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ABSTRACT: A series of ABA triblock copolymers consisting of a centralâ-sheet polypeptide block and poly-
(ethylene glycol) (PEG) end blocks were constructed in order to investigate the effect of PEG chain length on
assembly behavior. The polypeptide block, consisting of tandem repeats of -(AG)3EG- (A ) alanine, G) glycine,
and E) glutamic acid), was prepared byE. coli expression and subsequently conjugated via two flanking cysteine
residues to maleimide-functionalized PEGs of various chain length. Infrared spectroscopy showed that no major
effect of PEG chain length on polypeptide folding occurred. With atomic force microscopy a fibrillar microstructure
was observed for all conjugates, with fibrillar heights of∼2 nm. Only at the highest molecular weight of PEG
(5000 g/mol) could an influence on assembly be noticed by the appearance of shorter fibers when compared to
the hybrid block copolymers containing the lower molecular weight PEG chains. It can be concluded that this
class of peptide-based materials is well capable of fibril formation in theâ-sheet stacking direction, whereas the
PEG chains prevent their further side-to-side aggregation without interfering strongly with the desiredâ-sheet
interactions.

Introduction

Peptides and proteins are actively being used as building
blocks for the fabrication of higher order nanostructures via self-
assembly. Knowledge of the relationship between primary amino
acid sequence and folding behavior as well as an increasing
insight into protein-protein interactions makes them attractive
candidates for the creation of functional nanostructured materi-
als. Naturally occurring proteins with an inherent property to
self-assemble have been used to construct new materials. A
variety of such systems have been investigated, such as bacterial
S-layer proteins1 and the yeast prion protein Sup35p.2 S-layer
proteins are crystalline two-dimensional protein arrays at the
cell surface of certain bacteria. Because of the presence of
defined pores, they have been used e.g. for ultrafiltration and
as template for the deposition of regularly arranged metal
nanoparticles.1 Yeast prion protein fibrils have been used for
the preparation of conducting nanowires by selective metal
deposition.2

Alternatively, new assemblies have been created by “poly-
valent design”,3 using oligomeric proteins in combination with
multivalent ligands. An example is the formation of a “diamond-
like” lattice resulting from the binding of the tetrameric protein
concanavalin A and a two-headed carbohydrate molecule.4 Two-
dimensional networks with controllable mesh size could be
created by using a tetrameric aldolase conjugated with biotin
in combination with streptavidin as a rigid linker.5

Besides building blocks of known assembly behavior, “de
novo designed” peptide or protein building blocks have become
increasingly important for the construction of new self-as-
sembling systems. Especially, small peptides formingâ-strands
andâ-hairpins, which can be synthesized easily by solid-phase
synthesis, have been investigated for their assembly properties.
Simple design principles can be applied, such as amphiphilicity

in â-strands by the alternation of polar and nonpolar residues,
interruption of hydrogen bonding and formation of turns by the
use of proline, charge arrangement in theâ-strands, and
formation of salt bridges. These factors together determine the
orientation ofâ-strands and the shape of the resulting aggregates
and offer in addition the opportunity to introduce stimulus
responsiveness. A variety of architectures such as ribbons,6,7

nanotubes,8,9 monolayers with nanoscale order,10-12 gels,13,14

and membranes15 have been reported forâ-sheet peptides. These
systems may be used e.g. as scaffolds for tissue engineering or
in targeted drug delivery.16

Higher molecular weight designedâ-sheet polypeptides have
been prepared using molecular biology techniques via expression
of a series of synthetic genes coding for seven-residue long
amphiphilic â-strands, separated by turn sequences.17 All of
them assembled into fibrils and could form monolayers at the
air-water interface18 or flat sheets on highly oriented pyrolytic
graphite (HOPG).19 The gelation properties of the high molec-
ular weight repetitiveâ-sheet fibril forming sequence poly-
(AEAEAKAK) has been reported by Muller and co-workers.20

Interestingly, they showed that the fibrils were of similar
diameter as the low molecular weight analogues15 but that high
molecular weight material was more elastic.

Despite the large amount of research that is performed on
peptide and protein assembly, relatively few reports have
described the self-assembly of hybrid block copolymers, i.e.,
copolymers which combine traditional synthetic polymers with
peptide sequences. These kinds of block copolymers have the
potential to combine properties of the peptide block, such as
assembly, recognition, or bioactivity, with the specific chemical
and physical properties of synthetic polymers, such as reactivity
and solubility. Most reported hybrid block copolymers are
composed of a synthetic polymer combined with either a
homopolypeptide sequence prepared via ring-opening polym-
erization of anN-carboxyanhydride21,22 or a small peptide
prepared via solid-phase synthesis. In particular, the latter
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approach is of interest for self-assembly. Meredith and co-
workers reported the formation of fibrils of a diblock copolymer
consisting of the amyloid-â(10-35) peptide and poly(ethylene
glycol) (PEG).23,24 Side-to-side aggregation of fibrils was
hindered by the PEG-coated surface of the fibrils. The assembly
behavior of hybrid block copolymers consisting of PEG and
amphiphilic â-strand peptide sequences was investigated by
Klok and co-workers.25,26These hybrids formed superstructures
consisting of alternating PEG layers and peptide domains in an
antiparallelâ-sheet conformation in the solid-state and fibrillar
structures after assembly in water. Silklike multiblock copoly-
mers of PEG and theâ-sheet forming sequences AGAG (A)
alanine, G) glycine) and poly(alanine) based on silkworm and
spider silk, respectively, were reported by Sogah and co-
workers.27,28 A microphase-separated architecture of peptide
domains (20-200 nm) dispersed in a continuous PEG phase
was observed for these polymers.

Recently, we have reported on an approach in which a
recombinantly produced, designed protein polymer was com-
bined with the synthetic polymer PEG.29 The protein polymer
block consisted of tandem repeats of the amino acid sequence
-(AG)3EG- (E ) glutamic acid). The feasibility of controlling
the solid-state structure of polymeric materials based on this
sequence was already shown by Tirrell and co-workers.30 The
regular interspersion of theâ-strand-forming alanylglycine
repeats with glutamic acid residues resulted in controlled
crystallization from aqueous formic acid, leading to folded-chain
lamellar crystals with the polar and bulky glutamic acid residues
confined to the crystal surface.31-33 Although control over
folding of the polypeptide chain was demonstrated, crystalliza-
tion resulted in large extended-plate-like structures. In our
approach control over the assembly process of theseâ-sheet
structures was obtained by preparation of triblock copolymers
consisting of theâ-sheet polypeptide as central block in
combination with two PEG end blocks. The attachment of the
flanking PEG chains blocked the formation of platelike crystals
and resulted in assembly into well-defined fibrils.

In this article we report on the preparation and characterization
of a series of different PEGâ-sheet conjugates, in which the
ratio between peptide and polymer part is varied. The rationale
behind this study was to determine to what extent fibril
formation of the â-sheet polypeptides is affected by the
attachment of synthetic polymers of varying molecular weight.
Therefore, theâ-sheet polypeptide [(AG)3EG]10 was coupled
to PEG chains ofMn ) 750, 2000, and 5000 g mol-1, and the
effect of PEG chain length, and thus radius of gyration (Rg), on
â-sheet formation and assembly properties was investigated. By
increasing the molecular weight of PEG from 750 to 5000 g
mol-1, an increase inRg and therefore steric hindrance would
be expected, which should lead to a reduced propensity to self-
assemble.

Experimental Section

General Methods.Ni-NTA and gel filtration chromatography
were performed using a Biologic FPLC instrument (BioRad).1H
NMR spectra were recorded on a Varian Inova-400 instrument at
298 K. Chemical shifts are reported in ppm relative to tetrameth-
ylsilane (δ ) 0.00 ppm) or the appropriate solvent signal.13C NMR
spectra were recorded on a Bruker AC-300 instrument at 298 K.

MALDI-TOF mass spectra were measured on a Bruker Biflex
III spectrometer. Freeze-dried products were dissolved in 1:1 (v/v)
water:acetonitrile with 0.1% trifluoroacetic acid to a final concen-
tration of 10 mg mL-1 and mixed in a 1:1 ratio with a solution of
20 mg mL-1 of sinapinic acid (Sigma) in the same solvent and
spotted on a MALDI plate.

SDS-PAGE and Immunoblot Analysis.SDS-PAGE and im-
munoblot analysis was carried out according standard procedures.34

For immunoblot analysis protein samples were separated on 15%
SDS-PAGE gel and transferred to nitrocellulose membrane. Mem-
branes were incubated in TBST (10 mM Tris, pH 8.0, 150 mM
NaCl, 0.1% Tween 20) containing 5% nonfat milk powder for 1 h
and then incubated with T7-tag mouse monoclonal antibody
(Novagen; 1:10 000) in 5% milk powder in TBST overnight at 4
°C. The blots were washed three times for 10 min with TBST at
room temperature followed by incubation with rabbit-anti-mouse
peroxidase (Dako Diagnostics; 1:2000) for 1 h. The blots were
washed three times for 5 min with TBST at room temperature and
dried with Whatmann paper. The blots were developed using the
ECL chemiluminescent detection reagents (Amersham Biosciences).
The detection solution was prepared by mixing equal volumes of
solution 1 and 2 on a glass plate, and the blot was placed with the
protein containing side down on top of this solution for 30 s. After
drying with Whatmann paper, the blot was enclosed in plastic wrap
and exposed to film (Kodak chemiluminescence film) for 30 s.

Ellman’s Assay for Determination of Free Thiols.35 To 50
µL of protein solution of suitable concentration was added 950µL
of 100 mM NaH2PO4 buffer (pH 6.8) containing 150 mM NaCl
and 1 mM EDTA. To this solution was added 50µL of 3 mM
5,5′-dithiobis(2-nitrobenzoic acid) (DTNB; Sigma; dissolved in the
same buffer). The absorbance difference between the protein sample
and a reference without protein was measured at 412 nm (ε412 )
10 900 M-1 cm-1).

Methanol-Induced Crystallization. Crystallization of the con-
jugates was induced by vapor diffusion of methanol (p.a. Merck)
into a solution of 1 or 10 mg mL-1 conjugate in 70% formic acid
(Merck). Thereto, an Eppendorf tube containing the conjugate
solution was placed in a Duran bottle filled with 20 mL of methanol.
The bottle was closed and incubation was carried out for 2 days.

Fourier Transform Infrared Spectroscopy. Transmission-FTIR
spectra were measured with a Thermo Mattson Genesis IR-300
spectrometer using a deuterated triglycine sulfate detector (resolu-
tion, 4 cm-1; number of scans, 64). Samples were allowed to dry
on the surface of a Ge ATR crystal prior to measurement.

Transmission Electron Microscopy.All samples were prepared
on copper specimen grids covered with a carbon support film
(CF200-Cu; Electron Microscopy Sciences, Washington). The grids
were placed with the carbon film down on top of a 5µL droplet of
protein suspension (1 mg mL-1) in methanol or on a gel (10 mg
mL-1) for 30 s. The grids were allowed to dry and were
subsequently shadowed with platinum at an elevation angle of 45°.
Images were recorded using a JEOL JEM 1010 microscope (60
kV) equipped with a CCD camera.

Atomic Force Microscopy. Solutions of the conjugate diluted
with methanol to concentrations of 10-100µg mL-1 were applied
onto a freshly cleaved mica surface by drop-casting. The morphol-
ogies of the samples were analyzed by means of tapping-mode AFM
with a Nanoscope IIIa instrument operating in air at room
temperature. Height and phase images were recorded with micro-
fabricated silicon cantilevers (length 100 mm and width 35 mm)
that had a spring constant of 5.5-22.5 N m-1, using scan rates of
1-2 lines s-1 and a resolution of 512× 512 pixels.

Expression and Purification of [(AG)3EG]10 (1). The expres-
sion and purification of [(AG)3EG]10 were carried out as described
previously.29 An isolated yield was 6 mg per liter of culture. MS
(MALDI-TOF): m/z ) 11 134 Da (calculated mass: 11 082 Da).

Synthesis of Maleimide-Functionalized PEGs.PEGs mono-
functionalized with an amine group with molecular weights of 750,
2000, and 5000 g mol-1 were purchased from Rapp Polymere
GmbH (Tübingen, Germany).ε-Maleimidocaproic acid (Sigma),
benzotriazole-1-yl-oxytris(dimethylamino)phosphonium hexafluo-
rophosphate (BOP) (Advanced Chemtech), diisopropylethylamine
(Fluka), sodium 2-mercaptoethanesulfonate (Sigma), and 5,5′-dithio-
bis(2-nitrobenzoic acid) (Sigma) were used as received. Thin-layer
chromatography analyses were performed on Merck precoated silica
gel 60 F254 plates (layer thickness 0.25 mm) using the solvent
mixtures indicated. Maleimide derivatives were detected according
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to a literature procedure36 after TLC separation by spraying the
thin-layer plates with a 0.1% solution of 5,5′-dithiobis(2-nitroben-
zoic acid) in 1:1 ethanol-Tris-HCl buffer (pH 8.2) and then with
a 2% solution of sodium 2-mercaptoethanesulfonate in 80% ethanol
until the background was bright yellow. Maleimide derivatives
appeared as white spots. Product purification was performed with
a Sephadex LH-20 gel filtration resin obtained from Amersham
Biosciences.

Maleimide-Functionalized PEG-750 (2a). 391 mg of PEG-750-
NH2 (0.52 mmol) was dried by azeotropic evaporation with benzene.
The dried product was dissolved in 5 mL of DMF together with
110 mg ofε-maleimidocaproic acid (0.52 mmol), 230 mg of BOP
coupling reagent (0.52 mmol), and 192 mg of diisopropylethylamine
(1.60 mmol). After 24 h stirring at room temperature DMF was
evaporated, and the resulting solid was redissolved in dichlo-
romethane. This solution was subsequently extracted with 1 N HCl
(twice), water, 5% NaHCO3 (twice), water, and saturated NaCl.
After evaporation the product was further purified by gel filtration
chromatography using methanol/dichloromethane 1:1 v/v as eluent.
The final yield was 217 mg of pure product (0.35 mmol, 68%).Rf

) 0.60-0.75 (methanol/chloroform) 1:4 v/v, maleimide detec-
tion). 1H NMR (400 MHz, CDCl3): δ ) 6.69 (s, 2H, CHdCH),
6.27 (br s, 1H, NHCO), 3.61-3.68 (br m, 68H, O(CH2)2O), 3.55
(t, 2H, CH2CH2NHCO), 3.51 (t, 2H, NCH2), 3.44 (m, 2H, CH2-
NHCO), 3.38 (s, 3H, CH3O), 2.17 (t, 2H, CH2CONH), 1.66 (m,
2H, NHCOCH2CH2), 1.60 (m, 2H, CH2CH2N), 1.31 (m, 2H,
CH2CH2CH2CH2N). 13C NMR (75 MHz, CDCl3): δ ) 172.1 (1C,
CONH), 163.8 (2C, NCO), 133.5 (2C,CdC), 71.6 (1C,CH2CH2-
NH), 70.2 (30C, O(CH2)2O), 58.7 (1C,CH3O), 38.9 (1C,CH2NH),
37.5 (1C,CH2N), 36.1 (1C,CH2CONH), 28.1 (1C,CH2CH2N),
26.2 (1C, CH2CH2CH2), 24.9 (1C,CH2CH2CONH); MS (MALDI-
TOF): Calcd forn ) 15, C43H80N2O19 [M + Na]+: 952.05; found
m/z ) 951.70.Mn(MALDI-TOF) ) 1045, PDI) 1.01.

Maleimide-Functionalized PEG-2000 (2b). The maleimide func-
tionalization and subsequent purification were carried out analogous
to the route described for PEG-750. The reaction was performed
with 800 mg of PEG-2000-NH2 (0.4 mmol), 85 mg ofε-maleimi-
docaproic acid (0.4 mmol), 177 mg of BOP (0.4 mmol), and 155
mg of DIPEA (1.2 mmol). The final yield after gel filtration chroma-
tography (Sephadex LH-20; methanol/dichloromethane 1:1 v/v as
eluent) was 784 mg (0.36 mmol, 89%).Rf ) 0.50-0.65 (methanol/
chloroform) 1:5 v/v, maleimide detection).1H NMR (400 MHz,
CDCl3): δ ) 6.69 (s, 2H,CHdCH), 6.20 (br s, 1H, NHCO), 3.61-
3.68 (br m, 188H, O(CH2)2O), 3.55 (t, 2H, CH2CH2NHCO), 3.51
(t, 2H, NCH2), 3.44 (m, 2H, CH2NHCO), 3.38 (s, 3H, CH3O), 2.17
(t, 2H, CH2CONH), 1.66 (m, 2H, NHCOCH2CH2), 1.60 (m, 2H,
CH2CH2N), 1.31 (m, 2H, CH2CH2CH2CH2N). MS (MALDI-
TOF): Calcd forn ) 48, C109H212N2O52 [M + H]+: 2383.72; found
m/z ) 2383.13.Mn(MALDI-TOF) ) 2325, PDI) 1.02.

Maleimide-Functionalized PEG-5000 (2c). The maleimide func-
tionalization and subsequent purification were carried out analogous
to the route described for PEG-750. The reaction was performed
with 850 mg of PEG-5000-NH2 (0.17 mmol), 36 mg ofε-male-
imidocaproic acid (0.17 mmol), 75 mg of BOP (0.17 mmol), and
66 mg of DIPEA (0.51 mmol). The final yield after gel filtration
chromatography (Sephadex LH-20; methanol/dichloromethane 1:1
v/v as eluent) was 617 mg (0.12 mmol, 70%).Rf ) 0.50-0.65
(methanol/chloroform) 1:5 v/v, maleimide detection).1H NMR
(400 MHz, CDCl3): δ ) 6.69 (s, 2H,CHdCH), 6.20 (br s, 1H,
NHCO), 3.60-3.67 (br m, 460H, O(CH2)2O), 3.55 (t, 2H, CH2-
CH2NHCO), 3.51 (t, 2H, NCH2), 3.44 (m, 2H, CH2NHCO),
3.38 (s, 3H, CH3O), 2.17 (t, 2H, CH2CONH), 1.66 (m, 2H,
NHCOCH2CH2), 1.60 (m, 2H, CH2CH2N), 1.31 (m, 2H, CH2CH2-
CH2CH2N). Mn(MALDI -TOF) ) 5346, PDI) 1.01.

Conjugation of [(AG)3EG]10 with Poly(ethylene glycols) and
E-Maleimidocaproic Acid. 10 mg of protein was dissolved in 5
mL of 20 mM NaH2PO4 buffer (pH 8.0) containing 150 mM NaCl,
1 mM EDTA, and 200 mM dithiotreitol (DTT; Sigma) and
incubated for 1 h at room temperature. To remove the excess of
DTT, the protein was precipitated with trichloroacetic acid (TCA;
Sigma) using a protocol adapted from Maniatis.37 Precipitation by

addition of 0.25 volumes of ice-cold 100% TCA was followed by
incubation at-20 °C for 30 min. After centrifugation at 13 000
rpm for 10 min at 4°C, the pellet was washed with 2.5 mL of
ice-cold 20% TCA, followed by a second wash with 2.5 mL of
1% TCA. After each wash the solution was centrifuged for 5 min
at 4 °C. The pellet was redissolved in 5 mL of 100 mM NaH2PO4

buffer (pH 6.8) containing 150 mM NaCl. For complete PEGylation
of the cysteine residues a 5-fold excess of maleimide-functionalized
PEG was immediately added as a 5 mLsolution in the same buffer.
For conjugation withε-maleimidocaproic acid also 5 equiv was
used. The reaction mixture was incubated overnight on a rotating
arm.

Ni-NTA chromatography was used to remove the excess PEG
or ε-maleimidocaproic acid.. The Ni-NTA beads were preequili-
brated in 100 mM NaH2PO4 buffer (pH 8.0) containing 150 mM
NaCl. The PEG conjugation solution was added to 10 mL of
equilibrated 50% Ni-NTA suspension and incubated for 1 h atroom
temperature. The suspension was centrifuged for 5 min at 1500
rpm, and the supernatant was removed. Wash buffer (10 mL of
100 mM NaH2PO4 (pH 8.0), 150 mM NaCl) was added, and a
column was loaded. The agarose beads were washed until all the
PEG was removed (monitored by measuring absorption profile at
214 nm). Subsequently, the protein-PEG conjugate was eluted by
increasing the imidazole concentration to 200 mM. Finally, the
product was dialyzed against demi-water using a dialysis membrane
(Spectra Por dialysis tubing, 3.5 kDa molecular weight cutoff) for
2 days and lyophilized.

[(AG)3EG]10-PEG-750 Conjugate (3a). 1H NMR (400 MHz,
H2O/D2O 9:1 v/v): The following major signals were assigned:δ
) 1.40 (d, 123H, Ala-Hâ), 2.11 (m, 26H, Glu-Hâ), 2.31 (m, 26H,
Glu-Hγ), 3.39 (s, 6H, CH3O), 3.72 (s, 136H, O(CH2)2O), 3.97 (s,
92H, Gly-HR), 4.34 (m, 54H, Ala/Glu-HR). MALDI-TOF: m/z )
13 280 Da (calculated mass for bifunctionalized product: 13 202
Da), main signal. Furthermore, two small peaks were observed
corresponding to monofunctionalized polypeptide (calculated
mass: 12 157 Da, observed:m/z) 12 317 Da) and trifunctionalized
polypeptide (calculated mass 14 247, observedm/z ) 14 315 Da).
Trifunctionalization is most likely the result of functionalization
of lysine residues or the N-terminus, since the maleimide func-
tionality eventually also reacts with amines (although∼1000 times
slower than with thiol groups).38 In addition, a broad peak at 26139
Da (dimer) was observed.

Cyanogen bromide (CNBr) cleavage of3a was performed
according to a literature procedure,34 resulting in conjugate4a.
Cleavage was carried out after conjugation, since the N-terminal 6
× His tag could be used for the efficient removal of PEG (as
described above). Removal of PEG via dialysis turned out to be
problematic. The protein conjugate3awas dissolved in 70% formic
acid (2 mg mL-1), and an equal volume of CNBr (Aldrich) in 70%
formic acid (100 mg mL-1) was added, followed by incubation on
a rotary arm for 2 days at room temperature in the dark. The sample
was dried in a centrifugal dryer at room temperature. The pellet
was redissolved in demi-water and dialyzed for 2 days against demi-
water using a dialysis membrane (molecular weight cutoff) 3500
Da; Spectra Por). MALDI-TOF:m/z ) 8529 Da, main peak
(calculated mass for bifunctionalized product: 8538 Da) and a
smaller peak withm/z ) 10 830 Da (incomplete cleavage).

[(AG)3EG]10-PEG-2000 Conjugate (3b). 1H NMR (400 MHz,
H2O/D2O 9:1 v/v): The following major signals were assigned:δ
) 1.40 (d, 123H, Ala-Hâ), 2.11 (m, 26H, Glu-Hâ), 2.31 (m, 26H,
Glu-Hγ), 3.40 (s, 6H, CH3O), 3.72 (s, 376H, O(CH2)2O), 4.14 (s,
92H, Gly-HR), 4.28 (m, 54H, Ala/Glu-HR). MALDI-TOF: m/z )
15 417 Da (calculated mass for bifunctionalized product: 15 762
Da).

MALDI-TOF after CNBr cleavage (4b): m/z) 10 872 Da (broad
peak) (calculated mass for bifunctionalized product: 11 098 Da).

[(AG)3EG]10-PEG-5000 Conjugate (3c). 1H NMR (400 MHz,
H2O/D2O 9:1 v/v): The following major signals were assigned:δ
) 1.40 (d, 123H, Ala-Hâ), 2.11 (m, 26H, Glu-Hâ), 2.30 (m, 26H,
Glu-Hγ), 3.40 (s, 6H, CH3O), 3.72 (s, 920H, O(CH2)2O), 3.97 (s,
92H, Gly-HR), 4.28 (m, 54H, Ala/Glu-HR). MALDI-TOF: pre-
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dominant signal:m/z ) 21 552 Da (calculated mass for bifunc-
tionalized product: 21 804 Da). Minor signals:m/z ) 16 219 and
26 323 Da (calculated mass for mono- and trifunctionalized product
is 16 458 and 27 150 Da, respectively).

MALDI-TOF after CNBr cleavage (4c): m/z ) 16 890 Da
(calculated mass for bifunctionalized product 17 140 Da), 11 589
Da (calculated mass for monofunctionalized product: 11 794 Da)
and 9215 Da (not assigned).

[(AG)3EG]10-ε-maleimidocaproic Acid Conjugate (5). 1H NMR
(400 MHz, H2O/D2O 9:1 v/v): The following major signals were
assigned:δ ) 1.40 (d, 123H, Ala-Hâ), 2.10 (m, 26H, Glu-Hâ),
2.26 (m, 26H, Glu-Hγ), 3.91 (s, 92H, Gly-HR), 4.28 (m, 54H, Ala/
Glu-HR).

MALDI-TOF: m/z ) 11 588 Da (calculated mass for bifunc-
tionalized product: 11 534 Da), 11 356 Da (calculated mass for
monfunctionalized product: 11 323 Da) and 22 215 Da (dimeric
product). MALDI-TOF after CNBr cleavage (6): m/z ) 13 600,
20 233, and 26 842 Da (corresponding to dimeric, trimeric, and
tetrameric products, these signals are presumably the result of
aggregate formation), 9154 Da (not assigned).

Results and Discussion

Expression and Purification of [(AG)3EG]10 (1). The
expression of theâ-sheet polypeptide [(AG)3EG]10 with flanking
cysteine residues (Figure 1a) was followed by immunoblot
analysis using T7 tag mouse monoclonal antibodies (Figure 1b).
Two major bands were detected after induction with isopropyl-
â-D-thiogalactopyranoside (IPTG), and the upper band with an
apparent molecular weight of 28 kDa corresponded to the full-
length polypeptide. The actual molecular weight of this polypep-
tide is 11.1 kDa, as was confirmed by MALDI-TOF analysis.
This slow migration on an SDS-polyacrylamide gel has been
reported for this sequence before and is also observed for other
highly acidic proteins.30,39 The lower band at the height of the
21 kDa marker which appeared during the expression of1 was
isolated and subsequently analyzed by MALDI-TOF mass

spectrometry. It was demonstrated that this band did not
correspond to a discrete protein product but was a mixture of
truncated products with a molecular weight between 6 and 7
kDa. This molecular weight corresponds to polypeptides with
around six repeats of the octapeptide (AG)3EG. The formation
of truncated products during the expression of repetitive proteins
has been observed previously, e.g., also in the expression of
[(AG)3EG]20,29 and is generally explained as premature termina-
tion of translation. The polypeptide was present in the soluble
fraction of the lysate and was therefore purified by Ni-NTA
chromatography under native conditions. Although the molec-
ular weight difference between the full-length product and the
truncated form is relatively small, gel filtration purification using
a Superdex-75 column resulted in a successful separation of
the two polypeptides (Figure 1c). The isolated yield for the full-
length product after dialysis and freeze-drying was∼6 mg L-1

of culture.

Conjugation of PEGs and [(AG)3EG]10. A series of
conjugates were prepared by coupling of theâ-sheet polypeptide
1 with PEGs with number-average molecular weights of 750,
2000, and 5000 g mol-1, leading to compounds3a, 3b, and3c,
respectively. For that purpose amine-end-functionalized mono-
methoxy-PEG chains were functionalized with a maleimide
group, capable of reacting with the thiol groups of the two
cysteine residues located on both sides of the [(AG)3EG]10

sequence (Figure 2). This modification was conveniently
performed withε-maleimidocaproic acid, using BOP (benzot-
riazole-1-yl-oxytris(dimethylamino)phosphonium hexafluoro-
phosphate) as a coupling agent. After reaction for 1 day, the
PEGs2a, 2b, and2c were purified by gel filtration chroma-
tography with isolated yields of 70-90%.

The preparation procedure for the conjugates is summarized
in Figure 3. The free thiol content after dissolution of the purified
and freeze-dried polypeptide1 was determined with Ellman’s35

essay, which indicated that only 5% of the cysteines was in
reduced form. Therefore, the oxidized cysteines were reduced
using an excess of dithiotreitol (DTT). Initially, it was attempted
to remove the excess DTT via dialysis, but this turned out to
be too slow, since reoxidation of cysteines was observed. A
better alternative was precipitation of the reduced polypeptide
with trichloroacetic acid (TCA), which is a commonly used
method.37 The pellet was washed subsequently with 20% and
1% aqueous TCA to remove residual DTT. After dissolution
of the pellet in sodium phosphate buffer (pH 6.8), the thiol
content was about 75% of the theoretical value (based on
weighed-in polypeptide). Conjugation was immediately started
by addition of the various maleimide-functionalized PEGs,
which were dissolved in the same buffer. Also, a coupling was
performed between1 andε-maleimidocaproic acid, leading to
the formation of5. To ensure complete functionalization, 5 equiv
of maleimide functionality relative to the cysteine residues was
used. After 1 day at room temperature, the conjugation reactions
were analyzed by SDS-PAGE (Figure 4a). Lane 1 shows the
product after conjugation withε-maleimidocaproic acid and a
slight downshift was observed in comparison to unreacted
polypeptide (lane 5). Surprisingly, also the attachment of PEG-
750 (lane 2) resulted in a slightly increased electrophoretic
mobility (apparent lower molecular weight), whereas the at-
tachment of longer PEG chains (PEG-2000 and PEG-5000; lane
3 and 4) again resulted in a shift of bands to higher molecular
weight. The strange migration behavior on SDS-PAGE gel
cannot be explained easily. One has to take into account,
however, that the unreacted polypeptide already migrates
anomalously slow on gel. Furthermore, particularly for the PEG-

Figure 1. (a) Sequence of [(AG)3EG]10 (1) as expressed inE. coli.
The sequence is flanked by two cysteine residues used for conjugation
of poly(ethylene glycol) and two methionine residues for removal of
N- and C-terminal amino acids by cyanogen bromide cleavage. (b)
Expression of [(AG)3EG]10 followed by immunoblot analysis using
mouse monoclonal T7-tag antibody. Whole cell lysates were used. (c)
SDS-PAGE analysis of purification of [(AG)3EG]10 by native Ni-NTA
chromatography (lys) soluble lysate, ft) flow-through, el) elution)
and gel filtration chromatography (Superdex-75). M) molecular weight
marker. Proteins were visualized by staining with Coomassie Brilliant
Blue R-250.
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5000 conjugate, higher molecular weight bands were detected.
These bands are most likely physically aggregated conjugates,
since SDS-PAGE was carried out under reducing conditions
(loading buffer contained 2%â-mercaptoethanol). The expected
molecular weights for1 conjugated with two PEG chains of
PEG-750, PEG-2000, and PEG-5000 are 13.2, 15.8, and 21.8
kDa, respectively. MALDI-TOF mass spectrometry showed that

the predominant PEG conjugates formed were in agreement with
these values. Some impurities could be observed corresponding
to monofunctionalized and trifunctionalized product. Trifunc-
tionalization is most likely the result of functionalization of
lysine residues or the N-terminus, since the maleimide func-
tionality eventually also reacts with amines (although∼1000
times slower than with thiol groups).38

Since the His tag was still present in the PEG conjugates,
Ni-NTA column chromatography could be efficiently used to
bind the conjugates and remove the excess PEG upon washing,
as was monitored by measuring the absorption decrease of the
flow-through at 214 nm. After elution of the conjugates from
the column, the fractions were dialyzed to remove imidazole
and salts. The N- and C-terminal amino acids were subsequently

Figure 2. Structure of ABA triblock copolymer with a central [(AG)3EG]10 polypeptide block and poly(ethylene glycol) (PEG) end blocks prepared
via conjugation of maleimide-functionalized PEGs (PEG-750, PEG-2000, and PEG-5000;n ) 17, 47, and 115) to N- and C-terminal cysteine
residues.

Figure 3. Preparation procedure for poly(ethylene glycol) conjugates
of â-sheet polypeptides.

Figure 4. SDS-PAGE analysis of (a) conjugation of [(AG)3EG]10 and
ε-maleimidocaproic acid (lane 1) PEG-750 (lane 2), PEG-2000 (lane
3), and PEG-5000 (lane 4). Unreacted [(AG)3EG]10 was loaded in lane
5. M ) molecular weight marker. (b) Cyanogen bromide (CNBr)
cleavage of conjugates of [(AG)3EG]10 and ε-maleimidocaproic acid
(1), PEG-750 (2), PEG-2000 (3), and PEG-5000 (4). For both the
noncleaved samples (-) and the CNBr-cleaved (x) 10µg was loaded.
Polypeptides were visualized by Coomassie Brilliant Blue R-250
staining. To visualize CNBr-cleaved conjugates contrast enhancement
was carried out.
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removed by cyanogen bromide (CNBr) cleavage. After this
reaction the capability of staining the conjugates with Coomassie
was almost completely lost (Figure 4b). Only after contrast
enhancement, vague bands could be detected at slightly lower
molecular weight than the original conjugates (compare lanes
- and×). With contrast enhancement and at these high loadings
of 10 µg the aggregated, high molecular weight conjugates can
be detected clearly. Furthermore, for the conjugate withε-ma-
leimidocaproic acid two bands are present before cyanogen
bromide cleavage. The upper band was located at the height of
unreacted polypeptide (visible in Figure 4a) but could also
correspond to polypeptide monofunctionalized withε-maleimi-
docaproic acid. The peaks found by MALDI-TOF mass
spectrometry were in reasonable agreement with the expected
molecular weights of 8.5, 10.1, and 17.1 kDa for conjugates of
PEG-750, PEG-2000, and PEG-5000, respectively (see Sup-
porting Information).

Effect of PEG Chain Length on â-Sheet Formation,
Studied by Infrared Spectroscopy.Vapor diffusion of metha-
nol into a 10 mg mL-1 solution of the various PEG conjugates
of [(AG)3EG]10 (3a-c and 4a-c) in 70% formic acid was
carried out for 2 days to induce crystallization. The viscosity
of the gelated samples decreased with increasing length of the
PEG chain. This could be expected, considering the smaller
relative portion of the aggregatingâ-sheet polypeptide. The
effect of conjugation of PEG and its chain length on the
secondary structure of [(AG)3EG]10 was investigated by infrared
spectroscopy. For this purpose the samples were dried on the
surface of the IR crystal. Figure 5 shows the IR spectra for
gelated conjugates of [(AG)3EG]10 with ε-maleimidocaproic
acid, PEG-750, PEG-2000, and PEG-5000 (6, 4a, 4b, and4c
respectively, all CNBr cleaved). The frequencies of the amide
I (80% CdO stretch vibration) and amide II (60% N-H bend
vibration) were used for indication of the secondary structure
of the polypeptide block.40-42 The IR spectra are very similar,
showing three bands around 1697, 1654, and 1623 cm-1 in the
amide I region as well as a band around 1522 cm-1 in the amide
II region. The strong bands at 1623 and 1522 cm-1 and the
weak band at 1697 cm-1 are indicative for the antiparallel
â-sheet conformation. The amide I band around 1654 cm-1 (and
also the amide II bands around 1550 cm-1, not indicated)
indicates that some fraction of the polypeptide chain has adopted
a secondary structure different from the antiparallelâ-sheet. This
amide I component has been assigned previously to reverse turns
of theâ- or γ-type30 but may also (partly) result from a random
coil/R-helical conformation. It has also been assigned to the silk
I structure.31 This component becomes relatively stronger with
longer PEG chains. Overall, however, we can conclude that the
antiparallelâ-sheet structure is retained upon attachment of PEG

and that the spectra do not change significantly for the varying
PEG chain lengths.

Aggregation Behavior of PEG-Protein Conjugates Stud-
ied by Transmission Electron Microscopy (TEM) and
Atomic Force Microscopy (AFM). TEM and AFM studies
were carried out to investigate the microstructure of the
crystallizedâ-sheet conjugates. All samples were prepared by
placing a carbon-coated TEM grid on a droplet of a suspension
of the conjugate. After drying, the samples were shadowed with
platinum. For the [(AG)3EG]10-PEG-750 conjugate a clear
fibrillar microstructure was observed only for the uncleaved
variant,3a (Figure 6a). For CNBr-cleaved [(AG)3EG]10-PEG-
750 conjugate (4a) single fibrils were difficult to distinguish
because of dense coverage of the grid (Figure 6b). Attempts to
improve visualization of these fibrils by diluting the sample and
by applying negative staining (uranyl acetate and phosphotung-
stic acid) did not succeed. For conjugates of [(AG)3EG]10 with
PEG-2000 (3b and4b) and PEG-5000 (3c and4c) we were not
able to visualize any structure for samples crystallized from a
10 mg mL-1 solution. Only for the uncleaved samples (3b and
3c) crystallized from a more dilute, 1 mg mL-1, solution were
irregular, micrometer-sized aggregates visible (Figure 6c,d). This
morphology is alike the spherulitic texture for a recombinant
silklike protein polymer reported by Anderson and co-workers43

and is also commonly seen in thin films of semicrystalline
polymers.44 A zoomed-in image of these aggregates (inset)
showed the presence of a fibrillar morphology. The dimensions
of the fibrils could not be determined, in contrast to the
previously reported conjugate of PEG-750 with a polypeptide
block consisting of 20 instead of 10 repeats of -[(AG)3EG]-.29

For [(AG)3EG]10 conjugated toε-maleimidocaproic acid no
fibrillar structure or other morphology could be observed (Figure
6e). This is likely to reflect the larger extent of physical cross-
linking for this conjugate as a result of the increased interaction
between theâ-sheet polypeptides.

Figure 7 shows representative AFM images of crystallized
samples for the four different CNBr-cleaved conjugates of
[(AG)3EG]10 after drop-casting on a mica surface (6, 4a, 4b,
and 4c). For the conjugate withε-maleimidocaproic acid (5)
no fibrillar structures were observed, but instead a morphology
with pores of∼50 nm was found (Figure 7a). The attachment
of the various PEGs resulted in all cases in a fibrillar micro-
structure (Figure 7b-f). Whereas no microstructure for4b and
4c could be visualized using TEM, AFM was able to clearly
demonstrate the presence of fibrils. Micrometer-long fibrils were
observed, especially for4aand4b. For [(AG)3EG]10 conjugated
with PEG-5000 (4c), the fibrillar structure seemed to be less
defined (Figure 7e), and diluting this sample with methanol in
order to get images of separate fibrils resulted in short fibril
fragments (Figure 7f). Presumably, conjugation of longer PEG
chains hinders formation of long fibrils. No differences in
fibrillar heights could be established between the conjugates of
PEG-750, PEG-2000, and PEG-5000 conjugates. A relatively
broad distribution in the measured values was obtained of 1.9
( 0.7, 2.2( 0.3, and 2.4( 0.9 nm for the respective conjugates.
The difference in TEM and AFM observations for the PEG-
2000 and PEG-5000 conjugates cannot be explained easily. As
was already observed for the [(AG)3EG]10-PEG-750 conjugate,
clear visualization of the fibrillar structure was only obtained
for the noncleaved sample, where fibrils were aligned. Since
the samples were applied to the surface for TEM and AFM
analysis (carbon and mica, respectively) after crystallization (and
presumably fibril formation) in a similar procedure, no major
differences would be expected. It seems more likely that the

Figure 5. Infrared spectra of crystallized conjugates of [(AG)3EG]10

and PEG-750 (compound4a), PEG-2000 (compound4b), PEG-5000
(compound4c), andε-maleimidocaproic acid (compound6). Amide I
and II regions are shown. Samples (10 mg mL-1) were dried on the IR
crystal prior to measurement.
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resolution of TEM analysis was the limiting factor as a result
of the grain size of the platinum particles used for shadowing.

Discussion

Folding of protein1 conjugated to PEG chains of different
length leads in all studied cases to the designedâ-sheet
conformation, as evidenced by infrared spectroscopy. Although
the resolution of TEM in most cases was too low to observe
fibrillar structure, AFM proved to be well suited for structural
identification. The fact that fibrils formed from uncleaved
samples are better visualized with TEM than the cleaved
products can be a result of the higher ability for alignment of
the former structures, which would make structural characteriza-
tion more convenient. This improved alignment was clearly
observed with TEM for the [(AG)3EG]20-PEG-750 conjugate
previously reported.29

For the [(AG)3EG]10-PEG-2000 conjugate still well-defined
fibrils are observed, whereas after attachment of PEG-5000 no
long fibrils are present. The conjugated polymers therefore do
not interfere with the folding process, but they do have an effect
on the ease of formation of fibrillar assemblies. Although the
â-sheet elements prove to be powerful assembly units, when a
certain PEG chain length is reachedâ-sheet stacking is limited.
The radius of gyration of the PEG-chains can be estimated to
be 8, 15, and 26 Å for PEG-750, PEG-2000, and PEG-5000,
respectively.45 When a calculated width of theâ-sheet is taken
into account of 4.3 nm, it is clear that especially with PEG 5000
the size of the PEG chain is larger than the polypeptide structure,
and therefore shielding can occur to some extent, preventing
the polypeptide from interacting. In the other two cases the PEG
chains are smaller or of equal size when compared to the
polypeptide, and steric hindrance becomes much less obvious,

Figure 6. TEM micrographs of crystallized [(AG)3EG]10 polypeptides with conjugated poly(ethylene glycols) of 750, 2000, and 5000 g mol-1. (a)
Noncleaved [(AG)3EG]10 conjugated to PEG-750 (compound3a), (10 mg mL-1); (b) CNBr-cleaved [(AG)3EG]10 conjugated to PEG-750 (10 mg
mL-1) (compound4a); (c) noncleaved [(AG)3EG]10 conjugated to PEG-2000 (1 mg mL-1) (compound3b); (d) noncleaved [(AG)3EG]10 conjugated
to PEG-5000 (1 mg mL-1) (compound3c); (e) CNBr-cleaved [(AG)3EG]10 conjugated toε-maleimidocaproic acid (1 mg mL-1) (compound6).
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which is confirmed by our measurements. Polymer attachment,
however, remains necessary for fibril formation, as is demon-
strated by the fact that crystallized conjugates5 and6 do not
show the fibrillar morphologies.

With the chosen crystallization method, the PEG blocks are
expected to stay dissolved, since methanol is a good solvent
for this polymer.45 Fibril formation in the â-sheet stacking
direction results in an assembly in which the hydrophobic

â-sheet surfaces are shielded from methanol, whereas the PEG
chains are in contact with the solvent. This proposed assembly
model in which fibril formation occurs in theâ-sheet stacking
direction and the number of -[(AG)3EG]- repeats determines
the fibrillar width (Figure 8) was supported previously by
combined TEM and AFM measurements and further substanti-
ated by the results presented here.29 Based on this model, the
expected values for the width of the [(AG)3EG]10 and [(AG)3EG]20

Figure 7. Atomic force microscopy image of dried films of [(AG)3EG]10 conjugated with (a)ε-maleimidocaproic acid (compound6), (b) PEG-750
(compound4a), (c, d) PEG-2000 (compound4b), and (e, f) PEG-5000 (compound4c). For (b), (d), and (f) a height profile is depicted. All samples
were cleaved with cyanogen bromide. Crystallized samples were diluted with methanol and applied on the mica surface by drop-casting (concentrations
in the range 0.01-0.1 mg mL-1).

Figure 8. Proposed model for the organization of triblock copolymers of a central [(AG)3EG]10 polypeptide block and PEG end blocks within
fibrils. The model comprises foldedâ-sheets stacked along thez-axis, leading to fibril formation (perpendicular to the plane of the page). Antiparallel
â-strands are formed (x ) hydrogen-bonding direction,y ) chain axis direction) with glutamic acid residues at the fibril surface. PEG chains hinder
further lateral aggregation by preventing hydrogen bonding along thex-axis. Depending on the molecular weight of the PEG chain used (with
radius of gyration from∼8 Å for PEG-750 to 26 Å for PEG-5000), widths of∼75-147 Å are expected.
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polypeptide blocks are 4.3 and 8.9 nm, respectively.30 The total
fibril diameter for the [(AG)3EG]10-PEG-750 and [(AG)3EG]20-
PEG-750 conjugates can be estimated to be 7.5 and 12.1 nm,
respectively, when it is assumed that the PEG chain can adopt
a random coil structure. The fibrillar width (or, more accurately
expressed, a repeating distance) of∼12 nm could be measured
for the [(AG)3EG]20-PEG-750 conjugate with TEM. Unfortu-
nately, the low resolution of the TEM pictures of the
[(AG)3EG]10-PEG-750 conjugate only supply us with the
qualitative information that the fibrillar width is decreased.

With respect to height a clearer picture can be observed. AFM
analysis showed the same height values of∼2 nm for all
conjugates of [(AG)3EG]10 and [(AG)3EG]20, which are some-
what lower than the calculated height of 2.8 nm. It has to be
noted, however, that AFM measurements do not give absolute
height values as a result of possible deformation caused by the
tip’s pressure and the influence of air humidity.46

For an alternative assembly arrangement, in which cylindrical
instead of rectangular fibrils are formed, as reported for PEG
conjugates of smallâ-sheet peptides by a number of groups,23,26

changing the PEG chain length is expected to be reflected in
the height values as measured by AFM. In our case we seem to
be able to exclude such an arrangement, since no difference in
height could be established for the varying conjugates, which
supports the proposed assembly model.

Although as a final proof of theâ-sheet fibril assembly the
confinement of glutamic acid residues at the fibrillar surface
should be demonstrated, this class of polypeptide-polymer
hybrids has the potential to control height and surface func-
tionality of the fibrils and could be useful as well-defined
building blocks in nanometer-sized materials.

Conclusions

We have demonstrated the efficient preparation of a series
of ABA triblock copolymers composed of a central poly-
[(AG)3EG] block and various PEG end blocks via conjugation
of maleimide-functionalized PEGs to two cysteine residues on
the N- and C-terminal side of the polypeptide block. In the future
diffraction experiments are planned to obtain more information
on the regular arrangement of theâ-sheet polypeptides in the
fibrils as well as possible crystallinity of the PEG blocks after
drying. Then functionalization of the fibrils with chemical
functionalities can be carried out e.g. for the preparation of
conducting nanowires or as template for biomineralization.
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