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ABSTRACT: Two-dimensional sum-frequency generation spectroscopy
(2D SFEG) is used to study the structures of the pentapeptide FGAIL on
hydrogen bond promoting surfaces. FGAIL is the most amyloidogenic g
portion of the human islet amyloid polypeptide (hIAPP or amylin). In \ ”/ij ‘ W///\
the presence of a pure gold surface, FGAIL does not form ordered 2 (/- é,’/@/ -2
structures. When the gold is coated with a self-assembled monolayer of o g
mercaptobenzoic acid (MBA), 2D SFG spectra reveal features associated
with f-sheets. Also observed are cross peaks between the FGAIL
peptides and the carboxylic acid groups of the MBA monolayer,
indicating that the peptides are in close contact with the surface
headgroups. In the second set of samples, FGAIL peptides chemically
ligated to the MBA monolayer also exhibited j-sheet features but with a
much simpler spectrum. From simulations of the experiments, we
conclude that the hydrogen bond promoting surface catalyzes the formation of both parallel and antiparallel f-sheet structures
with several different orientations. When ligated, parallel sheets with only a single orientation are the primary structure. Thus, this
hydrogen bond promoting surface creates a heterogeneous distribution of polymorph structures, consistent with a concentration
effect that allows nucleation of many different amyloid seeding structures. A single well-defined seed favors one polymorph over
the others, showing that the concentrating influence of a membrane can be counterbalanced by factors that favor directed fiber
growth. These experiments lay the foundation for the measurement and interpretation of f-sheet structures with heterodyne-
detected 2D SFG spectroscopy. The results of this model system suggest that a heterogeneous distribution of polymorphs found
in nature are an indication of nonselective amyloid aggregation whereas a narrow distribution of polymorph structures is
consistent with a specific protein or lipid interaction that directs fiber growth.

B INTRODUCTION with type-II diabetes.”** These fibers contain f-sheet rich
conformations.”***  Surfaces and interfaces are well docu-
mented to influence the aggregation of hIAPP. It is thought
that the toxicity of hIAPP to cells is caused by polypeptides
interacting with the cellular bilayer, perhaps by forming ion
channels, or that the nucleation and growth process itself
disrupts the membrane.”®*” It has also been suggested that
hIAPP interacts with specific membrane proteins and specific
functionalized lipids, such as gangliosides.28

Most studies on hIAPP membrane interactions have focused
on the amphipathic N-terminus region of hIAPP from residues
8—19, which most likely forms an o-helix on membrane

Molecular self-assembly is a fundamental strategy for the
fabrication of nanoscale materials from small molecular building
blocks' ™ as well as a mechanism for toxicity in many amyloid
diseases.*® Self-assembled structures often form by nucleation
and growth mechanisms’~'® that depend on the structures of
nucleating seeds and the concentration of proteins that set free
energy barrier heights.ll_13 Thus, surfaces that initiate
nucleation via specific mechanisms or that simply increase the
effective concentration of proteins could alter amyloid
aggregate structures.® Indeed, nanostructures formed at
interfaces can have different structures than in solution, ] o0
forming alternative polymorphs.'>'® Proteins involved in bilayers.””" It is less well understood how the segment from
amyloid diseases, such as Alzheimer’s and type-II diabetes, are residues 20—29, or SNNFGAILSS, interacts with surfaces and
well-known to be influenced by biological membranes like lipid membranes. This segment has been studied for many years
bilayers as well as nonbiological surfaces like nanoparticles."” >’ because it is particularly crucial for amyloid fiber formation.

In vivo, there is evidence that amyloids involved in diseases
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Rats and other species have mutations in this region that
prevent the polypeptide from aggregating and eliminate its
toxicity.”** Moreover, kinetics measurements have recently
discovered an intermediate in which this region forms p-sheet.”
Thus, the NNFGAILSS appears to be the key to understanding
both the aggregation mechanism and origin of the polypeptides
toxicity.

Self-assembled monolayers(SAMs) of alkanethiols serve as
model systems for probing surface effects such as hydrophobic,
hydrophilic, and electrostatic interactions.”> McCarley and co-
workers found that the Alzheimer’s disease related peptide Af
forms f-sheets on alkanethio SAMs.** Furthermore, the SAMs
possibly play a seeding role in the aggregation.”* Theoretical
investigations have also been done on Af aggregation on
alkanethiol SAMs comprising different headgroups using MD
simulation, which indicate that electrostatic interactions
between the peptide and the SAM headgroups play a vital
role in the adsorption of peptide on monolayers.*”

Obtaining structural information about polypeptides on
surfaces is experimentally challenging because standard
structural biology techniques like high-resolution NMR and
X-ray crystallography are difficult to apply at interfaces.®
Vibrational spectroscopies are good techniques for studying
membrane-bound protein structure because of the sensitivity of
backbone amide-I vibrations to protein secondary structure.’’

Sum-frequency generation spectroscopy has been applied to
a range of polypeptides on various surfaces,”” including
hIAPP on membrane monolayer.** ATR-FTIR and IRRAS have
also been used to study membrane-bound polypeptides.***
These are all I1-dimensional spectroscopies. For studying
protein structure in the bulk, two-dimensional infrared (2D
IR) spectroscopy has become a very valuable tool.”*~*° 2D IR
spectra contain a second frequency axis that correlates
molecular vibrations through their couplings, creating cross
peaks. 2D line shapes give information on environment and
polarization conditions can be used to measure internal
orientations.”” The increased spectral resolution of 2D
spectroscopy is particularly useful for recognizing heteroge-
neous distributions of structures.*®

Recently, a surface sensitive version of 2D IR spectroscopy
has been developed that is called heterodyne-detected (HD)
2D SFG.*7*> HD 2D SEG (hereafter called 2D SFG) replaces
the probe pulse in a standard 2D IR spectrometer with
heterodyne-detected SFG. Or, put another way, a pair of broad
band femtosecond pulses (or a line-narrowed hole burning
pump pulse) is added to a HD SEG experiment.*’ Either way,
the outcome is an SFG spectrum with a second frequency
dimension, analogous to 2D IR spectroscopy. Thus, 2D SFG
offers the best of both worlds: the interfacial structural
information on SFG and the capability of 2D IR to extract
coupling and dynamical parameters. There are other surface-
specific 2D IR methods under development, but none that have
yet been applied to proteins.>

In this article, we report the structures formed by self-
assembled FGAIL polypeptides in contact with carboxylic acid
terminated monolayers using 2D SFG spectroscopy. Our data
are consistent with the formation of at least four amyloid
structures and orientations that includes both parallel and
antiparallel fB-sheets. If peptides are covalently linked to the
SAMs, then a largely homogeneous distribution of S-sheets is
generated. This approach gives new insights into structural
ensembles of this important fragment of hIAPP and provides a
new way of studying specific polymorphs at surfaces. Our
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results suggest that heterogeneous distributions of amyloid
structures are a signature of aggregation through nonspecific
interactions in which a membrane catalyzes aggregation by
increasing local concentrations, whereas a narrow distribution
of polymorph structures is consistent with a well-defined
aggregation pathway favored by a specific protein/membrane
interaction.

B MATERIALS AND METHODS

Peptide Synthesis. The FGAIL peptide was synthesized
using standard FMOC chemistry. PAL—PEG—PS resin was
employed to generate an amidated C-terminus to remove the
extra charge of the carboxylate and better mimic the native
hIAPP sequence. The N-terminus remains for chemical
conjugation in later steps described below. Each amino acid
was added with a double 2 h coupling. Peptide cleavage with
95% (v/v) TFA was followed by reverse phase HPLC to
produce purified with electrospray ionization mass-spectrosco-
py and stored in HFIP at —20°C.

Preparation of Monolayers on Gold. Methyl 4-
mercaptobenzoate (MMB), obtained from Toronto Research
Chemicals Inc., and 4-mercaptobenzoic acid (MBA), obtained
from Sigma-Aldrich, were used without further purification.
The MMB and MBA monolayers on gold were deposited using
established protocols.”® Fresh gold substrates (Platypus
Technologies, 100 nm Au with 5 nm Ti adhesion layer on
silicon (1,0,0) wafer, diced to &1 cm?® area and rinsed with
ethanol before use) were soaked in 1 mM MMB or MBA
solutions in ethanol (Sigma-Aldrich, HPLC grade 99.9%) for 24
h. The substrates were then removed from solution, rinsed
thoroughly with pure ethanol, and dried under a stream of
nitrogen until the bulk water is removed. For the deposition of
FGAIL, MMB- or MBA-coated gold substrates were prepared
as described above, following which a 4 mM solution of FGAIL
was added on the substrate and bulk water removed with
nitrogen drying.

Chemical Conjugation of Peptide on MBA SAMs. The
standard chemical conjugation process is applied between
FGAIL peptide and the MBA monolayer.***° Briefly, (1-ethyl-
3-(dimethylamino)propyl)carbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) were purchased from
Sigma-Aldrich and used without further purification. The
MBA monolayers were activated using a mixture of 0.2 M
EDC and 0.05 M NHS for 2 h. Pretreatment of the monolayers
surfaces with EDC and NHS to create amine-reactive ester
groups is necessary to chemically ligate the primary amine of
FGAIL peptides. For peptide conjugation, a 4 mM solution of
FGAIL was added on the activated substrates, allowed to sit
overnight. Following the conjugation, the substrates were
rinsed thoroughly with Milli-Q water, which reduce the
nonconjugated ester back to carboxylic acid so that the rest
of monolayer is the same as without conjugation. The sample is
dried under a stream of nitrogen after rinsing.

2D SFG Spectroscopy. The details of the 2D SFG
spectrometer have been published before.”” In short, three-
quarters of the output of a regeneratively amplified Ti:sapphire
laser (800 nm, x50 fs fwhm, ~4 m]J/pulse, 1 kHz) was used to
pump an optical parametric amplifier (OPA). The signal and
idler beams from the OPA were used for difference frequency
generation in an AgGaS, crystal to generate ~25 uJ of mid-IR
light. About 95% of the light was sent through the mid-IR pulse
shaper using a transverse Ge acousto-optic modulator to create
the pump pulse pair, and the remaining 5% was used as the
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mid-IR probe pulse. The residual 800 nm light was frequency-
narrowed using a 1 nm fwhm interference filter centered at 805
nm. The visible pulse and mid-IR pulses were focused using 30
and 20 cm lenses, respectively, and overlapped at the sample.
For all the experiments reported here, the visible and all mid-IR
pulses were p-polarized. A 735 nm short pass filter was used to
remove undesired 800 nm light. The signal was dispersed using
a monochromator and collected using CCD detector. To
prevent sample degradation during the experiment, the sample
was scanned in the xy-plane such that a spot on the sample was
only probed for S min (i.e., 5000 laser shots). All spectra were
collected at room temperature at waiting time ¢, = 0.

Theoretical Modeling of 2D SFG Spectra. The 2D SFG
spectra are simulated using a vibrational exciton Hamiltonian,
which has mostly been detailed in previous publications.””*®
For the MBA monolayer calculations, we use the transition
dipole coupling (TDC) model with local mode frequency equal
to 1740 cm™'. The transition dipole and the polarizability
tensor of MBA were calculated by Gaussian 09.>° For the
peptide calculation, the TDC model is used with the nearest
neighboring coupling corrected by Jansen’s (¢, ) angle map.é0
The local mode frequencies of the amide-I vibrations are also
calculated using the nearest-neighbor frequency shift provided
by Jansen’s work. The coupling between MBA and the peptide
is modeled by TDC. Diagonal disorder is set to 10 cm™" for the
MBA monolayer and 20 cm™' for the peptide. All of the
calculations have 5 cm™ off-diagonal disorder and an additional
10 cm™" homogeneous line width convoluted with the stick
spectra. The Matlab-based simulation code, COSMOSS, is
freely available on GitHub.”’ COSMOSS can be used to
simulate IR, SFG, 2D IR, and 2D SFG spectra for a given
protein structure.

B EXPERIMENTS AND SPECTRAL ASSIGNMENTS

2D SFG of MBA Monolayer. In general, a 2D SFG
spectrum contains pairs of out-of-phase peaks, one on the
diagonal created by transitions that include the fundamental (v
=0 — 1) and a second from the overtone (v = 1 — 2)
transitions shifted off of the diagonal by the vibrational
anharmonicity. In Figure 1, green boxes enclose diagonal
peak pairs that have @, = 1725 and 1615 cm™". Also shown
are purple boxes that enclose two sets of cross peaks, which also
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Figure 1. 2D SFG and the 2D diagonal cut (along the red line) of the
4-mercaptobenzoic acid (MBA) monolayer. The 2D spectrum is
normalized to the most intense peak and plotted from —1 to +1 with
contour steps of 10%, omitting the zero-level contour line.
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appear as out-of-phase pairs. We labeled each box by its
fundamental transitions, with A and B for the diagonal peaks
pairs and AB and BA for the cross peaks. The cross peaks
correlate the fundamental diagonal transitions A and B, giving
cross peaks AB and BA. Only one cross peak is observed in box
BA, because the overtone transition of that particular cross peak
is comparable to the noise level. We only consider features with
intensity above 10% of the maximum peak. The diagonal cut of
the 2D SFG spectrum is shown as the blue line in Figure 1. The
diagonal cut gives similar information as a more standard 1-
dimensional heterodyne-detected SFG spectrum albeit with
different peak intensities and line widths. We use this notation
of single (A, B) and double (AB, BA) letters to signify diagonal
and cross peaks throughout this article.

MBA (Figure 4a) has an aromatic ring with thiol and
carboxylic acid functional groups at para positions to one
another. On gold, the thiol groups bind weakly to the gold
surface, creating tightly packed and well oriented monolayers
with the carboxylic acid group exposed to air. Under the
conditions used to make the films, the acid is protonated. Thus,
peak A at 1725 cm™" comes from the carboxylic acid stretching
mode. The vibrational frequency of carboxylic acid is usually set
by the number of its hydrogen bonds: the antisymmetric
stretching mode vibrates at ~1740 cm™' without a hydrogen
bond, ~1720 cm™" when singly hydrogen-bonded, and ~1700
cm™' when doubly hydrogen-bonded.®> The vibrational
frequency is also affected by the local electrostatic environment
as well as coupling to neighboring molecules. To characterize
the origin of the frequency, we prepared a methyl 4-
mercaptobenzoate (MMB) monolayer on gold. MMB has a
single hydrogen bond accepting site because the headgroup is
an ester instead of a carboxylic acid. The ester group of MMB is
measured at 1750 cm™' (Supporting Information), which is
closer to the expected frequency of 1740 cm™" for no hydrogen
bonding, indicating that the couplings and the electrostatic
environment contribute ~10 cm™' to the frequency. With this
shift in mind, we assigned the vibrational frequency of peak A
in MBA monolayer at 1725 cm™' to the singly hydrogen-
bonded carboxylic acid stretching. The hydrogen bond may
come from the neighboring carboxylic acid groups of MBA
molecules or a thin hydration layer on top of the hydrophilic
surface that is expected to remain after drying. The diagonal
line width of peak A is about 40 cm™" and the antidiagonal line
width is about 20 cm™!, which indicates about 20 cm™
inhomogeneous broadening. This 20 cm™' inhomogeneity is
about the same frequency difference between the different
hydrogen bonding states of the carboxylic acid group, and so
both the doubly hydrogen-bonded and non-hydrogen-bonded
states might also contribute to the spectrum in lesser amounts.

Peak B at 1615 cm™' originates from the benzoic ring
stretching of MBA, close to the typical benzoic ring stretching
frequency at ~1600 cm™! in the gas phase.”® The line width of
the ring mode is about 10 cm™ in both diagonal and
antidiagonal directions, which suggests a well-ordered mono-
layer with uniform benzoic ring orientation.

Peak A has a larger 2D SFG intensity than peak B, which is
consistent with the carboxylic acid mode having a stronger
transition-dipole (x) but weaker Raman-tensor (@) than the
benzoic ring mode.”* Because a 2D SFG signal is proportional
to (@ X p*), peak A is expected to be larger than peak B.
Furthermore, peak A is positive and peak B is negative. The
sign of a heterodyne experiment tells us the direction of a mode
projected onto the laser polarizations. In this experiment, all
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Figure 2. (a) 2D SFG of FGAIL aggregated on an MBA monolayer. Both the fundamental and overtone pathways of a cross peak are enclosed by a
dashed box with a corresponding label pointing to the fundamental pathway. (b) Map showing the association between diagonal and cross peaks
giving rise to the assignments shown with the diagonal cut through the 2D SFG spectrum (the blue curve). Green labels are diagonal peaks; purple
labels are cross peaks. For clarity, the map only shows the labels on the fundamental pathways of the corresponding cross peaks. The diagonal
vertices of a square box locate the coupled eigenstates that generate the corresponding cross peak(s) on the off-diagonal vertices on the same box.

laser beams are p-polarized, so the sign difference between A
and B indicates that they have opposite transition-dipole
directions.*”**

2D SFG of FGAIL Peptide on MBA Monolayer. Figure 2
is the 2D SFG spectrum of the FGAIL peptide aggregated on
an MBA monolayer, which we refer to as FGAIL-MBA. The
spectrum contains features from FGAIL and MBA, and as we
show below, there are multiple FGAIL structures. Not available
from standard SFG spectroscopy, the cross peaks help resolve
spectra congestion from overlapping features of multiple
structures.

In Figure 2a, we identify the fundamental and overtone pair
of cross peaks as enclosed in green dashed boxes. We draw
square boxes on top of the 2D SFG spectrum in Figure 2b by
using the identified fundamental pathway of cross peaks as one
of their vertices. The diagonal vertices of each square box are
aligned with the red diagonal line of the 2D SFG spectrum. The
diagonal vertices of a box in Figure 2b locate the coupled
vibrational eigenstates that give the corresponding cross
peak(s) on either one or both sides of the off-diagonal vertices.
Take the cross peak CA, for example; we drew the blue box in
Figure 2b and identified the coupled eigenstates A and C, which
we labeled on the diagonal cut of the 2D SFG spectrum to the
right-hand side of Figure 2b.

By using the vertical-aligned sign rule,”” which states that the
diagonal and cross-peak with the same probe frequency have
the same sign, we identify the sign for each of the diagonal
peaks. For example, cross peak FB is negative, which means
that its corresponding diagonal peak, vertically displaced (ie.,
peak B), is also negative, even though it is not well resolved in
the diagonal cut of the 2D SFG spectrum. In a heterodyne-
detected 2D SFG, the opposite signs between peaks such as F
and B are expected due to different orientations.’® Being able to
assign unresolvable eigenstates with correct peak signs is crucial
for extracting molecule orientation, coupling strength, and
other information by matching spectral simulations.

Using this method, we systematically identified ten vibra-
tional modes (A to J) and labeled them on the diagonal cut of
the 2D spectrum to the right-hand side of Figure 2b. On the
basis of the vibrational frequency of the monolayer, we know
that peak A and B come from the carboxylic acid stretching and
the peaks I and J originate from the benzoic ring stretching. We
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assign peaks C to H as f-sheet modes. The peaks G and H near
1620 cm™" are the well-known collective vibrations across /-
sheet strands. Likewise, peaks between 1660 and 1680 cm™ are
well-known modes for antiparallel f-sheets. Thus, visual
inspection of the protein peaks in this spectrum informs us
that the FGAIL polypeptide forms antiparallel sheets on the
MBA surface, and the lower energy features are consistent with
parallel sheets as well, which we confirm below in our
simulations.

Also present are cross peaks between the FGAIL peptides
and the MBA headgroups. The cross peaks AE at (1670, 1730)
cm™ and CA at (1740, 1690) cm™' come from coupling
between the carboxylic acid group of MBA (peak A) and the
high-frequency vibrations of the antiparallel f-sheets. Thus, the
coupling between the FGAIL peptide and MBA must be very
strong to create these cross peaks, presumably due to a
structural conformation in close contact with the self-assembled
monolayer. Indeed, the MBA portion of the spectrum (peaks A,
B) is different when FGAIL is applied. Comparing the pure
MBA monolayer spectra in Figure 1 with FGAIL-MBA in
Figure 2, we see that the carboxylic acid stretching blue (peak
A) is shifted by S cm™ to 1730 cm™' and has a narrower
diagonal line width. Likewise, the I and ] modes are red-shifted
by ~35 cm™" from the benzoic ring stretching of a pure MBA
monolayer in Figure 1. Because nothing else is different
between sample preparations except the addition of the
peptides, both the frequency shift and the line width change
are attributed to peptides that couple or alter the MBA. Thus,
the cross peaks, vibrational frequencies, and line widths are all
indicators of strong interactions between the peptides and
monolayer.

The vibrational frequency from the peptide peak F at £#1650
cm™' could stem from three kinds of vibrations: the amide-I
vibration of a random coil, the collective amide-I vibrations
along the helical axis of an a-helix, or an eigenstate of a small S-
sheet. Of these, only the small f-sheet is fully consistent with
the data, for two reasons. First, by symmetry, the random coil is
invisible in 1D SFG so it would not be able to generate a 2D
SEG diagonal peak. Second, there are only four peptide bonds
in an FGAIL sequence, which is insufficient to form a stable a-
helix. Moreover, an a-helix cannot satisfy both the diagonal (F)
and cross peak (FB) intensities in Figure 2 because the FB
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Figure 3. (a) 2D SFG and (b) peaks association map with diagonal cut of FGAIL tethered on MBA monolayer. Similar to Figure 2, the purple labels
indicate the cross peaks, which are enclosed by dashed boxes in (a) and the green labels in (b) are diagonal peaks.
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Figure 4. (a) Structure of MBA overlays with the transition dipole (orange arrow) and the polarizability tensor (isosurface) of the carboxylic acid
stretching. (b) Top-down view of the model 2D lattices of the MBA monolayer. The orange vectors are the transition dipoles, and the green line
outlines the unit cell lattice. (c) Diagonal cuts of the simulated 2D SFG spectrum of the MBA monolayers on top of the experimental diagonal cut.
The sticks shown on the probe frequency axis represent the eigenstates of the corresponding diagonal cut. (d) Simulated 2D SFG spectrum of MBA

lattice PA.

cross peaks requires a horizontal a-helix but that orientation
would have little to no absorption, and thus a very weak
diagonal peak. The remaining option is a f-sheet transition,
which we show is consistent to the data, in later sections.

2D SFG of FGAIL Peptide Tethered on an MBA
Monolayer. To test our hypothesis of polymorphism in a later
section and limit possible peptide orientations, we chemically
cross-linked the MBA monolayer with the FGAIL peptide. The
detailed procedure of cross-linking is described in the Materials
and Methods section. As expected, the 2D SFG spectrum of the
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covalently linked FGAIL sample (Figure 3) is much simpler
than the nonlinked sample (Figure 2). When we apply the same
peak assignment procedure as above, we again found 10
eigenstates in Figure 3, but the FGAIL modes between 1660
and 1690 cm™" are much weaker. All the eigenstates are labeled
on the diagonal cut of the 2D SFG spectrum in the right-hand
side of Figure 3b. For eigenstates having similar frequencies
within +5 cm™ from those in the FGAIL-MBA sample, we
simply assign them as the same vibrations with the
corresponding labels used in Figure 2. Besides peaks C and J,
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all eigenstates in Figure 2 show up in Figure 3. Thus, we
conclude that the antiparallel -sheet structures that make the
1660—1670 cm ™' modes are now much less populated on the
tethered FGAIL-MBA surface. The only new peaks are near
1760 cm™’, which are from the imide bond that is created by
the cross-link between peptide and headgroups. That assign-
ment is consistent with DFT calculations (Supporting
Information), which predicts a frequency of ~1760 cm™, as
well as a smaller transition dipole and the Raman tensor for the
imide than the amide groups, which is why the cross peak AK
and BL are apparent, but the diagonal peaks are weak. Although
we cannot quantify the cross-linking yield, the fact that we can
clearly see the carboxylic acid stretching mode at peak A
indicates that not all of the headgroups are cross-linked. Except
for the cross-linked residues, there are no cross peaks between
the FGAIL peptide and the MBA headgroups. This is in
contrast to FGAIL in Figure 2, where large cross peaks were
observed. Thus, the 2D SFG spectra must contain similar /-
sheet structures and orientations because the same 10 peaks are
present, but there is now a much lower population of
antiparallel f-sheets.

B SIMULATIONS AND DISCUSSION

To simulate the experimental spectra, we use an exciton
description that relates the vibrational frequencies and
couplings to the molecular structure. The model has been
described in detail previously, and the simulations code has
been made available through our Web site. The code can also
be used to calculate IR, SFG, and 2D IR as well as 2D SFG
spectra.

In the sections that follow, we first simulate the portion of
the spectrum corresponding to the MBA monolayer. We then
present simulations of the FGAIL peptide in various f-sheet
structure and orientations and create an ensemble that explains
the experiments. We conclude with a discussion on the
influences of the hydrogen bonding interactions on the
structure of the FGAIL aggregates.

MBA Monolayer. The structure of an MBA monolayer has
been studied previously both experimentally and theoretically.
X-ray photoelectron spectroscopy (XPS) and scanning
tunneling microscopy (STM) were used to obtain lattice
constants and DFT calculations provided an approximate

molecular orientation.’® The monolayer forms a J3 X 4 unit
cell with two MBA molecules. In the unit cell, the molecular
axes are tilted by 37.4° (bridge-hcp) and 33° (bridge-fcc) from
the surface normal. We use these structural parameters to build
a 4-by-4 MBA monolayer model (Figure 4b). To simulate the
spectrum of this model, we assigned each carboxylic acid a
transition dipole (Figure 4a) and other factors, as described in
the Supporting Information.

One unknown consideration with the MBA monolayer is the
location of the hydrogen on each carboxylic acid. Due to the
resonance structure stabilization between the benzene ring and
the C=O double bond, the carbonyl group will be either
parallel (P) or antiparallel (A) to the thiol group. The previous
work on MBA monolayers could not resolve the hydrogen that
dictates the geometry orientation.® In our experiments, the
coupling between adjacent MBA molecules spans a range from
~6 cm™! for carboxylic acid headgroups pointed in the same
direction (side-by-side) to ~—8 cm™ if pointed head to tail.
Thus, the 2D SFG spectrum would be expected to change
significantly depending on headgroup packing. With the 4-by-4
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model that adopts one carbonyl group orientation in each row,
we model four possibilities, which we labeled as PP, PA, AP,
and AA, in Figure 4b.

Shown in Figure 4c are the diagonal slices through the 2D
SEG spectrum of the MBA monolayers plotted for each of the
four monolayer geometries in Figure 4b. Each structure of
monolayer has a different frequency and line shape. Of these
four scenarios, the best match to experiment is AP, which we
use as the default packing arrangement in the rest of the
simulations below. However, all of these structures are
predicted to fall within the experimental 2D SFG line width.
Thus, they may each contribution, albeit with different
populations. A more thorough exploration might simulate a
larger range of permutations as well as use isotope labeling to
better interrogate the couplings. It is also interesting to note
that linear SFG spectroscopy would not be as sensitive to these
differences because of worse spectral resolution. Regardless, for
the purposes of this manuscript, the results in Figure 4 are
sufficient, because the focus is on the structure of the FGAIL
aggregate.

Simulations of FGAIL Peptide. Efficient Calculation
Procedure. In general, a system containing N vibrational local
modes has O(N*) Feynman excitation pathways. As a result,
calculating 2D SFG spectra for a protein structure is
computationally expensive. Fitting or simulating experimental
data to determine a structure and its orientation is even more
computationally demanding because of the number of variables
that must be optimized. Each peak in the 2D SFG spectrum has
an intensity and sign that depends upon the transition dipole
vectors and polarizability tensors, as well as the angles of the
incident pulses and polarizations for the (up to four)
eigenstates involved in each excitation pathway. Although
they are not all resolved, a 2D SFG spectrum will contain
dozens of overlapping peaks for a small polypeptide. In the
past, we calculated 2D SFG spectra for each possible structure
and its orientations and compared them to the experimental
spectra.”” Though that procedure is simple, it is a very time-
consuming process, mostly because the molecular response is
calculated for each orientation. In the study here, we rewrite the
response function, so that the molecular response, ), only
needs to be calculated once. The molecular response is then
multiplied by the orientation tensor, R, to get the orientation
dependency of the signal. Of all the steps, the molecular
response is the most time-intensive calculation. The cost
savings of calculating the molecular response allows a more
thorough investigation of the orientations and structures. The
formalism for this approach is as follows, starting with the most
standard equation for the describing the 2D SFG signal, 8.

S ,0) = N-EJL-(R)-F " (d,1.0) W
where B(4)(¢,y49) is the fourth-order molecular response at a
given molecular orientation noted by the Euler angles, R
transforms the molecular respsonse from molecule frame (x, y,
z) to the lab frame (X, Y, Z), L is the local field correction
factor, J converts the lab frame response from Cartesian
coordinate (X, Y, Z) to the Jones coordinate (p, s), E describes
the polarization states (p, s) and the intensity of the laser
pulses, and N is the surface number density of the molecule.
The brackets (---) around R represent the ensemble average
over the orientational distribution of the molecules on the
surface.
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Figure 5. (A) Transition strength spectrum of the three strands canonical f-sheet shown in Figure 6A-3. (B), (C) Normalized 2D SFG signal
orientation dependency maps calculated by eq 1. The colored boxes give a visual guidance between the regions of interest and their orientation maps.
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Figure 6. First row (A-1-D-1) shows the transition intensity spectrum, T, of the four f-sheet models. The second row (A-2—D-2) shows the
simulated 2D SFG spectrum of the given orientations in the third row (A-3—D-3).

Without altering the interactions between molecules, a
change of the molecular orientation results in a rotation (R)
of the molecular response (ﬂ(4)) The action of the rotation in
the tensor notation can be moved out of the molecular
response:

S ) o Ry 0)5" @)

This separation is important because 3(4) can be calculated at a
fixed orientation and thus needs not to be repeatedly calculated.
The rotational tensor R has an analytical form so the calculation
is significantly faster. Thus, we calculate all the Feynman paths
in the molecular response once and then multiply this response
by the rotational tensor for a given Euler angles. For 100
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different orientations of a 1S residues polypeptide, the
calculation is 100-fold more efficient per structure investigated.

One useful outcome of this mathematical formula is that we
can quickly make plots that graphically illustrate the peak
intensities as a function of molecular rientation. Shown in
Figure 5 A is a 2D transmon strengths (T) calculated from the
molecular response (ﬂ )). We define the transition strength, T,
as

= +|ﬁ,k1m +1 |17 |1 | 72|

©)
so that the transition strength gives the relative weights of each
Feynman path (and their sign), but T is itself independent of
orientation (see Supporting Information for more information).
The plot is used to visualize the locations of diagonal and cross
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Figure 7. First row (A-1—-D-1) shows the transition intensity spectrum of the four f-sheet on the MBA monolayer.

spectrum of four structural models described in the text.

The second row is the 2D SFG

peaks, from which we choose peaks or integrate regions of
peaks that we want to optimize for comparison to experiment.
Those peaks or regions are then calculated using eq 1 as a
function of Euler angles and graphically plotted as 3D contour
plots. For example, we show a 2D transition strength spectrum
for an ideal f-sheet (Figure SA), along with the orientational
dependence for the diagonal (Figure SB) and cross peak
(Figure SC) regions enclosed in colored squares. The
orientational dependency of the diagonal peak are very different
from the cross peak because the diagonal peaks only depend on
the transition dipoles and the polarizabilities for a single
vibrational mode whereas the cross peaks depend on two
vibrational modes. These plots are then used to find
orientations that are consistent with the intensities and signs
measured in the experiment. For the final comparison, we
convolute with a homogeneous line shape and add diagonal
disorder, as described in the Materials and Methods section.

Simulations of Parallel and Antiparallel [-Sheet Struc-
tures. The diagonal peak at 1620 cm™ in both Figures 2 and 3
is strong evidence for p-sheet formation. With that
experimental assignment in mind, we start with a f-strand
with four peptide bonds created by five residues of the FGAIL
sequence. We perform the simulations using three strands
because we find that the transition strengths of the dominant
modes are about constant for f-sheets larger than 3 strands
(both parallel and antiparallel) and additional frequency shifts
are small (Supporting Information).

Shown in Figure 6 are 2D SFG spectra calculated from four
different f3-sheet structures. Two structures are of parallel (A,
B) and the other two are antiparallel (C, D) f-sheet. Of these
P-sheets, two are canonical structure (A, C) and two have off-
register structures (B, D) in which residue n in one f-sheet is
hydrogen bonded to residue n+1 in the adjacent strand. Off-
register structures are found in many amyloid and tubular
structures created from self-assembled peptides.”® For each of
these f-sheets, the signal orientation dependency maps were
calculated and shown in the Supporting Information (Figure
S4). The choice of orientation alters the relative signal
intensities (S) of the peaks in the 2D SFG spectra, depending
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on how well-aligned the transition dipoles and polarizability
tensors are to the incident laser pulse polarizations.

Similar to a typical f-sheet 2D IR, the 2D SFG of the
canonical parallel f-sheet (Figure 6A-3) shows a strong
transition near 1620 cm™' (Figure 6A-1) with an anharmoni-
cally shifted overtone peak (Figure 6A-2). Because both the
transition dipole and polarizability strengths of this mode are
much larger than others, the 2D SFG spectrum is dominated by
the 1620 cm™! transition unless the f-sheets oriented in a
narrow range of angles (0 90°) that put this mode
orthogonal to the surface.’® We also tried to simulate both
peaks F and H in Figure 2 using the canonical f-sheet (Figure
6A-3) structure and found that a concomitant positive cross
peak appears close to the cross peak GD (Figure SS), which
does not match the experimental spectrum. An off-register

~
~

structure produces a similar spectrum but with a much more
prominent transition strength (T) around 1650 cm™'(Figure
6B-1).

An antiparallel f-sheet can also exhibit a strong 1620 cm™
band (Figure 6 C-1), but unlike parallel sheets, antiparallel
sheets also have modes above 1650 cm™. At some orientations
(Figure 6 C-3), the high-frequency mode can dominate (Figure
6 C-2), which appears at #1670 cm™". Off-register antiparallel -
sheets are interesting because they have significant cross peaks
transition strength (T) that can appear very strong on the lower
half of the diagonal (Figure 6D-2), creating by couplings
between the 1620 and 1670 cm™" modes.

Peptide Monolayer Coupling. In this section, we investigate
the origin of the cross peaks between the MBA and FGAIL
features, labeled AE, CE, and CA in Figure 2. For each of the
four structures simulated in Figure 6, we now add the 4-by-4
MBA monolayer model (Figure 4, AP). We place the FGAIL
peptide about one hydrogen-bond length above (x2 A) the
MBA headgroups. The resulting spectra are shown in Figure 7.
The fundamental frequencies of the protein and MBA peaks are
not altered significantly because of the large frequency
difference between the MBA and FGAIL local modes.
However, the peak intensities are more sensitive to couplings

1

DOI: 10.1021/acs.jpca.7b11934
J. Phys. Chem. A 2018, 122, 1270—1282



The Journal of Physical Chemistry A

(A)
1750
-~ 1700
'E
)
Q.
£ 1650
3
o
1600
1550 1600 1650 1700 1750 1800
HD SFG Probe (cm™)
A B
)\"\,\ + My o+
1.2 1 1.3 0.3

(B) 1

0.8
0.6
0.4
0.2

1750

1700

-0.2
-0.4
-0.6
-0.8

1650

1600

1550 1600 1650 1700 1750 1800
HD SFG Probe (cm™)

1 0.3 0 0.2

Figure 8. Simulated 2D SFG spectrum generated by summing four f-sheet models from Figures 7. Yellow (purple) circles enclose parallel
(antiparallel) f-sheet. The circle size and transparency reflect the structure mixing ratio. (A) FGAIL on MBA monolayer using relative weights
A:B:C:D = 1.2:1:1.3:0.3 where labels A to D refer to the structure presented in the Figure 6A-3—D-3. (B) FGAIL tethered to MBA using relative
weights A:B:C:D = 1:0.3:0:0.2. The gray contour lines are the corresponding experimental spectra for visual reference from Figures 2 and 3,

respectively.

In these simulations, we find the
-1

than are frequencies.”’
maximum coupling strength is ~#20 cm

Of these four simulations, we see cross peaks analogous to
CA, for MBA with the antiparallel in-register structure (Figure
7C). That structure (Figure 6C-3) best matches experiment,
with the cross peak appearing at about 1675 cm™" (Figure 7C-
2). The dominating peptide vibrations of the other three
structures have frequencies that are more remote from the
MBA vibrational frequencies, creating much weaker cross peaks
that are not resolved with these contour levels. If they are
present in the experiments, higher signal-to-noise would be
required to resolve them.

Heterogeneous Populations of p-Sheet Structures De-
scribe Experiment. From these simulations, we conclude that
the 2D SFG spectrum cannot be described by a single aggregate
structure. None of our simulations were able to simultaneously
create peaks E, F, and H all with similar intensities and phases.
We were able to generate structures with two prominent
modes, such as the parallel canonical fS-sheet, as well as
antiparallel sheets (see Supporting Information Figure S4), but
never in the correct ratios with the proper spread of frequencies
and matching cross peaks. Taking into account the
experimental evidence that covalently linking the peptides to
the surfaces alters the intensities of the peaks without dramatic
changes in frequency, we conclude that the spectra are best
described by a distribution of polypeptide structures.

Having made this assessment, we used weighted sums of the
spectra in Figure 7 to simulate a spectrum that best describes
the experiments within our modeling, shown in Figure 8 (the
experimental data is shown gray for reference). Better
agreement with experiment might occur by simulating an
ensemble of more diverse structure, suggesting that phys-
isorption induces a very high degree of heterogeneity. As of
now, we focused on reproducing the strongest defining features
of the experiments, which are the three positive diagonal peaks

E, F, and H; the peptide cross peaks GD and FB; and the
FGAIL-MBA cross peaks AE and CA. Shown in Figure 8A is a
summation of the 2D SFG spectra from Figure 7A-2—D-2,
weighted via relative ratios of 1.2:1:1.3:0.3, respectively. These
spectra correspond to the parallel in-register, parallel off-
register, antiparallel in-register, and antiparallel off-register f-
sheets, respectively. Many different combinations of structures
can be used to generate the three diagonal peaks, but only the
antiparallel in-register -sheet structure created the cross peaks
AE and CA to the MBA headgroups at close to the proper
frequencies. Similarly, an antiparallel off-register structure was
needed to generate the FGAIL cross peak GD (our simulations
did not reproduce cross peak FB).

Shown in Figure 8B is a simulation using the same four
subensemble structures, but adding in the relative ratios
1:0.3:0:0.2. In this simulation, most of the ensemble weight is
given to the parallel f-sheet structure with the tilted FGAIL
strands sticking up to the MBA surface (Figure 6A-3). This
simulation is similar to the 2D SFG spectrum for covalently
linked FGAIL-MBA monolayers (Figure 3); the 1620 cm™
peak is the strongest, with very little cross peak intensity.
Indeed, the covalently linked FGAIL peptides might be
expected to be parallel because they are oriented by the
linkage.”” When serving as nucleation points or seeds to
additional peptides from solution or other peptides linked to
the monolayer, these strands primarily favor parallel sheet or
other protein aggregate structures.

Thus, we find that an ensemble of structures is able to
qualitatively describe both experimental 2D SFG spectra, albeit
with different subensemble populations. The population skews
to parallel sheets for FGAIL peptides that are covalently link to
the monolayer, and thereby provide directional constraints to
aggregation. Thus, a broad distribution of protein structures is
indicative of a nonselective aggregation or heterogeneous set of
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aggregation mechanisms whereas a narrow distribution implies
a structurally directed self-assembly process.

B DISCUSSION

Biological membranes tggically catalyze the formation of
amyloid aggregates.”””"’* In solution, model membrane
vesicles can speed up amyloid fibril formation 10-fold, often
losing the characteristic sigmoidal kinetic curve, but instead
exhibiting exponential growth.”> Whether this process is
important for the disease mechanism is up for debate, because
nonbiological surfaces like nanoparticles also speed aggrega-
tion.”* Because amyloid fiber formation is thought to be a
nucleation and growth mechanism, surfaces might simply
increase local concentrations and thereby the likelihood for
nucleation. Alternatively, surfaces might favor one aggregation
mechanism over another, such as by stabilizing an intermediate.
In solution, uncontrolled aggregation conditions often lead to a
distribution of polymorphic structures, whereas aggregation
under very controlled conditions is often necessary to form
proteins with a single polymorph.”® Thus, a distribution of
polymorph structure would be consistent with a nonselective
process whereas a well-defined fiber structure would imply a
directed or favored aggregation pathway.

Our experiments find that FGAIL adopts a distribution of
parallel and antiparallel S-sheet structures on the hydrogen
bonding monolayer made from MBA. Thus, MBA itself does
not strongly direct the aggregation process. The results are
more consistent with aggregation occurring at an effectively
higher concentration that creates low entropy-driven nucleation
barriers leading to a broader range of polymorphs."> In other
words, the MBA surface promotes many nucleation structures
creating fiber aggregates with many structures, such as
schematically shown in Figure 9A. In contrast, our experiments

Figure 9. Selected 2D SFG features with their corresponding cartoon
schematics in system (A) FGAIL on MBA monolayer (B) FGAIL
tethered on the MBA monolayer.

find that if the surface is prepared with oriented FGAIL
polypeptides, then primarily one aggregate structure and
orientation is preferred over the others (Figure 9B). Thus,
the effects created by a 2D surface concentrating the peptides
can be counterbalanced by membrane components that favor
directed fiber growth. In more realistic membranes, directed
growth might be caused by specific lipid components, like
gangliosides,28 membrane Il)roteins,17 or the stabilization of
intermediates like a-helices.'**
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FGAIL serves as a model for possible outcomes of
membrane-catalyzed amyloid formation. FGAIL is a fragment
of the full length hIAPP polypeptide. The full length protein
consists of 37 amino acids and so presumably has a lower free
energy minimum for a preferred structure or a preferred
orientation on a membrane.*® Nonetheless, it is known that the
FGAIL region of the full length hIAPP protein is a critical
region for aggregation. Single-site mutations in this region can
dramatically alter fibril morphology, according to TEM.”® In
simulations, short polypeptides involving the FGAIL region are
known to form both in-register and off-register poly-
morphs.””"* Thus, our experiments are consistent with
simulations that predict both parallel and antiparallel
polymorphs for FGAIL that could be a factor in selecting the
fibril polymorphs for full length hIAPP.

Though the data are reasonably described by the four
structures presented here, there could be additional protein
structures that are also consistent with our data. In principle, it
is possible to extract orientational distributions from standard
SEG spectra.”' ™ Variations of these procedures might be
developed for 2D SFG spectroscopy. We are also assuming that
the monolayer is undisrupted by FGAIL, but the MBA
monolayer might be reorganizing to accommodate the
backbone or side chains. Indeed, the amide-I modes that are
probed in our experiments do not give information on side
chain conformations. 2D SFG spectroscopy can be rigorously
simulated from molecular dynamics simulations.** Thus, much
more realistic protein and membrane protein structures might
be generated from atomistic molecular dynamics simulations
from which the 2D SFG data are simulated for comparison to
experiment, as has been done for nonchiral and chiral SFG
experiments as well as 2D IR experiments on membrane
proteins.*> ™%

Besides 2D SFG spectroscopy, it has recently become
possible to measure monolayers with 2D IR spectroscopy,
which also provides coupling information through cross
peaks.”****?" Although surface-sensitive 2D IR spectroscopy
has not yet been applied to proteins, it is clear that the
additional information provided by cross peaks in 2D IR and
2D SFG spectroscopy is extremely valuable for ascertaining
distributions of structures. In surface-specific 2D IR spectros-
copy, the kinetic exchange between monolayers has now been
identified through the kinetics of cross peaks.”” These new
generations of surface-specific multidimensional spectroscopies
promise to open up many new avenues of research in biological
and nonbiological surface science.

B CONCLUSION

In conclusion, we have shown, via heterodyne-detected 2D
SEG spectroscopy, that FGAIL peptides spontaneously form
mixtures of parallel and antiparallel$-sheets on a hydrogen
bond promoting surface made from the carboxylic acids
headgroup of MBA self-assembled monolayer. The 2D SFG
spectra could not be simulated from a single protein
conformation, but a weighted sum of four different
conformations were used to recreate the spectrum. A single
protein conformation was found when FGAIL peptides were
covalently linked to the monolayer, thereby directing the
growth of aggregates. These experiments extend 2D SFG
spectroscopy to fB-sheets, helping to develop their spectroscopic
signatures. The results suggest that surfaces with hydrogen
bonding properties, like those present in natural bilayers, may
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help explain the presence of polymorphs of amyloid fibers that
are known to exist in disease-associated proteins.
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