4 nm,
chosen for the similarity of the sphere diameter to the fibril
thickness. This calibration revealed a tip-convolution-induced
feature broadening of 8( 1 nm and therefore resulted in very
good agreement between the TEM and TM-AFM fibril-width
measurements.

Fibril Formation. A higher resolution TM-AFM micrograph
of crossed fibrils is shown in Figure 12. Note the apparent
increase in the fibril thickness at the intersections of the fibrils.
A similar crossing phenomenon is evidenced in the lower image
of Figure 10 (red circle) where the distinct edges of two
overlapping fibrils are seen via TEM. Both these sets of image
data imply that the fibrils form in solution prior to deposition
on the substrate. This contrasts with the surface-templated
assembly of low molecular weight polypeptideâ-sheets on
HOPG that have been reported recently.19,47,48 The surface
disposition of the fibrillar structures presented herein more
closely resemble observations by Marini et al.,17 although the
polypeptideâ-sheets reported in that work consisted of only
eight residues, nearly 2 orders of magnitude fewer than the
polypeptides considered here.

It is important to note thatâ-sheets frequently exhibit a right-
handed twist. An increase in the number of strands with a
concomitant increase in number of H-bonds should improve
sheet stability; however, the twist induces dis-symmetry in the
interaction of side chains from neighboring strands.49 Coopera-
tive â-sheet formation has been reported in the formation of
helical ribbons based upon the self-assembly of the octapeptide
FKFEFKFE50 where the KE and F domains lead to self-
assembly of the individual molecular strands into a ribbon with
an extendedâ-sheet geometry. Over longer times, the ribbons
tend to form super helices around the initial strand.17 It has also
been reported that low molecular weight peptides assemble into
elongatedâ-sheets containing tapes which then dimerize to form
helical ribbons and subsequently aggregate to form fibrils by
forming twisted lamellae.20 In this work, helical assemblies were
not commonly observed for H6YEHK21H6 in contrast to either
of the above materials or the products described in ref 17.

Figure 13 depicts a possible assemblage of four H6YEHK21H6
molecules which can accommodate the observed dimensions
of the fibrils that apparently form in solution. The amphiphilic
character induced by the involvement of theγ-turn in reversing
strand direction is consistent with the facile solution formation

of bilayer thick fibrils. By design theâ-sheet forming
H6YEHK21H6 molecule has relatively hydrophobic and hy-
drophilic edges dominated by the turn groups; as a consequence,
in the proposed model the more hydrophobic surfaces and turn
groups of the molecules are shielded from the aqueous environ-
ment. Further experiments to validate this hypothesis are
underway.

Conclusion

A â-sheet forming structure has been designed de novo which
not only remains soluble in water but also aggregates to form
on surfaces the non-templated fibrillar aggregates displayed in
Figures 7, 10, and 12. While fibril formation is fundamental to
several disease states, e.g., amyloidosis,16,51previous investiga-
tions of amyloid fibril formation examined assemblies composed
of â-sheets with a relatively small number of 8 to 50 linearly
arranged residues,17-19 as compared to the synthetic oligomeric
structure consisting of 687 residues in the regular repeating
â-turn containing structure reported herein.

The novel self-assembly motifs described not only have
implications for the understanding of fundamental polypeptide
aggregation processes central to diseases, such as familial
amyloid polyneuropathy (FAP), Alzheimer’s, or bovine spongi-
form encephalopathy (BSE), but also inform the design of
nanoscale architectures with potential utility in molecular device
engineering. The description of such novel self-assembly
processes has prompted our investigation of the utility of these
materials as templates for ordered molecular assembly on
defined surfaces, precisely the assembly required by nanoelec-
tronic devices. Yet, these same processes are critical in
elucidating the fundamental mechanisms of intermolecular
protein association where stableâ-sheet derived structures are
central to the etiology and pathogenesis of disease.
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Figure 12. AFM topography of assembled domains of H6YEHK21H6
on HOPG.

Figure 13. In a tentative structural model for the most common fibrils
observed both the dimensions of those fibrils and the amphiphilic
nature of the proposed antiparallel â-sheet can be accommodated
by the interaction of four polypeptide molecules.
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