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Abstract

Purpose—Helical alanine-rich polypeptides with functional groups displayed along the backbone
can display desired molecules such as saccharides or therapeutic molecules at a prescribed spacing.
Because these polypeptides have promise for application as biomaterials, the conformation and
association of these molecules have been investigated under biologically relevant conditions.

Methods—Three polypeptide sequences, 17-H-3, 17-H-6, and 35-H-6, have been produced through
recombinant techniques. Circular dichroic (CD) spectroscopy was used to monitor the secondary
structure of the polypeptides in PBS (phosphate buffered saline, pH 7.4). The aggregation behavior
in PBS was monitored via analytical ultracentrifugation and non-denaturing polyacrylamide gel
electrophoresis.

Results—The three polypeptides adopt a highly helical structure at low and ambient temperatures,
and when heated, undergo a helix-to-coil transition, typical of other alanine-rich peptide sequences.
The melting temperatures and van’t Hoff enthalpies, extracted from the CD data, suggest similar
stability of the sequences. Although alanine-rich sequences can be prone to aggregation, there is no
indication of aggregation for the three polypeptides at a range of concentrations relevant for possible
biological applications.

Conclusions—The helical polypeptides are monomeric under biologically relevant conditions
enabling application of these polypeptides as useful scaffolds for ligand or drug display.
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INTRODUCTION

Biologically directed methods of polymer synthesis have enabled the production of
macromolecules with specific amino acid sequences and molecular weights. These strategies
have been employed in the production of natural protein mimics including silk (1-5), elastin
(6-12), and collagen (13,14), which, although having great potential in materials-based
applications, can be difficult to obtain in large quantities from their natural sources. Artificial
proteins have also been designed to take advantage of the absolute control over amino acid
sequence and molecular weight and the secondary structural preferences of specific amino
acids and amino acid consensus sequences (15-21). Accordingly, the versatility of these
synthetic methods has permitted the production of a variety of protein polymers with well-
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defined secondary structures designed for a specific function or application. Numerous studies
have focused on the synthesis of repetitive amino acid sequences that adopt -sheet, coiled-
coil or random coil structures (17,19,20,22-29), although there have been fewer reports about
sequences designed to adopt monomeric a-helical secondary structures (15,16,18,30).

Recombinant approaches of protein and polypeptide synthesis have also been employed in
pharmaceutical applications in which the polypeptide acts as the delivery vehicle for a
therapeutic molecule or is itself a therapeutic molecule. For example, recombinant proteins
such as insulin serve a therapeutic purpose, and polypeptide sequences derived from other
natural proteins are also used in various therapeutic approaches (31). Elastin-based
polypeptides have been widely employed for this purpose and have been conjugated to
sequences derived from natural proteins including cell penetrating peptides, which enable the
internalization of the molecule into eukaryotic cells (32), as well as to peptides that inhibit the
production of genes involved in tumor proliferation, such as the oncogene c-Myc (32,33). Drug
molecules, such as the anticancer drug doxorubicin, can also be attached to elastin-based
polypeptides for delivery of the drug to targeted sites without decreasing the efficacy of the
drug (34,35). In addition to the design of polypeptidic drug carriers, the sequence specificity
of recombinant methods also offers opportunities in the design of polymers that may be useful
in controlled multivalent display of ligands or drugs on the basis of their architecture. In the
work described here, recombinant helical polypeptides have been designed as scaffolds in the
production of multivalent inhibitors of protein—saccharide binding events. The a-helical
structure is desired for its potential in controlling functional group placement, thus affording
opportunities to manipulate binding affinity via changes polypeptide sequence, to either
enhance or diminish the effectiveness of the polypeptide-based inhibitor. The multivalent
display of functional groups along the helical polypeptide backbone also lends itself to possible
utility in therapeutic applications in which multiple, controlled attachment sites for therapeutic
molecules is desired.

Because a-helical structures are ubiquitous in naturally occurring proteins, there has been a
great deal of research into the stability and behavior of a-helical peptides (36-42). Alanine-
rich sequences have been the primary focus in such studies owing to their chemical inertness,
which permits investigation of helical propensities of individual amino acids without
complication. The inclusion of charged amino acids has also been shown to reduce the
aggregation behavior of the peptides through charge repulsion. In the alanine-rich polypeptides
described here, glutamine has been employed for improved solubility, while glutamic acid has
been included for subsequent chemical modification. The thermal and conformational
behaviors of these longer repetitive alanine-rich polypeptides in solution at low pH generally
follow trends predicted by the study of shorter alanine-rich sequences (15,16). In addition, the
modification of the glutamic acid residues with amine-functionalized monosaccharides does
not significantly affect the conformational behavior of the polypeptides, and specific helical
glycopolypeptides have shown promise as toxin inhibitors (30). Because of these encouraging
results and the potential general use of these polypeptides in other biological applications, we
present here the characterization of the conformational and aggregation behaviors of an
expanded set of two of the alanine-rich polypeptide sequences, with essentially identical
compositions, under physiologically relevant conditions. Our results demonstrate the lack of
aggregation and well-behaved conformational properties of these macromolecules, and also
suggest slight differences in properties as a result of sequence differences.

MATERIALS AND METHODS

Materials

General reagents for protein expression and purification were obtained from Sigma (St. Louis,
MO), ISC Bioexpress (Kaysville, UT), and Fisher Scientific (Fairlawn, NJ). Nickel-chelated
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sepharose resin for protein purification was obtained from Qiagen (Valencia, CA). The
sequences of the polypep-tides discussed here are listed in Table I with their respective
abbreviations and pertinent molecular information.

Gene Construction and Polypeptide Expression

Protocols for construction of DNA plasmids and expression of 17-H-3 and 35-H-6 have been
reported previously (15); these protocols were employed in the synthesis of 17-H-6. Briefly,
the DNA sequence encoding the amino acid sequence,
[AAAQEAAAAQAAAQAEAAQAAQ], was ligated into a modified expression plasmid,
PET28b-JS1 (15). The length of the target artificial repetitive gene inserted into the expression
plasmid was confirmed via restriction digest analysis of recombinant plasmids with the
enzymes BamH | and Nco | and subsequent analysis via agarose gel electrophoresis. The
expression plasmid, pET28-JS1-A6, which contains six repeats of the target sequence, was
used to transform chemically competent E. coli bacterial cells. As previously described,
cultures of the expression host were chemically induced to begin expression of the polypeptide
(15). The protein polymer was purified from the cell lysate via Ni—NTA affinity
chromatography with stepwise pH gradient elution under denaturing conditions (Qiagen). The
expression yield for each polypeptide was 15-30 mg/l of culture, more than sufficient for
chemical modification and assays of biological activity. After purification, 17-H-6 was
characterized via SDS-PAGE analysis, MALDI-TOF mass spectrometry, HPLC, and amino
acid analysis, as previously described (15,16). Results from the various characterization
methods, shown in the Electronic Supplementary Material, indicate that this polypeptide, as
well as the other previously reported polypeptides, has the expected composition and a purity
of greater than 95%.

General Polypeptide Characterization

Amino acid analysis of purified polypeptides was performed at the Molecular Analysis Facility
at the University of lowa (lowa City, IA). Protein polymer concentrations used in circular
dichroic spectroscopy were confirmed via quantitative amino acid analysis employing an
internal standard, norvaline. MALDI-TOF analysis of purified protein polymers was
performed at the Mass Spectrometry Facility in the Department of Chemistry and Biochemistry
at the University of Delaware on a Biflex 111 (Bruker, Billerica, MA). Polypeptide samples and
calibration standards [bovine insulin (MW=5,734.59), thioredoxin from E. coli
(MW=11,647.48), and horse apomyoglobin (MW=16,952.56)] were prepared in a 3,5-
dimethoxy-4-hydroxycinnamic acid matrix. Data were recorded using the OmniFLEX program
and subsequently analyzed in the Xmass Omni program.

Circular Dichroic Spectroscopy

Circular dichroic spectra were recorded on an AVIV 215 spectrophotometer (Proterion
Corporation, Piscataway, NJ) or a Jasco J-810 spectrophotometer (Easton, MD) in a 1-mm
pathlength quartz cuvette in the single-cell mount setup. Background scans of the buffer [pH
7.4, phosphate buffered saline (PBS)] were subtracted from the sample spectra. Samples were
produced at a concentration of approximately 10-20 uM in pH 7.4 PBS. Data points for
wavelength dependent CD spectra were recorded at a continuous scan rate of 50 nm/min (Jasco
J-810) or recorded as a step scan with data being taken every nanometer (AVIV 215). Samples
used for temperature dependent CD spectra were heated at a rate of 60°C/h, with data points
taken every 1°C. The mean residue ellipticity, [0]mrw (deg cm? dmol1), was calculated using
the molecular weight of the protein polymer and cell pathlength. Reported fractional helicities
and thermal denaturation parameters are based on at least duplicate measurements of a given
polypeptide.
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Analytical Ultracentrifugation

Equilibrium analytical ultracentrifugation (AUC) experiments were performed in a
ProteomeLab XL-1 Protein Characterization Ultracentrifuge (Beckman Coulter, Fullerton,
CA\) using an An-60Ti rotor. Cells were assembled using quartz windows and six-channel
centerpieces. All three polypeptides were dissolved in PBS buffer (pH 7.4) at concentrations
of approximately 7, 15 and 30 uM. Samples were subjected to ultracentrifugation at
sequentially increasing speeds (17-H-3 was centrifuged at 25,000, 27,500, 30,000, 32,500, and
35,000 rpm; 17-H-6 and 35-H-6 were centrifuged at 22,500, 25,000, and 28,500 rpm) with an
equilibration period of 22 h at each speed prior to recording the absorbance at 230 nm. The
data were analyzed using SEDEQ), a freeware program designed by Allen Minton. In the data
analysis, a specific volume of 0.71 ml/g, calculated from the amino acid composition (43), and
a solvent density of 1.02 g/ml, were employed. Samples were analyzed in duplicate.

Non-denaturing Gel Electrophoresis

Non-denaturing polyacrylamide gel electrophoresis (PAGE) was performed in a 15% (w/v)
acrylamide separating gel and a 3.9% (w/v) acrylamide stacking gel, using a running buffer
comprising 12.5 mM Tris and 96 mM glycine at a pH of 8.3. Samples of all three polypeptides
were prepared at concentrations ranging from approximately 5to 100 uM in pH 7.4 PBS buffer.
A volume of 5 pl of sample buffer [100 mM Tris-Cl pH 6.8, 20% (w/v) glycerol, 0.001% (w/
v) bromphenol blue] was added to 20 ul of polypeptide solution, and 5 ul of that solution was
loaded onto the gel. Samples were subjected to electrophoresis at 50 mA for 20 min at room
temperature. Gels were stained for 30 min in a 50% methanol, 10% acetic acid solution with
0.5 g brilliant blue and 0.5 g cupric sulfate. Excess stain was removed via successive washes
with a 5% methanol, 7% acetic acid solution.

RESULTS AND DISCUSSION

We have previously reported the synthesis and conformational characterization of three
families of alanine-rich artificial polypeptide sequences, with the sequences [AAA
QEAAAAQAAAQAEAAQAAQIy, [(AAAQ)(AAQA Q)(AAAE)(AAAQ)(AAQAQ)], and
[(AAAQ)5(AAAE)(AAAQ)s]x (15,16). The use of alanine and gluta-mine residues imparts an
a-helical secondary structure while the glutamic acids provide chemical reactivity in select and
specific positions along the backbone. Sequence variations were specifically chosen to control
the nominal spacing of the glutamic acid residues, while variations in the x values control the
molecular weight of the polypeptide and the number of glutamic acids that are displayed. The
sequences were designed to display glutamine residues around the circumference of the a-
helix, in order to reduce hydrophobic patches along the polypeptide backbone (Electronic
Supplementary Material). The main design feature is the presentation of the glutamic acid
residues on approximately the same face of the helix, with different nominal distances between
Glu residues that are dependent on the sequence and were determined via energy minimization
calculations (15,16). The sequences were determined for polypeptides of essentially 100%
helicity, so the exact placement of functional groups on polypeptides in solution may differ
from theoretically predicted. Sequences are designated with the general form Y-H-X, where
Y is the spacing between glutamic acid residues, H indicates the helical backbone, and X is the
number of monomer sequence repeats. This designation is different than that used in previous
reports in which the 17-H-X family was designated as AX, 35-H-X as BX, and 65-H-X as CX.

These three alanine-rich polypeptide sequences were designed as scaffolds for the regular
display of functional groups along a helical protein polymer backbone (15,16). Structural and
thermal characterization of three polypeptides, 17-H-3, 35-H-6, and 65-H-2, was performed
under acidic pH conditions to mimic the behavior these polypep-tides might display after the
chemical attachment of neutral ligands to the chemically reactive glutamic acid residues. All
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three polypeptides displayed a-helical character at low and ambient temperatures, but upon
heating, the three sequences exhibited a sequence-dependent structural transition. The protein
polymers with higher densities of glutamic acid residues, 17-H-3 and 35-H-6, displayed a helix-
coil transition with increasing temperature (15), while the protein polymer with the lowest
density, 65-H-2, displayed a helix-coil transition when heated to intermediate temperatures,
but irreversibly adopted a B-sheet structure at elevated temperatures (16). The polypeptides all
demonstrated high helicities at ambient temperatures, consistent with their design, in which
adoption of a helical structure is intended to control presentation of functional groups at
distances commensurate with, or different from, receptor sites on protein receptors. Owing to
our interests in employing specific architectures in areas of biological significance, both the
conformational and aggregation properties of 17-H-3, 17-H-6, and 35-H-6 have been
characterized in phosphate buffered saline (PBS) at a pH of 7.4. The characterization of 17-
H-6 has permitted more direct comparison of the length and sequence-dependent properties of
these polypeptides (15,16).

Characterization of Conformational Behavior

The conformational behavior of the three polypeptides was monitored via circular dichroic
spectroscopy. Fig. 1 shows the wavelength scans recorded at 5°C for 17-H-3, 17-H-6, and 35-
H-6 in PBS. The spectra for all three polypep-tides display double minima at 222 and 208 nm,
characteristic of an a-helical structure. The average mean residue ellipticity values at 222 nm,
[0]222, at 5°C from multiple samples of 17-H-3, 17-H-6, and 35-H-6 were -30,300, -39,025,
and -42,250 deg cm? dmol-1, respectively (generally 5-15% error based on multiple
measurements; differences in sample preparation can cause significant changes in the MRE
values for these polypeptides that in isolated cases exceed 25%). These [0],22 values follow
the same trends as those observed in pH 2.3, 10 mM phosphate with 150 mM salt (-29,000,
-38,600, and -50,000 deg cm? dmol-1, respectively), despite the negative charge of the glutamic
acids (pKa=4.1) at pH 7.4. Slight differences in helicity may result from some electrostatic
repulsion between the charged glutamates at pH 7.4, but this effect is not pronounced, as might
be expected given that the Debye length under these isotonic solution conditions (7.8A (44))
is less than the nominal distance between the glutamic acids in these sequences. Short alanine
rich peptides containing both glutamine (Q) and glutamic acid (E), which provide stabilizing
interactions when located at i and i+4 positions, display a slight loss in helicity with increasing
pH (45). The differences in the [0]»2,values of the 35-H-6 at low and neutral pH (given the
lack of such a difference for the other sequences) may, therefore, result from a similar loss of
such interactions between the glutamic acid and glutamine residues at i and i+4 positions in
the polypeptides (the 17-H-X sequences have no such arrangement of Q and E residues). The
stabilization of the secondary structure for 35-H-6 at low pH may also arise from differences
in its association state, triggered by protonation of the glutamic acid residues; in some
experiments there is indication of stabilization of 17-H-6 at lower pH via association, as well.
A more detailed characterization and treatment of the association behavior of the sequences in
their unionized state is underway and will be the subject of future reports.

The fractional helicity can be determined for these three polypeptides sequences by comparing
the experimental [0],22 values with a theoretical [6],22 value for a 100% helical peptide of a
given length (Electronic Supplementary Material) (40,46). The fractional helicity values of 17-
H-3, 17-H-6, and 35-H-6 were calculated to be 51, 65 and 70%, respectively. The fractional
helicity of these polypeptides is greater for the polypeptides of higher theoretical molecular
mass (8,875, 14,770 and 14,159 Da for 17-H-3, 17-H-6, and 35-H-6, respectively), as expected
(15,41). 17-H-6 and 35-H-6 have similar molecular weights and were expected to display
similar helical content; however, 35-H-6, of slightly lower molecular mass, displays slightly
higher helicity (70%) in comparison to 17-H-6 (65%). Computational estimation of helix
content of the full sequences (short N- and C- terminal fusions included) indicate a similar
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difference in helicity of 17-H-6 relative to that of 35-H-6 (68 and 76% at 25°C). Estimates for
the alanine-rich portion (no terminal tags) of 17-H-6 and 35-H-6 predict the two sequences
have more comparable and higher helical content, indicating the addition of the slightly
different fusion sequences to the polypeptides differentially reduces the overall helicity given
the lower helix propensities of the amino acids found in those tags in comparison to Ala and
GIn (see Electronic Supplementary Material) (47). Slight differences in helicity owing to the
sequence differences of the polypeptides are also possible but are not suggested to be as
significant as the differences caused by the fusion tags. These data indicate that alanine- and
glutamine-rich sequences of slightly varying compositions and sequences can be equally useful
in the production of chemically reactive helical polypeptide-based templates.

Characterization of the Thermal Behavior

The 17-H-3 and 35-H-6 polypeptides were previously reported to display a transition from an
a-helical to a non-a-helical conformation with increasing temperature in 10 mM phosphate
buffer at pH 2.3, followed by an irreversible transition to B-sheet conformation with incubation
at elevated temperatures (15). The conformational behavior of 17-H-3, 17-H-6, and 35-H-6
was monitored with increasing temperature in PBS at pH 7.4 to reveal any differences in
conformational behavior changes relative to those seen at low pH values. Fig. 2a shows full
wavelength spectra collected for 17-H-6 in pH 7.4 PBS in 5°C increments from 5°C to 80°C.
As the temperature increases, there is a loss in ellipticity at 222 nm and a blue shift of the
minimum at 208 nm, indicating the transition to a non-a-helical structure. The same transition
to a non-a-helical structure is observed for the 17-H-3 and 35-H-6 polypeptides (data not
shown). The isodichroic point observed at 203 nm suggests the two-state nature of this
conformational transition, as previously observed. The thermal transition observed for these
three polypeptides is completely reversible upon cooling from 80°C, with [0],20 values
recovering back to values observed prior to heating (data not shown). Irreversible conformation
changes in 17-H-6 and 35-H-6 can, however, be induced through incubation at elevated
temperatures for long periods of time (~hours, conversion to f-sheet with aggregation, data
not shown), and the tendency for this conversion to B-sheet is greater at the lower pH value
(15,16). Taken together with results from the studies at low pH, the data indicate that the
polypeptides, at both low and neutral pH, undergo similar conversions from helix to non-a-
helical and then B-sheet with increasing temperature, although the specific temperatures and
apparent rates of the transitions are different at the two pH values. B-sheet formation at elevated
temperature is readily observed for the uncharged polypeptides at low pH but is significantly
reduced for the polypeptides at neutral pH.

The thermal denaturation of the secondary structure was also investigated via CD experiments
in which the intensity of the minimum at 222 nm is monitored as a function of temperature.
Fig. 2b shows a plot of [0]22, for a representative sample of 17-H-6 in PBS (pH 7.4) (thus the
difference in exact MRE values relative to the average values given above) as the sample is
heated from 5 to 80°C at a rate of 60°C/h. The conformational transition occurs over a broad
temperature range, as reported for other alanine-rich peptides (40,41); broad transitions were
also observed for 17-H-3 and 35-H-6 (see Electronic Supplementary Material). Fits of these
data to standard thermodynamic models of two-state transitions yield estimates of the van’t
Hoff enthalpy and melting temperature of the transition (see Electronic Supplementary
Material); the values determined for 17-H-3, 17-H-6, and 35-H-6 from multiple experiments
are displayed in Table Il. The greater error in the values for the 17-H-3 are likely caused by
increased scatter in the data and the lack of a well-defined lower-temperature baseline in
comparison to the longer macromolecules. The transition temperatures determined for the three
polypeptides are comparable, all near 35°C, and are all slightly higher than the melting
temperatures near 30°C that have been observed for shorter alanine-rich peptides (41),
suggesting the improved thermal stability of these helical polypeptides (see below). Longer
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sequences should therefore also show improved stability for maintenance of higher helicity at
physiological temperatures. The van’t Hoff enthalpy of the transition for each of the
polypeptides is approximately 20 kcal/mol, suggesting that the cooperative unit in each of the
polypeptides displays similar energetic behavior. These values are slightly higher than the van’t
Hoff enthalpy (~11 kcal/mol) reported by Scholtz et al. for a similar, but shorter peptide
sequence (4,703 Da, containing lysine and glutamic acid residues) (48), which is consistent
with the higher molecular weight of the polypeptides. The van’t Hoff enthalpy is approximately
four times smaller, however, than values measured for collagen-like polypeptides (49), which
is consistent with expected differences in cooperativity between the monomeric polypeptides
and the collagen triple-helix. The melting temperatures and van’t Hoff enthal-pies for the three
polypeptides are indicated to be statistically similar, as assessed via ANOVA analysis (p>0.05).

Characterization of the Aggregation Behavior

The aggregation behavior of polypeptides plays an important role in the function and
application of macromolecules in biological applications. In the case of these alanine-rich
polypeptides, the formation of aggregates could compromise the control over functional group
placement, and may therefore also compromise the interaction of the functional groups with
receptor sites on toxins, lectins or cell surfaces. Polyalanine sequences are hydrophobic and
aggregate in aqueous solutions; however, the incorporation of helix caps or polar residues into
the polyalanine sequences has been shown to increase the solubility of the polypeptides (15,
16,40,41,48,50). Glutamine and glutamic acid residues were incorporated into these three
polypeptide sequences to reduce the tendency of these molecules to aggregate (15,16); the
other domains were not included owing to our interests in having a limited and prescribed
number of chemically reactive groups along the chain.

Analytical ultracentrifugation (AUC) experiments were conducted to assess the tendency of
these sequences to associate under various solution conditions. The aggregation behavior of
17-H-3, 17-H-6, and 35-H-6 in PBS was monitored at concentrations similar to those of the
CD experiments (19, 17 and 18 uM, respectively). At equilibrium, the polypeptide
concentration (cy) is related to the radial distance, r, through the following equation:

(1— \_)p) w?
In ¢,=M~———1/"
2RT

where, vis the polypeptide specific volume, p is the solvent density, o is the rotational velocity,
and R is the gas constant (51). If the sample is composed of a single molecular weight species,
the In ¢, has a linear relationship with r2/2, and the slope of the line is a function of the
polypeptide molecular weight. Data taken for 17-H-3 (19 uM), 17-H-6 (17 uM), and 35-H-6
(18 uM) after 22 h of equilibration at 30,000, 25,000 and 25,000 rpm, respectively, are plotted
as In ¢, vs r2/2 in Fig. 3. The rotor speeds were chosen based on optimum speeds reported for
other molecules of similar molecular weights (52). The linear trend between In ¢, and r2/2
indicates that all of the polypeptides exist as a single species under these conditions. The
molecular mass values calculated from the slopes are 9,006, 14,860, and 12,880 g/mol for 17-
H-3, 17-H-6, and 35-H-6, respectively, which are within 10% of both the theoretical molecular
masses (8,875, 14,770, 14,159 g/mol) and the molecular masses determined by mass
spectrometry (8,770, 14,659, and 14,023 g/mol), indicating the monomeric nature of the
polypeptides under these conditions.

The reproducibility of the measurement and monomeric nature of the polypeptides was
confirmed over multiple concentrations, as well. In Fig. 4, AUC results are shown for 17-H-6
inpH 7.4 PBS at concentrations of 4,9, and 17 M. As was seen for the individual polypeptides
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at a single concentration, the plot of In ¢, vs r2 yields a linear trend for multiple polypeptide
concentrations indicating only one species is present in the solution over this concentration
range. The molecular weight values calculated for the three concentrations averaged 14,784 g/
mol, which is within 1% error of the expected molecular weight and within 9% error of each
other. Similar results were obtained for 17-H-3 and 35-H-6 (Electronic Supplementary
Material). The average molecular weight values for 17-H-3 and 35-H-6 were 9,029 g/ mol and
13,172 g/mol, and both values are within 7% of their respective expected molecular weights.

It has been shown previously that alanine-rich peptides can be driven toward aggregation by
increasing polypeptide concentration in a 5 mM MOPS buffer at pH 7.0 at 65°C (53). At low
concentrations, the alanine-rich polypeptides discussed here were shown to be monomeric,
however, the application of these polypeptides may require polypeptide concentrations that are
higher than those that can be reliably monitored via AUC. For example, in addition to
applications in toxin inhibition, these polypeptides have also found use as templates for
biomineralization of silicon or iron; the polypeptide concentration necessary for these
applications ranges from 30 to 140 uM. Knowledge of the aggregation state of the polypeptides
at these higher relevant concentrations would therefore aid in understanding the mechanisms
of their activities.

Non-denaturing PAGE was employed to investigate the aggregation behavior of the
polypeptides at higher concentrations. Fig. 5 shows the non-denaturing gels of 17-H-3, 17-
H-6, and 35-H-6 with polypeptide concentrations ranging from approximately 5 to 140 puM.
Although the relative positions of the bands in these images (which come from different gels)
do not capture the molecular mass differences between polypep-tides, a single gel of the three
polypeptides shows relative band positions that are generally consistent with the molecular
mass differences (see Electronic Supplementary Material). Molecular mass standards were not
included in these measurements owing to their lack of relevance to the polypeptides, which
are not of the composition and globular structure of the standards. Although the polypeptide
concentrations are not identical in the three gels, they cover a similar concentration range, and
permitrapid and facile assessment of the changes in the aggregation state of a given polypeptide
as a function of concentration. Of particular relevance for the aggregation assessment is that
all three polypeptides migrate as a single band at all concentrations, with no variation in the
location of the band, indicating a lack of aggregation at the elevated concentrations and
corroborating the lack of aggregation observed in the AUC data. The complete absence of
higher-order oligomers at higher molecular mass values in these gels suggests that there is no
significant association, although very low concentrations of oligomers/aggregates may not be
detected under these assay conditions. In addition, the range of polypeptide concentrations
monitored suggests that these polypeptides will not aggregate under a range of concentrations
useful for targeted applications.

Given the well-behaved conformational and association properties of the polypeptides under
neutral aqueous conditions as described above, these macromolecules may offer unique
opportunities for therapeutic applications. By utilizing recombinant techniques to produce
well-defined polymeric sequences, delivery of an exact number of drug molecules per
polypeptide could be achieved. Multiple molecules of the anticancer drug, doxorubicin, have
been attached to the amine-terminated sidechains of linear elastin-based polypep-tides (54).
Branched polypeptides are widely used to display multiple drug molecules; branched
polypeptides with sequences containing glutamic acid, lysine, and alanine have been
conjugated with the antitumor drug daunomycin in an attempt to probe the role structure plays
in delivery (55,56). The helical polypeptides discussed in this manuscript could be similarly
employed for delivery of a given number of drug molecules at a specific density. In addition
to the advantages of longer circulation times and reduced drug toxicity that occur with
conjugation of drugs to polymers and may be afforded by the conjugation of drugs to these
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polypeptides, the control of ligand or drug density on the scaffold may offer additional
advantages. Multivalent ligands of designed architectures are known to have specific
influences on cellular responses (57), and the delivery of a multivalent polypeptide-drug
conjugate with a designed spacing between drug or ligand molecules may improve interactions
at the cell surface and improve the uptake or effects of the drug.

CONCLUSIONS

The conformational and aggregation behavior of ala-nine-rich polypeptides have been
investigated for three molecules, 17-H-3, 17-H-6, and 35-H-6, under isotonic buffer conditions.
The synthesis of a new molecule, 17-H-6, has allowed the differentiation of the effect of
molecular weight and composition on the conformational behavior of these families of
polypeptides. An increase in molecular weight between 17-H-3 and 17-H-6 (8,875 to 14,770,
respectively) results in increased helicity, and slight changes in composition of the alanine-
rich domains between 17-H-6 and 35-H-6 are not suggested to have large effects on polypeptide
helicity. Although the helicity of the molecules differs slightly with molecular weight and
composition, the thermal stability of the helix is not significantly affected by these variables,
as suggested by the comparable values of the T, and van’t Hoff enthalpies for each of the
polypeptides. These alanine-rich polypeptides do not show any signs of aggregation under
physiologically relevant conditions. The combination of these results suggests the utility of
these polypeptide templates for various applications in molecular recognition,
biomineralization, or in multivalent display of therapeutic agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Circular dichroic spectra of 17-H-3 (square) (17 uM), 17-H-6 (circle) (10 uM), and 35-H-6

(triangle) (16 uM) in pH 7.4 PBS at 5°C.
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Fig. 2.

Circular dichroic spectroscopic characterization of the thermal denaturation of 17-H-6 (10
uM) in pH 7.4 PBS buffer. a Full wavelength spectra collected in increments of 5°C at
temperatures ranging from 5 to 80°C. b Temperature dependence of [0] 2, recorded at a heating
rate of 60°C/h.
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Fig. 3.

Plots of In ¢, (expressed as natural log of absorbance units at 230 nm) vs r2/2 derived from
analytical ultracentrifugation results measured at 230 nm for alanine-rich polypeptides. a 17-
H-3 (19 uM, 30,000 rpm), b 17-H-6 (17 uM, 25,000 rpm), and ¢ 35-H-6 (18 uM, 25,000 rpm)
in pH 7.4 PBS.
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Fig. 4.

Plots of In ¢, (expressed as natural log of absorbance units at 230 nm) vs r2/2 from analytical
ultracentrifugation results for 17-H-6 at 25,000 rpm with peptide concentrations of a 4 uM,
b9 uM,andc 17 uM in pH 7.4 PBS.
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Fig. 5.
Non-denaturing polyacrylamide gel electrophoresis of 17-H-3 (top left), 17-H-6 (top right),
and 35-H-6 (bottom left) samples at various concentrations.
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Table Il
Transition Temperature and van’t Hoff Enthalpy for each of the Polypeptide Sequences
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Sequence T, (C)2 AH,,y; (kcal/mol)
17-H3 [AAAQEAAAAQAAAQAEAAQAAQ], 335434 20.3+2.7
17-H-6 [AAAQEAAAAQAAAQAEAAQAAQ], 34.8+0.2 21.4+0.8
35-H-6 [AAAQAAQAQAAAEAAAQAAQAQ], 36.5+1.9 18.8+0.4

a . . .
Errors are estimated on the basis of at least duplicate measurements.
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