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More than twenty neurodegenerative diseases'! are associ-
ated with the formation and deposition of amyloid fibrils of
misfolded proteins.*® Various amyloid-forming proteins
across diverse systems are known to share common structures
and fibril formation kinetics.”'" This suggests the existence of
common molecular mechanisms for different amyloid dis-
eases. A recent article argued that “The most common
mechanism by which proteins aggregate consists of the
incorporation of relatively short sequence segments into f-
sheet-like assemblies” ™ It has been conjectured that the
fibrillation propensities of proteins depend strongly on their
sequences.'" ¥l Many theoretical tools have been proposed to
describe and characterize this sequence-dependence.'']
Their success in predicting the fibrillation propensity of
various protein sequences should help understand why
proteins form fibrils.

The study of amyloid fibrils would greatly benefit from
adequate tools that correlate the fibrillation propensity of
proteins with physical or chemical properties accessible by
both theory and experiment. However, the parameters or
factors currently available in the theoretical tools for evalu-
ating the fibrillation propensity are not accessible experi-
mentally. For instance, the TANGO,™ Waltz,"! and Zyggre-
gator™ computational tools provide different “aggregation
scores”, which are not connected to physical or chemical
properties accessible by experiment. The 3D profile
method™ and the PASTA algorithm!"® are based on the
energy function of protein sequences. As shown in a recent
work of Eisenberg et al.,'? the ability of proteins to form
fibrils can be effectively predicted by their free energies.
Again, it is extremely hard to measure free energies of
separated protein segments, and the required discrimination
of energies within several kcalmol ' is not possible by current
experiments. Moreover, the above criteria normally rely on
detailed structural information, which is not available for
most aggregates due to the lack of suitable probes with atomic
resolution.[*®7
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Coherent ultrafast two-dimensional (2D) optical spec-
troscopy is a novel tool for studying the structure and
dynamical properties of biomolecules.'"*"! These techniques
have been successfully employed for studying fibril structure
and aggregation kinetics and mechanisms."#?> Recent
progress in laser technology opens up new windows of
observation”! by extending these techniques into the ultra-
violet (UV).2*31 2DUV may use coherent ultrafast (20 fs)
pulses for the characterization of biomolecules.’ It provides
an effective way for probing the geometric and electronic
structures, and the inter- and intramolecular interactions of
amyloid fibrils.*

It was reported recently!? that the fibrillation propensity
of proteins decreases as the Rosetta free energy™ is
increased. This is computed by the software RosettaDe-
signB*¥ as a potential energy function, which depends on the
following ingredients: 1) the Lennard-Jones potential with
van der Waals radii and well depth for atoms, 2) the solvation
energy computed using the Lazaridis—Karplus implicit sol-
vation model, 3) the side-chain-main-chain hydrogen bond-
ing term, 4) the torsion potentials estimated from protein data
base (PDB) statistics, 5) a unique reference value for each
amino acid type, and 6) electrostatic interactions between
residues. The Rosetta energy depends strongly on through-
space interactions among residues. The relationships between
such interactions and the fibrillation propensity could thus be
used to predict the fibril formation. Here we use advanced
theoretical tools developed for 2DUV spectroscopy of
protein backbone transitions, to study various protein residue
sequences with known fibrillation propensity. Simulations are
carried out using a QM/MM (quantum mechanics/molecular
mechanics) approach (details are described in the Supporting
Information).>*! We identify direct spectroscopic signatures
of the Rosetta free energies. Combined with the established
connection between the fibrillation propensity and the
Rosetta energy this study demonstrates that 2DUV signals
may be used to identify protein residue sequences capable of
forming amyloid-like fibrils.

In a joint experimental and theoretical investigation,
Eisenberg et al." had shown that the fibrillation propensity
of some protein segments is relatively insensitive to the
residue composition but is strongly sequence-dependent.
Short protein segments with four to ten residues tend to
form amyloid-like fibrils provided their Rosetta energies are
below —23 kcalmol . If the sequence of a fibrillizing segment
is shuffled to obtain a higher energy, it loses its tendency to
form fibrils.

The Rosetta free energy consists primarily of three terms:
the intrinsic free energy of the protein backbones and amino
acids, solvation energy, and interaction energy between
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residues. The former two only depend on the residue
composition and are not sensitive to the sequence. Interac-
tions among residues vary with their couplings and should
depend on sequence shuffling. We argue that the variation of
the Rosetta energy associated with the shuffle of protein
sequences should be induced by the change of interactions
among residues. These interactions in turn affect the excitonic
energy splitting of protein electronic transitions. In an earlier
simulation of protein backbone UV spectra,* we found that
residue interactions split the distribution of protein transition
energies into several peaks. The two strong transitions at
48000 cm ™" (210 nm) and 53000 cm™' (190 nm) result from
the splitting of the w—umn* backbone transitions. Thus, the
transition frequency patterns of proteins reflect the strength
of the residue-residue interactions (RRIs), which affect the
Rosetta energy.

Eisenberg et al. have performed a systematic study of the
fibrillation propensity of the bovine pancreatic ribonuclease
A (RNase A) protein and other 13 short protein segments,'
for which the theoretical prediction of the Rosetta energy/
fibrillation propensity relation has been validated by experi-
ment. We have therefore used these proteins, to explore
2DUYV characteristics associated with the Rosetta energy and
fibrillation propensity. We have labeled the eight RNase A
segments used in Ref. [12] as R1-F, R2-F, R3-F, R4-F, R5-F,
R6-F, R7-NF, and R8-NF. F (NF) denotes fibril forming (non-
forming) sequences with Rosetta free energy lower (higher)
than —23 kcalmol ™. The distributions of the backbone
transition frequencies and UV spectra were calculated by
using 500 molecular dynamic (MD) snapshots. The distribu-
tions of the m—mx* backbone transition frequencies (which
dominate the UV signals of proteins®) are displayed in the
far-UV region (4600056000 cm™) for six RNase A segments
in Figure 1. The four left (F) panels of Figure 1 contain four or
five peaks. The two right (NF) panels contain fewer (two or
three) peaks. This trend survives the differences in residue
compositions. We have also calculated the same distributions
for three segments of the wild-type RNase A and their
shuffled sequences (Figure S1 in the Supporting Informa-
tion). The shuffled sequences of R5-NF, R6-NF, and R8-NF
are found to contain fewer and narrower peaks than the
corresponding F sequences.
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Ordinary one-dimensional ultraviolet (1IDUV) spectros-
copy of proteins provides information about the distribution
of electronic transition frequencies of singly excited states
which depend on RRIs.*® UV resonant Raman spectra show
characteristic vibrational features associated with the fibril-
lation.F"*¥1 We have first simulated the 1DUYV spectra (linear
absorption and circular dichroism) of several proteins, and
looked for the fibrillation propensity/1DUV relations. We
found that the differences of spectral broadening induced by
the change of RRI are not easily observable in these highly
congested spectra (Figures S2 and S3).

2DUYV photon echo signals depend on both singly and
doubly excited electronic states, and thus contain richer
spectral features associated with the geometric and electronic
structures of proteins than 1DUV. 2DUV signals probe
doubly excited states, and additional 2DUYV peaks imply that
excitations of the protein segments have more diverse
transition energies. 2DUV spectra are very sensitive to
variations in protein backbone transitions, which in turn
depend on RRI.

The fibrillation propensity/transition frequency relation
was examined for both non-chiral (xxxx) and chirality-
induced (xxxy) pulse polarization configurations. We found
the 2DUV xxxx spectra of RNase A segments to be insensi-
tive to the fibrillation propensity (see Figures S4 and S5). The
chiral 2DUV xxxy signals in contrast are much richer and
show a high sensitivity to the protein geometry and fibrillation
propensity. This is illustrated by the simulated spectra of
RNase A segments R1-F, R2-F, R3-F, R4-F, R7-NF, and R8-
NF shown in Figure 2 A. The F spectra show more elaborate
peak patterns, than the NF. The spectra of segments R7-NF
and R8-NF contain only four peaks, while the other F
segments have at least six. Simulated 2DUYV xxxy spectra of
RS, R6, and R8 with the F and NF shuffled sequences are
shown in Figure 2B. We denote the energy difference
between the shuffled sequences with lower and higher
energy by AE. Again, the spectra of the F group contain
more peaks than of the NF. In the NF segments, the signals are
mostly distributed close to diagonal line. Many additional
small crosspeaks are observed in the xxxy spectra of F
segments. Since crosspeaks are induced by couplings between
chromophores, this also suggests the strong RRI in the F

group.
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Figure 1. Histograms of the m—m* transition energies of eight RNase A segments as indicated. The residue sequences and Rosetta energies (in

kcalmol™) are given in each panel.
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Figure 2. A) Simulated chiral 2DUV xxxy spectra for the same systems of Figure 1. B) Simulated chiral 2DUV xxxy spectra for the RNase A
segments R5-F, R6-F, R8-F (top) and the corresponding shuffled sequences R5-NF, R6-NF, R&-NF (bottom). C) 2DUV xxxy difference spectra
(lower energy minus higher energy) between the shuffled sequences with lower energies (and fibril forming) and higher energies for three RNaseA
segments (R5, R6, R8) and eight other protein segments (P1 to P8). The residue sequences and energy differences (in kcalmol™) are given at the
bottom of each spectra graph. Bottom right panel: 2DUV xxxy spectroscopy of a typical amyloid fibril AB,_s. 2DUV magnitude scale bar is plotted

at the right bottom.

The fibril formation propensity threshold of —23 kcal
mol™" for the Rosetta energy had also been tested and
validated in thirteen wild-type protein segments. These
segments were further shuffled to get sequences with the
lowest and highest Rosetta energies.'"”l We have simulated the
2DUYV spectra of twelve of these protein segments (labeled
P1 to P12) whose crystal structures are available in the protein
data bank. The shuffled sequences with the lowest and highest
Rosetta energies are labelled as Pxx-L and Pxx-H. Simulated
spectra of Pxx-L and Pxx-H (in Figures S6, S7 and S8) help
validate the correlation between the Rosetta energy and
2DUYV spectral features. We found that an increase of Rosetta
energy upon sequence shuffling is always accompanied by a
decrease of the number of 2DUV xxxy peaks. These reflect
the reduction of RRI which is correlated with the ability to
form fibrils. These spectroscopic features are consistent with
the transition diversity illustrated in Figures S6, S7 and S8,
where in all cases the protein sequence with the lowest
Rosetta energy shows much broader distributions with a
larger number of peaks than the shuffled sequence with the
highest Rosetta energy.
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The differences of 2DUYV spectra induced by sequence
shuffling reflect variations of RRI. We have subtracted the
2DUV xxxy spectra of the sequences with lower Rosetta
energies (and fibrils observed) from those with higher
energies for three RNase A segments (R5, R6, R8) and
eight other protein segments (P1 to P8). The resulting
difference spectra displayed in Figure 2C show different
patterns for various protein segments. However, we found a
notable common feature in all cases: a positive (red) diagonal
peak at around 54000-58000 cm™' which is sometimes
accompanied by two negative (blue) side bands. This feature
is also common in the 2DUYV xxxy spectra of a series of Af;_y
amyloid fibrils of various size.*! One example of AP,
amyloid fibrils is shown at the bottom right panel of Fig-
ure 2 C. In all cases shuffling the protein sequence to decrease
the Rosetta energy and enhance the ability to form amyloid-
like fibrils, results in additional positive diagonal signals at
54000-58000 cm ! in the 2DUV xxxy spectra.

In summary, the present computational QM/MM inves-
tigation of the fibrillation propensity of protein segments
reveals a Rosetta energy/fibrillation propensity relation in
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proteins. We found that protein segments with high fibrilla-
tion propensity and lower Rosetta energy have more diversi-
fied transition energy distributions than those with low
fibrillation propensity and higher Rosetta energy. Decrease
of the Rosetta energy implies increasing RRI. Fluctuations of
the QM Hamiltonians of the system are then amplified,
increasing the splittings of the electronic transition energies,
and broadening their distribution.

UV spectroscopy of proteins contains information about
RRI and transition diversification, which is related to the
fibrillation propensity. Due to high spectral congestion,
1DUYV techniques such as absorption and CD do not provide
clear signatures of the fibrillation propensity. 2DUYV signals
are much richer and better resolved. Simulated 2DUYV spectra
of six RNase A segments and twelve other protein segments
and their shuffled sequences show that 2DUYV xxxy signals are
very sensitive to variations of RRI. We further demonstrated
that chiral 2DUV (xxxy) spectra of protein segments with
high fibrillation propensity contain additional peaks to those
with low fibrillation propensity. 2DUV xxxy signals directly
represent the electronic transition diversity of proteins, and
provide a convenient tool for identifying the fibrillation
propensity of protein sequences.

2DUYV difference spectra can help understand the varia-
tions of intermolecular interactions in proteins. 2DUV xxxy
spectroscopy differences of shuffled protein sequences share
a common spectral feature: a positive diagonal peak at
around 54000-58000 cm !, which also dominates the signals
of typical amyloid A, fibrils. In order to form fibrils,
protein sequences with high Rosetta energy should be
shuffled. An additional positive diagonal peak at around
54000-58000 cm™" in their 2DUV xxxy spectra can serve as a
indicator of the ability of protein sequences to form amyloid-
like fibrils.
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