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ABSTRACT: An artificial gene encoding the amino acid repeat sequence (AEAEAKAKAEAEAKAK)9 was
constructed and expressed in E. coli. affording a 17 236 Da His-tagged fusion protein, poly-EAK9. Circular
dichroism and FTIR results suggest that poly-EAK9 adopts an extended â-strand conformation in an
antiparallel â-sheet supramolecular aggregate. The structure appears highly stable and resistant to
denaturation up to 6 M urea and over a range of pH and temperature conditions. Congo Red dye-binding
assays support the presence of amyloid-like fibrils, and scanning electron microscopy studies confirm
that these supramolecular structures are in fact smooth, well-defined fibrils, approximately 10-20 nm
in diameter. Triggered gelation occurs under physiological conditions, suggesting the potential use of
poly-EAK9 gels as biocompatible and biodegradable materials. Rheological and SEM experiments are
consistent with the formation of an entangled polymer network, in which the polymer mesh size appears
to be inversely related to protein concentration. Rheological measurements indicate that the material is
significantly more elastic than a lower molecular weight synthetic peptide of the same structure. These
results demonstrate that a high molecular weight, biosynthetic protein polymer of minimal complexity
can be designed to self-assemble in solution to form â-sheet fibrils and transparent, self-supporting gels.

Introduction

Molecular self-assembly has recently drawn attention
in the development of supramolecular structures and
functional materials. In nature, we observe many
examples of molecular self-assembly involving the spon-
taneous self-association of molecules into structurally
well-defined architectures on mesoscopic to macroscopic
length scales.1 In particular, the biological â-sheet motif
has received considerable attention for its self-as-
sembling properties, including amyloid formation and
its role in pathogenesis, and as a building block in the
design of supramolecular materials such as peptide
filaments, films, nanotubes, and crystals.2-7 Such unique
structure and functionality are a result of the amino
acid sequence, stereochemistry, and the ability to control
the polymer chain length and its polydispersity. For this
reason, protein-like self-assembly has become a pop-
ular new strategy in polymer science and engineering
for the synthesis of novel nanostructured materials.
Although recent progress has been made in living
polymerization techniques,8,9 the two most common
methods of amino acid polymer synthesis include Fmoc-
based solid-phase peptide synthesis and recombinant
protein production in a heterologous host.1 Short syn-
thetic peptides (∼7-40 aa) have contributed greatly to
our understanding of â-sheet assembly and supramo-
lecular organization.6,10 However, significantly less work
has been done on the production and characterization
of high molecular protein polymers of minimal complex-
ity that can undergo self-assembly. The use of a bio-
synthetic approach allows us to design and produce high
molecular weight polymers that exceed the limits of
sequential peptide synthesis (∼40 aa). This approach
has proven particularly advantageous in the production
of silk and elastin-like polymers and in the modular

design of artificial protein polymers (e.g., multiblock
copolymers).1,2,11-16

We previously described the construction and bacte-
rial expression of a multimeric gene encoding the
polymer, poly-EAK9 (17 236 Da), composed of an N-
terminal Histidine tag for affinity purification and the
“EAK” amino acid repeat sequence, (AEAEAKAKAE-
AEAKAK)9 (A ) alanine, E ) glutamate, K ) lysine).17

The synthesis and characterization of poly-EAK9 are
of particular interest in studying the self-assembly of
amphiphilic protein polymers. Sequences that contain
alternating polar and nonpolar residues are known to
adopt stable â-sheet structures and make up the most
prevalent binary pattern found in antiparallel â-strands
in natural proteins.18 Previous studies of amphiphilic
peptides, such as poly-Tyr-Glu and poly-Val-Lys, have
demonstrated a tendency to aggregate over time or with
changes in pH, salt concentration, or solvent condi-
tions.19,20 More recently, Dobson and co-workers have
suggested a generic tendency of proteins to undergo
fibril formation via the formation of a â-sheet hydrogen-
bonding network along the polypeptide backbone.21 The
stability, solubility, and conformational properties of
â-sheet fibrils, however, are inherently sequence de-
pendent as side-chain specific interactions determine
the physical and structural properties of the resulting
fibrils. Earlier studies by Zhang and co-workers using
short synthetic peptides of sequence (AEAEAKAK)2
demonstrated the formation of an organized supramo-
lecular structure in the presence of monovalent metal
ions which was extremely resistant to denaturation and
proteolytic degradation.22 Such structural assembly and
stability are due to the binary pattern of polar/nonpolar
residues and the favorable side-chain packing and
interactions (e.g., hydrophobic interactions along one
face of the â-sheet and electrostatic interactions along
the opposite side of the â-sheet). With a goal toward
producing a stable, self-assembling polymer for ad-
vanced material applications, the “AEAEAKAK” amino
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acid motif was chosen as the building block for the
biosynthetic production of a high molecular weight
analogue, poly-EAK9. The protein polymer’s conforma-
tion and self-assembly are characterized by circular
dichroism spectroscopy, Congo Red dye binding assays,
and FTIR spectroscopy. The morphology and dimensions
of the polymer supramolecular structures are estab-
lished by scanning electron microscopy, and the me-
chanical properties of the resulting gels are obtained
by rheological measurements.

Experimental Section
Materials. We previously described the construction and

expression of a multimeric gene of 504 base pairs encoding
the protein polymer, poly-EAK9 (17 236 Da), as a C-terminal
fusion to the decahistidine tag (2785 Da) in pET19b (Novagen,
Inc.).17 Inducible expression of the multimeric gene in bacterial
cultures of recombinant Escherichia coli strain BL21(DE3)
afforded ∼5 mg of poly-EAK9 per 1 L culture following
purification by immobilized metal affinity chromatography,
dialysis, and lyophilization. Amino acid analysis, N-terminal
sequencing, and MALDI-TOF mass spectrometry analysis
confirmed the sequence (shown below) and the molecular
weight of poly-EAK9. Although the decahistidine tag can be
removed via cleavage with cyanogen bromide, we found that
the presence of the tag did not inhibit fibril assembly and
subsequent gelation, making the use of a short affinity tag
for rapid purification even more attractive. All polypeptide
concentrations were determined by quantitative amino acid
analysis.

The amino acid sequence of poly-EAK9 is as follows:
GHHHHHHHHHHSSGHIDDDDKHM[AEAEAKAK-
AEAEAKAK]9A.

Circular Dichroism Measurements. Circular dichroism
(CD) spectra were recorded in the far-ultraviolet region
(190-250 nm) using an AVIV 62DS spectrometer (Aviv As-
sociates, Lakewood, NJ) and a 1.0 mm quartz cuvette. A
sampling interval of 1 nm and an averaging time of 3 s were
used in all experiments. Protein concentrations (0.625-7.4 µM)
were obtained by dilution from a working stock solution of
poly-EAK9 in water, in which the protein concentration was
determined by quantitative amino acid analysis. During
temperature ramp experiments (25-95 °C), samples were
equilibrated for 1-10 min prior to measurement, with no
noticeable difference in the CD spectra at longer equilibration
times. The pH-adjusted protein samples and those containing
denaturant were equilibrated overnight prior to CD analysis.
All samples and buffers were passed through a 0.22 µm filter
prior to use.

Congo Red Dye Binding Studies. The method of Klunk
et al.23 was used in the spectrophotometric analysis of Congo
Red (CR) + poly-EAK9 binding studies. Briefly, a 100-200
µM stock solution of Congo Red (Sigma-Aldrich) was prepared
in 0.22 µm filtered phosphate buffered saline (PBS, 10 mM
phosphate buffer, 2.7 mM KCl, and 127 mM NaCl, pH 7.4)
and 10% ethanol to prevent CR micelle formation. The
concentration of the filtered CR stock solution was determined
by measuring the absorbance at 505 nm (using a molar
absorptivity of 5.93 × 104 AU/(cm M) as reported by Klunk et
al.). Poly-EAK9 was dissolved in filtered PBS to a final
concentration of 350-550 µg/mL and magnetically stirred at
high rpm for 3 days (25 °C), resulting in a cloudy solution
presumably due to fibril formation and aggregation. To
maintain a homogeneous mixture, aliquots were removed
while continuously stirring the stock solution. Protein samples
(5-35 µg/mL) were incubated with Congo Red (1.8-6.1 µM)
for 30 min prior to spectral analysis. The absorbance spectra
of CR, poly-EAK9, and CR+poly-EAK9 were recorded using a
Beckman DU 640 spectrophotometer in the wavelength scan
mode (300-700 nm), with a 2 nm sampling interval.

FTIR Spectroscopy. Fourier transform infrared (FTIR)
spectra were recorded on a Nicolet Magna 560 spectrometer
purged with a continuous flow of N2 gas and equipped with a

CaF2 window. Semidilute solutions of poly-EAK9 were pre-
pared in water/phosphoric acid (pH 2, 150 µM) and hexafluoro-
2-propanol (HFIP, 1.6 mM), and the spectra were collected at
25 °C with a spectral resolution of 2 cm-1. Buffer spectra were
recorded under identical conditions to those of the protein
samples and subtracted from the protein spectra. A qualitative
analysis of poly-EAK9’s secondary structure was made by
comparison of the FTIR spectra to known peaks in the amide
I region (1600-1700 cm-1) corresponding to the R-helix/
disordered, â-turn, and â-sheet protein secondary structure.24

Electron Microscopy. Scanning electron microscopy was
performed on a Hitachi S-5000 operating at 10 kV. Samples
(0.5-1.5 mg/mL) were adsorbed to silicon chips with and
without a 0.1% w/v poly-L-lysine coating. (The poly-L-lysine
coating was found to have little effect on the sample morphol-
ogy as observed by SEM.) Protein samples were incubated for
5 min and rinsed with 0.1 M sodium cacodylate buffer (pH
7.2). Fixation occurred in cacodylate buffer with 2% glutaral-
dehyde. Samples were microwave heated to 37 °C for 40 s,
rinsed twice at room temperature with buffer (2.5 min incuba-
tion), and further fixed with 1% osmium tetroxide in cacodylate
buffer. Samples were again microwave heated to 37 °C for 40
s and subsequently rinsed with buffer for 30 s at room
temperature. Sample dehydration was achieved by sequential
incubation in 50, 70, 90, and 100% ethanol and subsequent
exchange with liquid CO2 in a Tousimis AutoSamdri 815,
series A, critical point drying apparatus. Using a Balzers High
Vacuum Unit BAF 301, critical point dried samples were
coated with platinum (1-2 nm) and carbon (12 nm) to enable
both secondary electron and backscattering detection. Samples
were stored in a desiccator when not in use. Although the
fixation and dehydration procedure may have introduced some
structural artifacts into the samples, the dramatic differences
in the observed morphology between samples are assumed to
be intrinsic to the materials as the sample preparation protocol
was the same for all samples.

Rheology. A Rheometrics RMS-800 mechanical spectrom-
eter with a cone-and-plate geometry (25 mm diameter, 0.1 rad
cone) was employed for dynamic mechanical spectroscopy. A
75 µM protein solution (0.13 wt %) in 2% acetic acid (0.475
mL) was placed on the plate of the rheometer, and a stainless
steel cone was lowered to a truncation height of 56 µm. The
cone and the protein sample were subsequently surrounded
by a cellulose dialysis membrane (Pierce, Inc.), and ap-
proximately 25 mL of 10 mM sodium phosphate buffer (final
pH 7) was added to the plate holder, submerging the protein
sample and allowing for buffer exchange through the cellulose
membrane to induce gelation. A water bath was used to
maintain the sample temperature at 25 °C, and the plate
holder was sealed with aluminum foil to minimize evaporative
losses. After equilibration for roughly 12 h, the dialysis
membrane was removed and the torque and normal forces
were zeroed, and the linear viscoelastic region was determined
by strain sweep experiments at constant frequency (0.01-10
rad/s). The storage (G′) and loss (G′′) moduli were subsequently
measured as a function of frequency, from 0.01 to 10 rad/s at
constant strain (15%).

Results and Discussion

1. Dilute Solution Properties. a. Secondary Struc-
ture. Far-UV circular dichroism (CD) spectroscopy was
used to measure the secondary structure of poly-EAK9
in aqueous solution. The CD spectra indicate a pure
â-sheet structure, of the poly-L-lysine antiparallel
type,25,26 displaying a maximum near 195 nm and a
single minimum at 218 nm (Figure 1). Although a slight
decrease in the molar mean residue ellipticity is ob-
served at 218 nm for the lowest protein concentration,
poly-EAK9’s secondary structure appears largely inde-
pendent of concentration and is maintained even at the
submicromolar level (0.625 µM). Poly-EAK9 displays
surprisingly large values for the maximum (195 nm) and
minimum (218 nm) ellipticities in the observed CD
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spectra. For example, the mean molar ellipticity per
residue, Θ, at 218 nm is ∼-48 000 deg cm2/dmol at
protein concentrations g 1.25 µM. In comparison,
structurally well-defined â-sheets in natural proteins
typically display Θ ∼ -10 000 deg cm2/dmol,10 and 16-
residue synthetic peptides of similar sequence to poly-
EAK9 display Θ ∼ -25 000 deg cm2/dmol.22,27,28 Large
and negative CD signals near 218 nm appear charac-
teristic of highly associated â-sheet structures,29-31

suggesting a high degree of self-assembly in poly-
EAK9’s â-sheet structure even at low protein concentra-
tions.

b. Structural Stability. The effect of pH, urea, and
temperature on poly-EAK9’s secondary structure was
investigated to determine the material’s structural
stability under environmental stress. It was found that
the â-sheet structure of poly-EAK9 is extremely resis-
tant to denaturation over a wide range of temperature
and solvent conditions. All spectra indicate a stable
â-sheet structure from pH 1.9 to pH 11 (Figure 2). At
pH 1.9, a lower CD signal is observed near the 195 nm
region, possibly due to a change in the â backbone
twist.32 Such stability may be attributed to the ionic
bonding between glutamate and lysine residues in the
i,i+4 positions along the protein polymer chain as seen
in synthetic EAK-based peptides with i,i+4 ionic inter-
actions.27,33 Since the pKa of Glu and Lys residues are
4.4 and 10.0, respectively, it is likely that the â-sheet
structure under highly basic or acidic conditions is
stabilized by singly charged hydrogen bonds rather than
ionic salt-bridges between the Lys and Glu residues.

Poly-EAK9 also displays resistance to denaturation
by urea. All spectra indicate a stable â-sheet structure
in 2-8 M urea with no significant change in the
ellipticity over the concentration range examined; the
mean molar ellipticity at 218 nm remained constant at
-23 000 deg cm2/dmol. Compared to natural â-sheet
proteins, which typically denature at concentrations
above 4 M urea, poly-EAK9 shows a high degree of
structural stability in the presence of a strong denatur-
ing agent. It is interesting to note, however, that the
ellipticity at 218 nm is approximately 50% of the value
observed in water under similar conditions. Urea has
been shown to disrupt â-sheet aggregation in amyloidic
peptides, as observed by electron microscopy and cir-
cular dichroism.34 Therefore, a change in the aggrega-
tion of the â-sheet structure may explain poly-EAK9’s
reduced ellipticity in urea at low protein concentrations.

The â-sheet structure of poly-EAK9 was also shown
to be stable between 25 and 95 °C. A temperature ramp
experiment was performed using equilibrated samples
of poly-EAK9 in water, with a 10 °C sampling interval
(Figure 3). As seen by the negative ellipticity at 218 nm,
the â-sheet structure was maintained even as the
temperature of the sample approached the boiling point
of water. The ellipticity at 218 nm displayed an inverse
dependence on temperature, suggesting minor confor-
mational changes in poly-EAK9’s â-sheet structure upon
heating.

c. Congo Red Dye Binding Assay. To compare the
quaternary structure of poly-EAK9 to other fibrillar
â-sheet protein and peptide species, Congo Red binding
studies were performed. Congo Red (CR) is a sulfonated
diazo dye that binds preferentially, but not exclusively,
to proteins and peptides exhibiting a cross-â-structure,
characterized by â-sheet stacking perpendicular to the
fibril axis.30,31,35 To study poly-EAK9’s quaternary struc-
ture under physiological salt and pH conditions, the
protein was dissolved in filtered PBS buffer and sub-
sequently stained with CR following the method of
Klunk et al.23 It was found that poly-EAK9 in PBS
buffer forms aggregates which bind CR as evidenced by
the characteristic hyperchromicity and red shift in the
absorbance of the bound CR (Figure 4). Similar phe-
nomena have been observed in insulin fibrils, the
Alzheimer’s â-peptide, and other amyloidic peptides.23,30,36

CR has been used extensively as a histologic dye for
amyloid protein detection, and the mechanism of CR
interaction with â-sheet fibrils is currently under in-
vestigation. Electrostatic interactions between charged
side chain residues and the sulfonate and amino groups
of the dye along with intercalation of CR between

Figure 1. Poly-EAK9’s â-sheet structure in water at 25 °C.
CD spectra measured over a range of protein concentrations
[(0) 2.5 µM, (b) 1.25 µM, and (4) 0.625 µM] demonstrate a
high degree of structural stability even at submicromolar
protein concentrations.

Figure 2. Poly-EAK9’s (1.25 µM) structural stability over a
range of pH. CD spectra (25 °C) measured at pH 11 (b), pH
8.4 (0), pH 5.6 (4), and pH 1.9 (×).

Figure 3. Thermal stability of poly-EAK9 (5 µM). The â-sheet
structure is still present at 95 °C, although a 50% reduc-
tion in the molar mean residue ellipticity at 218 nm (-[θ] deg
cm2/dmol) was observed from 25 to 95 °C.

2934 Goeden-Wood et al. Macromolecules, Vol. 36, No. 8, 2003



protein molecules, protein â-sheet structure, and pla-
narity requirements have been suggested as key factors
in CR binding.23,35,37-41 Although the structural specific-
ity of CR binding is not yet known,35,41 similarities in
the CR dye binding studies of poly-EAK9 and well-
characterized fibrillar â-sheet proteins suggest the
presence of an ordered quaternary â-sheet structure in
poly-EAK9 under physiological salt and pH conditions.

2. Semidilute Solution Properties. A key issue in
controlling the self-assembly of poly-EAK9 into fibrils
and gels was found to be protein solubility. We observed
a strong tendency for poly-EAK9 to aggregate in most
solvents we tested under semidilute protein concentra-
tions (∼1-10 mg/mL). This is not surprising, as the
polymer was designed to include strong side chain
interactions and â-sheet hydrogen bonding to facilitate
self-assembly. However, under conditions of low solubil-
ity, amorphous aggregates were observed which were
resistant to subsequent solvation upon dilution. To
determine the optimum solvent conditions for prepara-
tion of stock solutions, lyophilized protein was dissolved
in a range of solvents including water with acetic acid
(pH 3), water with phosphoric acid (pH 2), hexafluoro-
2-propanol (HFIP), benzyl alcohol, and a denaturing
buffer containing 8 M urea, 100 mM NaH2PO4, and 10
mM Tris-Cl (pH 8) which was used in protein purifica-
tion. Poly-EAK9 was found to be weakly soluble in
benzyl alcohol (<1.75 mg/mL) and formed a transparent
gel after 2 days in the urea denaturing buffer (protein
concentrations > 300 µg/mL). Poly-EAK9 was moder-
ately soluble at low pH (∼1-5 mg/mL) and even more
soluble in HFIP (>20 mg/mL). At low pH, the Glu
residues are protonated, resulting in a net positive
charge that would disfavor protein self-assembly due
to electrostatic repulsion. Self-assembly would also be
disfavored in HFIP, a strong hydrogen bond donor,
which has been shown to have a dramatic effect on
â-sheet content, favoring the formation of random coil
and R-helical conformations in a designed â-sheet pep-
tide.3 These observations were consistent with FTIR
spectra of poly-EAK9 in HFIP and in water (pH 2). Poly-
EAK9 in HFIP displayed a maximum amide I peak at
1653 cm-1 (Figure 5a), consistent with the presence of
largely helical and/or disordered structures, while
samples in water at low pH displayed a lesser peak at
1652 cm-1 and a new dominant amide I peak at 1625
cm-1(Figure 5b), indicative of intermolecular â-sheet
formation. The 1539 cm-1 peak in the amide II region

(1500-1600 cm-1) is also consistent with a â-conforma-
tion.24,42,43

a. Fibril Morphology. To study the microstructure
of poly-EAK9 fibrils and gels, scanning electron micros-
copy was performed. Protein samples were incubated
at room temperature approximately 1 week prior to
SEM imaging. Many authors have reported slow kinet-
ics during â-sheet fibril formation,44-46 suggesting time
scales from one to several weeks for obtaining equilib-
rium structures. We observed little difference in the
morphology of poly-EAK9 fibrils equilibrated 1 week
and those equilibrated for longer time periods, up to 1
month. Figure 6 illustrates the morphological features
of poly-EAK9 in an aqueous, low-pH solvent (2% acetic
acid) and an organic solvent (benzyl alcohol). Poly-EAK9
(30 µM) displayed smooth, well-defined fibrillar struc-
tures in 2% acetic acid. The fibrils appear to have a
uniform diameter of approximately 10-20 nm. Although
overlap of fibrils made it difficult to identify their ends
and estimate their length, pieces of fibrils between
points where they meet or cross were approximately

Figure 4. Shift of the Congo Red absorption peak on the
addition of poly-EAK9. Absorbance spectra of unbound Congo
Red (-, 4.6 µM; 0, 6.1 µM) and Congo Red bound to 35 µg/mL
(2 µM) poly-EAK9 in PBS buffer (-, 4.6 µM CR + poly-EAK9;
9, 6.1 µM CR + poly-EAK9).

Figure 5. Fourier transform IR spectra of amide I (1700-
1600 cm-1) and amide II (1600-1500 cm-1) bands of poly-
EAK9 in (a) HFIP (1.6 mM) and (b) water, pH 2 (150 µM).
Maximum amide I band at 1653 cm-1 is characteristic of an
R-helical/disordered structure, whereas the peak at 1625 cm-1

corresponds to a â-sheet conformation.

Figure 6. Morphology of poly-EAK9 in 2% acetic acid (30 µM,
left) and benzyl alcohol (90 µM, right). SEM images are at
50 000× (first row) and 150 000× (second row) magnification.
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200-500 nm in length. Poly-EAK9 did not form ribbons
or sheetlike arrays, as observed in several â-sheet
peptides and proteins,2,34,47 and the fibrils did not
exhibit any clear axial substructures, such as helical
twisting, transverse banding, or periodic coiling. Such
uniform fibril morphology and dimensions, particularly
the fibril diameter, suggest a highly stable structure
that was reproducible between different protein sam-
ples prepared under similar conditions. In contrast,
poly-EAK9 displayed a poorly defined morphology in
benzyl alcohol (90 µM, Figure 6). Aggregates lacked the
regular fibrillar morphology associated with amyloid-
like structures, appearing as an inhomogeneous net-
work of interconnected beaded filaments with nodular
features. The unique microstructure of poly-EAK9 under
aqueous and nonaqueous conditions was observed over
a range of protein concentrations (30-100 µM) and is
presumably the result of differences in the interactions
between the protein and the solvent, highlighting the
importance of the hydrophobic effect on uniform fibril
assembly.

Interestingly, the small diameter of poly-EAK9 fibrils
under aqueous conditions is not consistent with the
extended â-strand length of poly-EAK9, predicted to be
56 nm (3.35 Å × 168 residues).32 Although circular
dichroism and FTIR experiments suggest that poly-
EAK9 adopts an extended â-strand conformation in an
antiparallel â-sheet supramolecular aggregate, the exact
structure is unknown. In amyloid fibrils, X-ray fiber
diffraction studies have revealed a characteristic “cross-
â-structure”, in which the â-strand of the precursor
protein assembles perpendicular to the fibril axis via
hydrogen bonding.48 However, in addition to polymer
chain length, the protein’s secondary structural ele-
ments, helical twist, â-sheet packing, chain folding, and
side chain interactions determine the resulting fibril
diameter. It is interesting to note that several “EAK”-
based materials are reported to have similar fibril
diameters to those measured in poly-EAK9 fibrils.
Zhang and co-workers observed fibrils with a 10-20 nm
diameter following self-assembly of the synthetic pep-
tide, (AEAEAKAK)2.22 Similarly, Conticello and co-
workers observed 10-20 nm diameter fibrils (dispersed
in a less structured matrix) following self-assembly of
a 47 kDa silk-mimetic copolymer containing alternating
(AEAEAKAK)2 and (GPGQQ)6 repeat units.7 The ap-
parent insensitivity of fibril diameter to polymer chain
length has also been reported in amyloid fibrils, such
as the Aâ(1-40) peptide implicated in Alzheimer’s
disease, the prion PrPSC, and Transthyretin, which all
appear as ∼10 nm diameter fibrils despite the range in
peptide and protein chain lengths (20-127 residues).49

Lack of three-dimensional information on how the
â-strand precursor relates to overall fibril assembly is
due in part to the difficulty in performing X-ray crystal-
lography and NMR analysis of higher molecular weight
fibrillar proteins.

b. Gel Properties. Poly-EAK9 was observed to gel
upon equilibration in buffered salt solutions at neu-
tral pH. Samples of poly-EAK9 in 2% acetic acid (∼1
mg/mL, 0.5 mL) were placed in dialysis cassettes
(Pierce, Inc.) and incubated in sodium phosphate buf-
fer (10 mM, pH 7.4) to induce gelation. After 30 min,
the protein material formed a transparent, self-sup-
porting gel that was stably maintained for weeks in
solution. The microstructure of the protein gel was
characterized by SEM and displayed a network of

uniform, highly ordered fibrils (Figure 7). Similar fibril
diameters (∼10-20 nm) were observed between the
poly-EAK9 gels in 10 mM sodium phosphate buffer (90
µM, Figure 7) and the poly-EAK9 fibrils in 2% acetic
acid (30 µM, Figure 6). However, at the higher protein
concentration of the gelled samples, a more densely
packed polymer network was observed, with a smaller
mesh size of ∼100-200 nm.

c. Dynamic Mechanical Properties. The dynamic
mechanical spectrum of a typical poly-EAK9 gel (75 µM,
0.13 wt %) in 10 mM sodium phosphate buffer (pH 7.4)
was obtained by small-strain oscillatory shear experi-
ments. Following a 12 h incubation in the sodium
phosphate buffer, a dramatic increase was observed in
the storage modulus (data not shown). In the gel state,
the storage modulus (G′) was found to be an order of
magnitude larger than the loss modulus (G′′), indicative
of an elastic material. G′ and G′′ appear to be essentially
independent of frequency (ω) from 0.01 to 10 rad/s,
suggesting a long relaxation time for the network which
is not reflected in the measurements. Such dynamic
mechanical behavior is characteristic of self-assembled
polymers composed of long and entangled chains, which
is consistent with poly-EAK9’s microstructure as imaged
by SEM (Figure 7). The long relaxation time of the
polymer network is also consistent with the observation
that the polymer gels were resistant to flow, following
sample inversion. G′ was approximately 50 Pa over the
frequencies probed; higher storage moduli (>100 Pa)
have been observed at higher protein concentrations
(data not shown).

Dynamic mechanical properties of poly-EAK9 (168
residues) and the 16-residue synthetic peptide, (AEAE-
AKAK)2, were also compared to determine the effect of
polymer chain length on gel properties. Interestingly,
under the same experimental conditions (0.1 wt %
peptide in 10 mM sodium phosphate buffer, pH 7.4), the
16-residue synthetic peptide, AEAEAKAKAEAEAKAK,
formed a much weaker gel than poly-EAK9. Even at a
10-fold higher molar concentration, the storage modulus
(G′) of the synthetic peptide gel is less than that
observed in poly-EAK9 gels (Figure 8). Since the amino
acid sequence of poly-EAK9 and the peptide are almost
identical, except for the presence of poly-EAK9’s N-
terminal His tag, such differences in dynamic mechan-
ical behavior are likely due to the differences in the
polymer chain length, which can affect the strength of
the hydrogen-bonding network and the side chain
interactions that dictate the material properties of the
resulting fibrils. Our findings suggest that polymer
chain length may prove to be an important design

Figure 7. Morphology of poly-EAK9 gel (75 µM, 0.13 wt %)
following incubation in 10 mM sodium phosphate buffer, pH
7.4. SEM images are at 10 000× (left) and 50 000× (right)
magnification.
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parameter in modulating the mechanical properties of
self-assembling protein gels.

Conclusions

Understanding and controlling the self-assembly pro-
cess of â-sheet polymers offers unique opportunities in
the design of supramolecular structures for advanced
material applications. In addition, the use of a biosyn-
thetic approach to polymer synthesis allows precise
control over the amino acid sequence and chain length
in order to tune polymer mechanical properties. Here
we have demonstrated that a high molecular weight,
biosynthetic protein polymer of minimal complexity can
be designed to self-assemble in solution to form â-sheet
fibrils and transparent, self-supporting gels. Circular
dichroism and FTIR results suggest that poly-EAK9
adopts an extended â-strand conformation in an anti-
parallel â-sheet supramolecular aggregate. The struc-
ture appears highly stable and resistant to denaturation
over a broad range of temperature and solvent condi-
tions. Congo Red dye binding assays support the pres-
ence of amyloid-like fibrils, and scanning electron
microscopy studies confirm that these supramolecular
structures are in fact smooth, well-defined fibrils, ap-
proximately 10-20 nm in diameter. Triggered gelation
occurs under physiological conditions, suggesting the
potential use of poly-EAK9 in biocompatible and biode-
gradeable material applications such as local drug
delivery and soft-tissue replacement or as an extracel-
lular matrix analogue. Rheological and SEM experi-
ments are consistent with the formation of an entangled
polymer network, in which the polymer mesh size
appears to be inversely related to protein concentration.

By demonstrating that the N-terminal decahistidine
tag does not inhibit gel formation, we have further
illustrated the usefulness of this tag for high yield,
affinity purification, of recombinant protein polymers.
Further study is needed to characterize the effect, if any,
the decahistidine tag has on gel properties and the effect
of sequence design and polymer chain length on protein
conformation, self-assembly, and stability. Further modu-
lation of the mechanical properties of â-sheet polymer
gels will likely result in a broad spectrum of novel
properties and applications.
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