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Abstract
In this review, we describe our work on the design, characterization, and modification of a series
of alanine-rich helical polypeptides with novel functions. Glycosylation of the polypeptides has
permitted investigation of polymer architecture effects on multivalent interactions. One of the
members of this polypeptide family exhibits polymorphological behavior that is easily
manipulated via simple changes in solution pH and temperature. Polypeptide-based fibrils formed
at acidic pH and high temperature were shown to direct the one-dimensional organization of gold
nanoparticles via electrostatic interactions. As a precursor to fibrils, aggregates likely comprising
alanine-rich cores form at low temperatures and acidic pH and reversibly dissociate into
monomers upon deprotonation. PEGylation of these polypeptides does not alter the self-
association or conformational behavior of the polypeptide, suggesting potential applications in the
development of assembled delivery vehicles, as modification of the polypeptides should be a
useful strategy for controlling assembly.
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1. Introduction
Biosynthetic methods employ the precisely templated polymerization of proteins from their
genes, and have yielded a wide variety of natural and artificial proteins. With fidelity
superior to synthetic polymerization methods, nature’s translation machines work in an
almost error-free fashion to yield identical macromolecules. As has been widely described
over the past decade and longer [1-5], biosynthetic methods thus afford polymers of precise
structure, monomer sequence, and molecular mass [1-9]. At the genetic level, a range of
synthetic controls are available; existing natural genes can be amplified from
complementary deoxyribonucleic acid (cDNA) templates, repetitive sequences of naturally
occurring genes can be multimerized to yield repetitive sequences of various molecular
weights, or entirely de novo sequences can be engineered. Protein polymers modeled after
the natural structural proteins silk [10-14], elastin [15-23], and collagen [24,25] have

© 2010 Elsevier B.V. All rights reserved.
*to whom correspondence should be addressed. kiick@udel.edu, 302-831-0201(tel), 302-831-4545(fax). .
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Adv Drug Deliv Rev. Author manuscript; available in PMC 2011 December 30.

Published in final edited form as:
Adv Drug Deliv Rev. 2010 December 30; 62(15): 1530–1540. doi:10.1016/j.addr.2010.05.002.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dominated this area, although de novo sequences have also become of increasing interest
[6-9,26-28]. After production of the protein polymer, there are opportunities for subsequent
chemical modification, control of folding, and modulation of assembly.

Biosynthetic methods also allow facile synthesis of multi-block polymers with desired
number and composition of blocks, which has yielded a variety of materials including
nanoparticles and responsive hydrogels; modulation of the properties of the molecules is
afforded by alterations in composition [20,22,29-45]. For example, control of the
composition of silk-elastin block polypeptides has yielded structures in which gelation and
subsequent release of bioactive molecules can be tuned, emphasizing the crucial role of
biosynthetic methods in the study of the structure-function relationships [30,43,46].

The controlled structure and inherent biocompatibility of many of these polymers, coupled
with the facile incorporation of functional domains in these polypeptides, have provided
enormous opportunities to create functional biomaterials. Cell-adhesion domains
[20,31,35,37,39,42,47,48,49], enzymatic degradation sequences [39,42,49], ligand-binding
sites [41,44,45,50], self-assembly triggers [22,29,30,32] and chemical modification sites
[6-9,39,42,51-60] have all been included in modular polypeptide-based designs. Recently
developed cationic polypeptides represent one such kind of functional material for gene
transfection applications. In these constructs, multifunctional domains comprising a nucleic-
acid-binding domain composed of predominantly basic amino acids, a targeting moiety (e.g.,
basic fibroblast growth factor (FGF2) ligands), a membrane disruption unit (e.g.,
transactivator of transcription (TAT) or other fusogenic peptides), and a nuclear localization
signal facilitate delivery of genes from the matrix [41,44,45,61-63]. Extracellular matrix-
mimetic polypeptides, engineered with biological cues, represent another type of functional
biomaterial, with intended applications in tissue engineering and/or controlled release. The
widely exploited, fibronectin-derived cell adhesive arginyl-glycyl-aspartate (RGD) peptide
domain has been incorporated into a variety of protein-based polymers – based on silk
[47-48], elastin [31,35,37,49] and resilin [42] – to regulate the cell-adhesive function of the
materials. Elaboration of multiple biological functions is straightforward with biosynthetic
approaches, and materials that contain additional domains, such as proteolytic degradation
sites and heparin-binding domains have also been reported [39,42,49].

The incorporation of non-natural amino acid derivates in genetically engineered
polypeptides has yielded another approach to expand their functionality. Fluorine derivatives
of aliphatic amino acids such as leucine, isoleucine, and valine, and the aromatic
phenylalanine, impart hydrolytic, thermal, and chemical stability owing to the super-
hydrophobicity of fluorine [64-70]. Polypeptides have also been equipped with novel
chromophores and photoreactive residues via the incorporation of non-natural analogs or
mimetics of aromatic amino acids [71-77], with reported applications in photopatterning
[78] and photocrosslinking [79]. Furthermore, the incorporation of reactive non-natural
amino acids such as those containing alkene [80-84], alkyne [85-87], azide [86-90] and
ketone [91-92] groups, has provided unique opportunities to yield protein polymers with
selective sites for orthogonal chemical modification.

The naturally occuring lysine, glutamic acid and cysteine residues, nevertheless, have
remained a mainstay for chemical modification of protein-based polymers. Chemical
crosslinking through these residues has been used to facilitate network formation of the
artificial polypeptides as an alternative to self-assembly or to tune mechanical properties of
the polypeptide films or hydrogels [9,20,42,51,53,58,60]. Chemical conjugation through
these reactive groups also offers a wide spectrum of modifications spanning from
PEGylation to attachment of small bioactive molecules, although PEGylation has not been
as widely employed for modification of protein polymers as it has for modification of some
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therapeutic proteins [93-98]. PEGylation has been exploited to control fibrillar assembly of
the polypeptide [(AG)3EG]n (n = 10-20) by preventing stacking of β-sheet structures
[54,56], as well as to crosslink biologically active recombinant polypeptides to yield in situ
forming hydrogels [39]. Chemical conjugation has also permitted incorporation of cell-
adhesion ligands such as cyclic RGD, which cannot be incorporated via genetic methods
[59]. . Smart multi-functional tumor-targeting drug delivery systems were developed by
combining thermoresponsive behavior of elastin like polypeptides (ELPs) and chemical
conjugation methods. The antitumor drug, doxorubicin, was attached to ELPs via reaction
with lysine or cysteine residues, and the pH-programmed release of the drug was tuned by
the nature of crosslinkers or by the incorporation of a peptide-based lysosomally degradable
domain. The lower critical solution temperature (LCST) behavior of the ELPs was exploited
to control the response of the ELPs to hyperthermic. The composition of the ELP was
modulated such that its thermal transition temperature lies between body temperature and
hyperthermic tumor temperature. Hence, above its transition temperature, self-association of
ELP facilitated drug transport passively via the enhanced permeability retention (EPR)
effect. Likewise, in multi-functional cationic drug delivery systems, active targeting to these
ELPs was imparted by incorporation of specific cell-binding motifs, such as the TAT
derived peptide, to ensure cellular uptake [52,55,57]. Similarly, we have recently
demonstrated the production of well-defined, glycosylated random coil and alanine-rich
helical polypeptides that inhibit cholera toxin via multivalent interactions [7,8,99,100].
These random coil and helical polypeptides, in which the spacing of the glutamic acid
residues was manipulated via their genetically-directed placement in the chain, have been
functionalized with N-(ε-aminocaproyl)-β-D-galactosylamine and other saccharides.
Glycopolypeptides in which the inter-residue distance approximates the inter-receptor
spacing of cholera toxin (~35-37 Å) showed significantly improved inhibition, yielding
insights into the toxin-carbohydrate interactions and in the design of novel
glycopolypeptides [8,100].

These helical polypeptides, equipped with chemically reactive glutamic acid residues, have
provided a versatile platform not only for generating scaffolds that can modulate multivalent
binding events, but also in the assembly of nanostructures with potential application in drug
delivery and organization/immobilization of inorganic materials. In this review, we
summarize our recent findings on the conformational and aggregation behavior of these
polypeptides, along with our ongoing modification of these polypeptides – via glycosylation,
attachment of gold nanoparticles and PEGylation – in the generation of novel protein-based,
functional materials.

2. Alanine-rich helical polypeptides
In the design of the helical polypeptides, alanine, glutamine and glutamic acid residues were
employed due to their high helical propensity [101]. Additionally, the polar amino acids
glutamine and glutamic acid impart water solubility. The reactive glutamic acid was selected
as a chemical modification site over lysine and cysteine because of the demonstrated facile
expression and purification of polypeptides containing anionic amino acids [6]. These
macromolecules were initially investigated as unique scaffolds in the generation of well-
defined glycopolymers, and were accordingly chemically modified with amine-
functionalized saccharides, to study multivalent carbohydrate-protein interactions. The
glutamic acid residue spacing in the polypeptides was varied in a range of distances relevant
to those exhibited between adjacent binding sites of toxins; the precise positions for the
glutamic acid residues were suggested by energy minimization calculations. The resultant
polypeptides, given in Table 1, were produced recombinantly employing Escherichia coli
(E. coli) as the expression host. The sequences were equipped with an N-terminal
decahistidine sequence to facilitate purification via nickel nitrilotriacetic acid (Ni-NTA)
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affinity chromatography [6,7,102]. Seamless cloning and standard gene multimerization
methods [16,103] were slightly modified to yield repetitive protein polymers with no
extraneous amino acids. The representative simplified plasmid construction route used to
generate the polypeptide 17-H-6 (Table 1) is provided in Figure 1. The expression of the
polypeptides was conducted in cultures of E. coli strain BL21(DE3)plysS, with standard
isopropyl-β-D-thiogalactopyranoside (IPTG) induction, and the polypeptides were purified
via immobilized metal affinity chromatography under denaturing conditions by applying pH
and/or imidazole gradients. With optimization of purification conditions, it is possible to
obtain 50-100 mg of polypeptide with greater than 90-95% purity; the purity of polypeptides
was indicated in all cases by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), high-performance liquid chromatography (HPLC), and amino acid analyses.
The molecular masses of the polypeptides were confirmed by matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) mass spectrometry [6,7,102].

3. Properties under physiological conditions
Circular dichroic (CD) spectroscopy was used to provide experimental evidence of the
helical conformation of all of the polypeptides delineated in Table 1; representative CD
spectra of 17-H-3, 17-H-6, and 35-H-6 at physiological pH and isotonic conditions are
shown in Figure 2. The polypeptides have an α-helical conformation as indicated by the
presence of the double minima at 208 and 222 nm in their spectra, corroborating energy
minimization calculations. The percent helicity values of the polypeptides at 5 °C were
estimated to be approximately 50%, 65%, and 70% for 17-H-3, 17-H-6 and 35-H-6
respectively [102]; the helicity of the polypeptides increases with increasing molecular
weight as expected [104]. Slight difference in the helicities of 35-H-6 and 17-H-6 can be
attributed to the stabilization of the helix by interactions between glutamic acid and
glutamine at i and i+4 positions [105]; helix-destabilizing repulsions between glutamic acid
residues are eliminated under the conditions of the CD experiments (150 mM NaCl) as the
Debye length under these conditions (7.8 Å) is significantly lower than the distance between
glutamic acids (17 Å and 35 Å) [106].

To provide deeper insight into the conformational stability and potential association of these
sequences, temperature-induced conformational changes were monitored for 17-H-6 (in
phosphate0buffered saline (PBS) at pH 7.4) via CD spectroscopy; the polypeptides convert
from an alpha-helical to a non-helical conformation upon heating. The reversibility of the
thermal denaturation was indicated by the lack of change observed in the mean residue
ellipticity values prior to unfolding and after refolding (Figure 3), as well as by the overlap
of consecutive scans in differential scanning calorimetry experiments [107].

The aggregation state of the polypeptides offers a key variable for their potential application,
as self-assembly of the polypeptides provides a desirable bottom-up approach to prepare
nanostructures but is undesirable in the controlled presentation of multivalent ligands. A
lack of aggregation in these sequences under neutral pH and isotonic salt conditions was
confirmed by sedimentation equilibrium experiments, in which the differences between
theoretical and experimental molecular weight values were lower than 10%, indicating the
polypeptides (17-H-3, 17-H-6, and 35-H-6) are monomeric at low concentrations. Native gel
electrophoresis confirmed the lack of aggregation of the polypeptides at higher
concentrations (Figure 4), with no change in molecular mass indicated at concentrations
higher than 100 μM [102]. The absence of self-association for the polypeptide with the
highest glutamic acid density, 17-H-6, was also confirmed by the overlap of CD melting
curves of the polypeptide at different concentrations [107]. Altogether, the data confirm that
the polypeptide scaffolds are monomeric at physiological pH and isotonic conditions,
suggesting their value in the study of multivalent interactions.
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4. Glycosylated helical polypeptide scaffolds
The number and spacing of ligands and the size of a polymeric scaffold are important
parameters in scaffolds that mediate multivalent interactions [108-111]. However, the
effects of scaffold conformation were not investigated in detail prior to our production of
glycopolypeptides with various backbone architectures. In order to elucidate the effect of
backbone conformation on multivalent binding events, glycosylated scaffolds of both
random-coil and alpha-helical conformation were produced for inhibition of the binding of
the B5 subunit of the cholera toxin. Glycosylation was achieved via the reaction between
amine groups of N-(ε-aminocaproyl)-β-D-galactosylamine) and carboxyl groups of glutamic
acid residues as mentioned above. Nearly quantitative functionalization of the polypeptides
was confirmed via proton nuclear magnetic resonance (1H NMR) spectroscopy, SDS-PAGE
analysis, and spectrophotometric evaluation of saccharide content. CD spectra of the
glycosylated helical scaffolds (17-H-3, 17-H-6, and 35-H-6) showed that the polypeptides
retain their alpha-helical conformation upon glycosylation. An enzyme-linked assay of
cholera toxin inhibition yielded dose-response curves for the inhibition by these different
glycopolypeptides, which are shown in Figure 5. Half maximal inhibitory concentration
(IC50) values from the non-linear fit to inhibition curves were obtained as 55 mM, 3.34 mM,
725 μM and 160 μM for monovalent galactose, and glycosylated polypeptides denoted as
Cap 17-H-3, Cap 17-H-6 and Cap 35-H-6, respectively, clearly suggesting the effects of
multivalency, molecular weight, and saccharide spacing on inhibition [100]. Most
importantly, the enhanced inhibitory effect of the Cap 35-H-6, the glycopolypeptide with
lower valency but saccharide spacing that matches the adjacent binding sites of cholera
toxin, confirms the important role of saccharide spacing in improving inhibitory potential in
these classes of molecules, consistent with the findings of random-coil glycopolypeptides
[8,100].

Comparison of inhibition improvement values of genetically engineered random coil (RC)
glycopolypeptides and glycosylated polyglutamates at different molecular weights indicated
that the hydrodynamic volume of the glycopolypeptide (expressed as retention time in a gel
permeation chromatography (GPC) experiment), rather than the molecular mass alone, plays
a key role in inhibition. A slight improvement in the inhibitory potential of the Cap 35-RC-6
(glycosylated random coil analogue of 35-H-6) glycopolypeptide, over that anticipated
based on its hydrodynamic volume, was observed [8]. Shorter, modified RC scaffolds that
exhibit similar hydrodynamic volumes as 35-RC-6 exhibit improved inhibition, confirming
the role of hydrodynamic volume and guiding the design of new multivalent inhibitors. As
shown in Figure 6, however, the helical Cap 35-H-6 exhibits the greatest inhibition
improvement. These findings corroborate the role of appropriate spacing, and also
underscore that scaffold rigidity plays a key role in improving inhibition, likely through a
reduction in conformational entropy loss upon binding [8,100]. The opportunities to control
ligand spacing, scaffold size and architecture effects in these macromolecules, coupled with
their improved binding of cholera toxin, suggests that these genetically engineered,
polypeptide-based scaffolds offer a reliable model system in investigating multivalent
events.

5. Controlled aggregation of alanine-rich polypeptides
In addition to our interest in multivalent binding by the helical polypeptides, we speculated
that the protonation of the glutamic acid residues in these sequences would afford facile
opportunities to manipulate their folding and assembly behavior. Characterization by CD
spectroscopy, at acidic pH, of the polypeptides 17-H-3, 17-H-6, and 35-H-6 indicated that
all showed helical secondary structure under these conditions, with helicity values similar to
those observed at pH 7.4 [7,107]. Detailed characterization of the helical polypeptide of
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highest glutamic density, 17-H-6, was conducted at acidic pH to complement the data
presented above for the polypeptide under neutral conditions. Interestingly, under these
conditions (low pH, isotonic salt), the concentration-dependent, thermal melting curves
observed in CD showed shifts in the melting temperature of the polypeptides with increasing
polypeptide concentration, suggesting self-association. The sizes of the aggregates were
determined via dynamic light scattering under these solution conditions at 20 °C. The
hydrodynamic radii of the polypeptide aggregates were indicated to be approximately
~10-20 nm, depending on the concentration of the polypeptide and solution temperature.
The scattering of the aggregates via light scattering was characterized upon the cycling of
pH between 2.3 and 7.4, with an increase in intensity taken as an indicator of aggregate
formation. As shown in Figure 7, comparison of the scattering intensities of the polypeptide
at acidic and neutral pH indicated that the association of the polypeptides is facilitated at low
pH and is immediately and reversibly responsive to changes in pH. The aggregation number
of these structures was estimated to be around a few hundred macromolecules, as suggested
via a combination of sedimentation velocity and DLS data [107]. More detailed
characterization of the morphologies of the aggregates in solution via cryo-TEM indicates
an elongated morphology (with an average width of ~10 nm and average length of ~50 nm)
for these structures (unpublished data), which may be exploited in future application.

The association of the helical polypeptides might also promote larger-scale aggregation into
other morphologies. Thus thermal denaturation, which has been shown to promote fibril
formation for other proteins [112-116], was exploited to test the range of morphologies
possible from the alanine-rich polypeptides. First, variations in polypeptide conformation as
a function of temperature were monitored via CD. In refolding experiments, some loss of
helicity in the polypeptide was observed (Figure 8), likely due to the irreversible formation
of non-helical structures. The possibility that these structures were β-sheet suggested
interesting opportunities for fibril formation and functionalization. Although observation of
β-sheet structure formed at early stages was obscured by the strong random coil signal in the
CD spectrum at elevated temperatures, it became detectable upon prolonged incubation (ca.
7.5 hrs at 80 °C). Corroborating this CD data, the differntial scanning calorimetry (DSC)
data for 17-H-6 showed an exotherm at high temperatures, suggesting precipitation or
aggregation of the polypeptide; the lack of overlap in consecutive DSC scans clearly
indicated that this transition is irreversible (Figure 9). Characterization, by TEM, of the
structures formed at high temperature unambiguously showed their fibrillar nature, as
expected for β–sheet-forming peptides and proteins, with fibrils approximately 7 nm in
width (Figure 10).

In summary, the aggregation tendency and and resultant (nano)structures of the 17-H-6
polypeptide can be easily modulated by simple alterations in pH and temperature; the overall
schematic illustrating the pathways for these transitions is shown in Figure 11. At low
temperature and at neutral pH, when glutamic acid residues are charged, 17-H-6 forms a
monomeric alpha-helical structure. However, reduction of the pH (to below the pKa of
glutamic acid) eliminates electrostatic repulsion, and the polypeptide reversibly forms
structures comprising multiple macromolecules with alpha-helical conformation at low
temperature. It is likely that this aggregate formation is mediated by the hydrophobic
association of the alanine-rich domains and that the aggregates are stabilized by the positive
charge of the N-terminal histidine tag of these sequences. (When the N-terminal
decahistidine sequence is removed by cyanogen bromide (CNBr)mediated cleavage, the
polypeptide becomes insoluble at pH 2.3.) Upon an increase in temperature, the polypeptide
reversibly unfolds/refolds at neutral pH. However, at acidic pH, the polypeptide forms
fibrillar β-sheet structures upon incubation at elevated temperatures; our current
experimental data suggest that the initial formation of the multi-macromolecular aggregates
accelerates the formation of β-sheet structure [107]. The polypeptide thus provides
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macromolecular assemblies with morphologies that can be modulated with simple external
stimuli, pH and temperature. Coupled with its uniform and controlled chemical structure,
this suggests its potential in nanotechnology applications.

6. Fibril-directed gold nanoparticle organization
The detailed assembly and structure of the fibrils was provided by wide angle X-ray
scattering (WAXS), Fourier transform infra-red (FTIR) spectroscopy, atomic force
microscopy (AFM) and optical microscopy techniques (Figure 12) [117]. In X-ray
scattering, a broad peak corresponding to a d-spacing of 4.56 Å was obtained, consistent
with the hydrogen-bonding distance between β-sheet strands in peptides and proteins
[118,119]. Characterization by FTIR spectroscopy also confirmed the β-sheet conformation
of the fibrils, with peaks corresponding to those expected for β-sheet strands (1624 cm−1)
and antiparallel β-sheet structure (1690 cm−1) [120]. The fibrils showed green colored
birefringence, upon staining with Congo red, in optical microscopy under cross-polarizers,
suggesting a cross-β-sheet structure for the fibrils, i.e. β-strands are perpendicular to the
fibrillar growth. The fact that these fibrils bound thioflavin T furthered confirmed this model
[121,122]. From high-resolution TEM images, the fibril width was measured as 7.6 ± 0.4
nm, consistent with the length of the 22-amino-acid repeat unit of the 17-H-6 (Table 1) in a
β-sheet conformation (ca. 7.7 nm). In AFM, the height of the fibrils was measured in
discrete steps of 1.4 ± 0.1, 2.8 ± 0.1, and 4.0 ± 0.1 nm, suggesting a rectangular rather than
cylindrical structure. These findings suggest that the polypeptide adopts a folded antiparallel
β-sheet conformation, with a width corresponding to a single repeat unit of the alanine-rich
domain, to form a cross-β-sheet fibril with an inter-strand d-spacing of 4.56 nm. It is likely
that the axial growth of the fibrils occurs by the addition of folded chains in a head-to tail
fashion, which (1) permits burial of the C-terminal ends of the chains to maximize
hydrophobic contacts and (2) would place the N-terminal histidine tags adjacent to one other
as proposed in Figure 12. The hydrogen bonding and hydrophobic contacts must dominate
the assembly, with electrostatic repulsion between histidine segments contributing only
marginally to the opposition of the assembly. The histidine-rich segment is thus arranged
regularly along the fibril length with a spatial periodicity of ca. 5.5 nm (12 × 4.56Å).

These regularly repeating, positively charged histidine patches represent the most promising
feature of this nano-architecture, as they can be utilized for the controlled placement of
oppositely charged inorganic nanoparticles. To demonstrate the possibility for
electrostatically controlled, one-dimensional assembly of inorganic nanoparticles, preformed
17-H-6 fibrils were mixed together with an excess of negatively charged gold nanoparticles
(formed via citrate-reduction methodologies [123]). With overnight stirring, the gold
nanoparticles are immobilized on the 17-H-6 fibrils, thus neutralizing the charge on the
positively charged histidine patches, and the fibril–particle assemblies precipitate from
solution. Characterization of the fibril-particle assemblies via bright-field TEM (BF-TEM;
Figure 13) clearly illustrates that the gold nanoparticles are controllably immobilized on the
fibrils, with successful templating over distances of hundreds of nanometers. Statistical
analysis of the inter-nanoparticle spacing of the BF-TEM images yields inter-particle
distances of 5.5 ± 1.2 nm, in excellent agreement with the model proposed in Figure 12
[117]. That this assembly is templated and not merely a result of electrostatically mediated
deposition of the nanoparticles on a uniformly charged fibril is suggested by Debye theory.
The particles are not close-packed, nor is the interparticle distance dictated by the Debye
length of the solution.

The modularity of these polypeptides is a key design advantage, and suggests numerous
opportunities to engineer assemblies via the modulation of fusion tags and particle surfaces.
The polypeptide assembly also offers a convenient method for bottom up placement of
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nanoparticles at predefined separations and at length scales which are at the limit of state-of-
the-art lithographic capabilities. Variations in the distance between nanoparticles should be
easily accessible via variations in the number of repeats of the alanine-rich domains, and
versatility in the types of nanoparticles immobilized can be obtained via straightforward
engineering of the fusion tags on the polypeptide. Such one dimensional particle displays
would be useful for optoelectronic devices and biomaterials systems, and the elaboration of
two and three-dimensional displays is under investigation.

7. Ongoing work
The flexibility of the assembly of these polypeptides, coupled with their potential use as
multivalent pharmaceuticals and/or multivalent displays of small molecule drugs and
ligands, has motivated additional studies of their PEGylation and self-assembly. The
PEGylation of 17-H-6 has provided useful information on the conformation, thermal
stability, aggregation, and fibrillization behavior of the polypeptide, and similar polypeptide-
based systems have potential application in the development of PEGylated polypeptide-drug
conjugates.

In order to prepare mono-PEGylated 17-H-6 conjugates, the N-terminal histidine tag of the
polypeptide was removed via cleavage by CNBr, followed by reaction of the polypeptide
with propionaldehyde-functionalized methoxypoly(ethylene glycol (mPEG) (5KDa or 10
KDa) with the N-terminal amine of the cleaved polypeptide. The monoPEGylated conjugate
was isolated using anion exchange and size exclusion chromatography and its formation was
confirmed by MALDI-TOF mass spectroscopy. CD characterization of the conjugates has
shown that the N-terminal mono-PEGylation has no impact on the conformation or
conformational changes of the polypeptide, but retards β-sheet formation at low pH. TEM
characterization of the conjugates (after incubation at 80 °C at pH 2.3 for 18 hours) indicates
that the polypeptides are no longer competent for the formation of uniform fibrils; only non-
uniform fibrils of greater widths were observed (unpublished data). These data confirm that
PEGylation interferes with the fibrillization of the polypeptide, as anticipated based on other
studies of PEGylated, β-sheet-forming peptides and polypeptides [54,56,124,125], although
the details of this interference have not yet been elucidated for the 17-H-6-based fibrils.

Our initial structural characterization of the conjugates has also indicated that they retain
their pH responsiveness, and form similar, although slightly smaller, structures as those
formed by non-PEGylated 17-H-6 at low pH. The detailed characterization of 17-H-6,
coupled with these initial investigations of the PEGylated version of the polypeptide,
indicates that self-assembly triggered by protonation of glutamic acid residues is operative
in both cases (unpublished data). Therefore, the development of polypeptide-based micellar
delivery vehicles, in which hydrophobic drugs are conjugated to the glutamic acid residues
of these sequences [126-128] or in which a therapeutic multivalent polypeptide serves as the
associating domain, should be possible. Variations in the assembled structures of these
conjugates, and their potential selectivity based on their architecture, will offer interesting
drug carrier systems in which rates of release, biodistribution, and cellular uptake may all be
modulated [129-131].

8. Conclusions
We have synthesized a series of helical polypeptides using biosynthetic methods and
characterized in detail their conformational and assembly properties. These macromolecules
have been shown to be versatile scaffolds, with many applications including in the
production of multivalent ligands, controlled immobilization of nanoparticles, and
assembled structures. Their properties and assembly are easily manipulated via simple
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stimuli such as solution pH and temperature, and their assembly occurs under benign
conditions that will facilitate their application in the biological environment. Enormous
opportunities exist for creating functional materials based on these genetically engineered
polypeptides, via exploitation of their defined structures and their chemical modification.
Development of rules relating their structure to their conformation and sequence will
facilitate the rational design and expansion of their functionality.
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Figure 1.
Simplified gene construction scheme for a representative polypeptide. Figure
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Figure 2.
CD spectra of 17-H-3 (open squares), 17-H-6 (open circles), and 35-H-6 (open triangles) in
PBS buffer at pH 7.4 at 5 °C. Reproduced with permission from [102]. Copyright (2008)
Springer.
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Figure 3.
CD spectra of 17-H-6 during a) unfolding and b) refolding in PBS buffer at pH 7.4.
Reproduced with permission from [107]. Copyright (2008) American Chemical Society.
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Figure 4.
Non-denaturing gel electrophoresis of a) 17-H-3, b) 17-H-6, and c) 35-H-6 at various
concentrations. Reproduced with permission from [102]. Copyright (2008) Springer.
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Figure 5.
CT B5 inhibition curves of the glycopolypeptides and galactose. Reproduced with
permission from [100]. Copyright (2008) American Chemical Society.
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Figure 6.
Correlation of inhibition improvement and retention time in GPC for randomcoil
glycopolypeptides (open) [8] and α-helical glycopolypeptides (solid). Reproduced with
permission from [100]. Copyright (2008) American Chemical Society.
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Figure 7.
Change in the scattering intensity of 17-H-6 solution as a function of pH.
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Figure 8.
CD spectra of 17-H-6 during a) unfolding and b) refolding of 17-H-6 at pH 2.3 buffer.
Reproduced with permission from [107]. Copyright (2008) American Chemical Society.
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Figure 9.
Consecutive DSC scans of 17-H-6 in pH 2.3 buffer. Reproduced with permission from
[107]. Copyright (2008) American Chemical Society.
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Figure 10.
TEM pictures of 100 μM of 17-H-6 in pH 2.3 buffer annealed at 80 °C for 18 hrs. Scale
bars: a) 200 nm b) 50 nm. Reproduced with permission from [107]. Copyright (2008)
American Chemical Society.
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Figure 11.
Summary of the conformation and aggregation behavior of 17-H-6 as a function of pH and
temperature. Reproduced with permission from [107]. Copyright (2008) American Chemical
Society.
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Figure 12.
Suggested fibril assembly model of 17-H-6. Reproduced with permission from [117].
Copyright (2009) Wiley.
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Figure 13.
a) BF TEM image of 17H6 templated 1D gold nanoparticle arrays; b) HAADF-STEM image
showing high fidelity of the 2 nm gold nanoparticles to the 17H6 fibrils; c) HAADF STEM
image showing controlled axial nanoparticle positioning with 5.2 ± 1 nm inter-particle
spacing; d) Schematic showing mechanism for electrostatic assembly of negatively charged
gold nanoparticles on positively charged histidine patches in 17-H-6 fibrils. Reproduced
with permission from [117]. Copyright (2009) Wiley.
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Table 1

Summary of the helical polypeptides [7,102]

Notation* Sequence** MW
(Da) # of E E Spacing

(Å)

17-H-3 [AAAQEAAAAQAAAQAEAAQAAQ]3 8875 6 17

17-H-6 [AAAQEAAAAQAAAQAEAAQAAQ]6 14770 12 17

35-H-6 [AAAQAAQAQAAAEAAAQAAQAQ]6 14159 6 35

*
The polypeptides were named according to notation, XHY, where X denotes the distance between E residues, H emphasizes backbone is helical,

and X is the number of repeating unit [102]

**
All the sequences contain N-terminal histidine tag, MGH10S2GHIHM, and all experiments were carried out on polypeptides containing the

fusion tag, unless otherwise stated.
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