Published on 17 April 2018. Downloaded by Drexel University on 02/05/2018 22:47:46.

PCCP

W) Check for updates ‘

Cite this: DOI: 10.1039/c8cp00691a

Received 30th January 2018,
Accepted 17th April 2018

DOI: 10.1039/c8cp00691a

' ROYAL SOCIETY
OF CHEMISTRY

Is a cross-B-sheet structure of low molecular
weight peptides necessary for the formation of
fibrils and peptide hydrogels?7

Niranjan V. llawe,? Reinhard Schweitzer-Stenner,*® David DiGuiseppi® and
Bryan M. Wong (2 *@

Short peptides have emerged as versatile building blocks for supramolecular structures and hydrogels. In
particular, the presence of aromatic amino acid residues and/or aromatic end groups is generally
considered to be a prerequisite for initiating aggregation of short peptides into nanotubes or cross
B-sheet type fibrils. However, the cationic GAG tripeptide surprisingly violates these rules. Specifically, in
water/ethanol mixtures, GAG peptides aggregate into very long crystalline fibrils at temperatures below
35 °C where they eventually form a spanning network structure and, thus, a hydrogel. Two gel phases
are formed in this network, and they differ substantially in chirality and thickness of the underlying fibrils,
their rheological parameters, and the kinetics of oligomerization, fibrilization, and gel formation. The
spectroscopic data strongly suggests that the observed fibrils do not exhibit canonical cross f-sheet
structures and are indicative of a yet unknown secondary conformation. To complement our unusual
experimental observations in this perspective article, we performed large-scale DFT calculations to
probe the geometry and spectroscopic properties of these GAG oligomers. Most importantly, our
experimental and computational results yield rather unconventional structures that are not reminiscent
of classical cross-B-sheet structures, and we give two extremely likely candidates for oligomer
structures that are consistent with experimental amide I’ profiles in IR and vibrational circular dichroism

rsc.li/pccp

1 Introduction

The folding of a polypeptide into a conformation with a well-
defined secondary and tertiary structure generally requires that
it contain 100 residues or more. This is close to the chain
length that is necessary to produce a well-defined hydrophobic
core. Additionally, with regard to the secondary structure of
folded proteins, right-handed a-helices, B-sheets, and a variety
of other turn structures are of similar importance. Their
respective contribution depends on the specifics of the amino
acid sequence. However, over the last 15-20 years, -sheets in
particular, have gained prominence in the field of protein and
peptide science, since they have emerged as the dominant
secondary structures in protein and peptide aggregates such
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(VCD) spectra of the two gel phases.

as amyloid fibrils.'™® However, several differences between
B-sheets in proteins and amyloid fibrils are noteworthy. In
proteins, the need for compactness frequently gives rise to
highly twisted structures of B-sheets and bent structures of
strands. B-sheet barrels in protein-like porin” or the horseshoe
structure of ribonuclease inhibitors are good examples of these,
which are composed of an outer shell of a-helices and an inner
shell of highly curved B-sheets.® On the contrary, amyloid fibrils
are formed by extended cross B-sheets that can extend over
hundreds of nanometers. Compared with the situation in
proteins, sheet twisting (if existing at all) is helical and regular
(ca. 0-20° per strand).”"" This facilitates stacking and, thus, the
development of protofibrils and fibrils."> While the classical
folding process generally requires fairly long polypeptide
chains, B-sheet dominated ordered aggregates can be formed
even with very short peptides comprised of only two or three
residues.’®™*® This is indicative of a unique stability bestowed
by this secondary structure onto such peptide aggregates.'
Over the last ten years, such short low-molecular weight
peptides with two or three peptide groups have emerged as a
versatile tool for a bottom-up approach towards the formation of a
variety of supramolecular nanostructures such as tubes, spheres,
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and tapes.»®'®'® Research in this field was initiated by the
discovery of the Gazit group which found that even diphenyla-
lanine peptides can self-aggregate into nanotubes in hexafluoro-
2-propanol.’® Furthermore, modifications of this peptide by the
addition of aromatic (fluorenylmethoxycarbonyl, Fmoc) and
aliphatic (tert-butyloxycarbonyl, #-Boc) end groups have substantially
increased the propensity for self-assembly."”'*?°"** For example,
the replacement of phenylalanine groups by less hydrophobic
groups in these systems does not impede the formation of
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nanostructures.>'* Similarly, adding an Fmoc group to the
N-terminal of even partially aromatic di- and tripeptides facilitates
the formation of hydrogels if the peptide is dissolved in
dimethylsuloxide followed by a dilution in water.?* Gelation of
such Fmoc-terminated peptides can be achieved in water by first
dissolving the peptide at alkaline pH followed by a switch to
acidic pH in order to protonate the C-terminal carboxyl group.***>
These hydrogels exhibit quite substantial strength as documented
by their large modulus (G') values, which generally lie in the 10°
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Pa regime, and by their rather large loss factor (tan§ ~ 0.2).>°
The self-aggregation of all these peptides is thought to be driven
by m-n stacking between aromatic groups, which facilitates the
formation of B-sheets and higher order structures such as p-sheet-
containing ribbons, tapes, and fibrils.>"***” The pivotal role of
these m—n interactions for the stacking of B-sheets has recently
been highlighted by computational work done by the Ulijn
group,™* who predicted that dipeptides with strong aromatic side
chains (i.e. F and W) show the highest propensity for aggregation
and self-assembly into higher order structures. However, some-
what at variance with the predictions of the above study, recent
studies revealed that FmocAA can self-assemble into hydrogels
with rather large G’ values (ca. 5 kPa) and intermediate loss factors
(0.035).>

All the above-cited studies on short peptides are indicative of
a mutual dependence of B-sheet propensity and hydrophobic
interactions as the driving force that causes the formation of
supramolecular structures by low molecular weight peptides.
Therefore, it came as a surprise when Milorey et al. reported the
formation of a rather peculiar hydrogel after dissolving ca.
200 mM cationic GAG in 55 mol% ethanol/45 mol% water.>®
A bright field microscopy image revealed a sample spanning
network of crystalline-like fibrils with several hundred micro-
meters in length. Subsequently, DiGuiseppi et al. found that
neutral zwitterionic GHG forms a similar hydrogel at even
tenfold lower concentrations in water.”® Even though the
imidazole ring of histidine carries some hydrophobicity, its
propensity for self-assembly is generally not considered as large
as the previously mentioned aromatic groups.'> Rheological
experiments revealed rather large G’ values (20 kPa at 23 °C and
nearly 100 kPa at 10 °C) and a moderate loss factor (0.035 at
23 °C and ca. 0.04 at 10 °C) for GAG in ethanol/water.*°

Thus far it has been generally assumed that supramolecular
structures formed by even very short di- and tripeptides under-
lie canonical cross B-sheet conformations of protofilaments.
However, this notion has recently been challenged for the
aggregation process which precedes the gelation of FmocAA
in acidic aqueous solution. Mostly based on the result of MD
simulations, Mu et al. proposed that even in the aggregated state,
the alanine residues predominantly sample polyproline II (pPII)
conformations.** In principle, this claim seems credible since a
plethora of experimental results obtained over the last ten years
clearly suggest that alanine residues have a very high propensity
for pPII in water with mole fractions between 0.7 and 0.85.>'*
However, it is unclear how this conformation can be maintained in
sheet-like structures. A rather detailed analysis of the amide I
band spectrum of FmocAA gels led Fleming et al. to the opposite
conclusion, and they interpret the observed position of amide I
bands as a clear indicator of a cross-p-sheet structure.” In a more
recent paper, Eckes et al. reaffirmed the non-B-sheet option based
on somewhat indirect evidence from diffraction patterns and the
gelation of a modified peptide FmocALac (lactic acid).>® The
authors utilize a comparison of their gelators’ IR spectra to argue
that they cannot be used as an indicator of a B-sheet structure.

Somewhat stronger evidence for the possibility that short
peptides can self-aggregate into rather long non-f-sheet structures
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recently emerged from the IR-spectra of GAG gels formed in water/
ethanol, which shows amide I' regions that are clearly distinct
from the classical B-sheet spectrum (vide infra). This observation is
more meaningful than a similar one made with FmocAA, because
the intrinsic spectral differences between the amide I' modes of
the carbamate (N-terminal) and the peptide group (N-terminal)
of the latter complicates the spectral analysis. The canonical
redshift of amide I can be expected even for -sheet structures
formed by very short peptides with, e.g., only two peptide
groups, owing to comparatively strong interstrand excitonic
coupling between adjacent strands.*® In the case of GAG in
the utilized water-ethanol mixtures, the mixing of wavefunctions
is further facilitated by the close proximity of the wavenumbers of
the N- and C-terminal amide I' modes.”” The absence of a
canonical B-sheet structure in the GAG gel phases are further
corroborated by their far UV circular dichroism (UVCD) spectra,*
which exhibit a positive, rather than a negative, maximum in the
region between 210 and 220 nm. In the case of a cross-B-sheet
structure, one would expect a negative maximum. CD spectroscopy
is not a suitable tool for the structural analysis of Fmoc-peptides
owing to strong interactions between electronic transitions in the
Fmoc moiety and the two peptide groups.

This perspective article includes new computational methods to
augment and determine possible conformations of GAG oligomers
that are consistent with the observed IR and vibrational circular
dichroism (VCD) spectra of the two gel phases that we observed for
GAG in the above water/ethanol mixtures. We employed additional
experimental data (fluorescence and light microscopy) to further
demonstrate the difference between the two gel phases. Large-scale
DFT calculations were used to obtain two very plausible candidates
for the oligomer structures that underlie the crystalline fibrils of
GAG gels. To the best of our knowledge this is the first time that a
geometry optimization is performed on the peptide oligomers of
this size. Specifically, our work identifies two possible structures
for which the predicted spectroscopic properties are in excellent
agreement with corresponding experimental data. The peculiar
properties of the obtained oligomers suggest that they might be
representative of oligomers formed by tripeptides in aqueous
solutions. Generally, our results demonstrate that DFT calculations
can be a formidable tool to explore the peptide conformations in
oligomers formed in the initial phase of peptide fibrillization.

2 Materials & methods
2.1 Material

A solvent mixture of 55 mol% ethanol (200 proof, Pharmco-
Aaper)/45 mol% deionized water was first prepared. Deuterated
solvents, D,O and ethan(ol)-d (EtOD), were purchased for
vibrational spectroscopy studies to avoid the interference of
the water bending mode with the amide I region as well as
vibrational mixing between amide I and water bending modes.*®
EtOD is the deuterated ethyl alcohol with the alcoholic hydrogen
replaced by a deuterium. D,O and EtOD were purchased from
Sigma-Aldrich in 99.9% purity. Solutions of cationic glycylalanyl-
glycine (GAG) (>98% purity, Bachem) were then dissolved in the
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solvent mixture. The pH of each solution was adjusted to about 2
by adding HCI (ACS grade, Ricca Chemical Company).

2.2 Fluorescence spectroscopy

Fluorescence measurements were performed at 10 and 23 °C
using a 1 cm path length ICL quartz cell on a Perkin Elmer LS55
Luminescence Spectrometer. Emission spectra were recorded
between 450 and 600 nm with a 440 nm excitation wavelength
and a scanning speed of 100 nm min~*. Excitation and emission
slit widths of 5 and 10 nm, respectively, were used. The
temperature was controlled using a PerkinElmer PTP1 Peltier
Temperature Programmer and a PCB 1500 Water Peltier System.
Samples were allowed to sit at the required temperature for at
least two minutes before scanning was performed.

2.3 Bright field microscopy

Images were taken using an Olympus Model BX51 Microscope
equipped with a PixeLINK PL-A662 camera. A 10x objective
lens was used to provide a total magnification of 100x.

2.4 Computational methods

All quantum chemical calculations in this study utilized density
functional theory (DFT) calculations in conjunction with the
dispersion-corrected, range-separated ®B97XD functional as
implemented in the Gaussian 09 package. This functional has
been previously used by us**~** and others**™*° to successfully
model a variety of different properties in peptide-based systems
that involve both dispersion and hydrogen-bonding interactions.
All the geometries were optimized with a large cc-pVDZ basis set
in the presence of an aqueous polarizable continuum model
(PCM). Geometry optimizations and harmonic frequencies at the
same level of theory were calculated to verify that these stationary
points were local minima. With the vibrational frequencies
properly calculated, both the IR and VCD spectral intensities
were calculated for all of the considered oligomers. The IR and
VCD spectral intensities were calculated using the PyVib2*’
program which uses the Gaussian checkpoint file as input.

3 Results and discussion
3.1 Spectroscopy and microscopy

In an earlier paper, we reported spectroscopic and rheological
data that indicated the existence of two different gel phases
produced by the self-assembly of GAG in ethanol/water mixtures
at temperatures above and below 15 °C, which we now term
phase I and II, respectively.>® Fig. 1 compares the amide I’
region of the IR and VCD spectra phases formed in 55 mol%
ethanol/45 mol% D,O at 10 °C and 23 °C. Differences between
the two gel phases are clearly revealed by these data. For
example, while two amide I’ bands appear in both IR spectra
at 1646 and 1670 cm ™', the band at the lower wavenumber is
narrower and more intense in the spectrum of the phase II
(10 °C) gel. Moreover, for both phases the IR spectrum does not
resemble those of classical B-sheet structures, which are generally
dominated by a very strong band between 1610 and 1630 cm™*
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Fig. 1 Amide I’ region of the VCD (upper panel) and IR (lower panel)
spectra of the GAG gel phase at 10 °C (blue) and 23 °C (red). The two VCD
spectra and the IR spectrum of the 10 °C gel phase were already reported
by Farrell et al.>°

even in the spectrum of short peptide fibrils.>"** Similarly, the

very weak band generally observed around 1690 cm ' in the
presence of antiparallel B-sheets is missing in these spectra. The
corresponding VCD signals are both large (nearly two orders of
magnitude more intense than the common signals of peptide
monomers™?), but exhibit opposite signs (negative couplet for
phase I and a positive one for phase II). Such enhanced VCD
signals of amide I' are generally diagnostic of long helically
twisted fibrils.""*®

In order to further characterize the two gel phases, we
measured the kinetics of the corresponding fibril formation
by recording the time-dependence of thioflavin-T fluorescence
(Fig. 2). This fluorophore is a well-established indicator of
fibrillization, which normally results from the formation of a
supramolecular structure generally formed by the self-assembly
of cross B-sheet structures.*® The fluorescence kinetics in Fig. 2
shows a rather peculiar and interesting behavior. At 10 °C, the
underlying process is rather fast. The fluorescence exhibits a
maximum at ca. 10 minutes and subsequently levels off at a
value of 200. Such intermediate maxima are often observed in
the fluorescence kinetics of amyloid formation.’*>* These data
suggests that fibrillization occurs on a much shorter time scale
than gelation (not completed even after 60 minutes) but that it
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Fig. 2 Thioflavin fluorescence intensity measured at approximately
496 nm of the GAG gel at 10 °C (blue) and 23 °C (red).

is more or less in sync with the formation of the chiral
aggregates probed by the VCD signal of amide I’ (¢f. Fig. 8 in
Farrell et al.®°). It is faster than the corresponding pre-gelation
process probed by UVCD that was found to be completed after
25 minutes.

The situation is totally different at 23 °C. Here, aggregation
(probed by IR and VCD), pre-gelation (probed by UVCD), and
gelation itself (probed by G’, G”) proceed on a very similar time
scale (completed within ca. 15 minutes), while the fluorescence
has reached its maximum only after about 75 minutes. Strangely,
this seems to suggest that gelation does not require the formation
of fibrils. Alternatively, the data could indicate that protofibrils
formed at an earlier state can be crosslinked to achieve gelation,
while the local viscosity that the fluorophore probes is still not low
enough to induce fluorescence.

The microscopy images reveal differences between the fibrillar
structures of the two phases (Fig. 3). In phase I, the fibrils look
like thin needles with diameters in the range of 10 pm or less.
They can apparently aggregate into thicker bundles and form a
rather densely packed sample that spans a structural network in
some locations. On the other hand, the image of isolated fibrils
in phase II shown in Fig. 3 suggests that they are overall thicker
with some thinner fibrils stuck at their periphery. In the more
densely packed region of the sample spanning network, the
branched character of the fibrils that lead to the formation of
fractal structures is clearly observed.

AN

Fig. 3 Bright field microscope image of 200.0 mM GAG in a 0.55 mol%
ethanol/45 mol% water formed at 0 °C (left) and 23 °C (right).
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All these observations clearly reveal the existence of two
different gel phases due to the formation of differently structured
peptide fibrils. From the IR spectra, one infers that the corres-
ponding secondary structures are indeed not classical -sheets.
In what follows, we describe the results of large-scale DFT
calculations that yield structures of GAG aggregates consistent
with our spectroscopic data for amide T'.

3.2 DFT-calculations

We began our DFT calculations with the optimization of a
cationic GAG monomer in implicit solvent (water). As expected,
this yielded an extended pB-strand conformation (Fig. S1, ESIT).
Generally, the formation of peptide fibrils involves a nucleation
phase in which oligomers of different sizes form an amorphous
aggregate, which at some point, converts into a more ordered
B-sheet structure in a cooperative ‘folding’ process.’>>* However,
the kinetic data reported by Farrell et al. suggest that the
formation of more regular structures starts rather early for
both gel phases.’® Therefore, we decided to investigate how
oligomers of GAG could be formed via hydrogen bonding
between the peptide’s functional groups (NH, CO, NH;", and
COOH). As recently inferred from spectroscopic data, such an
aggregation into ordered structures could be facilitated by the
accumulation of peptides at water/ethanol interfaces.”” Accordingly,
we started the first calculation by moving two optimized monomers
into close proximity (ie. hydrogen bonding distance) with a parallel
orientation to allow for the formation of a dimer. We chose
parallel oriented peptides since earlier evidence suggested that
in the case of B-sheet aggregation, the helical twisting of a
parallel B-sheet structure is more likely to produce an enhancement
of amide I’ VCD than the twisting of an antiparallel structure.'*
Since the use of an explicit solvent is prohibitively costly at the
selected level of theory for any optimization of GAG oligomers,
all oligomer calculations were performed in implicit solvent,
first in water and subsequently in implicit ethanol, for selected
oligomers. Furthermore, all amide and ammonium protons in
the oligomers were replaced by deuterons to allow for a direct
comparison with our experiment. The dimer structure was then
optimized as described in the Materials & methods section. For
the trimer structure, we proceeded using the result of the dimer
optimization and added an optimized monomer to the structure
which was further optimized. Similarly, higher order oligomers
were created and optimized in succession by adopting the same
concept. This strategy is in line with the expectation on how
the primary nucleation step of peptide/protein self-assembly
proceeds.’”*>® We recently argued, based on spectroscopic data,
that this initial formation of oligomers is likely to be caused by
the accumulation of peptides at water-ethanol interfaces that
catalyze the nucleation process.®” This still somewhat hypothetical
model is based on observations of rather different changes of
N- and C-terminal amide I band positions and chemical shifts
in 'H NMR spectra in response to the addition of ethanol to
water.>” The existence of interfaces between non-ideally mixed
water and ethanol as well as between water and methanol had
earlier been inferred from Raman experiments and MD simulations,
respectively.”>*® This process was continued until we obtained an
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Fig. 4 Calculated IR (top) and VCD spectra (bottom) of a geometry
optimized GAG heptamer (black) and octamer (red) with parallel strand
orientation.

optimized octamer. The final optimized geometries of all the
oligomers are shown in Table S4 (ESIf). Fig. S2 and S3 (ESIt)
show how the amide I’ region develops in the IR and VCD
spectrum of the optimized oligomers. The respective spectra
calculated for the heptamer and octamer are shown in Fig. 4.
Note that all spectra were normalized on the number of peptides
incorporated in the optimized oligomer, so that they are directly
comparable. Specifically, for the monomer in implicit water,
the calculation yielded two AI' bands with the band at lower
wavenumbers being nearly twice as intense as that at higher
wavenumbers. This is in line with expectations for the B-strand
structure that emerged from the optimization process. Similarly,
the VCD is heavily negatively biased, which is again diagnostic of
cationic tripeptides adopting B-strands.

The IR spectra of the larger oligomers reveal a growing
asymmetry of the two amide I bands with the lower wavenumber
band increasing its intensity at the expense of the band at higher
wavenumbers. Moreover, both bands also exhibit a blueshift. The
corresponding VCD signal increases significantly and becomes
rather structured for the trimer and tetramer, which reflects the
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underlying distribution of excitonic states. Once the number of
GAG exceeds four, the VCD signal develops into a very intense
negative couplet, as observed for the gel phase I at 23 °C. In
short, the calculated changes in the amide I' region are in close
correspondence to experimental observations (Fig. 1 and
ref. 30). However, the calculated VCD enhancement is less
pronounced than the experimental one since the observed
enhancement certainly reflects additional contributions from
long twisted fibrils/filaments, which could not be handled by
DFT calculations due to system size constrains. Nevertheless,
our results suggest that the observed enhanced negative couplet
could have indeed emerged as the result of a protofilament and
filament formation that just involves the continuation of the
growth process that started with oligomerization.

Fig. 5 shows the optimized structure of the octamer. The
structures of the trimer and the pentamer are shown in Fig. S4
(ESIT). Even by inspection one recognizes rather different
conformations of individual peptides. Table 1 lists the dihedral
angles of all peptides in the octamer while the corresponding
angles of the other oligomers are listed in Table S1 (ESIt). A
closer inspection of these values reveals an interesting pattern.
In particular, for the octamer, the secondary structure sequence
of the peptides reads as f,, Bp, B, Vinvs Bexts PPIL, Bext, and pPII
(Bp: parallel B-sheet like conformation, flex: extended B-strand
like conformation, f: conformation located between the traditional
B-strand/B-sheet region and pPIL>*? 7;,: inverse y-turn). An
inspection of the structures obtained for the other oligomers
also reveals a mixture of pPII, f, and yi,. Obviously, the
occurrence of y;,, and, to a lesser extent, of pPII conformations,
adds substantially to the overall left-handed chirality of the
structure, thus explaining the observed VCD enhancement.
Consequently, the observed structure can be described as a
not fully regular repeat of rather classical secondary structures,
which produces some limited disorder on the tertiary level.

At this stage, one may wonder whether a calculation in
implicit water is really representative for the oligomerization
and aggregation process of GAG in a water-ethanol mixture.
Our choice of the solvent would be problematic if the presence

& Hydrogen
Carbon
@ Nitrogen
@ Oxygen
J

Fig. 5 Structure of the geometry optimized octamer of GAG with parallel
oriented peptides.
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Table 1 GAG octamer with parallel oriented peptides: list of dihedral
angles (in degrees) in the GAG backbone obtained from the geometry
optimization. The conformation of the central residue is listed in the last
(right) column

Peptide no. v, 0% v, b3 Conformation
1 —169 —125 135 —69 ﬂp

2 —163 —127 146 —60 [fp

3 —148 —122 168 —64 Pext! Pr

4 —150 -85 83 —106 PVinv

5 —168 —153 156 —115 Bext

6 —166 —92 156 —160 pPII

7 —161 —177 158 —84 Bext

8 —157 —62 163 —63 pPII

of ethanol was essential for the stability of oligomers and
fibrils. However, as shown by Farrell et al., one can take ethanol
out of the gel without effecting its stability.”® Moreover, the
recent results of NMR-studies on the sol phase of our ternary
mixture suggest that the ethanol functions more as a facilitator
of the gelation process. Since our computational protocol
actually starts with a situation (i.e. peptides in close proximity),
which in our experiments is promoted by the accumulation of
GAG at water-ethanol interfaces, the choice of the solvent
might not matter much for the secondary and tertiary structure
of GAG oligomers and filaments. Nevertheless, to test this
hypothesis further we optimized a GAG octamer in implicit
ethanol. The resulting optimized secondary structure sequence
reads as pPII(ﬁT); ﬁpa ﬁexta Yinvs ﬁexty ﬂTy ﬁext; and PPH The
respective dihedral angles are listed in Table S2 (ESIt). The
structure of the first peptide contains a geometry that is
intermediate between pPII and fr. While the sequence is
somewhat different from what we observed for implicit water,
the secondary structure ingredients are the same. It is therefore
not surprising that the calculated IR- and VCD-profiles in the
amide I’ region are very similar (data not shown).

Based on the agreement between calculated and experi-
mental spectra, one would be tempted to conclude that the
obtained semi-ordered oligomer represents secondary and
tertiary structure of the filaments that eventually form the
experimentally obtained fibrils of gel phase I. However, we felt
that it was necessary to check whether an antiparallel arrange-
ment of peptides would actually yield a similar agreement with
our experimental data or whether it could even produce spectra
more in line with those of the low temperature gel phase II. To
check for these possibilities, we performed the same series of
calculations for antiparallel oriented peptides. We optimized
the structure of GAG oligomers for such a scenario using the
same protocol adopted for the oligomers with parallel oriented
peptides. All optimizations were again performed with implicit
water as solvent. Fig. S5 and S6 (ESIt) show the development of
the IR and VCD profiles in the amide I' region for all the
oligomers. The final optimized geometries of all the oligomers
in anti-parallel are shown in Table S5 (ESIT). The calculated
spectra of the heptamer and octamer are shown in Fig. 6. For
the IR band profiles, the development is similar to what we
observed for parallel peptides, i.e. a redshift combined with a
substantial increase of the lower wavenumber amide I’ band.
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Fig. 6 Calculated IR (top) and VCD spectra (bottom) of a geometry
optimized GAG heptamer (black) and octamer (red) with antiparallel strand
orientation.

This increase is even more pronounced than that observed for
parallel peptides. Interestingly, such an increase of intensity in
the lower wavenumber is exactly what we observed when we
lowered the temperature of the gel to 10 °C (phase II). The
corresponding VCD signals of the dimer, trimer, and tetramer
still resemble a negative couplet with a fine structure exhibited
by the positive component. However, starting at the pentamer
level, the signal switches to a positive couplet with some
additional fine structure on the blue side. The enhancement
is slightly less pronounced than it is for the parallel oriented
peptides. Overall, the calculated VCD reproduces our observation
for gel phase II at least on a qualitative level. It is reasonable to
assume that the agreement with experiment would improve with
increasing oligomer numbers because a higher oscillator rotational
strength would accumulate in only a few excitonic states. This issue
is discussed in more detail below.

Fig. 7 shows the structure of the optimized anti-parallel
octamer. The trimer and pentamer structures are shown in
Fig. S7 (ESIt). Overall, the octamer resembles one half of a ring.
Based on the growth of the oligomer structure, as documented
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Fig. 7 Structure of the geometry optimized octamer of GAG with anti-
parallel oriented peptides.

by the structures in Fig. S8 (ESIf), one can assume that a full
ring would have formed if we had been able to optimize a
16-mer. This is a very peculiar structure, which could serve as a
template for the formation of a nanopore. An analysis of
backbone structures of the optimized oligomers (Table 2 and
Table S2, ESIT) shows that all peptides are either in a fa-strand
(a: antiparallel) or an extended B-strand-like conformation.
This implies that the optical activity of the oligomers results
solely from the overall twisted tertiary structure and is not due
to the conformations of the individual tripeptides. The
obtained structure is somewhat reminiscent of the horseshoe
structure of the inner shell of the ribonuclease inhibitor.?
The large twisting should be the reason for the absence of
characteristic fB-strand fingerprints in the calculated IR and
VCD spectra, Le. a significant amide I’ downshift and a very
small VCD signal.

In order to shed some light on the underlying cause for the
two very different oligomer structures obtained for the parallel
and antiparallel oriented GAGs, we analyze the hydrogen bonds
between C—O groups as acceptors and NH, NH;', and OH
groups as donors. The hydrogen bonding pattern of the octamers
with parallel and antiparallel oriented GAGs are shown in Fig. 8.

Table 2 GAG octamer with antiparallel oriented peptides: list of dihedral
angles (in degrees) in the GAG backbone obtained from the geometry
optimization. The conformation of the central residue is listed in the last
(right) column

Peptide no. Y, by v, b3 Conformation
1 —158 —120 157 121 p
2 —163 —157 165 168 p
3 —155 —151 142 —164 B
4 —162 —141 142 —169 p
5 —159 —143 139 —165 p
6 174 —141 146 —160 p
7 —155 —141 146 148 B
8 —165 —143 141 —-177 p

Phys. Chem. Chem. Phys.

Fig. 8 (a) Hydrogen bonding between peptide groups in the octamer with
parallel orientation. (b) and (c) show the hydrogen bonding in the anti-
parallel orientation. (b) and (c) are the same structure rotated by 90°
around the y-axis to aid in the visualization of all the bonds in the structure.
Hydrogen bonds are shown in black dotted lines and the hydrogen bond
lengths are shown in red.

For the octamer with parallel peptides, we observed an inter-
peptide hydrogen bond pattern of 3-2-3-2-3-2-3 (from right to
left). Most of the hydrogen bond pairs are formed between the
carbonyl and amide groups of the peptide, with the exception of
the interface between strand 2 and 3 (from the right) where the
N-terminal carbonyl group of strand 3 is bound to the NH;"
group of strand 2. The third hydrogen bonding between the
terminal strands occurs between carboxyl groups. The results of
this analysis confirm the hypothesis of Farrell et al,** which
suggests that the multitude of functional groups of GAG can
promote some type of non-conventional fibril structure.

The situation is much less convoluted for the conformation of
the antiparallel oriented GAG octamer. The interpeptide hydrogen
bond pattern reads as 1-3-2-4-2-4-2 (Fig. 8(b) and (c)). In addition
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to the traditional CO-HN interstrand hydrogen bonds, additional
hydrogen bonding occurs between adjacent NH;" and COOH
groups which adds stability to the obtained octamer conformation.
The antiparallel octamer would therefore be energetically favored
and entropically disfavored over the corresponding parallel
arrangement, which might explain why the former is observed
at lower temperatures.®®

3.3 Delocalization of excited vibrational states

In canonical B-sheet structures, amide I/’ vibrations of adjacent
peptide groups in different strands are vibrationally coupled,
predominantly due to transition dipole coupling.**>”>® If
one treats the system quantum mechanically, one obtains a
delocalization of the excited states’ wavefunctions. In an ideal
rippled antiparallel B-sheet, only two of multiple delocalized
vibrations are IR-active.’” While the intense one is heavily
redshifted to lower wavenumbers and corresponds to an
Ayrepresentation of the C,;, point group of a local unit cell, the
other one is blue shifted and assignable to a B,-representation. It
is also generally very weak. In the A, case, all CO groups of a chain
formed by hydrogen-bond-connected peptide groups in different
strands vibrate in phase, so that their transition dipole moments
add up. Deviations from the ideal structure lead to the activation of
additional modes.> This causes a broadening of the most intense
band and produces some detectable intensities over a very broad
range of wavenumbers between 1610 and 1690 cm ™. In the case of
an ideal parallel B-sheet, there are in principle more IR active
modes (2 or 3, depending on the point group of the unit cell), but
only one (with the lowest wavenumber) dominates.*’

Apparently, the structures that emerged from our geometry
optimizations cannot be characterized as ideal sheets. However,
the question arises as to what extent do these structures still
facilitate the delocalization of amide I modes? To answer this
question, we plot the CO displacements of the carbonyl groups
of the two octamers for particular amide I’ modes that carry a
significant transition dipole moment and/or rotational strength.
The plots are shown in Fig. S8 and S9 (ESIT). For the two modes
that contribute most to the strong negative signal of the VCD
and the intense low wavenumber IR band, the vibrations are
heavily delocalized over the N-terminal peptide groups. For the
modes at the C-terminal, delocalization is only significant
for one of the two modes (1723 cm™ ). For the two modes
contributing significantly to the positive VCD signal and to the
weaker higher wavenumber amide I’ band, delocalization is
obtained over both chains for the 1739 cm™" vibrations, while
the 1743 ecm ™' mode appears somewhat more localized, which
exhibits rather dominant contributions from the N-terminal
vibration of the 3rd and C-terminal amide I’ vibration of the
5th GAG. Overall, the spectrum of modes with modest IR
intensity and rotational strengths is rather broad (Fig. S6, ESIT),
which in view of the fairly heterogeneous set of secondary
peptide structures, is not surprising.

However, the situation is somewhat different for the structure
formed by antiparallel GAGs. First of all, there are only two
excitonic transitions that contribute significantly to the positive
couplet of the VCD. These are also the only two contributors to
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the intense low wavenumber IR band. This focusing of oscillator
strength in just a few excitonic transitions leads to a narrowing of
the band and an increase of the peak intensity, as also seen
experimentally for the low temperature gel phase (Fig. S9, ESIT).
The displacement distributions indicate a very high degree of
delocalization along both the N- and the C-terminal chains of
peptide carbonyls. Additionally, for both cases the displacement
distributions seem to approach the shape of standing waves, a
behavior expected from more ideal structures with a higher
degree of local symmetry. Altogether, this analysis shows that
amide I' vibrations are delocalized in both structures, though to a
different extent.

3.4 Implications for fibrilization

What do the obtained structures of peptide oligomers mean for
understanding the formation of very long and thick fibrils?
First of all, we recall that the kinetic studies of Farrell et al., as
well as the fluorescence kinetics in Fig. 2, show that the
aggregation phase probed by changes of amide I’ in IR and
VCD spectra precedes gelation of GAG in ethanol/water. Generally,
the formation of amorphous oligomers is considered to be the first
step of peptide self-assembly, which can then develop further into
protofilaments, filaments, and fibrils (we ignore here the option
that oligomer formation occurs off-pathway)."”* However, in
our case the kinetics probed by changes of the amide I' IR
and VCD intensities suggest that GAG forms more ordered,
non-conventional sheets during the initial phase of the self-
aggregation process, which subsequently develop into filaments,
fibrils, and finally into a sample spanning network.

Consequently, the oligomers optimized in this study should
thus be considered as a snapshot of early aggregation events,
which involve a constant growth process from fairly ordered
oligomers into long sheets. For parallel oriented GAG, these
sheets contain mixtures of peptides exhibiting pPII, B-strand,
and 7;,, conformations rather than the canonical B-sheet
structure. On the other hand, the p-strand content of oligomers
formed by antiparallel oriented peptides look rather normal, but
the curved and heavily twisted structure is far from expected.

How can these two types of oligomers grow into larger
structures? Octamers of parallel oriented peptides can easily
grow in the direction of its main axis via the hydrogen bonding
mechanism visualized in Fig. 8. In principle, such a sheet can
grow laterally via hydrogen bonding between N- and C-terminal
groups. The protonated carboxylic acid groups can function as
donors and acceptors for hydrogen bonds, and the N-terminal
can donate a hydrogen bond to a C-terminal group of another
oligomer even if it is involved in intrastrand hydrogen bonding.
The alanine side chains of a sheet point into the same direction
allowing for hydrophobic stacking between different oligomers/
sheets/filaments to form a bilayer structure. Such filaments
grow further in all three dimensions to form the crystalline
fibrils shown in Fig. 3; in parallel, a sample-spanning network
could be built up at a very early stage.

The situation would be different for the antiparallel oriented
GAG octamer. Based on the structure, it is very reasonable to
assume that an increase of the oligomer by further addition of
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peptides would create a ring structure. The diameter of this
ring would be approximately 18 A. Different rings could react
via their terminal groups to form very stable nanopores or very
thin nanotubes. These tubes would have a very smooth surface,
which would allow just for the formation of rod like assemblies
shown in Fig. 3.

The differences between the geometry-optimized structures
may explain the rather different fluorescence kinetics observed
at 10 °C and 23 °C. For phase II, the size of the proposed
nanotubes would be large enough to accommodate thioflavin,
which could diffuse into their interior practically in sync with the
formation of protofibrils. In the protofibrils, their rotational
motion would be very restricted, and fluorescence would thus
be induced. Since all alanine side chains point inward, the
interior is very hydrophobic. The much less regular structure
proposed for phase I would certainly produce a lot of hydro-
phobic cavities but it would take time for the fluorophore to
diffuse into these cavities. Some of the cavities might even be too
large to restrict the rotational motion of the fluorophore. As a
consequence, fibrillization would actually occur faster than the
measured fluorescence kinetics.

How do the results of our study compare with the structure
analysis of FmocAA peptides which yielded somewhat unspecified
sheet structures with a majority of alanine residues adopting pPII-
like conformations?>**> As a matter of fact, our results for the phase
I of GAG gels are not qualitatively different. Depending on the
choice of the implicit solvent, between 2 and 3 of the residue
structures of the obtained octamers were found to adopt pPIL If the
obtained secondary structures are an indicator of the situation in
long fibrils, we could expect up to 38% pPII, 50% B-strand, and 12%
inverse y-turns. Overall, one could characterize this structure as a
disordered B-sheet. The DFT calculations allowed us to identify the
modes of hydrogen bonding that allows for the formation of such
disordered structures. The situation is of course different for the
antiparallel oligomers, where the overall p-strand content is
practically 100%. However, the curvature of the structure, while
occurring in proteins, is unconventional for peptide fibrils.

One might argue that the growth into crystalline fibrils
could eliminate the specifics of the obtained octamers (i.e. the
occurrence of pPII and y;,-turns, or the bent structure of the
antiparallel oligomer) to produce canonical helically twisted
fibrils. This could lead to the observed enhancement of the
amide I’ VCD; however, it would also lead to a larger downshift
of the major excitonic amide I’ transition."" The very fact that
the spectral changes of the IR spectrum that emerged from our
calculation reproduce our experimental observations strongly
suggests that structures of the sheets in the observed fibrils are
not so different from what we observed for GAG oligomers.

4 Conclusions

In conclusion, experimental observations are clearly indicative
of the existence of two gel phases of ternary GAG-water-ethanol
mixtures. The DFT studies on GAG oligomers presented in this
perspective produced spectral features in the amide I’ region of

Phys. Chem. Chem. Phys.

View Article Online

PCCP

IR and VCD spectra that are in very good agreement with
experimental observations. In particular, we observe that the
optimized conformations of these oligomers reveal rather
unconventional structures, which are not reminiscent of the
classical cross B-sheet structures of peptide and protein fibrils.
Additionally, for parallel-oriented peptides we observed a structure
that resembles an irregular repeat of pPII, B-strand, and inverse y
turn structures. On the contrary, antiparallel-oriented peptides
adopt canonical B-strand structures, but the highly curved sheet
structure bears little similarities with reported cross f-strand
structures of peptide fibrils. Finally, we note that self-aggregation
of GAG is made possible entirely by hydrogen bonding,
while interactions between aliphatic side chains are certainly
of secondary importance.
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