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ABSTRACT: Protein engineering strategies have proven valuable for the production of a variety of well-defined
macromolecular materials with controlled properties that have enabled their use in a range of materials and
biological applications. In this work, such biosynthetic strategies have been employed in the production of
monodisperse alanine-rich, helical protein polymers with the sequences [AAAQEAAAAQAAAQAEAAQAAQ]3

and [AAAQAAQAQAAAEAAAQAAQAQ] 6. The composition of these protein polymers is similar to that of a
previously reported family of alanine-rich protein polymers, but the density and placement of chemically reactive
residues has been varied to facilitate the future use of these macromolecules in elucidating polymeric structure-
function relationships in biological recognition events. Both protein polymers are readily expressed fromE. coli
and purified to homogeneity; characterization of their conformational behavior via circular dichroic spectroscopy
(CD) indicates that they adopt highly helical conformations under a range of solution conditions. Differential
scanning calorimetry, in concert with CD, demonstrates that the conformational transition from helix to coil in
these macromolecules can be well-defined, with helicity, conformational transitions,Tm values, and calorimetric
enthalpies that vary with the molecular weight of the protein polymers. A combination of infrared spectroscopy
and CD also reveals that the macromolecules can adoptâ-sheet structures at elevated temperatures and
concentrations and that the existence and kinetics of this conformational transition appear to be related to the
density of charged groups on the protein polymer.

Introduction

The use of biologically directed methods of synthesis has
become a common tool for the production of macromolecules
with well-defined molecular weights and sequences. The control
over molecular weight allows the synthesis of monodisperse
protein polymers that can display interesting liquid crystalline
behaviors such as those seen in poly(benzyl-R-L-glutamates).1

The sequence control of biologically directed methods offers
control over the placement of specific side groups displayed
by amino acids as secondary structure can be intrinsically
defined by the sequence of the protein polymer. Mimics of
naturally occurring proteins including silk,2-6 elastin,7 and
collagen6 have been synthesized via biological methods in order
to take advantage of the excellent mechanical and biological
properties of the natural proteins. For example, numerous studies
of polypeptides based on silk protein sequences have been
conducted in order to gain insight into the effect of secondary
structure on the unmatched mechanical properties of various
silks.3-8

The structure control gained from biologically directed
methods of synthesis facilitates the production of artificial
protein polymers with desired structure and properties for
biomaterials applications. The biological synthesis of functional
R-helical polypeptides and proteins offers the unique opportunity
to investigate the importance of structure and functional group
placement in the mediation of biological processes by biosyn-
thetic macromolecules. In particular, theR-helix is a prominent
motif in controlling protein assembly and the presentation of
functional groups in natural proteins such as involucrin9 and
the antifreeze proteins.10,11 The formation of the corneocyte
protein envelope in the epidermis is suggested to be controlled
by the folding of the protein innvolucrin into an appropriate

helical conformation,9 and alanine-rich,R-helical, type I anti-
freeze proteins inhibit ice crystal growth in arctic fish through
the controlled presentation of hydroxyl groups.10,11Genetically
synthesized functionalR-helical polypeptides, however, have
not been widely studied outside of investigations employing
coiled-coil motifs,12-19 although there have been recent studies
that exploit the display of functional groups along an alanine-
rich R-helical backbone for applications in electrostatic assembly
of nanostructured materials and in the manipulation of multi-
valent binding events.20-22

Numerous reports have explored synthetic polyalanine se-
quences as a model for the folding of theR-helix, as polyalanine
has a high propensity for helicity and there are no side-chain
stabilization effects to complicate determinations of helical
propensity. Accordingly, fundamental studies of a large variety
of alanine-rich peptides have shown these sequences convert
from R-helical to random coil conformations with increasing
temperature, and the fractional helicity and stability increase
with peptide length.23,24 The conformational transitions of
alanine-rich peptides have also been investigated in conjunction
with understanding neurodegenerative disorders in which pep-
tides undergo a conversion from cellular-allowed conformations
(helix and random coil) to aâ-sheet conformation.25 Specifically,
certain alanine-rich peptides and proteins displayR-helix,
random coil, andâ-sheet conformations depending on solution
conditions26-28 and convert from anR-helix to a â-sheet
structure when incubated at elevated temperatures.21,25 The
determinants controlling such conformational behavior are of
continued interest as they can relate to pathological conditions
in vivo. Therefore, the synthesis of alanine-rich protein polymers
via biological methods offers opportunities in a variety of
applications including those in which control of functional group
placement is important as well as those aimed at elucidating
the structural determinants of protein aggregation processes.* Corresponding author. E-mail: kiick@udel.edu.
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We have previously reported the synthesis and characteriza-
tion of a family of alanine-rich helical protein polymers of the
general sequence [(AAAQ)y(AAAE)(AAAQ) y]x, which were
synthesized via protein engineering strategies.21 Protein poly-
mers from this family were shown to be highlyR-helical at
low temperatures and maintain that helicity under physiological
temperatures and salt concentrations. These protein polymers
also displayed an irreversible transition toâ-sheet at tempera-
tures above 55°C. Here we report the biosynthesis and
characterization of two additional alanine-rich helical protein
polymer families, [AAAQEAAAAQAAAQAEAAQAAQ] x and
[AAAQAAQAQAAAEAAAQAAQAQ] x, which possess very
similar amino acid compositions to that of [(AAAQ)y(AAAE)-
(AAAQ) y]x and should therefore exhibit similarly useful con-
formational properties. The sequences maintain a ratio of alanine
(A) to glutamine residues (Q) of approximately 3:1. Alanine
and glutamine both provide a high tendency for helix formation;
the inclusion of the polar Q residues may minimize aggregation
and increase solubility, as has been reported previously for
alanine-rich peptides.29-31 The number of glutamic acid residues
is manipulated via variations in thex value, while sequence
differences permit variation in the glutamic acid density.
Alterations in these sequences relative to the previously reported
protein polymer have been made in order to control the density
of the glutamic acid residues (E) along the helical backbone.
These sequences, therefore, offer multiple families of protein
polymers with desired conformational properties and varied
densities of chemically reactive groups for future uses in the
presentation of biologically active ligands and/or mediation of
materials assembly. In this work, we report the design, synthesis,
and characterization of the conformational properties of protein
polymers with the specific sequences [AAAQEAAAAQAAA-
QAEAAQAAQ]3 (A3) and [AAAQAAQAQAAAEAAAQA-
AQAQ]6 (B6).

Materials and Methods

Materials. A mutagenized version of the pET-19b plasmid
(altered via site-directed mutagenesis to eliminate aSap I site32)
was a gift of N. L. Goeden-Wood and J. D. Keasling. The
expression plasmid pET-28b was obtained from EMD Biosciences
(San Diego, CA). The restriction endonucleaseEam1104 I was
obtained from MBI Fermentas (Hanover, MD), while all other
restriction endonucleases were obtained from New England Biolabs
(Beverly, MA) or Invitrogen (Carlsbad, CA). Synthetic oligonu-
cleotides were obtained from Sigma Genosys (The Woodlands, TX).
Oligonucleotide and plasmid purification kits and nickel-chelated
sepharose resin were obtained from Qiagen (Valencia, CA). General
reagents for protein expression and purification were obtained from
Sigma (St. Louis, MO) and Fisher Scientific (Fairlawn, NJ).

DNA Monomer and Cloning Plasmid Construction. All
molecular biology procedures were conducted according to standard
protocols33 and are not described in detail here. Two DNA
sequences were designed to encode the amino acid sequences
[AAAQEAAAAQAAAQAEAAQAAQ] and [AAAQAAQAQAA-
AEAAAQAAQAQ]. These DNA sequences were flanked by type
IIS restriction enzyme recognition sitesBsa I and Eam1104 I,
respectively (Figure 1a,b), to permit the removal of the monomer
DNA sequence from a cloning plasmid. The use of the two different
restriction enzymes in the design of these constructs resulted from
difficulties encountered in the initial cloning of the [AAAQEAA-
AAQAAAQAEAAQAAQ] sequences with theEam1104 I restric-
tion enzyme. TheBsa I was therefore employed to provide a five
base pair overhang, which improved the ligation of the sequences
into the expression plasmid (see below). The additional alanine
residue encoded at the end of both monomer sequences is included
in order to maintain the continuity of the desired sequence upon
multimerization after digestion with the type IIs restriction enzymes.

The type IIS restriction sites were also flanked byEcoR I andBamH
I restriction sites for efficient cloning of the oligonucleotide into
the cloning plasmid pUC19. The protocols described in a previous
paper21 were followed for ligation of the oligonucleotides encoding
the monomer sequences and flanking restriction sites into the
recipient cloning vector, pUC19. The plasmids containing the
appropriate DNA sequences for [AAAQEAAAAQAAAQAE-
AAQAAQ] and [AAAQAAQAQAAAEAAAQAAQAQ] were iden-
tified via sequencing analysis and designated as pUC19-A and
pUC19-KLK-B.

Expression Plasmid Construction.The multiple cloning sites
of two expression plasmids, pET28b and a mutagenized pET-19b,32

were modified by the insertion of an oligonucleotide linker. The
linker designed for the pET28b plasmid (Figure 1c) contains
terminalNco I and BamH I restriction sites for insertion into the
plasmid, and two internalBsaI restriction sites allow for insertion
of the oligonucleotide encoding the target protein polymer,
[AAAQEAAAAQAAAQAEAAQAAQ]. A DNA linker inserted
into the mutagenized pET-19b (Figure 1d) was also designed to
contain terminalNco I and BamH I restriction sites but contains
two internalSapI restriction sites, rather thanBsa I sites, which
permit insertion of the oligonucleotide which encodes the protein
polymer sequence [AAAQAAQAQAAAEAAAQAAQAQ]. Both
DNA linkers were designed to encode N-terminal decahistidine
fusion tags (Figure 1c,d), which permit protein polymer purification
via metal chelate affinity chromatography. The DNA sequences
encoding these linker sequences were annealed and ligated into their
respective plasmids, as described previously.21 Plasmid DNA
containing the correctBsaI linker DNA sequence was designated
as pET28b-JS1, and plasmid DNA containing the correctSap I
linker DNA sequence was designated as pET19b-RF1. Two
different expression plasmids were selected for the insertion of the
oligonucleotide linkers to ensure that theBsaI andSapI restriction
sites in the linker sequence were the only such restriction sites and
would therefore permit ligation of the genes encoding the target
polypeptides in the appropriate region of the expression plasmid.

To isolate the oligonucleotide sequence for insertion into the
expression plasmids, the plasmid pUC19-A was digested with the
restriction enzymeBsa I (50 °C, 4 h), and the DNA fragment
corresponding to the target protein polymer (66 bp) was isolated
via agarose gel electrophoresis. The purified monomer DNA was
then ligated via treatment with T4 DNA ligase into the pET28b-
JS1 plasmid that had been previously digested withBsa I (50 °C,
4 h), dephosphorylated via treatment with calf intestinal alkaline
phosphatase (CIP), and purified. The production of expression
plasmids carrying artificial repetitive genes of varying lengths was
confirmed via restriction digest analysis of the plasmids with the
enzymesBamH I and Nco I (37 °C, 1 h) and subsequent analysis
via agarose gel electrophoresis. The isolation of the target DNA
sequence, [AAAQAAQAQAAAEAAAQAAQAQ], from pUC19-
KLK-B was performed via digestion of the cloning plasmid with
Eam1104 I (37°C, 16 h) and subsequent isolation via agarose gel
electrophoresis. The pET19b-RF1 plasmid was digested withSap
I (37 °C, 16 h) to allow for the insertion of the purified DNA
fragment, which was verified via restriction digest analysis. All
gene sequences were confirmed via dideoxy sequencing analysis.
The plasmids containing the target DNA sequences were designated
as pET28b-JS1-AX (whereX denotes the number of [AAAQEA-
AAAQAAAQAEAAQAAQ] repeats) or pET19b-RF1-BX (where
X denotes the number of [AAAQAAQAQAAAEAAAQAAQAQ]
repeats).

Protein Expression and Purification. The plasmids pET28b-
JS1-A3 and pET19b-RF1-B6 were used to transform chemically
competent cells ofE. coli strain BL21(DE3)pLysS. Table 1 lists
the protein polymer sequences expressed with their respective
abbreviations and expected molecular weights.

Protein expression ofA3 and B6 was conducted via standard
methods employing chemical induction (isopropyl-â-D-thiogalac-
topyranoside, IPTG, final concentration 0.4 mM) of cultures of the
expression hosts (500 mL) supplemented with appropriate antibiot-
ics (kanamycin (35µg/mL) and chloramphenicol (35µg/mL) for
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pET28b-JS1-A3; ampicillin (200µg/mL) and chloramphenicol (35
µg/mL) for pET19b-RF1-B6). Cells were harvested 4 h after
induction via centrifugation (6000 rpm, 10 min), the supernatant
was decanted, and the cell pellets were resuspended in 8 M urea at
pH 8.0 (1 g cell/ 4 mL buffer) and frozen at-20 °C. Protein
expression was monitored via sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) of samples with normalized
OD600 and visualized via Coomassie blue staining.

The target protein polymer was purified from the cell lysate via
immobilized metal chelate affinity chromatography with stepwise
pH gradient elution under denaturing conditions (Qiagen). Eluted
protein polymer was dialyzed batchwise against distilled water at
4 °C for 5 days. The dialysate was lyophilized to yield 15-20 mg
of the purified target protein polymer per liter of culture. The purity
of the polypeptides was monitored via SDS-PAGE and confirmed

via reverse-phase HPLC and amino acid analysis. The molecular
weight of the purified polypeptide was confirmed via MALDI-TOF
mass spectrometry, the conformational properties of the protein
polymers were characterized via circular dichroic spectroscopy, and
thermally induced conformational changes were monitored via
differential scanning calorimetry.

General Characterization. DNA sequencing of plasmids was
performed by the College of Agriculture sequencing facility at the
University of Delaware. Analysis of the amino acid composition
of purified protein polymer was performed by the Molecular
Analysis Facility at the University of Iowa (Iowa City, IA).

MALDI-TOF. MALDI-TOF analysis of purified protein poly-
mer was performed at the Mass Spectrometry Facility in the
Department of Chemistry and Biochemistry at the University of
Delaware on a Biflex III (Bruker, Billerica, MA). The samples were

Figure 1. DNA sequence of inserts used in plasmid construction. (a) Oligonucleotide sequence inserted into the cloning vector, pUC19, to yield
pUC19-A. (b) Oligonucleotide sequence inserted into the cloning vector, pUC19, to yield pUC19-KLK-B. (c) Oligonucleotide sequence inserted
into the expression vector pET28b to yield pET28b-JS1. (d) Oligonucleotide sequence inserted into the expression vector pET19b to yield pET19b-
RF1. The double line in the sequences of (c) and (d) indicate extraneous bases inserted to increase the length of the DNA segment removed from
pET28b and pET19b upon digestion withBsa I or SapI restriction enzymes, respectively.

Table 1. Sequence, Molecular Weight, and Nominal Distance between Glutamic Acid Residues for Each of the Sequences Studied

sequence MW (Da) approx spacing (Å) no. of A no. of Q no. of E A:Q

A3 [AAAQEAAAAQAAAQAEAAQAAQ] 3 8875 17 45 15 6 3:1
B6 [AAAQAAQAQAAAEAAAQAAQAQ] 6 14159 35 90 36 6 2.5:1
C2a [(AAAQ) 5(AAAE)(AAAQ) 5]2 9889 65 66 20 2 3.3:1

a Previously reported.21 Included for comparison purposes.
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prepared in a 3,5-dimethoxy-4-hydroxycinnamic acid matrix with
the calibration mixture of bovine insulin (MW) 5734.59),
thioredoxin fromE. coli (MW ) 11 647.48), and horse apomyo-
globin (MW ) 16 952.56). Data were recorded using the Omni-
FLEX program and subsequently analyzed in the XmassOmni
program.

Circular Dichroic Spectroscopy.Circular dichroic spectra were
recorded on an AVIV 215 spectrophotometer (Proterion Corp.,
Piscataway, NJ) or a Jasco J-810 spectrophotometer (Easton, MD)
in a 1 mmpath length quartz cuvette in the single-cell mount setup.
Background scans of buffers (pH 2.3, 10 mM phosphate; pH 2.3,
10 mM phosphate, 150 mM NaCl) were recorded and manually
subtracted from the sample spectra. Samples ofA3 were made at
a concentration of approximately 25-30 µM via dilution of a 113
µM stock solution of protein polymer in pH 2.3, 10 mM phosphate,
while samples ofB6 were made at a concentration of approximately
10-20 µM upon dilution of a 70µM stock solution. Protein
polymer concentrations were confirmed via quantitative amino acid
analysis employing an internal standard, norvaline. Data points for
the wavelength-dependent CD spectra were recorded at every
nanometer, with a 1 nmbandwidth and a 5 saveraging time for
each data point. Data points for the kinetic scans were recorded at
222 nm at 1 min intervals. The mean residue ellipticity, [θ]MRW

(deg cm2 dmol-1), was calculated using the molecular weight of
the protein polymer and cell path length.

Differential Scanning Calorimetry. Calorimetric experiments
were performed on a Microcal VP-DSC (Northhampton, MA),
equipped with sample cells with a volume of∼0.5 mL. Initially,
both cells were filled with buffer (pH 2.3, 10 mM phosphate or
pH 2.3, 10 mM phosphate, 150 mM NaCl) to determine the
background, which was manually subtracted from data. Samples
of A3 (113µM) andB6 (70 µM) were heated at a constant rate of
1 °C/min and cooled at the machine-determined rate of∼6 °C/
min. The raw data, in the form of heat flow (mcal/min), were
converted to excess heat capacity,Cp

ex, using eq 1,

whereq is the heat flow after background subtraction (mcal/min),
M is the protein polymer molecular weight (g/mol),R is the heating
rate (°C/min), c is the protein polymer concentration (g/mL), and
V is the volume of the sample cell (mL). TheCp

ex curve was then
integrated over the entire temperature range to yield the calorimetric
enthalpy change,∆Hcal.

Fourier Transform Infrared Spectroscopy. Infrared spectro-
scopic experiments were performed using a Nexus 670 FTIR
spectrometer (Thermo Nicolet, Madison, WI) with unpolarized light
and a MCT detector. Spectra taken at a resolution of 4 cm-1 from
400 to 4000 cm-1 were obtained by signal averaging 1000 scans.
Samples were loaded into a liquid cell with a 15µm Teflon spacer
and quartz windows. Samples were prepared by the dissolution of
A3 and B6 in pH 2.3, 10 mM phosphate buffer in D2O at
concentrations of 100 and 400µM. A background of pH 2.3, 10
mM phosphate buffer in D2O was subtracted from all sample
spectra. The amide I region (1550-1750 cm-1) was deconvoluted
into Gaussian peaks using the multiple-peak fitting function in
Origin Data Analysis software (OriginLab, Northampton, MA).
Three peaks were employed for fitting the data, which was
determined to be the optimal number of peaks for the fit based on
assessment ofø2 and R2 values. Reported peak positions were
calculated by the fitting procedure.

Results and Discussion

We have designed alanine-rich helical artificial protein
polymers for the display of chemically reactive functional groups
at varying densities in order to probe polymeric structure-
function relationships and ultimately to produce functional
polymeric architectures via elaboration of the chemically
reactive groups. We have employed alanine (A), as it is a well-

studied helix former, and glutamine (Q) to improve protein
polymer solubility in aqueous solution. The specific number
and position of glutamines in the sequences was chosen on the
basis of energy minimization calculations in order to reduce
the exposure of alanine-rich faces. Synthetic genes encoding
the protein polymer sequencesA3 and B6 were designed to
place glutamic acid residues (E) at nominal distances of 17 and
35 Å, respectively (as determined via energy minimization
calculations),21 along a chemically neutral backbone. A trimer
of the A sequence and a hexamer ofB sequence, although
differing in molecular weight (Table 1), were used to maintain
a constant number of chemically reactive glutamic acid residues
(6) for subsequent investigations of structure-function relation-
ships in the mediation of biological binding events. In theA3
andB6 sequences, more polar glutamine residues were regularly
placed in order to minimize the length of alanine-rich regions.
As in our previous investigations, the sequences reported here
do not carry helix caps, salt bridges between residues ati and
i + 4 positions,31,34-38 or coiled-coil domains,39-44 as these
strategies introduce side chains that add undesirable chemical
functionality for the ultimate uses of the protein polymers.
Similarly, the choice of protein polymers functionalized with
glutamic acid was motivated by their more facile protein
expression and purification relative to the biosynthesis of highly
cationic and thiolated protein polymers. The carboxylic acid
side chain of E provides sites for chemical attachment of desired
biologically or otherwise active moieties at a regular density in
the sequence, and the presence of Q-E side chain interactions
at the (i, i + 4) positions may provide some helix stabilization.31

The selective placement of a limited number of functional
groups within the sequence offers the potential for isolating the
specific novel macromolecular functions imparted by the
functional groups. Although the presentation of functional
groups at exact distances is not expected in solution because of
the flexibility of the alanine-rich sequences,35,45 the regularity
of the sequence and the controlled density of functional groups
will provide unique opportunities to investigate structure-
function relationships in these polymeric materials. Comparison
of these protein polymers with similar and previously reported
protein polymers will also allow elucidation of the possible
effect of functional group density and amino acid sequence on
the conformational behaviors of these macromolecules.21

Expression plasmids for helical protein polymers of varying
molecular weights were produced via modified seamless cloning
methods, as described previously.21,32,46Expression plasmids of
the correct sequence were transformed into theE. coli expression
host BL21(DE3)pLysS to yield expression strains BL21(DE3)-
pLysS/pET28b-JS1-AX and BL21(DE3)pLysS/pET19b-RF1-
BX. The protein polymers,A3 and B6, were expressed from
bacterial expression strains BL21(DE3)pLysS/pET28b-JS1-A3
BL21(DE3)pLysS/pET19b-RF1-B6, with yields of∼15 mg/L.
The target protein polymers produced from these expression
hosts carry a decahistidine fusion tag (Figure 1c,d) that facilitates
protein purification via immobilized metal chelate chromatog-
raphy. The target protein polymers are selectively eluted after
endogenous host proteins have been washed from the resin;
representative purification results obtained via SDS-PAGE
analysis are shown in the Supporting Information. Amino acid
analysis (shown in the Supporting Information) and HPLC
analysis (data not shown) ofA3 andB6 indicate that the protein
polymers purified in this manner are of at least 95% purity.
MALDI-TOF mass spectrometric analysis of the protein poly-
mers yield single peaks with masses that are consistent with
those theoretically predicted (Supporting Information).

Cp
ex ) qM

RcV
(1)
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Circular dichroic spectroscopy was conducted to determine
the secondary structure behavior of the protein polymers under
various conditions. In the initial characterization, a phosphate
buffer at pH 2.3 was employed so that the nonionic character
of the protein polymer after modification of the Glu residues
could be captured in these experiments. Results are shown in
parts a and b of Figure 2 for protein polymersA3 and B6,
respectively, in pH 2.3, 10 mM phosphate buffer. Both
macromolecules display characteristicR-helical spectra with a
maximum at 192 nm and a double minimum at 208 and 222
nm at low temperatures. The thermal melting curves of solutions
of the two protein polymers at varying CD concentrations are
identical, suggesting there is no detectable aggregation under
these conditions, which was also suggested by analysis via native
PAGE under a wider range of concentrations (data not shown).
Further inspection of the data in Figure 2 indicates [θ]222/[θ]208

ratios near 1.1 forA3 andB6; a value of [θ]222/[θ]208 between
1.1 and 1.3 has been reported as characteristic of unaggregated
and hydrated alanine-rich helical peptides.23

The mean residue ellipticity at 222 nm, [θ]222, which is
indicative ofR-helical content, was calculated to be-29 600
deg cm2 dmol-1 at 4 °C for A3 and-48 400 deg cm2 dmol-1

at 4 °C for B6. The fractional helicity for these alanine-rich
protein polymers can be determined by comparing this experi-
mental value of [θ]222 to a calculated value of 100% helicity
determined for a polypeptide of a given length, which is based
on an infinitely longR-helix having a value of-61 000 deg
cm2 dmol-1.47,48The fractional helicity of the protein polymers
was determined to be 50% forA3 and 81% forB6. The
differences in fractional helicity of the protein polymersA3 and
B6 correlate with the differences in their molecular weights
(8892 and 14 162 Da, respectively). The differences in helicity
may also be related to the variations in their sequences; however,
computational predictions of helicity49-53 show that the differ-
ence in helicity between the two sequences is insignificant
(2.6%) when sequences of equal lengths are compared. The
higher fractional helicity values previously reported forC2
(91%), despite its intermediate molecular weight (9889 Da), may

be attributable to greater sequence regularity but may also be
due to low-order oligomerization in this particular protein
polymer (see below), which complicates simple comparisons
based on molecular weight and sequence. Nevertheless, all three
of these protein polymers adopt desired helical conformations
and are currently being explored for their utility in controlling
biologically relevant binding events.

The CD spectra for the protein polymers at various temper-
atures were also collected to ascertain any additional similarities
or differences in the conformational behavior of the two
macromolecules. As shown in Figure 2, a loss of ellipticity at
192 and 222 nm and a blue shift in the minimum at 208 nm are
observed for bothA3 andB6 with increasing temperature from
4 °C, indicating a conversion to a non-R-helical conformation.
The presence of an isodichroic point at 203 nm in both sets of
spectra indicates that these data can be approximated by a simple
linear combination of helical and non-R-helical spectra and that
the protein polymers undergo a transition between only two
conformational states. While the high-temperature CD spectra
of both macromolecules are similar to those reported for random
coil structures, an increasing number of investigations suggest
that the high-temperature spectra may also indicate a polyproline
II helix structure,54-56 so we refer to the high-temperature spectra
here simply as “non-R-helical”. The transition toward a non-
R-helical structure begins at∼38 °C for A3, determined via
analysis of full wavelength spectra and by estimating the
temperature at which a 50% reduction in [θ]222 is observed.
The lack of additional spectral changes above 76°C suggests
that the conformation change is complete at the elevated
temperatures. In comparison, the midpoint of the conformational
transition ofB6 to a non-R-helical conformation occurs near
68 °C. The thermal stability of theR-helix has been shown to
be dependent on length, with longer sequences maintaining
helical structure at higher temperatures.23 The observed transition
temperatures forA3, B6, and the previously reportedC221 are
consistent with the results of these prior investigations, as the
temperature at which a measurable conformational change is
observed (38, 68, and 45°C, respectively) follows the trend in
protein polymer lengths (93aa, 152aa, and 108aa, respectively).

The transition to a non-R-helical structure is completely
reversible for both protein polymers, as indicated by the
complete recovery of the initial low-temperature CD spectra
upon cooling the samples from elevated temperatures. In
contrast, complete reversibility was only observed at tempera-
tures below 45°C for C2,21 as the protein polymer converted
irreversibly toâ-sheet structure at temperatures above 45°C.
In the CD investigations reported here, there is no indication
that A3 or B6 shows a similar conversion toâ-sheet; their
temperature-dependent conformational behavior is similar to that
of other previously reported alanine-rich peptides.23,24,57,58

The thermal stability of the protein polymers at higher
concentrations of 1 mg/mL in pH 2.3, 10 mM phosphate buffer
was also monitored via differential scanning calorimetry. Figure
3a shows the calorimetric data for bothA3 and B6 at a scan
rate of 60°C/h. Upon heatingA3 from 17 to 75°C, there are
no distinct exothermic or endothermic transitions observed,
suggesting the transition fromR-helix to non-R-helix seen in
the CD experiments is not cooperative. Similarly, in plots of
[θ]222 vs temperature, as shown in Figure 3b, the helicity
gradually decreases with temperature, consistent with both the
DSC data and the reported behavior of other alanine-rich
peptides.23 In contrast, the thermal scan ofB6 (Figure 3a) clearly
shows a cooperative endothermic transition with a peak at∼68
°C. This DSC-monitored transition corresponds directly with

Figure 2. Circular dichroic spectra of alanine-rich polypeptides in pH
2.3, 10 mM phosphate buffer. (a) CD spectra ofA3 (23 µM) were
collected in increments of 4°C, at temperatures from 4 to 92°C. (b)
CD spectra ofB6 (13 µM) were collected in increments of 4°C at
temperatures from 4 to 80°C.
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an apparently cooperative transition observed in the plot of [θ]222

vs temperature (Figure 3b). The calorimetric enthalpy, calculated
via integration of the endothermic peak of theB6 transition, is
∼60 kcal/mol, a value which is also consistent with other
alanine-rich peptides and polypeptides.58 The lack of a coopera-
tive transition forA3, compared to the cooperative transitions
observed here forB6 and previously reported forC2,21 are

consistent with the CD data and with the expected molecular
weight dependence of cooperativity in conformational transitions
as observed for globular proteins.59,60Furthermore, both theTm

of the transitions forB6 andC2, and the corresponding enthalpy
values, increase with molecular weight as expected in this
molecular weight range (C2 < B6).59,60 Although changes in
sequence may contribute to the differences in behavior of the
protein polymers, the combination of the results from the helical
prediction calculations, CD, and DSC suggest that the macro-
molecules exhibit controlled conformational behavior and
thermal transitions that vary primarily with protein polymer
molecular weight. Additional investigations of the behavior of
macromolecules with these sequences, as a function of varying
molecular weights, will further elucidate the detailed roles of
molecular weight and sequence and will be presented in future
reports.

Fourier transform infrared spectroscopy (FTIR) was used to
characterize the concentration dependence of the conformational
behavior of theA3 and B6, as such dependence has been
observed in other alanine-rich sequences.21,25 Representative
infrared spectra of the two protein polymers in pH 2.3, 10 mM
phosphate buffer in D2O are shown in Figure 4 for protein
polymer concentrations of 100 and 400µM. Deconvolution of
the amide I region of the spectra yields calculated peak positions
in all spectra at approximately 1660, 1645, and 1630 cm-1,
which correspond to those reported forR-helix, random coil,
andâ-sheet structures, respectively,61,62and comparison of the
peak areas for the three structures provides insight regarding
the predominant structure in the sample. The ratio ofR-helix
and random coil inA3 at both 100 and 400µM (Figure 4a,b)
is approximately 1:1, with a less significant contribution from
â-sheet structures at both concentrations. The low contribution
of â-sheet structure and the lack of change in the peak areas
with increasing concentration suggest a low tendency to form

Figure 3. (a) Differential scanning calorimetry data forA3 (4) and
B6 (O) in pH 2.3, 10 mM phosphate buffer. (b) Temperature
dependence of [θ]222 monitored via CD spectroscopy forA3 (4) and
B6 (O) in pH 2.3, 10 mM phosphate buffer.

Figure 4. Fourier transform infrared spectra of (a)A3 (100 µM), (b) A3 (400 µM), (c) B6 (100 µM), and (d)B6 (400 µM), in pH 2.3, 10 mM
phosphate buffer in D2O. The experimental data (O) were fit using three peaks, shown as dotted lines, corresponding toR-helical, random coil, and
â-sheet structures. The resulting fit is shown as the solid line through the experimental data.
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â-sheet structures at elevated concentrations, which is consistent
with the CD experiments that indicate a similar lack ofâ-sheet
formation at elevated temperatures. The contribution ofâ-sheet
structure in the IR spectra ofA3, with no such contribution
detected in the CD spectra, likely relates to the different protein
polymer concentrations probed in the two different spectroscopic
experiments. Parts c and d of Figure 4 show the spectra forB6
at 100 and 400µM, respectively. Comparison of fitted peak
areas indicates that the estimatedR-helical content at the lower
concentration is more than twice that of theâ-sheet component,
but upon a 4-fold increase in concentration, the relativeâ-sheet
structure content increases and becomes approximately equal
to that of theR-helix. It is unclear why the IR spectra of multiple
and different samples ofB6 reproducibly suggest a greater
percentage of random coil character thanR-helical character
for this protein polymer as there was no such indication in CD
experiments. Nevertheless, the IR results indicate an increase
in â-sheet content with increasing protein polymer concentration
and are generally consistent with previous results forC2.21 These
results are also consistent with the reported tendency of other
alanine-rich polypeptides to adoptâ-sheet structure25,27,28and
suggest that the macromolecules have increasing tendencies
towardâ-sheet formation in the orderA3 < B6 < C2, which
correlates with the increasing distance between Glu residues of
the protein polymers.

Because the alanine and glutamine composition of the protein
polymers reported here is similar to that ofC2, we were initially
surprised at the lack of conversion toâ-sheet structure in the
CD characterization of these protein polymers at low concentra-
tions and elevated temperatures. The increased contribution of
â-sheet structure observed via IR for solutions ofB6 andC2
with increasing concentration suggested that at lower concentra-
tions a similar transition may also occur but on a longer time
scale than initially probed. Additional characterization via CD
and DSC was therefore conducted. In previous DSC experiments
on solutions ofC2 at elevated temperatures,21 a post-peak
exotherm was observed, indicating a kinetically slow confor-
mational change toâ-sheet. Similar DSC experiments forB6
also showed such an exotherm (Supporting Information),
corroborating the conversion toâ-sheet conformation forB6
under the DSC experimental conditions. The conformational
behavior ofA3 andB6 was therefore monitored via CD at low
protein polymer concentration and at elevated temperatures over
time; parts a and b of Figure 5 show a compilation of the CD
spectra recorded every 8 min forA3 andB6, respectively, in
pH 2.3, 10 mm phosphate buffer at 80°C. There is no significant
variation of the spectra in Figure 5a, indicating a lack of
structural change inA3 after 25 h at 80°C, which is consistent
with the DSC and IR results. As shown in Figure 5b, the
structure ofB6 is primarily non-R-helical at 80°C, with a
minimum near 203 nm. After 7 h at 80°C, the intensity at 203
nm decreases and a minimum at 218 nm and a maximum at
195 nm appear, indicating the conversion toâ-sheet structure.
Incubation ofC2 at 80°C causes a conversion toâ-sheet within
the first 10 min at the elevated temperature (Supporting
Information). These data confirm the tendency ofB6 to form
â-sheet structures under appropriate conditions and also cor-
roborate the IR data that indicate that the protein polymers have
increasing propensities towardâ-sheet formation with increasing
distance between Glu residues of the macromolecules, in the
orderA3 < B6 < C2.

Despite the fact that no turbidity is observed uponâ-sheet
formation in CD or DSC samples for any of the protein
polymers, it is highly likely that these macromolecules are

forming intermolecularâ-sheet structures, as their sequences
lack flexible regions necessary for the formation of intramo-
lecularâ-sheets. Indeed, native PAGE experiments confirm the
formation of low-order intermolecular aggregates in solutions
of C2 at elevated concentrations and temperatures and in
solutions of B6 at elevated temperatures (data not shown).
Therefore, an increased tendency towardâ-sheet formation
likely correlates with an increased tendency for intermolecular
association by these macromolecules in aqueous solution. Given
the moderate aqueous solubility of these sequences, differences
in the extent of intermolecular association most likely result
from differences in solubility based either on glutamic acid
density or on the molecular weight of the macromolecule. The
fact that the previously reportedC2, which is of intermediate
molecular weight of the three sequences, converts most readily
to â-sheet as a function of temperature suggests that the origin
of the effect lies primarily in a lower solubility as a result of
the lower glutamic acid density, rather than lower solubility
based on an increase in molecular weight of a moderately
soluble sequence. In addition, the presentation of alanine
residues in a regular (AAAQ) motif, as in theC2 sequence,
may increase the tendency of the protein polymer to form
intermolecularâ-sheet structures via interaction of alanine
segments, whereas the disruption of the alanine residue regular-
ity may slow or eliminate the conversion toâ-sheet, trends
which were observed forB6 andA3, respectively. While it is
impossible at present to determine the precise role of sequence
in the increased tendency towardâ-sheet formation forC2 vs
B6 vsA3, these observations suggest that the increased tendency
of these macromolecules to adopt intermolecularâ-sheets is a
function primarily of their hydrophobicity (glutamic acid residue
density) rather than their molecular weight. A detailed and
quantitative treatment of the association behavior ofC2, B6,
and additional sequences will be reported at a later date.

Owing to the observedâ-sheet formation that could compli-
cate the use of the helical macromolecules (after chemical
modification) in biological applications,A3 andB6 were also
characterized under physiologically relevant salt concentrations
and at a pH range that may mimic the nonionic behavior of a
modified Glu side chain (pH 2.3, 10 mM phosphate, 150 mM

Figure 5. Circular dichroic spectra of (a)A3 (23 µM) and (b)B6 (13
µM) in pH 2.3, 10 mM phosphate buffer at 80°C. Spectra were taken
every 8 min for 25.5 and 7 h, respectively.
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NaCl buffer (Supporting Information)). Both protein polymers
maintain theirR-helical character in the presence of isotonic
salt. The addition of salt does not alter the helicity or induce
stabilization of theR-helix upon heating inA3; however, for
solutions ofB6, the inclusion of 150 mM NaCl eliminates the
transition fromR-helix to a non-R-helical structure upon heating
to 80 °C, similar to the stabilization of other alanine-rich
sequences reported previously.21,30 Additionally, the mean
residue ellipticity for bothA3 and B6 in the pH 2.3, 10 mM
phosphate, 150 mM NaCl buffer was measured at 222 nm as a
function of time at a physiologically relevant temperature (37
°C). Despite the tendency ofB6 to adoptâ-sheet structures at
elevated temperatures under other solution conditions, bothA3
andB6 maintain a helical conformation at 37°C, with the mean
residue ellipticity at 222 nm remaining constant for over 12 h,
suggesting the potential use of these protein polymers after
modification of the glutamic acid residues and under biologically
relevant conditions.

Conclusions
Alanine-rich amino acid sequences [AAAQEAAAAQAAA-

QAAQAAQ] x and [AAAQAAQAQAAAEAAAQAAQAQ] x

were synthesized via protein engineering strategies to produce
polypeptide sequences that might incorporate the architectural
features of various naturally occurring alanine-rich proteins and
synthetic alanine-rich peptides. Characterization of these mac-
romolecules via CD, DSC, and FTIR methods indicates varia-
tions in their conformational behavior as a function of amino
acid sequence, temperature, protein polymer concentration, and
buffer conditions. Specifically, the helicity of the macromol-
ecules, their measured melting temperature, and the calorimetric
enthalpy of their unfolding increase, as expected, with molecular
weight. Furthermore, variations in glutamic acid residue density
and/or amino acid sequence are indicated to play an important
role in the tendency of these protein polymers to adoptR-helical
or â-sheet conformations under varying solution conditions. The
observed dependence of conformational properties on sequence
and functional group density suggests the potential to manipulate
the behaviors of these types of macromolecular constructs by
design, for biological and materials applications as well as for
fundamental studies of protein aggregation events.
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