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ybrids between oligothiophenes
Hand peptides present a promising
approach toward the design of self-
assembling functional sz-systems. Owing to
electron delocalization and thus s-conjuga-
tion, polythiophenes belong to the class of
conductive polymers (“synthetic metals”).!
The (semi) conducting, optical, and electro-
luminescent properties of polythiophene
derivatives combined with facile processing
techniques (compared to that of solid-state
semiconductors) have drawn much atten-
tion in recent decades because of the many
possible technological applications in fields
such as organic electronics (including light
emitting diodes,® flexible displays,® and
photovoltaic cells*), sensor and biosensor
design,>® design of bioelectric interfaces,”
and others. Covalent attachment of func-
tional groups to thiophene moieties may
influence the structural and electronic prop-
erties of thiophenes, which are known to
depend on ordering effects on both the
molecular and the nanoscale level
Polymer—bioconjugates are macromole-
cules that consist of synthetic polymer blocks
covalently linked to biological (macro)mole-
cules such as peptides, nucleotides, and sac-
charides. These hybrid materials are either
designed to benefit from the synergistic beha-
vior of both components or to overcome
shortcomings inherent to one component
alone. Recent progress in the field of bioconju-
gate design, synthesis, and functions has been
comprehensively summarized, and highlights
the structure—property relationships of func-
tional hybrid block copolymers.”~"> The con-
jugation of oligothiophenes and biological
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ABSTRACT We report herein the synthesis of a novel type of hybrid compound that consists of a
poly(ethylene oxide) (PEO) functionalized [3-sheet peptide sequence covalently linked to an
alkylated quaterthiophene moiety. Compounds of this class are highly promising for technological
applications because their self-assembly and stimuli-responsive behavior, which is mainly caused by
the peptide moieties, combined with the potential semiconducting properties of oligothiophenes
provides unprecedented opportunities for the design of advanced materials at the nanoscale in such
areas as, for example, organic electronics and sensor design for chemical and biomedical
applications. The compound presented herein is experimentally shown to form stable fibrillar
aggregates that are visualized by both transmission electron and atomic force microscopy. We
developed a theoretical methodology to study the possible intermolecular arrangements and their
characteristic features with the help of all-atom MD simulations, while simultaneously incorporating
available experimental data into the model. Large-scale atomistic simulations of several fibrillar
aggregates with different molecular arrangements were performed. The results of the simulations
are compared with experimental data, which leads to the proposition of a likely model for the
arrangement of the individual molecules within the observed aggregates.

KEYWORDS: molecular dynamics simulations - nanoelectronics - oligothiophenes -
peptides - polymer bioconjugates - self-assembly

macromolecules may result in new com-
pounds that supplement the potentially
semiconducting, optical, and electrolumi-
nescent properties of oligo- and polythio-
phenes with the self-assembling, specific
binding, and stimuli-responsive behavior of
biological moieties, thus opening opportu-
nities for the design of smart materials and
molecules at the nanoscale. Moreover the
conjugation with biological moieties adds
the new “biological” paradigm of using mul-
tiple levels of structure to create diversity
of function out of simple, universal elements
to synthetic chemistry.'® Current research
trends include the design of self-assembling
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oligothiophene “nanowires”,'’ ~'? chemical and biolo-

gical sensors with specific binding,*® and bioelectrical
interfaces, etc.

To date, hybrids of oligothiophenes with nucleotides,
single amino acids,?® peptides,’””~'° and sugars®* have
been synthesized. The dominant factors responsible
for self-assembly of such hybrid compounds are the
hydrogen-bonding patterns of the biological moieties
that are determined by the sequence of their building
blocks and usually dominate the resulting nano-
structure.”” Owing to the relatively weak nature of
hydrogen bonding, the resulting interplay of intermo-
lecular interactions (H-bonding, van der Waals interac-
tions, and t—s-stacking) also suggests the dependence
of the supramolecular organization on the external
conditions (such as temperature, solvent quality, pH
value, etc); therefore, these hybrids are promising for
technological applications.®

In the design of polymer-peptide conjugates, one of
the most promising approaches is to use peptides with
a -sheet secondary structure motif,?” because these
peptides are known for their strong intermolecular
aggregation. An inspiration for such systems comes
partially from natural amyloid-like fibrils (involved also
in a number of diseases such as Alzheimer's disease,
type 2 diabetes, Huntington's disease, and Creutzfeldt-
Jacob's disease?®), which are formed because of the
aggregation of certain protein sequence fragments
into a cross-f3-sheet quaternary structure, in which
the p-sheet runs perpendicular to the fibril axis.*®
These fragments are typically 8—16 amino acids in
length, and have an alternating sequence of hydro-
phobic and hydrophilic amino acids that forms a
bilayer of S-sheet tapes with either the hydrophilic or
the hydrophobic side chains buried between the tapes.
These remarkably ordered and stable filamentous
aggregates can be useful as building blocks for pro-
tein-based functional nanomaterials (amyloid fibrils
are among the stiffest biological materials known to
date, with a Young's modulus up to 20 GPa).*° 33

The few examples of biohybrids that combine
oligothiophenes and f-sheet-forming amino acid
sequences have been reported only recently. We
have synthesized a T-P type molecule'® where a
regioregular 3-hexylquaterthiophene (T) is functio-
nalized with the pentapeptide sequence Gly-Ala-
Gly-Ala-Gly (P), known to form -sheet domains in
silkworm silk. We have also carried out investiga-
tions on a symmetrically substituted alkylated qua-
terthiophene-peptide hybrid (P-T-P) that com-
prises two f3-sheet-forming sequences, (Val-Thr);."”
Diegelmann et al."” have reported the successful synth-
esis of a bithiophene incorporated into a 3-sheet-forming
peptide sequence (Ala-Phe-Glu-GIn-GIn-bithiophene-
Glu-Phe-Ala-GIn-Glu; P-T-P type hybrid). Two more
examples of oligothiophene peptide hybrids were intro-
duced by Stupp and co-workers. Initially, an amphiphile-

21,22
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based terthiophene hybrid that incorporates one glu-
tamic acid and two alanine building blocks was
presented.>* This approach was extended in the follow-
ing to two derivatives of a central quinquethiophene
symmetrically substituted with two Lys-Lys-Leu-Leu
sequences.® In all cited studies, the self-assembly of
the presented hybrids has been visualized through
atomic force (AFM), scanning tunneling (STM), or trans-
mission electron microscopy (TEM); it was shown that
under certain conditions, the oligothiophene-peptide-
hybrids can self-assemble into long morphologically
similar fibrillar aggregates (micrometer range).

However, the direct structure of the self-assem-
blies on a molecular level could not yet be probed,
although different models are hypothesized.'”'%3¢
Computer simulations provide the important possi-
bility of shedding some light on the possible supra-
molecular organization patterns, their stability and
the governing interplay of intermolecular interac-
tions. To the best of our knowledge, our group was
the first to apply the rational principles of structure
prediction by using conformation space search,
based on molecular mechanics, and subsequent
molecular dynamics simulations to study the pep-
tide-directed noncovalent assembly of thiophene-
peptide conjugates.®®~3° Gus'kova et al. recently
summarized the possible models of fibrils formed
from conjugates of alkylated quaterthiophenes with
silk-inspired Gly-Ala-Gly-Ala-Gly sequences®® (see
also a recent review™).

Herein we report the synthesis of a new compound,
a PEO-functionalized alkylated quaterthiophene-£-
sheet-peptide diblock oligomer, which is experimen-
tally shown to self-assemble into fibrillar aggregates in
organic solvent. The core idea behind such a synthesis
is to obtain molecular structures capable of self-assem-
bly into filaments at the nanoscale level that would
potentially be electrically (semi)conductive and at the
same time would have high tensile strength as ob-
served in natural amyloid and silk fibers.>° We supple-
ment the experimental findings with atomistic
computer simulations (molecular dynamics) of possi-
ble supramolecular organization patterns for the ob-
served aggregates and deduce the atomistic model for
the arrangement of the molecules in the observed
fibrils. A new theoretical/simulations approach is used
which consists of (i) constructing the possible inter-
molecular arrangements consisted with experimental
data, (ii) deriving all-atom models of fibrillar aggre-
gates from these arrangements, and (iii) subsequent
analysis by large scale molecular dynamics simulations.
The main focus of the work presented herein is hence
to explicitly describe the complex self-assembly pro-
cess of a novel oligothiophene—peptide hybrid by the
help of an unprecedented combined in-depth experi-
mental and theoretical approach.

VOL.5 = NO.9 = 6894-6909 = 2011 ACS

N TANKA
NANO

WWww.acsnhano.org

J1O1LdV

6895



HasC12
s A N s A YN
\/ "\ s \
CizHzs

o]

! H2sC 1o
! N\ s I\ a s I\
\/ " \ /] s \ / S
CioHas CioHos

f H25C 12
s A\
\ [ S

CiaHas

s I N H 7
\ ] ST S~y + ‘i0/\]'N\g/\)‘\”—G|y—Thr—(Va|—Thr)Pm—Va|_6
15

HasC1p

s AN s M NN,
N/ S° W/ s \

\
CiaHzs HO-Gly-Phe-Gly-Val-Thr Boc

6

[71%]

H25C 12

N
N
H Oy o Y o Y o 7 H
J N J N A N A N N J\/YN,!/\,],
- ?; ISPEED RS RA RS A A
OH OH OH
1

H2sC 1o
I\ o_° se M N_ s 4\
s o—g’ L s 8T TSy
):g('jg’ CioHos

eN

[90%]

BocThr-Val-Gly-aPhe-Gly-OH

5

. o |
N Q H AN N o |
N O-Val-(Thr-Val)P®-Thr-Gly —Nk/\’r N+/\o‘} : O-N-acyl switch H :
i H : 0 N :

o} 15 ! H — > —N N---

PR H H

5 o OH !

switch segment native peptide

Scheme 1. Structure of quaterthiophene—/-sheet—peptide hybrid 1 and synthesis of precursor 6; (a): POCls, DMF,
dichloroethane, reflux, 3h; (b): K;COs, methanol/THF, room temp, overnight; (c): [Cu(CH3CN),]PFg, Cu®, DCM, room temp, 24 h.
(Thr-Val)P™® refers to a pseudoproline unit, (Val-O-Thr) refers to the switch unit, and aPhe stands for p-azido-Phe.

RESULTS AND DISCUSSION

Synthesis. T-P hybrid compound 1 (Scheme 1) was
designed by the combination of a symmetrically didode-
cyl-substituted quaterthiophene that is functionalized on
one side with a PEO—f3-peptide conjugate. The sequence
of the peptide comprises three repeats of Val and Thr. The
quaterthiophene employed has been shown previously
to self-assemble into highly regular superstructures at the
liquid—solid interface (STM) and in the bulk (X-ray dif-
fraction, XRD).*'~*® (Val-Thr), repeats are known to form
stable 8-sheets in aqueous and organic media.**

Such f-sheet forming sequences are known as
“difficult sequences”*’**® because they tend to aggre-
gate during synthesis and workup. Herein, two strate-
gies were pursued to circumvent such unwanted
aggregation and in addition to gain control over the
self-assembly process. First, a so-called pseudoproline
unit was incorporated into the peptide, which upon
acidic deprotection is converted into a Val-Thr
repeat.** Second, a switch ester moiety was utilized
that produces a temporary defect in the native amide
backbone by introduction of a f-ester connectivity
between Val® and Thr®>°™2 The switch defect is
preserved under acidic conditions, but the native
amide backbone can be re-established by an increase
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in pH, thus triggering a rearrangement in the switch
ester unit (O—N-acyl transfer, inset Scheme 1). The
introduction of a para-azido-phenylalanine (aPhe) de-
fines the ligation site in a side chain of the peptide and
enables the attachment of the quaterthiophene by
Cu(l)-catalyzed Huisgen cycloaddition, which proved
to be very useful for peptide conjugation because of its
high chemoselectivity and synthetically quantitative
character.>®** For better flexibility of the resulting
hybrid, a potentially secondary-structure-breaking gly-
cine was introduced between the para-azido-phenyla-
lanine and the f-sheet sequence. Eventually, the
hybrid was equipped with a PEO chain at the N-termi-
nus in order to enhance solubility and to prevent
potential lateral interactions of fibrillar aggregates.
PEO—peptide—quaterthiophene precursor 6 was
synthesized starting from symmetrically didodecyl-sub-
stituted quaterthiophene 2*? (Scheme 1,l). Vilsmeier—
Haack formylation of 2 with phosporylchloride and N,N-
dimethyl-formamide (DMF) gave monoaldehyde 3 in
63% vyield. 3 was converted into the monoethynylated
species 4 under Ohira—Bestman conditions.>> >° The
desired product 4 was obtained in 90% yield. Ligation
of freshly prepared 4 with the PEO—peptide conjugate 5
was accomplished by Cu(l)-catalyzed Huisgen
NO.9 = 6894-6909 = 2011 @ij\()
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Figure 1. AFM height and phase images of native PEO—peptide—quaterthiophene 1, spincoated on mica from a DCM/0.001
M NaOH in MeOH solution 1:1 prepared by syringe pump: (a) AFM height images of (left) fiber bundles obtained after 7 days
and (right) single fiber; (b) AFM phase images, (left and right) zoom of single fiber, showing the composition of the bigger fiber

from small filaments.

cycloaddition, tetrakis(acetonitrile)copper(l) hexafluo-
rophosphate was used as catalyst (Scheme 1,1).%° The
reaction was complete after 24 h and the crude
product was purified by size exclusion chromatogra-
phy (SEC) with tetrahydrofuran (THF) and subsequent
precipitation with diethyl ether from dioxane. After
drying in vacuum, fully protected PEO—peptide—
quaterthiophene hybrid 6 could be isolated as an
orange compound in 71% yield.

The compound was characterized by 'H NMR spec-
troscopy, which confirmed the overall stoichiometry of
one quaterthiophene building block to one peptide—
PEO hybrid (see the Supporting Information, Figure S1).
Owing to aggregation tendencies of T-P system 6, for 'H
NMR analysis elevated temperatures and a mixture of
deuterated solvents became necessary (77 °C, C;D,Cly/
MeOH-d, 3:1). Matrix assisted laser desorption ioniza-
tion time-of-flight (MALDI-TOF) spectra revealed two
homologous series with 44 Da mass difference of the
PEO repeat units, each (m/zimax intensityy = 2661.9 and
2678.1, which can be assigned to [M + Nal' and
[M + KI", respectively, with 15 ethylene glycol repeat
units and an end group mass of 1260.75 Da). Analytical
gel permeation chromatography (GPC) for compound
6 was indicative of higher molecular weight than for
the pure peptide—PEO hybrid 5 (see the Supporting
Information, Figure S2). For deprotection, 6 was treated
with 30% trifluoroacetic acid (TFA) in dichloromethane.

SHAYTAN ET AL.

Under these acidic conditions, all protecting groups
present in hybrid 6 (‘Boc, pseudoproline, ‘butyl-ester)
are removed, except for the switch ester segment,
which is preserved. Thus, the molecule still exhibits a
kink (7, see the Supporting Information for structure,
Figure S3) in the peptide backbone.

To promote the conversion of the disturbed pep-
tide segments of hybrid 7 into native S-strands (1), a
controlled approach was chosen by the addition of
0.001 M sodium hydroxide dissolved in methanol to a
previously prepared solution of 7 in dichloromethane
(DCM) by a syringe pump, until a solvent ratio of 1:1
was reached (solvent-guided strategy, see below:
0.001 M NaOH in MeOH 0 vol % — 50 vol % in 12 h).
The presence of the fully extended S-sheet sequence
was proven by IR spectroscopy (see the Supporting
Information, Figure S4). In the FT-IR spectrum, the
absence of the bands for the intact switch ester moiety
(v=1785cm ' and v = 1743 cm™ ") accompanied by a
shift of the amide | band to a region specific for f-sheet
secondary structure (v = 1636 cm™) indicates the
presence of a fully extended peptide structure in 1,
which is engaged in the formation of a -sheet sec-
ondary structure (see the Supporting Information,
Figure S4). For a better comparison, the carbonyl
region of the FT-IR spectrum of 7 is given as well.
Because of the rather broad shape of the amide | band
for hybrid 1 in a f3-sheet secondary structure, it was
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unfortunately impossible to unambiguously determine
whether an antiparallel (specificband atv=1690cm ")
or a parallel orientation (lack of this band) of the
peptide strands is present in the S-sheet.®

Self-Assembly. For the unsymmetrical PEO—/-pep-
tide—oligothiophene hybrid 1, self-assembly on the
surface and in solution was investigated. Taking into
account the different polarities of the hybrid (dominating
hydrophobic interactions on the part of the oligothio-
phene, hydrogen bonding of the peptide segment) and
the strong aggregation tendencies of the 5-sheet peptide
in its native form, a solvent-guided strategy utilizing a
syringe pump was chosen for the simultaneous rearran-
gement of the peptide backbone and the self-assembly
of hybrid 1 (see above)."®

With the help of AFM, fibers were detected in a
spincoated sample of 1 on a muscovite mica substrate
(Figure 1). The images were obtained in tapping mode
after stabilization of the adsorbate for several days. An
accumulation of fibers could be visualized, the pattern
of which does not correspond to a network but is more
reminiscent of clusters (Figure 1a, left). Surrounding
these larger areas of concentrated material, single
“bigger” fibers can be found (Figure 1a, left and right).
It could be shown that these single bigger fibers are
bundles of several thinner fibers of different length
aligned in parallel (Figure 1b, both images), which
explains the irregularly frayed appearance of the big-
ger single fibers, which we therefore refer to as bun-
dles. Furthermore, short fibrillar structures that
surround the bundles are deposited regularly on the
mica surface (Figure 1b). These short fibrillar structures
can be considered to represent the smallest single
structures, which then hierarchically self-assemble into
bigger structures (bundles or even clusters).

The size of the bundles disperses between lengths
of 1 to 2 um, heights of 1 + 0.2 nm and widths of
15—48 nm, although also sporadic widths of up to approxi-
mately 80 nm could be observed. The smallest self-as-
sembled unit on the mica substrate (the aforementioned
short fibrillar structures that are presumably single-layered
p-sheets, see further discussion) show lengths of 100—
500 nm and repeated widths of 7 + 2 nm and heights of
0.5 £ 0.2 nm. The inconsistencies of the dimensions for the
bundles, especially the width, are considered to be a result
of a proposed hierarchical self-assembly that leads from
single f3-sheets (smallest observed fibrillar features) to
double tapes, that is double-layered S-sheets (single
fibers within a bundle), which in turn laterally interact
to form bundles (see “Proposed Molecular Organiza-
tion” subsection for further discussion).

In transmission electron microscopy (TEM), struc-
tures very similar to the ones investigated by AFM were
observed (see the Supporting Information, Figure S5).
A network structure of very long fibers that shows a
broad width distribution can be clearly recognized
(Figure S5, right). It is striking, that the fibers visualized

SHAYTAN ET AL.

in TEM seem to have a much longer persistence length
than the ones observed in AFM. This result could be
attributed to the higher concentration of the solution
used for TEM investigations. It is much more likely,
though, to be caused by the differing sample prep-
arations (AFM, spin-coating; TEM, drop-casting), most
notably the forces that act on the self-assembled
structures during sample preparation.

Since the fibrillar objects could be observed by AFM
on mica after spin-coating and also in TEM after drop-
casting on carbon-coated copper grids, it can be
assumed that these nano- and microstructures are
already present in solution, and predominant effects
of the substrates on the self-assembly are unlikely.'® As
was mentioned before, also the quaterthiophene part
in the hybrid presented here is able to self-assemble by
m—m stacking and van der Waals interactions.*’ 3
Hence, the potential role of 7— interactions in the
final self-assembled suprastructure was investigated
by UV—uvis, fluorescence, and CD spectroscopy.

To be able to compare the effects in self-assembled
fibers to the nonassembled compound, two different
solutions were prepared for investigation. The first sam-
ple (A, see the Supporting Information, Figure S6a), was
prepared by slow addition of 0.001 M NaOH in methanol
to a DCM solution of the quaterthiophene—peptide
hybrid 1 by a syringe pump, as described above, and
the second one (B, Figure S6b) by directly dissolving the
kinked precursor compound 7 in a 1:1 mixture of metha-
nol and DCM, thus leaving the peptide segment in a
kinked state and hence hindering self-assembly. For both
ways of preparing the sample, a gradual change in
concentration over 2 orders of magnitude did not cause
any changes in either position (Anax = 394 & 1 nm) or
shape of the w—x* transition band, which can be seen
from the normalized absorption spectra (Figure S6).

The absorption spectra for B (see Figure S6b),
though, reveal that in the region of the t—z* transition
and the n—s* transition of the kinked peptide (1 =
190—220 nm), which is partially overlapped with the
region of the excitation of the oligothiophene part
perpendicular to the long axis of the molecule, an
increase in intensity of the band with decreasing
concentration occurs. This behavior most likely has to
be attributed to the influence of the peptide absorp-
tion bands, thus suggesting that the disturbed peptidic
moieties of the hybrid interact with one another in a
nonspecific manner at higher concentrations while
they exist molecularly dissolved at lower concentra-
tions. The effect of band broadening, which is observed
for the highest concentration employed in the normal-
ized absorption spectra for case A (Figure S6a) of
preparing aggregation samples of 1, is assigned to
interactions between the single fibrous aggregates,
which with growing concentration in the solution leads
to scattering effects and thus unspecific broadening of
all absorption bands.
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Figure 2. Various representations of the molecule used for computer simulations of self-assembling fibrillar aggregates:
(a) structural formula, (b) all-atom representation with backbone conformation corresponding to that of the -strand,
(c) schematic representation of the f-strand and the quaterthiophene moiety.

Fluorescence spectroscopy, as a very sensitive meth-
od, did not reveal any aggregation that directly affects
the s-system (see the Supporting Information, Figure
S7). From CD spectroscopy, no indication of a chiral
excitonic coupling of the conjugated s-systems of the
quaterthiophenes could be obtained. However, a very
weak nonbisignated signal in the CD spectrum at en-
ergies lower than the absorption maximum of the
conjugated sr-system points to the existence of chromo-
phore aggregates in a chiral environment (see the
Supporting Information, Figure S8a, green circle). When
the normalized absorption spectra of the nonaggre-
gated hybrid (kinked state of the peptide, 7) and the
aggregated sample (native state of the peptide, 1) are
compared, here, too, differences in the same region of
the spectra become apparent (see the Supporting In-
formation, Figure S8b): the sample prepared by slow
addition of 0.001 M NaOH in methanol to a dichloro-
methane solution of the compound, which gives the
native state of the peptide and thus leads to f3-sheet
formation (red line), exhibits a tailed absorption between
450and 600 nm (green circle in Figure S8b). These results
are hypothesized to be caused by the arrangement of
the chromophore backbones in J-type aggregates in a
chiral environment, which could easily overcome dis-
tances beyond the ideal ones for efficient exciton cou-
pling interactions and for which a nonbisignated chiral
signature may be detectable by CD spectroscopy.®’

Models of Intermolecular Arrangements. As a starting point
for the theoretical considerations of the experimentally
observed nanofibers, the molecular structure of the
oligothiophene—peptide hybrid as depicted in Figure 2

SHAYTAN ET AL.

was chosen, and a corresponding all-atom molecular
mechanics model was constructed. The model com-
pound differs from the experimental one by the absence
of the flexible PEO tail, since the PEO tail does not dispose
of the ability for defined intermolecular interactions and
initially was mainly added for solubility reasons. There-
fore, at our level of simulations methodology, the PEO
chains are unlikely to play an important structure-deter-
mining role.

Unfortunately, ab initio atomistic simulations of the
complete self-assembly process for the molecular sys-
tem under study are far beyond modern computa-
tional capabilities, which are generally limited to
simulation times in the nanoseconds range while
self-assembly happens on larger time scales. Hence,
to apply atomistic simulations to gain insight into the
structure, properties, and governing intermolecular
interactions in such systems, a separate methodology
that combines simulation techniques with available
experimental data and rational understanding of the
interactions hierarchy in self-assembly should be ap-
plied. Herein we demonstrate such a methodology
developed to study the fibrillar aggregates from poly-
mer bioconjugates (further details with respect to the
theoretical research methodology workflow can be
found in the Supporting Information).

In principle both parts of the hybrid molecule
(conjugated part and peptide part) are capable of strong
intermolecular interactions, thus leading to the forma-
tion of highly anisotropic structures such as nanofibers,
nanorods, etc. As the formation of fibers at the nano-
scale (especially amyloid-like fibers) from pS-sheet
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Figure 3. Constructed periodic crystalline cells for (a) anti-
parallel and (b) parallel arrangement of peptide strands in
single-layer fibrils. Alkyl chains were omitted for clarity;
dashed lines represent the hydrogen bonds responsible for
[-sheet formation. Right insets show the principal ar-
rangement of peptide and thiophene moieties.

peptides is a common self-assembly mechanism,®?
similar peptide—peptide interactions may play the
structure-determining role for suprastructure formation
of our hybrid compound.

The majority of the experimental data available in
literature (including X-ray and NMR-spectroscopy-
resolved structures of amyloid-like fibrils) suggest that
in biological amyloid fibers, the main structural aggre-
gation motif of the peptides is the formation of long
p-sheet tapes by laterally interacting single peptide
p-strands. These tapes may in turn stack on top of each
other face-to-face to form fibrils (filaments) with the so-
called cross-f-spine quaternary structure that is con-
sidered to be the main characteristic feature of amyloid
fibrils. Stacks of the tapes may further interact with
each other and form thicker filamentous aggregates.®®
However, if the face-to-face interactions between
tapes are hindered, the tapes may curl into helical
structures as proposed by Aggeli et al. based on
their theoretical models supported by experimental
observations®® and also found in congener PEO—peptide
or poly(butylacrylate) — peptide or poly(butadien) —peptide
conjugates.®*5> The preference for parallel or antipar-
allel B-sheet arrangements in such fibrillar structures is
disputable. Although many experimentally investigated
amyloid-like fibrils were found to have a parallel 5-sheet
arrangement, different amyloid fibrils that may be aston-
ishingly similar in coarse structural design, can vary
substantially in molecular details, including the parallel
or antiparallel arrangement of 3-sheets.%®

Starting from the above-mentioned ideas related to
the structural organization of peptide molecules into
filamentous aggregates, we propose several periodic
arrangements for our hybrid compound, based on the
assumption that the peptide part of the compound is
organized in a similar manner. Two proposed basic
periodic arrangements comprise an either parallel or
antiparallel organization of the peptide moieties in the
[-sheets. Another four arrangements were derived
from these single layer arrangements by stacking the
p-sheets face-to-face in an aggregation manner similar
to the cross-f-spine structure of amyloid fibrils. Two

Hydrophobic Hydrophilic
contact contact

Parallel
B-sheets

Antiparallel
B-sheets

(I (Iv)

Figure 4. Schematic representations of constructed dou-
ble-layer periodic arrangements from the hybrid molecule 1
classified by 3-sheet orientation (parallel or antiparallel) and
the type of -sheet interlayer contact (hydrophobic,
valine—valine; hydrophilic, threonine—threonine).

basic single-layer periodic arrangements based on
parallel and antiparallel -sheets were constructed
according to Material and Methods using the combi-
nation of molecular alignment and molecular dy-
namics simulations and are depicted in Figure 3. The
obtained single-layer periodic structures were then
used as building blocks to form various double-layer
structures. We constructed these double-layer arrange-
ments from the equilibrated single-layer dimers, striv-
ing to mimic the arrangement of the peptide part seen
in amyloid-like fibrillar structures resolved by XRD or
NMR spectroscopy®>®” followed by an extensive re-
laxation MD simulation run that allows the molecules
to adjust their periodic arrangement to the best local
minimum of free energy.

The double-layer arrangements were created as fol-
lows: the single-layer structure was replicated, turned
180° around the axis of the tape, and then adjusted in the
lateral plane, so that the peptide segments of two single-
layer fibrils would be approximately in register, thus
forming the center of the hybrid fibril. The S-sheets
within such a fibril can interact with either the valine
side chains or the threonine side chains of each sheet
facing each other. Any overlap of molecular fragments
that occurred (e.g., within alkyl chains) was solved by
small adjustments of the involved torsion angles that
would anyway obtain their equilibrium values during
the relaxation run. The discussed procedure resulted in
four different double-layer periodic systems presented
in Figure 4. In principle, for the parallel arrangement of
the 5-strands, another two double-tape conformations
with reduced symmetry may be thought of when the
p-strands in both tapes run parallel to each other.
However, such structures were considered to be un-
likely since (i) such a structural arrangement of fj-
strands was not observed experimentally to date for
biological amyloid fibers, (ii) such an arrangement will
not be favored by the interaction of dipole moments of
the adjacent tapes, and (iii) only one such arrangement
is sterically allowed because of the bulkiness of the
thiophene fragments of the hybrid molecule.

Since double layers are considerably more complex
conformational assemblies, particularly with respect to
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the organization of the surfaces buried between the
two f3-sheets and the interaction of the side chains at
these surfaces, a 10 ns molecular dynamics (MD)
relaxation run was performed for these periodic struc-
tures. During this run, a certain rearrangement of the
side chain conformations between the $-sheets took
place (for details of the MD simulation see the Support-
ing Information). The relative enthalpies of formation
for all structures during the run were monitored: the
lowest enthalpy of formation being observed for
structure Il (i.e, the most energetically favorable
structure). With respect to structure lll, structures |, I,
and IV were less energetically favorable and had higher
values of enthalpies of formation by 11, 6, and 12 kcal/
mol per molecule, respectively (statistical error: 1—2
kcal/mol). Although this data set was obtained in
vacuum simulations and the effect of solvent was
neglected, it gives valuable quantitative data for the
understanding of the hierarchy of interactions in such
systems and is consistent with the hypothesis that
hydrophilic interlayer contacts and an antiparallel ar-
rangement of the 5-sheets are the factors thatlead to a
gain in enthalpy of formation. However, in our case
because of the specific geometry of the molecules, the
aggregation pattern based on antiparallel 5-sheets and
hydrophilic interlayer contact (see Figure 4, system V)
leads to the loss of close packing between the thio-
phene moieties and thus becomes energetically un-
favorable. Owing to the specificity of the attachment of
the thiophene moiety to the peptide, a closer packing
may only be achieved by conformational changes of the
peptide backbone, which, however, leads to less efficient
interactions between peptide strands in the 5-sheet.*®
Fibril Simulations. Both obtained single-layer periodic
arrangements and two of the double-layer structures
were used to construct long fibrils by replicating the
periodic cell along the axis of the filament. Among the
double-layer structures, arrangements Il and Il were
chosen for further study since they (i) are the arrange-
ments with the lowest enthalpies of formation
among others and (ii) represented two different basic
kinds of arrangement with either parallel or antipar-
allel stacking of -strands, which should allow inter-
esting comparative analysis of the influence of par-
allel or antiparallel arrangement patterns on the fiber
morphology and evolution. For the selected systems,
planar straight fibrils of 80 S-strands in length
(approximately 40 nm) were constructed and sub-
jected to 10 ns MD simulations at T = 300 K. Addi-
tionally, for comparative analysis, simulations of fibrils
that consist of the pure peptide backbone were con-
ducted. The initial structures for pure peptide fibrils
were derived from the original fibrils by deleting the
alkylated thiophene moiety together with the triazolyl
linker and by reconstruction of the phenylalanine side
chain by addition of a hydrogen atom. The length of
the fibrillar aggregates was chosen large enough to
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avoid the influence of possible “edge” effects on the
overall conformation of the aggregates (which for
congener amyloid fibrils may be estimated in the order
of 10 nm®) on one hand and computational tractability
on the other hand. The lengths of the fibrillar aggregates
used in the state of the art works on all-atom simulations
of amyloid fibrils, which is believed to allow tracing their
geometric characteristics, is around 20—30 nm.>'”°

Large-scale MD simulations were performed in
parallel on 64 CPUs. The number of atoms in the
simulated systems ranged approximately from 20 to
40 thousand atoms. To this end, the LAMMPS simula-
tion package’' based on the domain decomposition
strategy was employed (for further simulation details
see the Supporting Information).

Conformational Evolution. The conformational evolu-
tion of the constructed aggregates during the simula-
tions allows both the study of the shape and
morphology of the fibrils and also the tracing of the
influence of the intermolecular arrangement on the
conformation of the aggregates at the nanoscale.
Comparative analysis of various fibrils (including the
all-peptide fibrils) allows us to discuss the role of
various intermolecular interactions in stability and
behavior of the aggregates.

A comprehensive list of snapshots that describe
the conformational evolution of different fibrillar
arrangements is presented in Figure 5 (the arrange-
ments are in the following referred to as “a”, “b”, “c”,
and “d”). Although all systems demonstrated their
stability during the simulation run, that is, all molecules
preserved their relative positions in the aggregates with
respect to their neighbors, conformational rearrange-
ments both at the molecular level and at the nanoscale
level were observed. In all cases, the f3-sheet organization
dominated the structure and remained the main scaffold
for the fibril organization (see also further discussion). Ten
nanosecond simulation times were enough to grasp the
main characteristics of the fibril morphology and its
evolution (bending, twisting, collapsing, etc.). As seen
from Figure 5 panels a and b, the single-layer fibrils are
capable of a more pronounced conformational rearran-
gement than double-layer fibrils, since the double-layer
organization of the fibrils rigidifies them.

The simulations of single-layer fibrils with a parallel
arrangement of f-strands (Figure 5a) revealed the
importance of both thiophene—thiophene and peptide—
peptide interactions for stability and rigidity of this
type of fibrils. The fibril mainly remains rather linear
and axially rigid, unlike its all-peptide counterpart
(Figure 5a3) that tends to collapse into a more compact
structure. The initially planar structure of the hybrid
fibril undergoes certain twists with respect to its axis,
while the peptide backbone conformation changes. As
seen from Figure 5a2 the originally flat peptide se-
quences of the molecules have adopted a kinked
appearance by rotational rearrangement of the
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Figure 5. Simulation snapshots of four different types of fibrils. Initial conformation = a1, b1, c1, d1; after 10 ns of evolution =
a2, b2, c2, d2; final snapshots for the evolution of the all-peptide fibrils = a3, b3, c3, d3. (Right) Enlarged snapshots

corresponding to images a2, b2, c2, d2. Peptide moieties are depicted with arrows, thiophene moieties using van der Waals
spheres, alkyl chains with green tubes. Images c2, 3, d2, d3 use van der Waals representation also for the peptide part for

clarity.

peptide backbone at the position of the conforma-
tionally flexible glycine residue that connects the
(Thr—Val); sequence with the rest of the molecule.
The thiophene moieties of the molecules, however,
remain in closely packed alignment, thus forming a
continuously organized axial structure with a left-
handed twist. In contrast, the single-layer fibril based
on the antiparallel arrangement of f-strands, which
lacks much of the thiophene—thiophene interactions
(because the spacing between the thiophene seg-
ments is twice as large as in the case of the parallel
arrangement) tends to curl into a more tightly wound
left-handed helical structure (Figure 5b). The thio-
phene moieties exist in a more disordered state than
in an a-type fibril, however, their presence greatly
changes the helical pitch and diameter of the helical

SHAYTAN ET AL.

structure when compared to all-peptide fibrils (Figure 5b3).
As depicted on the large inset in Figure 5b, the
thiophene moieties tend to form separated clusters
along the tape of the fibril. Solvent effects may play a
considerable role for the curling of the helix; it should
depend on the balance between the interactions of the
side chains on each side of the tape with each other as
well as with the solvent. In our simulations, the fibril
composed of the hybrid molecules (Figure 5b2) tended
to have the hydrophobic face of the tape at the inner
part of the helix while the all-peptide fibril adopted
the opposite conformation (the hydrophilic threo-
nine residues in this case have more opportunities
for polar interactions and hydrogen bonding). The
other curling conformation of the hybrid fibril is
attributed to the position of the alkylated thiophene
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moieties relative to the f-sheet plane. Additional
possibilities for the oligothiophenes to saturate their
steric contacts by packing more closely on the
hydrophobic side of the tape result from the cova-
lent attachment of the peptide moiety to the thio-
phene ring that bears an alkyl side chain pointing to the
hydrophobic face of the fibril (see Figure 2b). Conse-
quently these possibilities for close packing outweigh the
competing possibilities for hydrophilic interactions of the
threonine residues on the other face of the fibril.
Contrary to the single-layer fibrils, double-layer
fibrils based on the arrangements c and d, that is, lll
and Il in Figure 4, result in almost planar tapes with a
possible twist along the axis. The interactions between
the adjacent single-layer tapes through hydrogen
bonding and steric interactions strengthen the struc-
ture and molecular order and also hinder peptide
flexibility, thus disfavoring additional peptide bending,
that is, kinks in single-layer fibrils (see above and
Figure 5a). Moreover, the stacking of two tapes with
identical faces implies other “geometrical” considera-
tions, such as suppression of helix formation (each tape
taken separately would prefer to curl in the opposite
direction than the adjacent tape and thus the “curling”
tendency vanishes). The double-tape fibril composed
of parallel -sheets stacked with hydrophilic faces
(Figure 5¢) remained mainly planar with only a small
left-handed twist distortion at one end of the fibril that
may be attributed to the edge effects. The size of this
distortion is around 5 nm, which may be an estimate of
the length at which the edge effects protrude into the
body of the fibril. Surprisingly, the all-peptide fibril
(Figure 5c3) revealed a small right-handed twist of
the tape plane along the axis of the fibril, whereas
p-sheets in general are considered to tend to have a
left-handed twist; this behavior, though, is generally
more pronounced for the antiparallel arrangement of
B-strands.”? In our simulations (Figure 5a3), the single
tape of parallel S-strands of the all-peptide hybrid did
not reveal any twisted behavior. However, it is known
that the twisting behavior of f-sheets is mainly ac-
counted for by subtle interactions of the side chains
within one strand;”? these intrastrand interactions may
be affected by the presence of juxtaposed and neigh-
boring f-sheets that offer alternative possibilities for
interstrand interactions (e.g., hydrogen bonding through
threonine residues), which may shift the subtle balance of
interactions, thus favoring either direction of twisting.
The double-tape arrangements based on antiparallel
[-sheets (Figure 5d) formed a relatively planar stable left-
handed twisted tape with an approximate twist of 30
degrees per 40 nm. This conformational behavior roughly
corresponds to that observed in the simulations of only
the peptide part of the fibril (Figure 5d3). Unlike the model
of oligothiophene—peptide fibrillar aggregates based on
alternating blocks of oligothiophene and peptide moieties
(the “alternating superpolymer model”) studied by
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computer simulations earlier,* the torsion along this type
of fibrillar aggregate is persistent, strongly correlated, and
is little influenced by thermal fluctuations.

71—t Stacking versus H-Bonding. With respect to appli-
cations, the arrangement of the conjugated thiophene
moieties and the interplay between 7— stacking and
[-sheet formation is the most important aspect of the
work presented herein. The spacing between the pep-
tide strands imposed by the f5-sheet structure corre-
sponds to 4.8—5 A, while the spacing between the
s-conjugated planes of oligothiophenes for 71— stack-
ing interactions is estimated to ideally be around
3.3-3.5A;7>"* hence, these interactions show compet-
ing behavior in terms of the periodicity implied during
molecular aggregation. The analysis of histograms for
the distribution of distances between the centers of
mass of peptides and also between quaterthiophenes
(Figure 6) clearly revealed the domination of the
periodicity implied on the aggregates by the arrange-
ment of the peptides into S-sheets for all types of
simulated fibrils. Therefore, the thiophene moieties
had to adopt the periodical arrangement settled by
the peptides, which deviates from the ideal 7—x
stacking distance. In the case of a parallel arrangement
of the 5-strands (see the large insets in Figure 5a,c) the
thiophene moieties tilt synchronously, thus simulta-
neously preserving the high degree of ordering and
fulfilling the periodicity restrictions implied by the -
sheets. In the case of the antiparallel arrangement, the
proposed double-layer fibril (Figure 5d) in principle has
the same linear density of quaterthiophenes along the
fibril as in the case of fibrils with parallel arrangement,
since the thiophene moieties from both tapes come in
contact to form a “steric zipper” along each side of the
double tape (oligothiophene moieties from both sides
arein alternating contact). However, for the antiparallel
arrangement, the thiophene parts tend to lean toward
one another to form dynamic clusters with gaps
between the individual clusters (see the large inset in
Figure 5d); such an arrangement reduces the differ-
ences between the optimal interthiophene and inter-
peptide distances. On the other hand, because of this
tendency to form dynamic clusters, the degree of long-
range order in the oligothiophene arrangement is con-
siderably lower for the fibrils with antiparallel arrangement
than for the ones with parallel 3-strands (see Figure 5b).

The degree of 71— interaction between the adja-
cent thiophene rings is visualized by the plots that
present the fraction of thiophene rings that have at
least one neighboring ring closer than the specified
distance (Figure 7). The distances between the centers
of mass of thiophene rings that participate in a 7—x
stacking interaction according to quantum chemistry
calculations are approximately 3.8—3.9 A7374 (this dis-
tance is somewhat larger than the before-cited ideal
distance between the s-conjugated planes because
the adjacent oligothiophenes in a stack are laterally
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Figure 6. The plots present the distance distribution of peptide and thiophene blocks in the fibrils. All distances were

calculated between the centers of mass of either peptide blocks or quaterthiophene blocks. (a) Fibril type c (double-layer tape
with parallel arrangement of the -strands); (b) fibril type d (double-layer tape with antiparallel arrangement of the 3-strands).
The peptide backbone periodicity in our model is roughly 5 A and is remarkably conveyed to thiophene moieties in the case of

type c fibrils.
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Figure 7. Fraction of thiophene rings in the entire fibril that have at least one other thiophene ring at a distance not greater
than the abscissae values. Distances were measured between centers of mass of individual thiophene rings: (a) single-layer
fibrils; (b) double-layer fibrils. Fibril types referring to Figure 5 are given in parentheses in the legend. The minimal

interthiophene distance observed was 3.4 A.

shifted). It is seen from the plots that for all different
fibrils, only a minor fraction of rings complies with a
m—m stacking distance of not more than 3.9 A.
Although for both “antiparallel” fibrils, the fraction of
rings that may participate in such “genuine” stacking
interactions is around 20—30%, for both “parallel”
fibrils, this fraction is significantly lower, being less
than 5% in the case of the double-layer fibril.

Proposed Molecular Organization. As stated earlier and as
supported by the data for congener peptide and polymer—
bioconjugate systems,®>”> molecular aggregation in our
system is likely governed by a number of interactions of
different nature and strength leading to a common
hierarchical self-assembly pattern for 5-sheet peptides:
first the molecules assemble into 3-sheet tapes, which
then aggregate laterally to form double tapes (as in cross-
p-structure of amyloid-like fibrils), which in turn form larger
assemblies by various types of aggregation.

Available literature data suggest that self-assembly of
polymer—bioconjugates based on similar 3-sheet-forming
peptides takes place already in solution,”” and thus the
structures observed at two different substrate surfaces

SHAYTAN ET AL.

deposited by either spin-coating (AFM, surface: mica) or
drop-casting (TEM, surface: carbon-coated copper grids)
should correspond to those prevalent in solution. It may be
possible that the substrate exerts an influence on the
orientation of the aggregates (especially smaller ones) or
even their fragmentation, but it seems unlikely to be able
to change the basic conformational features of the bigger
fibrils formed in solution with large length to width ratio
(such as twisted or helical organization), especially since
the fibers visualized by both AFM and TEM were similar
with respect to their inner architecture (see “Self-Assem-
bly” subsection). It also seems to be a reasonable hypoth-
esis that aggregates of different organizational levels
(single tapes, double tapes, bundles of double tapes)
may be present in solution at the same time in a dynamic
equilibrium.

Judging by the characteristic height of the typically
observed structures (see Figure 1) and in comparison
with computational data (see discussion below), it may
be proposed that the shortest fibrillar structures visible
in the background of the AFM image correspond to
single [3-sheet tapes (with heights of 0.5 &+ 0.2 nm,
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Figure 5a1), while the bigger fibrils (with heights 1 +
0.2 nm) are bundles of double tapes, in which the double
tapes are organized according to Figure 5c¢. The structure
of these double-layer fibers is of main interest.

AFM measurements of our fibrillar aggregates
(Figure 1b) did not reveal any periodic height fluctua-
tions along the fibrils, which are characteristic of
twisted or helical structures and which are normally
clearly resolved by AFM experiments.'® Also in TEM, no
indications for a helical superstructure of the fibers
were found, thus we assume that the observed aggre-
gates lack any twist or helical conformation.

Among the theoretical models for single -sheet
tapes (Figure 5a,b), both models manifested high
conformational flexibility and small persistent lengths
(compared to the double tape models), which is con-
sistent with their behavior observed in AFM (as com-
pared to the bigger fibers). It is hypothesized that for
small single tapes the fast adsorption of the species on
the substrate (here, mica) during sample preparation
could make them adopt a planar conformation,
which should be easier to accomplish for the fibrils
with a parallel organization of -strands (Figure 5a).
The width of the smallest self-assembled fibrils mea-
sured in AFM is 7 & 2 nm, which also nicely corre-
sponds to the width of the type a fibril being in
planar conformation. The fact that such smaller
fibrils are not seen in TEM may again point to the
assumption that the presence of such fibrils in AFM is due
to kinetic reasons during sample preparation (single
tapes are “trapped” on the substrate by fast adsorption).

As to the double-tape models, only the model based
on a parallel arrangement of 3-strands (Figure 5¢) man-
ifested the behavior free from substantial axial or helical
twist observed in both AFM and TEM. In addition, the
double-layer fibers are more rigid than the single-layer
aggregates, thus a flattening of the double-layer struc-
tures helped by the surface (as was suggested for the
single-layer structures) is unlikely. Hence we can con-
clude that from the results of our theoretical calculations
the most plausible model for the organization of the
structural elements of the observed bigger fibrils is that
hybrid molecules aggregate into parallel S-sheets to
form tapes and these tapes then further aggregate to
form double-layer structures by interaction of their
respective faces to gain additional stability and prevent
curling and twisting as observed in Figure 5 panels a2 and
b2. Which of the faces of the single-layer $-sheets would
interact face-to-face with one another would depend on
many factors including the solvent properties. The pro-
posed intertape aggregation in model c (Figure 5) may
therefore not be ultimately justified, but seems plausible
to form in solvents of low polarity, in which polar and
electrostatic interactions dominate the aggregation.

In the obtained CD and fluorescence spectra there
was no sign for an excitonic coupling of the s-systems,
which should occur with 7—m stacking in a chiral

SHAYTAN ET AL.

Figure 8. Proposed schematic model for the likely ar-
rangement of hybrid molecules in the observed nanofibers
consisting of smaller fibrils. 5-Strands are depicted by green
and blue arrows, quaterthiophenes are depicted by van der
Waals spheres. Alkyl and PEO chains are omitted for clarity,
and the peptide organization was simplified by using
ideally planar -pleated sheets.

environment at close to ideal w— stacking distances
of the m-conjugated backbones. Among the theoreti-
cally studied models, type c also corroborates these
experimental findings the best, because it has the
lowest number of thiophene rings that are in close
contact with one another (see Figure 7b) as compared
to other models. Moreover, in the suggested arrange-
ment type, the hitherto neglected flexible PEO tails of
the molecules that are positioned in neighboring
[B-sheets may further interfere with the ordered ar-
rangement of the thiophene moieties in the adjacent
p-sheet and thus hinder the direct interaction of the
m-systems; the PEO chains can even be hypothesized
to interact with the energy levels of the zz-systems.®
On the other hand, the interaction of z-systems of
thiophene moieties at distances greater than those
characteristic for ideal w—m-stacking would be in
accordance with the suggested interactions over
greater distances (see the results form CD spectroscopy).
Such “long-range” interactions might be accomplished
in molecular assemblies similar to J-type aggregates
with an arrangement of the hybrid molecules based on
double layers of parallel 3-sheets (Figure 8).

The hypothesized arrangement would also account
for the composition of the bigger fibers/bundles from
smaller fibrils observed in AFM and TEM (see Self-
Assembly subsection). The proposed lateral aggrega-
tion of the double-tape fibrils into bundles as seen in
Figure 8 could stem from microphase-separation ten-
dencies of the system with van der Waals, hydrophobic,
or hydrophilic interactions being the main forces active.

To visualize and further study the proposed molec-
ular arrangement model, we performed MD simula-
tions of the type c fibril on graphite and constructed a
model of the AFM image based on the atomistic
structure of such a systems (see Figure 9, for simulation
details see the Supporting Information). The resulting
data were visualized by WSxM imaging software.”® The
total width of the fibril as measured by virtual AFM
algorithm is around 10 nm (see Figure 9c¢), while the
maximum height is around 1.7 nm. It should be noted
that the actual profile of the fibril may depend on many
factors (tip radius, cantilever rigidity, and amplitude,
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Figure 9. (a) Snapshot of an atomistic model of type c fibril adsorbed on graphite substrate after 10 ns MD simulations; (b)
corresponding virtual AFM image; (c) height profile of fibril cross section marked in panel b with a green line. Blue lines in
panel c present the suggested dimensions of the fibril in laterally aggregated bundle.

etc.), that is why in comparison with experimental data
some reference structures should be considered. By
the same virtual AFM technique, the maximum height
of the single-layer fibril (type a) was estimated to be
around 1 nm. The fact that the amino acid side chains
of neighboring tapes efficiently pack at the interface of
p-sheets contributes to the maximum height of the
double layer structure being a little less than the sum of
two single layer tapes (1.7 vs 2 nm). The computation-
ally measured heights of the fibrils agree with that
observed in AFM (1 £ 0.2 nm for the proposed double-
tape structures and 0.5 + 0.2 nm for the proposed
single-tape structures) if taken comparatively: the
height difference between single and double layer tapes
is 0.5+ 0.2 nm in AFM versus 0.7 £ 0.05 nm in simulation.

Since the fibrils depicted in Figure 9a are suggested to
aggregate laterally in bundles (see Figure 8), one should
consider that the AFM profile of fibrillar bundles would be
3different from the one depicted in Figure 9¢, but
rather have a bump-shaped periodic nature with a
periodicity of approximately 6—7 nm and lower
height fluctuations.

CONCLUSIONS

We reported the successful synthesis of a hybrid
compound that consists of a PEO-functionalized pep-
tide sequence with a high propensity to form f-sheets

MATERIALS AND METHODS

Experimental Part. Details concerning the synthesis and char-
acterization of the compounds can be found in the Supporting
Information. Absorption spectra were recorded on a Perkin-Elmer
Lambda 19 spectrometer and fluorescence emission spectra on a

SHAYTAN ET AL.

that are covalently linked to an alkylated quaterthio-
phene moiety. Compounds of this class are very pro-
mising for applications because their self-assembly
and stimuli-responsive properties, provided by the
peptide moieties, combined with the semiconducting
properties of the thiophenes result in new opportu-
nities for the design of smart materials at the nano-
scale. The presented compound was experimentally
shown to form stable fibrillar-like aggregates visualized
by AFM and TEM. While the experimental evidence
alone is not sufficient to reveal the exact molecular
organization of such fibrils, a theoretical methodology
was developed to study possible intermolecular arrange-
ments and their characteristic features with the help of
all-atom MD simulations. The methodology Zincorpo-
rated available experimental data to suggest different
versions of possible fibrillar structures that were studied
theoretically, and their behavior was then cross-validated
against available experimental evidence. Large-scale all-
atom MD simulations for several proposed fibrillar mod-
els were performed. They revealed the dependence of
the fibrillar morphology on the intrinsic molecular orga-
nization of the fibrils. From the use of combined theore-
tical and experimental analysis, the most likely model of
fibril formation and aggregation based on the parallel
arrangement of the peptide strands into hierarchically
further assembling f-sheets was suggested.

Perkin-Elmer LS 55 spectrometer in 1 cm cuvettes. FT-IR spectros-
copy was performed on a Perkin-Elmer FT-IR Spectrum 2000

spectrometer, by using KBr pellets. Circular dichroism spectros-
copy was performed on a JASCO J-810 spectropolarimeter by
using 2 mm cuvettes. Atomic force microscopy (AFM) was
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performed on a MultiMode V device (Veeco Instruments, Santa
Barbara, CA) in tapping mode by using standard phosphorus (n)
doped silicon-cantilevers (spring constant: 40 N/m, frequency:
280 kHz). The images were recorded on a j-scanner. Samples were
spin-coated (2500 rpm) from solution (0.12 mg/mL) on freshly
cleaved mica substrates. Analyses of the aggregate dimension
were carried out on a sample exhibiting separated structures by
averaging over at least 25 values. Transmission electron micro-
scopy (TEM) was carried out on a Zeiss EM 912Q2 instrument at an
acceleration voltage of 120 kV. The samples were drop-casted and
then air-dried on carbon-coated copper grids. All reactions were
performed in flame-dried glassware under argon and were
monitored by thin layer chromatography (aluminum plates, pre-
coated with silica gel, Merck Si60 F,s4). Compounds were de-
tected by UV and ninhydrin. Preparation of aggregation samples
was as follows: A 0.5—0.53 mg portion of 6 was treated with
500 uL of 30% TFA for 3 h. Then the solvent was removed, and the
sample was dried in vacuo. The residue (7) was redissolved in
500 uL of dichloromethane. To this solution, 500 uL of 0.001 M
NaOH in methanol was added by syringe pump at a speed of
40 uL per hour. After the addition was finished, the sample was left
to stand on a shaker for 7 d before spincoating.

Theoretical Models Construction. An all-atom molecular model
of the compound under study was based on the Class Il
polymer-consistent force field (PCFF) with the parameters
adjusted to reproduce the ab initio energy surfaces.””~’° The
total potential energy of the system is represented as a sum of
the energy contributions of the following two categories: (i)
valence terms, V, 5, including the energy contributions for bond,
angle, torsion, and out-of-plane angle coordinates as well as the
energy contributions for diagonal and off-diagonal cross-cou-
pling terms between internal coordinates; (ii) intra- and inter-
molecular nonbonded interaction terms, V,,,, which include a
Lennard-Jones “9-6" potential for the van der Waals interactions
and a Coulombic term for electrostatic interactions.

The construction of single layer periodic arrangements from
single molecules was carried out with the inclusion of subse-
quent minimization and relaxation steps as follows. At first the
conformations of the initial molecules were adjusted: the peptide
block was considered to be in the form of a -strand engaged in
an ideal either parallel or antiparallel f-sheet that is solely
determined by the values of the dihedral ¢ and 1 angles of the
peptide backbone, which are known to be ¢ = —119°, p = 113°
for peptide strands in parallel 5-sheets and ¢ = —139°, i = 135°
for peptide strands in antiparallel S-sheets.”® The thiophene
block including the 4-azidophenyl-alanine side chain and alkyl
chains was considered to be in a planar, extended conformation
that corresponds to the local energy minimum as depicted in
Figure 3b. To obtain a proper periodic arrangement that could be
used as an elementary structure to construct long fibrils, a
corresponding periodic unit cell that consists of two (for single-
layer fibrils) or four (for double-layer fibrils) molecules was
derived. The period implied by the unit cell along the fibrillar
axis was set to be 4.8 A per 8-strand as to correspond to the one
generally observed in amyloid fibrils (9.6 A for two strands).2° As a
first step, two molecules were arranged into two single-layered
periodic structures with a parallel and an antiparallel arrange-
ment of f-strands, the peptide segments in both cases were
aligned as to maximize the number of interstrand hydrogen
bonds (see Figure 3). Energy minimization for such periodic
single-layer systems (that can be regarded as infinitely long
crystalline tapes) was then performed followed by a relaxation
MD simulation run of 1 ns.
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