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S
pider silk represents a fascinating ma-
terial, since fibers of orbweaving spiders,
i.e., major ampullate silk, outcompete

any other natural or synthetic fibrous ma-
terial like nylon, Kevlar or carbon fibers in
toughness.1 Spider silk is predominantly
composed of proteins, which assemble
from an intrinsically unfolded and soluble
state into highly aligned β-sheet rich fibrous
structures.2�4 Recombinant silk proteins,
engineered on the basis of the sequence
of natural spider silk, possess tunable self-
organization properties,5�7 enabling forma-
tion of different forms such as fibers,8,9

films,6,10,11 hydrogels,12 capsules5,13 and
particles.7,14 Recombinant eADF4(C16), de-
rived from Araneus diadematus dragline
silk ADF4,15 also self-assembles into β-sheet
rich nanofibrils16,17 similar to cross-β fibrils
of many unrelated proteins.18 Cross-β struc-
tures share features such as the nucleation
assembly mechanism via β-sheet hydrogen
bonding,19 perpendicular orientation of
β-sheets along the fibril axis, high aspect
ratios and mechanical and environmental
stability.19�21 Atomic force microscopy (AFM)
indentation measurements22,23 and statistical

analysis of geometric fluctuations24�26 have
shown that Young's moduli of cross β-fibrils
are in the range of 10 GPa, representing one
of the most rigid proteinaceous materials.21

Due to this mechanical stability, cross-β fibrils
have become attractive scaffolds for “bottom-
up” fabrication of bionanomaterials.18,21,27

Beyond proteins, nucleic acids are also
promising materials for the construction of
nanoscaled objects. DNA strands can be
designed and synthesized to form tiles, i.e.,
branched building blocks, which assemble
into ordered structures via complementary
sticky ends.28 DNA origami even enables
folding of one long single-stranded viral
DNA sequence by short staple strands into
highly complex structures.29

Covalent coupling of nucleic acids to dif-
ferent chemical entities, such as inorganic
particles, polymers, and lipids, is widely used
to expand their properties and applicabi-
lity.30�32 However, they have only rarely
been furnished with peptides to create
new self-assembling materials.33 Peptide�
oligonucleotide conjugates have been
synthesized mainly for therapeutic reasons,
e.g., delivery and targeting of an antisense
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ABSTRACT Self-assembling protein nanofibrils are promising structures for the

“bottom-up” fabrication of bionanomaterials. Here, the recombinant protein eADF4(C16),

a variant of Araneus diadematus dragline silk ADF4, which self-assembles into nanofibrils, and

short oligonucleotides were modified for site-specific azide�alkyne coupling. Corresponding

oligonuleotide�eADF4(C16) “click” conjugates were hybridized in linear or branched fashion

according to the designed complementarities of the DNA moieties. Self-assembly properties

of higher ordered structures of the spider silk�DNA conjugates were dominated by the silk

component. Assembled β-sheet rich conjugate fibrils were similar in appearance to fibrils of

unmodified eADF4(C16) but enabled the specific attachment of neutravidin-modified gold nanoparticles on their surface directed by complementary

biotin�oligonucleotides, providing the basis for functionalization of such conjugates.

KEYWORDS: assembly . click chemistry . conjugates . fibrils . oligonucleotides . spider silk

A
RTIC

LE



HUMENIK AND SCHEIBEL VOL. 8 ’ NO. 2 ’ 1342–1349 ’ 2014

www.acsnano.org

1343

oligonucleotide into cells.34 Additionally, functional
enzymes have been coupled to oligonucleotides, and
corresponding conjugates are nowadays well estab-
lished in bioanalytical applications.35 In this approach,
an oligonucleotidemoiety is typically attached to com-
mon mediators (streptavidine) or reporters (alkaline
phosphatase, horseradish peroxidase and glucose
oxidase), which are often used to visualize DNA-spe-
cific interactions.36�38 To fabricate hierarchically struc-
tured bionanomaterials, DNA-tiles and -origami based
structures were decorated using protein�oligonucleo-
tide conjugates in order to introduce an additional
functionality, e.g., to provide positioning of particles
with nanometer-scaled resolution.39

To combine the advantages of both spider silk
and DNA materials, we synthesized, characterized
and self-assembled novel oligonucleotide�silk conju-
gates. To this end, the recombinant spider silk protein
eADF4(C16) and short oligodesoxynuclotides (ODNs)
were site-specifically modified by an azide and an
alkyne linker, respectively, for copper-catalyzed conju-
gation. Sequences of different oligonucleotide strands
coupled with eADF4(C16) (1) (Scheme 1 and Table S1,
Supporting Information) were designed to generate
various ODN�eADF4(C16) conjugates 2a�f able to
form double stranded linear DNA with 50�50 and 50�30

proteinmoieties (55DNA and 53DNA, respectively) or to

generate branched motifs like three- (TWJ) or four-way
junctions (FWJ).

RESULTS AND DISCUSSION

Synthesis of Oligonucleotide�Silk Conjugates. Cycloaddi-
tion reactions like copper-catalyzed or strain-promoted
azide�alkyne “click” chemistry offer high chemoselec-
tivity, which, in combination with site-specific amino
acids, enables selective introductionof required labels.40

We used N-hydroxysuccinimide (NHS)-activated
6-azidohexanoic acid 5 to modify eADF4(C16) (1)
(Scheme 2). Commonly, utilization of NHS-activated
esters leads to unspecific protein labeling with little
control over the sites or valency of attached labels,
due to abundant primary amines, e.g., originating from
side chains of Lys residues.41 Although eADF4(C16)
(1) possesses only one reactive amine on its amino-
terminus as a consequence of the specific amino acid
composition,15 the reaction resulted in increased num-
bers of attached azide linkers at pH 8 probably due to
modification of tyrosine residues (pKa ∼10). Lowering
the pH to 7.1 was required to couple ester 5 exclusively
to the amino-terminus of eADF4(C16). Complete
modification of eADF4(C16) was achieved after 16 h,

Scheme 1. Schematic representation of oligonucleotide-
eADF4(C16) conjugates and hybridized constructs. (A) Com-
ponents of conjugates comprising the silkmoiety 1, triazole
linker and oligonucleotide chain. (B) Conjugates composed
of the silk moiety coupled to 30-(2a) or 50-(2b and c) ends
of oligonucleotides comprising 20 nucleotides (nt). DNA
hybrids can present eADF4(C16) on two ends (55DNA) or
one end (53DNA) of the double strand. (C) Conjugates
possessing the silkmoiety on the 50-end of oligonucleotides
comprising 32 nt (2d�f) were designed to hybridize into
branched three-way junctions (TWJ). Combining conjugates
2d, 2e and unmodified strands i or ii yielded constructs TWJi
and TWJii which could assemble into four-way junctions
(FWJ) via complementary sticky ends.

Scheme 2. Synthesis ofODN�eADF4(C16) conjugates. Alkynes
7a�f were prepared by incubating corresponding 30-(3a)
and 50-(3b�f) amino-modified oligonucleotides with
4-pentynoic acid succinimidyl ester (4) in sodium phosphate
buffer (Na-Pi), pH 8. The amino-terminus of the recombinant
spider silk protein eADF4(C16) (1) was site-specifically mod-
ified with 6-azidohexanoic acid succinimidyl ester (5) in
HEPES-Na buffer, pH 7.1, yielding azidomodified N3-eADF4-
(C16) (6). Coupling of alkynes 7a�f and the azide 6 in copper-
catalyzed cycloaddition reactions provided oligonucleotide-
eADF4(C16) conjugates 2a�f in HEPES-Na buffer, pH 8.

A
RTIC

LE



HUMENIK AND SCHEIBEL VOL. 8 ’ NO. 2 ’ 1342–1349 ’ 2014

www.acsnano.org

1344

as shown by matrix-assisted laser desorption and
ionization time-of-flight (MALDI-TOF) mass spectro-
metry analysis (Figure S1A and Table S3, Supporting
Information), and site-specificity of the labeling was
confirmed after glutaminase-C digest of N3-eADF4-
(C16) (6) (Figure S1B and Table S4, Supporting
Information).

Alkyne-modified oligonucleotides 7a�f were pre-
pared from corresponding commercially available
amino oligonucleotides 3a�f in reaction with the
NHS-ester of pentynoic acid 4, as published recently.38

Subsequently azide�alkyne couples 6 and 7a�f were
conjugated in a copper-catalyzed cycloaddition in the
presence of tris(2-carboxyethyl)phosphine (TCEP)38

yielding the ODN�eADF4(C16) conjugates 2a�f
(Scheme 2). The reaction required the presence of
5 equiv of the azide-modified protein 6 for complete
consumption of the alkyne-ODNs 7a�f, as exemplarily
shown for reaction mixtures comprising 6 and 7f in
different ratios by reversed-phase high pressure liquid
chromatography (RP-HPLC) analysis (Supporting Infor-
mation Figure S2). Conjugates 7a�fwere conveniently
purified by anion exchange chromatographywith yields
of 45�60%. Purity and identity of prepared con-
jugates 7a�f were confirmed by native-polyacrylamide
gel electrophoresis (PAGE) (Figure 1A), SEC-MALS
(Figure 1B), HPLC (Figure S2) and MALDI-TOF analysis
(Table S5, Supporting Information).

Conjugates 2a�f possess in comparison to unmo-
dified protein 1 a lowermolecular weight (MW)/charge
ratio (e.g., 1504 for 2a, 1205 for 2d and 2978 for 1),
due to highly negatively charged oligonucleotide
polyphosphate chains coupled to the protein moiety.
Since both unmodified protein 1 and the conjugates,
showed rather comparable hydrodynamic radii (Rh ∼
5 nm; Table S2), this lower MW/charge ratio resulted
in a higher mobility in native-PAGE (Figure 1A). We
could exclude an influence of protein conformation on
the mobility changes, since eADF4(C16) and the pro-
tein moiety in the conjugates were structurally iden-
tical (see below, Figures 4A, S4, left panel and 5A). In
contrast, changing the conformationof the oligonucleo-
tide moieties, e.g., in the branched topology of TWJ -
(Scheme 1) resulted in higher hydrodynamic radii (Rh =
9 nm, Table S2) accompanied by a significant retarda-
tion in PAGE.

Simple conjugates were further able to form less
stable homodimers (weak upper bands in 2a�2f,
Figure 1A), yielding a mobility comparable to that of
the designed heterodimers (TWJi or 55DNA, Figure 1A
and Scheme 1). Importantly, although the conjugates
2a�f possess bulky protein heads, they successfully
hybridized (Figure 1A) into linear 55DNA and 53DNA
and into branched TWJ and FWJ constructs, according
to the design presented in Scheme 1. However, less
efficient associationwas observed for TWJ and FWJ. To
accomplish hybridization of complex DNA structures,
preheating of samples to 90�95 �C followed by slow
cooling, to favor thermodynamically stable structures,
is typically performed. Here, elevated temperatures
triggered the formation of β-sheet rich structures of
eADF4(C16) resulting in premature aggregation of
the conjugates. Thus, only prolonged incubation at
RT could be applied for the hybridization.

Self-Assembly of Oligonucleotide�Silk Conjugates. Con-
trolled assembly of eADF4(C16), conjugates 2a�f, and
corresponding hybridized constructs was initiated upon
addition of kosmotropic phosphate ions at room tem-
perature. As described previously, nucleated assembly
yields eADF4(C16) fibrils at low phosphate concentra-
tions.7,17 Morphologies of assembled conjugates 2a�f
hybridized linear55DNA and53DNA andbranchedTWJ
and FWJ constructs were investigated by transmission
electron microscopy (TEM) (Figure 2A,C,E) and atomic
force microscopy (AFM) (Figure 2B,D,F). Remarkably, the
morphology of the silk fibrils was apparently not influ-
enced by the covalently coupled oligonucleotides. TEM
images revealed that the unmodified eADF4(C16) and
corresponding oligonucleotide�eADF4(C16) conjugates
formed nontwisted fibrils of similar length (∼1�5 μm)
and diameter (∼8 nm for eADF4(C16) and ∼10 nm
for conjugates). AFM scans revealed fibril heights of
2.5�3.0 nm (Figure S3, Supporting Information).

Formerly, fibrils prepared from unmodified eADF4-
(C16) exhibited X-ray diffraction patterns typical for

Figure 1. Analysis of synthesized ODN�eADF4(C16) con-
jugates. (A) Conjugates 2a�f and corresponding hybrid
constructs FWJ, TWJi, TWJ, 53DNA, and 55DNA (see
Scheme 1) were resolved on native-PAGE (gradient gel
4�12%, silver staining). (B) Unmodified protein eADF4(C16)
(1), conjugates 2d�f and the corresponding hybridized
construct TWJ were analyzed by size exclusion chromatog-
raphy (SEC), and corresponding molecular weights (MW)
were calculated using multiangle light scattering (MALS)
(Supporting Information Table S2).

A
RTIC

LE



HUMENIK AND SCHEIBEL VOL. 8 ’ NO. 2 ’ 1342–1349 ’ 2014

www.acsnano.org

1345

cross-β sheet structures and they were able to bind
thioflavin T and Congo Red (CR).17 To determine
whether the oligonucleotide chains incorporated into
assembled conjugate fibrils (Figure 2) influenced pro-
tein structure, we analyzed fibrils assembled from
conjugates 2a�f by CR binding experiments, Fourier
transform infrared spectroscopy (FT-IR) and circular
dichroism (CD) (Figures 3, 4, and 5, respectively).

As presented in Figure 3A, the soluble conjugates
did not bind the dye, excluding a dye-ODN strand
intercalation. Corresponding conjugate fibrils showed
red-shifted CR absorption spectra (Figure 3B) clearly
indicative of cross-β structure.17 This finding was con-
firmedusingFT-IR andCDspectroscopy (Figures 4 and5,
respectively).

FT-IR spectroscopy of peptide bond vibrations
represented by Amide I (1600�1700 cm�1, CdO
stretching) and Amide II (1500�1580 cm�1, N�H
bending in combination with C�N asymmetric
stretching) bandswaspreviously established for analysis
of natural42,43 and recombinant silk proteins5,6,44�48 as
well as for cross-β structures.49�53

Fourier self-deconvolution (FSD) of the Amid I
band for the soluble as well as the fibrous state of
the unmodified protein 1 (Figure S4A,B) resulted in
patterns characteristic for β-sheet (1616�1637 and
1697�1703 cm�1), random coil (1638�1655 cm�1),
R-helical (1656�1662 cm�1) and turn (1663�
1696 cm�1) structures.44,48 With the use of these peak
assignments, fractions of secondary structure were
calculated for soluble forms of the unmodified protein
1 as well as the protein moiety of conjugates, which
both consist prevalently of random coils and helices
(∼75%) (Table S6 and data not shown). The Amide
I band in FT-IR spectra at 1650 cm�1 (Figure 4A) and the
local minimum at 198 nm in CD spectra54 (Figure 5A)

Figure 2. Characterization of fibrils assembled from unmo-
dified eADF4(C16) and oligonucleotide�silk conjugates.
(A and B) eADF4(C16) fibrils; (C and D) conjugate 2f fibrils;
(E and F) TWJ fibrils. Scale bars represent 100 nm in TEM
pictures (upper panel) and 2 μm in AFM height images
(lower panel); color bar in the lower panel represents
heights from �5 (dark) to 5 (bright) nm.

Figure 3. CongoRed spectra recorded inpresenceof soluble
eADF4(C16) and conjugates (A) or fibrils thereof (B). Spectra
in (B) were corrected for light scattering of the fibrils.

Figure 4. FT-IR spectroscopy of unmodified protein eADF4-
(C16) (1) and oligonucleotide�silk conjugates. Normalized
Amide II and Amide I bands of soluble protein 1 and ODN�
eADF4(C16) conjugates in (A) and fibrils thereof in (B). (C)
Amide II and Amide I regions of the spectra of the TWJ
conjugates 2d�f (20.2 μM) and of the mixture of amino-
modified oligonucleotides 3d�f (46.7 μM), respectively.
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are typical for unstructured proteins. The eADF4(C16)
assembly into fibrils resulted in a clear shift of the
Amide I band to 1623 cm�1 (Figure 4B), and FSD
revealed a structural transformation toward β-sheets
(∼50%) (Figure S4 and Table S6). These observations
could be confirmed by the position of Amide II bands55

and the local CD minimum at 218 nm (Figure 5B).54

FT-IR and CD spectra recorded for the simple oligonu-
cleotide conjugates andhybridized constructs (Figures 4
and 5) were very similar to those of unmodified pro-
tein 1. FSD (Figure S4C�F) confirmed qualitatively and
quantitatively comparable secondary structure contents
in these constructs. Accordingly, conjugated oligonu-
cleotides apparently did not influence eADF4(C16)
structure in solution or in fibrils, as observed in the
similarities between their morphological features
(Figure 2). On the basis of these structural observations,
in can be assumed that the assembly mechanism of
eADF4(C16)7,17 was mostly undisturbed by the nucleic
acid chains.

Spectral differences between eADF4(C16) and re-
lated conjugates, observed in Amid II bands (Figure 4),
deconvoluted Amide I bands (compare Figure S4) and
in CD spectra (Figure 5), arose from overlapping nu-
cleotide and peptide signals (Figure 4C: compare TWJ
to the mixture of amino-modified ODNs (3d�f); insert
in Figure 5A: compare the black line to the other lines).

Self-assembled β-sheet rich peptide and protein
fibrils represent suitable templates for “bottom-up”

fabrication of biomolecular nanowires,57,58 e.g., upon
metal coating,59�61 based on their various inherent
functionalities, environmental stability and exceptional
mechanical properties.21,24,62

A specific functionalization of conjugate fibrils
by gold nanoparticles (GNPs) via surface exposed
oligonucleotides was tested in the presence of neu-
travidin-modified 15 nm gold nanoparticles (GNPs).
The binding was mediated by 50-biotin modified oli-
gonucleotide 8 (Supporting Information, Table S1),
which possesses a sequence identical to conjugate
2e, and complementary to conjugates 2d and 2f (see
Scheme 1). Oligonucleotide 8 (Figure 6A) represents a
bifunctional linker, with its nucleic acid moiety en-
abling molecular interactions with complementary
conjugate fibrils, and the biotin moiety binding
GNPs via ligand-neutravidin interactions. In the case
of “complementary” conjugate 2f, immobilized GNPs
were observed on the assembled fibrils (Figure 6B,D)
using AFM. No significant binding of GNPs was ob-
served to mica. “Non-complementary” 2e fibrils or
unmodified eADF4(C16) fibrils in combination with
biotinylated strand 8 did not lead to a significant

Figure 6. Immobilization of neutravidine-modified gold
nanoparticles on fibrils. Cartoons in (A�C) schematically
represent assembled units. 50-Biotin-oligonucleotide 8 in
(A) binds to GNPs via specific biotin�neutravidin interac-
tions. Nucleic acids of 8 and 2f in (B) are complementary,
whereas in (C) 8 cannot hybridize with 2e due to identical
sequences. (B) The 15 nm neutravidin GNPs localized on
“complementary” 2f fibrils via biotin�oligonucleotide 8. (C)
NonlocalizedGNPsmixedwith 8 and “non-complementary”
2e fibrils. (D) Cross-section of the localizedGNPs (green line)
and corresponding height profile in (E). (F) Entanglements
of 2f fibrils labeled with fluorescein-modified oligonucleo-
tide 9 as visualized by fluorescence light microscopy. Scale
bars represent 2 μm in (B) and (C), 400 nm in (D) and50μm in
(F). Color bar represents heights from �20 (dark) to 20
(bright) nm in (B) and (D) and�5 (dark) to5 (bright) nm in (C).

Figure 5. Far-UV CD spectra of unmodified protein eADF4-
(C16) (1) and oligonucleotide�silk conjugates. (A) Soluble
protein 1, corresponding conjugates and TWJ (2d�f) were
compared to the mixture of amino-modified oligonucleo-
tides 3d�f. (B) Far-UV CD spectra of corresponding fibrils.
Inserts represent the spectral range (Near-UV), in which
ODN chains absorb,56while the proteins show no strong CD
signal due to the lack of tryptophan residues.
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immobilization of GNPs (Figure 6C and data not shown).
To confirm these findings, 50-fluorescein oligonucleotide9
(Supporting Information Table S1, sequence identical to 8)
was used to label fibrils made of the complementary
conjugate 2f (Figure 6F). Again, no unspecific binding of
fluorescently labeled ODN 9 to unmodified eADF4(C16)
fibrils or to “non-complementary” fibrils made of conju-
gates 2e was observed.

CONCLUSION

Conjugates comprising oligodesoxynucleotides and
the recombinant spider silk protein eADF4(C16) were
generated site-specifically using a click chemistry ap-
proach. The oligonucleotide�eADF4(C16) conjugates
efficiently hybridized according to designed nucleic
acids sequences arranging individual silk protein
moieties in a parallel, antiparallel and in a branched
fashion. Interestingly, coupled oligonucleotides did
not influence the structure of the silk moiety in solu-
tion; thus, the simple conjugates and hybridized con-
structs retained their ability to self-assemble into
β-sheet rich fibrils very similar in appearance to those
of unmodified eADF4(C16). Further, fibrils prepared
from the conjugates revealed surface-exposed nucleic
acid chains, enabling specific attachment of neutravidin
GNPs directed by hybridization of corresponding
biotinylated ODNs.
Cross-β fibrils were recently successfully used as

a template to align other functionalities like donor/

acceptor polymers for organic solar cells,63 fluorescent
molecules for light harvestingmaterials64 and enzymes
to mimic long distance electron transport.65 Here,
the conceptof recombinant spider silk�oligonucleotide
conjugates enabled attachment of labels or functional
units in a specific and reversible manner through DNA
directed immobilization.37 As shown with GNPs and
fluorescently labeled oligonucleotides, the conjugate
fibrils could be furnished with enzyme�oligonucleotide
conjugates38,66 to create high density enzyme arrays or
cascades.
The propensity of proteins to undergo hierarchical

assembly scaled over several orders of magnitudes is
manifested in spider silk,2 and amulti-level assembly was
also demonstrated for cross-β fibrils.67�69With the toolkit
presented here, formation of hierarchical fibrous arrays
is feasible by designed complementarities of exposed
nucleic acid chains, similarly to a recently presented
approach for arranging particulate systems.70,71

Functional “bottom-up” assembly is typical for
natural hierarchical materials and it is based on the
interplay of universality and diversity.72 Spider silks
comprise only a small subset of amino acids and
double stranded DNA exploits only four nucleotides.
Nevertheless, diversity of functions can be reached
with simple and well-analyzed building blocks using
structural design, i.e., defined primary sequences
of biopolymers in combination with side specific
chemistry.

METHODS

Preparation of Azide Modified Recombinant Spider Silk Protein
N3-eADF4(C16) (6). Recombinant protein eADF4(C16) (1) was
prepared and purified as described previously.15 For further
modification, the protein was treated with 10 equiv of
6-azidohexanoic acid succinimidyl ester (5) (25 mM stock solu-
tion in DMF) in 50 mM HEPES-Na buffer, pH 7.1. The reaction
mixture was incubated at room temperature (RT) for 16 h, and
excess azide 5 was removed by extensive dialysis.

Preparation of Oligonucleotide�eADF4(C16) Conjugates 2a�f. Alkyl-
oligonucleotides 7a�f were mixed with 5 equiv of N3-eADF4-
(C16) (6) in 50 mM HEPES buffer, pH 8. The cycloaddition
reaction was started by addition of aqueous CuSO4 (2 mM)
and freshly dissolved TCEP (4 mM). The reaction mixture was
incubated at RT for 8 h. Conjugates 2a�fwere purified by anion
exchange chromatography (Q-Sepharose FF, GE Healthcare,
Germany) and subsequently dialyzed against 10 mM Tris/HCl,
2.5 mM EDTA, pH 8. Dialyzed solutions were centrifuged at
186 000g for 1 h (Optima Max-XP ultracentifuge, Beckman
Coulter, Germany) and stored at 4 �C.

SEC-MALS. Size exclusion chromatography was performed
using an Agilent 1100 Series HPLC system with a variable UV
detector (Agilent, Germany), using a detection wavelength of
280 nm and a Superdex 200 10/300 GL column (GE Healthcare,
Germany) at a flow rate of 0.8 mL/min in 25 mM Tris/HCl,
150 mM NaCl, pH 7.5. The system was additionally connected
to a multiangle light scattering detector DAWN EOS (Wyatt,
Germany), dynamic light scattering detector Wyatt QELS and
refractive index detector Shodex RI-71 (Shodex, Germany).
Molecular masses and hydrodynamic radii (Rh) from light
scattering signals were calculated using the ASTRA 6 software
(Wyatt, Germany).

Congo Red Binding. Spectra of Congo Red were recorded
at 5 μM dye and 10 μM eADF4(C16) in 10 mM Tris/HCl, pH 8.
Fibrils were prepared by incubation of unmodified eADF4(C16)
(1) or corresponding ODN�eADF4(C16) conjugates at 15 μM in
100 mM potassium phosphate buffer (K-Pi), pH 8, for 18 h and
they were subsequently dialyzed against 10 mM Tris/HCl, pH 8
before addition of the dye.

FT-IR Spectroscopy. Spectra were recorded on a Bruker Tensor
27 (Bruker, Germany) spectrometer equipped with an AquaSpec
Flow Cell (microbiolytics GmbH, Germany) for acquiring FT-IR
spectra in aqueous buffers. Stock solutions of conjugates 2a�f
in 10 mM Tris/HCl, 2.5 mM EDTA, pH 8, were used for FT-IR
spectroscopy. Fibrils were prepared by incubation of the un-
modified protein (1) and corresponding ODN�eADF4(C16)
conjugates at 10 μM concentrations in 100 mM K-Pi, pH 8,
for 48 h. Prepared fibrils were dialyzed against 10 mM Tris/HCl,
pH 8. Absorption spectra were recorded after accumulation of
128 scans from 900 to 4000 cm�1. All spectral transformations
were performed using OPUS software (version 6.5, Bruker Optik,
GmbH). Fourier self-deconvolution of the Amid I region (1595�
1705 cm�1) was performed as described previously.44,46,47

CD Spectroscopy. Spectra were recorded on a J-815 CD
Spectrometer (Jasco, Germany) using a 0.1 cm quartz cuvette
(Hellma GmbH & Co. KG, Germany). Spectra of soluble protein 1
and conjugates 2a�f (3.1 μM, each) were recorded in 10 mM
Tris/HCl, pH 8. Fibril assembly was initiated in 10 μM protein/
conjugate solutions upon addition of 100 mM K-Pi, pH 8, and
mixtures were incubated at RT for 48 h. Assembled fibrils were
diluted to 3.1 μM with 10 mM Tris/HCl, pH 8.

AFM and TEM Sample Preparation. Fibrils were prepared as
described in the Congo red binding experiment. For AFM
analysis, 40 μL of fibril suspension was spotted on freshly

A
RTIC

LE



HUMENIK AND SCHEIBEL VOL. 8 ’ NO. 2 ’ 1342–1349 ’ 2014

www.acsnano.org

1348

cleaved mica plates (L 10 mm, V1 grade, Plano GmbH,
Germany), incubated for 5 min and washed four times with
50 μL of ddH2O (Millipore). For TEM experiments, 2 μL of the fibril
suspension was spotted on supports (Pioloform-carbon-coated
200-mesh copper grids (Plano GmBH, Germany), incubated for
2 min, washed with 5 μL of ddH2O four times, and negatively
stained using 5 μL of 2% uranyl acetate solution. AFM and TEM
samples were allowed to dry at ambient temperature for 16 h
before imaging.

Transmission Electron Microscopy. TEM imaging of dry samples
was performed with a JEM-2100 transmission electron micro-
scope (JEOL, Tokyo, Japan) operated at 80 kV. Images were
recorded using a 4000 � 4000 charge-coupled device camera
(UltraScan 4000; Gatan, Pleasanton, CA) and Gatan Digital
Micrograph software (version 1.70.16.).

Atomic Force Microscopy. AFM scanning of dry samples was
performed on a Dimension 3100 equipped with a NanoScope V
controller (Veeco Instruments Inc.) operating in TappingMode
using Si3N4 cantilevers (OMCL-AC160TS, Olympus, spring con-
stant of 42 N/m, resonance frequency of 300 kHz, tip radius
less than 7 nm). For imaging, light tapping (ratio of set point
amplitude to free amplitude∼0.7�0.9) was applied. AFM scans
were processed using NanoScope Analysis software Version
1.40r3 (Bruker, Santa Barbara, CA).

Binding of Neutravidin GNPs to Fibrils. Fibrils of ODN�eADF4-
(C16) conjugates (10 μM, 0.23 nmol of the protein) in 100 mM
K-Pi buffer, pH 8, were mixed with 50-biotin-oligonucleotide 8
(0.3 nmol, 3.2 μL) for 1 h before neutravidin modified GNPs
(30 μL) were added. This mixture was incubated for 30 min and
subjected to AFM analysis.
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