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ABSTRACT: We present a combined quantum mechanics and
molecular mechanics study of the deep ultraviolet 7z7t* reso-
nance Raman spectra of [-sheet amyloid fibrils Af3, 4, and
A1 _4. Effects of conformational fluctuations are described
using a Ramachandran angle map, thus avoiding repeated ab
initio calculations. Experimentally observed effects of hydrogen—
deuterium exchange are reproduced. We propose that the
AmlIII band redshift upon deuteration is caused by the loss of
coupling between C,—H bending and N—D bending modes,
rather than by peptide bond hydration.

\

\

AN

\v

I. INTRODUCTION
The structure and misfolding kinetics of amyloid fibrils are of

considerable interest, due to their association with a number of
neurodegenerative diseases.' > Detailed structural information at
the molecular level should help monitor the fibrillation mechanism
and kinetics. However, since amyloid fibrils are noncrystalline,
aqueous insoluble protein aggregates, the applicability of traditional
structural biology techniques such as X-ray crystallography and
nuclear magnetic resonance (NMR) are limited.®

Deep UV resonance Raman spectroscopy (DUVRR, Figure 1)
is a powerful tool for characterizing protein secondary structures,
thanks to its sensitivity to the chemical environment of the
peptide backbone.”** Vibrational spectra can provide specific
information on protein secondary structures and folding dy-
namics. Unlike infrared (IR), Raman spectra of proteins do not
overlap with those of water, 2101516 making them more suitable
for biological applications in aqueous environment. Deep ultra-
violet (UV) photons (<210 nm) excite the 77* electronic
transition of the protein backbone. As may be seen in Figure 2,
the dominant Raman features are the amide I (AmI) band at
1600—1700 cm ™' (peptide C=O stretching modes), amide I
(AmlII) band at ~1500 cm ™' (in-phase N—H bending coupled
to C—N stretching modes), amide III (AmIII) band at
~1200 cm ™' (out-of-phase N—H bending coupled to C—N
stretching modes), and C,—H/N—H bending modes at
~1400 cm ™' (C,—H).””"" The C,—H bending mode mixes
with the closely lying AmIII bands. This mixing depends on the
Ramachandran angles along the peptide chain. Asher and co-
workers had developed a family of sinusoidal empirical relation-
ships between AmlIII frequencies and the 1 angles for various
peptide—peptide and peptide-water hydrogen bonding environ-
ments.'>"* The AmIII band of a protein can be decomposed into
contributions from peptide bonds with specific 9 angles, which
allows to use them for probing the secondary structure content of
complex proteins. !>
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DUVRR spectroscopy provides valuable conformational in-
formation on amyloid fibrils. Hydrogen—deuterium exchange
(HX) can be used to study cross-f3 fibrils by comparative
characterization.'” The peptide —NH is substituted by deuter-
ium if exposed to D,O. However, peptide—peptide hydrogen
bonding protects the —NH atoms from HX. A fibril core in the 3
sheets dramatically reduces the HX rate due to the increased
possibilities to form hydrogen bonds with surrounding carbonyl
oxygen atoms from other residues. The change of DUVRR
spectra upon HX is thus reduced by peptide—peptide hydrogen
bonding. Combined with post-mortem hydrogen—deuterium
exchange (HX), the Raman bands enhanced by electronic
resonance can be well distinguished due to the loss of coupling
of peptide N—H modes with other modes.'”'®'* Lednev and co-
workers had found that the DUVRR spectra of antiparallel
APBs4_4 fibrils dissolved in H,O and D,0,"! change more
substantially upon HX compared with those of parallel A, 4.
Conformational differences of parallel and antiparallel amyloid
fibrils can thus be distinguished by this technique.'!

In this paper, we perform a simulation of the effect of HX on
the DUVRR spectra of Af;_4 and Af34 4. Details of the
simulation of peptide bonds are given in section II. The
computational protocol for proteins which includes exciton
effects are given in section III. Simulation results of A fibrils
are presented and discussed in section IV. We finally conclude in
section V.

Il. RESONANT sz RAMAN SPECTRA OF THE PEPTIDE
BOND

The resonance Raman process (Figure 1) involves an electronic
excitation from the ground electronic state and a de-excitation
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Figure 1. Electronically resonant Raman scattering process.
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Figure 2. DUVRR spectra of of Ala-Ala (a) and Ala-Asp (b) dipeptides.
Experimental10 (excitation wavelength 229 nm), direct ab initio simulation,
and simulation based on the Ramachandran angles map (RAM) are shown
in black, red, and blue lines. The Ramachandran angles (¢, 1) are given in
the parentheses. In the RAM simulations, we used (—115, +166) for Ala-
Ala and (—115, +176) for Ala-Asp.

back to a vibrationally excited state in the ground electronic state.
The differential Raman scattering cross section is

do Iy
~ ~3 2
— = — = =WV |oa| A(T 1
do I 802 f1| llﬁ( ) ( )
where Iy and I are the incident and outgoing wave intensities,
respectively. £ is the permittivity, v, is the incident wavenumber

and vy is the scattered wavenumber during the Raman process
with initial and final states |i) and |f), respectively. The Raman
process starts at |e%u’), passes through an intermediate state
|e"), and ends in |eg,uf). |} and |v) represent vibrational states
in the ground and electronic states, respectively. The transition
polarizability is given by

Ly (e ple v XvTCe | ples) |’y

Aoty espi = 7 -
' h duf Wees + Wyryi — W1 — ileryr

Ve,
(2)

Here ), is the incident frequency, p is the transition dipole operator,
W, is the 0—0 transition energy between ground state |eg> and
excited state |¢), and @y 1 the vibrational part of transition energy.
I, is the lifetime broadening of the intermediate vibronic state
|¢'"). Since only strongly allowed 77—77* resonance transitions of
peptide bonds are involved in the Raman process studied here, we
neglect the Herzberg—Teller vibronic coupling and use Albrech’s
“A term” to calculate the Raman intensities”"

oy = %(p o) Dyes +</4;|1r/‘i>(1/‘litl‘>_ il
v, ut e v ev
(3)
where
p% = (']l (4)

is the electronic transition dipole moment, and (u|v) are the
Franck—Condon (FC) integrals. We further neglect the difference
in vibration frequencies in the ground and excited states and assume
linearly displaced harmonic vibrations. The ground state vibrational
Hamiltonian is**

1
Hy = % 0,(q + &) (5)
J

where w; is the frequency of the jth normal mode, and g; is its
dimensionless coordinate centered around — d]g, which is related to
the Cartesian coordinates by

i = (") " ©

m; is the reduced mass of the j-th normal mode.”® The excited state
Hamiltonian is,

=Y o + &) )

J

The FC integrals depends on the displacement A between the
potential energy surface minimas of ground and excited states, as
shown in Figure 1, which can be evaluated from the potential
energy gradient with respect to the dimensionless coordinate

1 3(E. — Ey)
A =d—df == & 8
N R i (8)
We had optimized the ground state geometry, hence dE,/dg; =
0 for all vibrational modes. Substituting eq 6 into eq 8, we
have

1/2
A = (ﬂh ) 3(E, — Ey) o)

j07° 0Q;
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The normal modes are linear combinations of the atomic
displacements q

Q =1Lq (10)

and the gradient with respect to atomic displacements (Hellman—
Feynman forces). We can thus write the displacement as

1/2
o= () S (11)
! ﬂjw}'3 o l

i=1

here i runs over the 3N Cartesian coordinates of the system, ; is the
elements of matrix L in eq 10. f is the Hellman—Feynman force
corresponding to the ith deformation of the molecule in its electronic
state |a).

Two methods are commonly used to calculate A. In the first, the
excited state geometry is optimized and the displacements corre-
sponding to each normal modes are calculated from the geometry
deformation upon electronic excitation.”*” 2 In the second method,
the excited state potential gradient instead of the geometry defor-
mation is used to calculate the displacement.”” > Excited state
geometry optimization is expensive and is not generally implemen-
ted in standard quantum chemical packages. The excited gradient
method used here avoids the optimization of excited state and
usually yields reasonable agreement with experiment.””*

The FC integrals in eq 16 were evaluated using the recurrence
formula of Manneback®

(0°]0%) = exp(— A>/4) (120)

. \1/2
G+ 1) = (vhvﬁ) W — 1Pty + %(vb + 1)71/2 Wb

(12b)

W+ 1Pty = v 1/2(v“|vb— 1)—A(v“ + 17200y
v+ 1 \/i

(12¢)

The Gaussian 09°" package was used to optimize the ground
state geometry configurations, perform frequency analysis, and
calculate excited state gradients, at the density functional theory
(DFT) level with the PBE0**~** functional and the 6-311++G(d,p)
basis set. The polarizable continuum model with conductor like
solvations (CPCM)***® was used to perform the self-consistent
reaction field calculations to simulate the aqueous environment.
The electronic transitions and excited state gradient were ob-
tained by time-dependent density functional theory (TDDFT).
We used the optimized ground state geometry configuration in
the excited state calculations, and chose the electronic excited
state with the largest transition intensity as the resonance elec-
tronic excitation. To correct for the systematic error in the
density functional frequency calculations, we scaled all of the
vibrational frequencies by a factor of 0.97.”3® Lifetime broad-
ening of the intermediate state was taken to be 100 cm ™" in all
calculations.

A protein is a chain of peptide bonds (P) each attached a side
chain (R), as illustrated in Figure 3. DUVRR bands are sensitive
to peptide secondary structures described by the Ramachandran
dihedral angles. It is too expensive to perform repeated fully ab
initio calculations for large proteins. Glycine dipeptide (GLDP)
is the simplest molecule that contains a3 (N—C,—C—N) angle
and a ¢ (C—C,—N—C) angle. We used a methylated derivative

Figure 3. (a) Schematic illustration of the protein chain; (b) The glycine
dipeptide methylated derivative used to construct the RAM. Carbon (gray),
nitrogen (blue), oxygen (red), and hydrogen (white) atoms.

of GLDP, as shown in Figure 3(b), for modeling the excitations
and vibrations of a single dipeptide unit. The displacement and
DUVRR spectra were evaluated at the ab initio level.

Even though the Ramachandran angles are confined to narrow
ranges for proteins with a specific tertiary structures, a large
number of ¥ and ¢ values are still required to describe a protein
with tens of residues. Furthermore, hundreds of MD snapshots
should be sampled to take structural fluctuation into account,
which requires numerous GLDP models with specific dihedral
angle values for the simulation. To reduce computational cost, we
constructed a map between the dimensionless displacements
and Ramachandran angles (Ramachandran angles map, RAM).
Asher’s group has illustrated that the Raman bands, especially the
AmlIII bands are strongly dependent sinusoidally on the ) angles,
but only slightly dependent on the ¢ angles.'* We therefore
employed a finer (2 degree) grid to sample the 1 angles, and a
coarser (S degree) grid for ¢. We used GLDP with nearest
Ramachandran angles among the grid points to represent the
corresponding segment in the protein. The RAM was con-
structed by evaluating the dimensionless displacements for each
vibrational mode of GLDP for various dihedral angles. Side chain
effects were neglected in the construction of RAM of the peptide
backbone vibrations.

We had benchmarked the RAM for two dipeptides Ala-Ala (AA)
and Ala-Asp (AD). Figure 2 compares the simulated DUVRR
spectra with the 229 nm excited experiment'® on AA and AD crystal
powder. The Ramachandran angles were obtained from X-ray
crystal structures. Both AA and AD in their crystalline phase have
P-strand like 1 angles. In the experimental spectra, the most
prominent is the ~1245 cm™ ' AmlIII band, accompanied by a
series weaker bands in the range 1330—1400 cm ™~ '. The latter were
assigned to C,,—H bending modes coupled with C,—C stretching
modes. The AmII (~1550 cm™ ') and AmI (~1700 cm ') bands
are much weaker than the AmIII bands.

The RAM simulations (blue) and ab initio simulations (red)
of the two dipeptides clearly reproduce all the main experimental
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features, including the Aml, Amll, and AmIII bands. The
Ramachandran angles of AA crystal are (¢ = —113, { = 166),
and for AD dipeptide they are (—113, +176). As a consequence
of the systematic error in DFT frequencies, the computed peak
positions deviate from experiment. The most prominent peak in
the dipeptide spectra arise from the AmlII bands and a weaker
C,—H band followed in the range 1350—1400 cm™'. The Aml
and AmlII bands are much weaker than AmIIL

The RAM simulated peak positions and relative mtensmes compare
well with experiment in the range 1200 1700 cm ™", The agreement is
not as good in the 1300—1330 cm ™ reglon, where C,,—C stretching
modes have a considerable contribution. Ab initio spectra show weak
peaks that are missed by the RAM simulation. This can be attributed to
the C,,— C stretching modes, since the side chains attached on C,, were
not taken into account in the construction of RAM.

lll. DUVRR OF PROTEINS: EXCITON EFFECTS

Structural fluctuations should be taken into account in the
simulations of protein spectra. However, repeated ab initio calcula-
tions are prohibitively expensive. High level ab initio methods are
limited to small molecules with tens of atoms. Molecular mechanics
(MM) methods can handle large systems but are not able to
describe the quantum effects involved in many chemical processes.
The combination of ab initio (quantum mechanics, QM) methods
with MM methods has thus become widely used in the simulation of
large biological system.>

Moreover, for large molecules, the number of degrees of
freedom would be too high, and the potential energy surface
might be too shallow to get a reliable energy minimized config-
uration. Therefore, we used geometry configurations extracted
from molecular dynamics snapshots, which are usually different
from the ab initio lowest energy configurations. The ground state
gradients in eq 8 do not generally vanish.

To calculate the deep UV str* transition of the protein
backbone, we divided the protein chain into principal units as
shown in Figure 3. The ground state vibrational wave function
was factorized into the product of wave functions of each residue

@ = 1T16") = T o (13)

where |¢g> is the electronic ground state wave function of residue
n, |xn] ¢) is the nuclear wave function with the lowest vibration
quantum number of the j-th mode in the ground state of residue
n, here we adopt the Born—Oppenheimer approximation that
assumes the wave function of a system is the product of electronic
part and nuclear part. It has been shown that vibronic coupling
between adjacent peptide bonds is negligible.">***' We thus
approximated the vibronic excitations by the product of localized
excited state of each chromophore

B oo BT = L) (142)

B! o) H G5 5E) = Injve) (14b)

miZnj

njVeinjOg |g>

The Frenkel exciton model within the Heitler-London approxi-
42,43 . Tronic excitat:
was employed to describe the vibronic excitations

70 ot .
H= Z &y n)V ;n0g ”/Ve n0g + Z ]”/Veimi/‘canvc;njogBmiﬂc§miog
njve mipt Fnjve
(15)

n runs over all the chromophores (peptide bonds) in the peptide
chain. B fyv o, 18 the creation operator defined in eq 14b and
Bnﬁ, o, 1s its corresponding annihilation operator. The commu-
tation relatlon of these oprators is [BZJV 0, B, 0, ]= (3,"”5116“,,
(1— ZBW 0 ,Bm]ﬂ mio, ). Only the 77t electronic transition of each
unit is included in this Hamiltonian.

The ground state energy is taken as (g|H|g) = 0. The single
vibronic excitation manifold energies can be evaluated by ab
initio calculations

<g|anve;njOgHB;jve;njog |g> = wig + Wijve;njo, (16)

here w;¥ is the electronic excitation energy of the nth peptide
bond and w,,y, ;njo, Fepresents the vibration part of the excitation
correspond to the jth mode in the nth principal unit, which is
described by a GLDP taken from our RAM. The oft diagonal
elements are

@'Enjve:njOgHE:nme:miog |g> ]nm<XZ} g><% |X‘;:11

= ]njve;mi,u
(17)

The electronic part of the resonance coupling between the mth
and nth units is

Jom = //dr,1 dr,, LA LAGD) (18)

47ee, [0 — 7l

which were evaluated by using the atomic frame technique.** The
Franck—Condon (FC) integrals were evaluated using excited
state gradient method by assuming linearly displaced vibrations.

The exciton wave functions were obtained by diagonalizing
the Hamiltonian eq 15

|1Pr> = z Cr,'ﬂjve (I):;Og> (19)

njve

here |CI)Z;OK> denotes the wave function of the localized single
exciton from |g0,) to |ev.) of the jth mode on chromophore n. C,
is the rth eigenvector of the exciton Hamiltonian, the corre-
sponding eigenvalue w, is the excitation energy of the exciton.

Note that we had divided the protein into principal units,
where each pair of nearest residues is represented by the RAM.
However, the electronic part of the exciton Hamiltonian is con-
structed from single peptide bonds as well as the side chains.**
We assume that the two peptide bonds contribute equally to the
7tt* electronic transition in the GLDP molecule. Hence all the
residues except the two terminals, contribute twice to eq 19. For
systems with a large fibril core, the difference in the contribution
from two terminal residues may be neglected.

It follows from eq 3 that the transition polarizability can be
expressed in terms of the coupled exciton wave functions

(W || W)W | p| Wy

w, —w, —il,
<xf, Ix
Monj\Anj I\nj | Knj /
h Z Z |Cr, n]Ve n lrnﬂ;

r YIJ‘V

azfﬂf:egﬂx h Z

(20)

The coupling between localized pe}f)tlde vibrational modes in
the initial and final state |¥") and |¥") was neglected. We took
the initial state |1P> as the ground state |g), this is justified for
1100—1800 cm ' vibrations at 300 K.
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IV. HYDROGEN—DEUTERIUM EXCHANGE IN Ap FIBRILS

Before discussing the proton exchange of Af3 fibrils, a bench-
mark simulation of of H,O/D,0O mixture is presented to illus-
trate isotope effects in DUVRR spectroscopy. The experimental
spectra13 of pure H,O, pure D,0, and 1:1 H,O/D, O mixture are
presented in Figure 4a. A weak peak at ~1554 cm™ " attributed to

EXP

Intensity —

1000 1200 1400 1600 1800

CAL — H,0
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Figure 4. Comparison of calculated and experimental™> DUV Raman
spectra of pure H,O, pure D,0, and 1:1 H,0/D,0O mixture at 204 nm
excitation. The experimental 1560 cm ™" stretching band corresponds to
atmospheric O,. The spectrum of 1:1 mixture was simulated by adding
the contributions from H,0 (25%), D,O (25%), and HOD (50%).

the stretching mode of residual atmospheric O, appears in
all the experimental spectra. The D,O OD bending band at
~1209 cm ™' does not overlap with any peptide backbone bands.
The H,0 OH bending band at ~1651 cm~ ' may contributes to
the C=0 stretching band, but it was usually subtracted from the
experimental spectra.'”'" The HOD bending (~1456 cm ')
mode in the H,O/D,0 mixture overlaps with the N-D bending
coupled to C—N stretching bands (AmII’ in Figure 6), which can
not be avoided in the HX experiment.

The first electronic excited state in H,O is a HOMO—-LUMO
transition with a calculated excitation wavelength 164.31 nm, the
higher excited states having an excitation wavelength shorter
than 135 nm. We thus only used the lowest excited state in the
calculation of UVRR at 204 nm. The calculated displacements for
H,0 and D,O are 0.050 and 0.093, respectively. The larger
displacement of D,O results in stronger Raman band.

The spectrum of the 1:1 H,0/D,O mixture was obtained by
summing the contribution from 25% pure H,O, 25% D, 0, and 50%
HOD. The relative intensities only qualitatively agree with the experi-
ments, this is because the experiment are conducted by 204 nm UV,
which is not a resonance frequency. However, this benchmark illus-
trates that the intensity of Raman band should increase by deuterium
substitution. In addition, the HOD bending mode may also be a
reason of the stronger AmII' band of protein after HX.

The AB34_42 and AB|_ 4 fibrils were simulated by MD in water
with the CHARMM?22* force field and the TIP3P* water model
by using the NAMD™ package. An NPT ensemble, and periodic
boundary conditions were employed to construct the dilute solu-
tion model, in which each residue only interacts with its surround-
ing water and probably with other residues in the same protein. The
supercells are 48 x 28 X 40 A3 for ABs4 4 fibril and 92 x 82 x
75 A® for AP _4 fibril to ensure there is no interaction between
nearest images. All MD simulations start from a 10000 steps
minimization followed by a 500 ps heating from 0 to 310 K. The
MD time step is 1 fs. 100 snapshots are taken every 1 ps from a S ns
dynamics at 1 atm pressure and 310 K following a 2 ns equilibra-
tion. The ensemble of MD snapshots are used to simulate DUVRR
spectra by weighting the total energy using Boltzmann distribution.

The antiparallel -sheet Af3, 4, fibril with the sequence
LMVGGVVIA was constructed from the Af3; 4, fibrils (PDB code:
2BEG),* Figure Sa shows the ribbon structure of ABs4 4, fibrils.
The parallel S-sheet Af3; 4o with the sequence DAEFRHDSGY-
EVHHQKLVFFAEDVGSNKGAIIGLMVGGVYV is taken from the
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Figure S. Structure of (a) Af334_4, fibrils and (b) residues G9—V40 of A3, 4.
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Figure 6. Top row: Comparison of simulated (right) and experimental'* (left, excitation wavelength 197 nm) DUVRR spectra of AfB34_4, (red lines)

and Af3;_4 (blue lines) fibrils in H,O. Bottom row: Same but in D,O.

NMR structure by Petkova et al," and because the conformation of
residues D1—S8 is disordered, we only used the segment G9—V40 in
our simulation.

Hydrogen—deuterium exchange substitutes —NH with —ND.
However, the —NH atoms may be protected from HX by
hydrogen bonding with carboxyl oxygen atoms of other residues
either in or out of the same chain.*” By considering the tertiary
folding of the two amyloid fibrils (Figure S), we expect distinct
difference in the HX dynamics of these systems: Due to the flat
polymorph of Af34 4, fibrils, most —NH are expected to be
exposed to solvent, resulting in substantial HX. In contrast, in the
fibril core in Af3; 4 fibrils, peptide—peptide hydrogen-bonding
is highly probable; hence, strong protection from HX is expected.
To illustrate the change in DUVRR spectra upon HX, we show in
Figure 7 the calculated spectra of Af34 4, fibrils with all —NH
atoms deuterated. The main difference upon HX is the redshift of
AmlI band to AmII’ band, the AmII bands completely disappears
in the fully deuterated fibrils, which implies that all the contribution
of the residual AmII band after HX comes from protonated —NH
atoms. The red shift of the AmlII band is attributed to the loss
coupling between N—D bending and C,—H bending modes. At
the same time, the intensity of N—H(D) bending bands (AmII —
AmlI') dramatically increases upon HX, which is a consequence of
isotopic effect and the contribution from residual HOD bending
mode introduced by HX.

The experimental DUVRR spectra of AB34_4, and A4
fibrils are displayed in the left column of Figure 6. In both the
intensities of AmII band decrease upon HX, and a new AmlIl
appear. However, it is obvious that the spectra of A3 4 (blue
lines) in H,O and D,0 show much smaller differences than those
of A3, 4 (red lines): the intensities of AmII and AmIII bands

decrease less, and the intensity of new AmII’ band is much weaker.
This implies that HX in Af3; 4 is much lower than Afs,_ 4.

We had used the following protocol to simulate hydrogen—
deuterium exchange in the DUVRR spectra. For each snapshot,
we examined the hydrogen bonding environment for all —NH
atoms. Using the optimized —NH---O=C hydrogen bond
length in our ab initio calculations, we assume a peptide—peptide
hydrogen bond exists if the distance between —NH and carbonyl
oxygen atoms does not greater than 1.85 A. All —NH atoms in
each snapshot were checked for the existence of hydrogen bonds.
if there is no hydrogen bond between the —NH and carboxyl O
atoms, we assume it was deuterated in D,0O, and we use a
deuterated RAM for the corresponding segment of the protein.

The C,—H band is not visible in the spectra of Afi34 4, in
D,O. From our frequency analysis, we find that the C,—H
bending modes have a slight blueshift and may be masked by the
strong AmII’ band. We also found a blueshift of C,,—H band in
AP _4 fibrils in Figure 6 that confirms our explanation of the
change in the C,,—H band.

Asmall ~10 cm ™" redshift in the AmIII band is seen upon HX.
From the experimental spectra of Figure 6, the AmIII bands of
AP, _s0and AB34 4, in H,O appear to coincide but both redshift
and decrease intensities with different degrees proportional to
the HX rate in D,O. In contrast to the previously proposed
peptide hydration mechanism,"" we argue that the redshift in
the AmIII band may also be attributed to the loss of coupling
between N—D bending with C,—H bending and C—N stretch-
ing modes.The peptide bond hydration mechanism is based on the
fact that the coexistence of peptide-water and peptide—peptide
hydrogen bonding results in a redshift of AmIII peak about § cm ™ '."
It implies that some of peptide bonds with only peptide—peptide
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The blue dashed line shows a fibril with all —NH atoms deuterated.

hydrogen bond in H,O will also hydrogen bonding to water in D,0,
and peptide hydration in Af334_4, is much more probable than that
in AB, 4 when dissolved in D,O, which are less convincing.
However, our simulations (Figure 7) show that for fully protonated
and deuterated fibrils with the same peptide-water hydrogen bond-
ing environments, there is a decreased intensity and a redshift of peak
position of AmIII band, upon HX, which is a consequence of the loss
of coupling. We thus propose that —NH deuteration induces the
redshift in the AmIII band in Figures 6 and 7. Deuteration of A}
fibrils also decreases the intensities of AmIII bands, as shown in
Figure 7, the three peaks in the range 1200—1350 cm™ ' are
dramatically weakened after HX. We believe that both the redshift
and the decrease of intensities should account for the vanishing of
the AmIII bands upon deuteration, as shown in Mikhonin and
Asher’s experiment.

The change in the AmI band upon HX is well reproduced by
our simulation shown in Figure 6. The weaker intensity of the
AmII’ band in our calculation can be attributed to the fact that
there is a contribution from the HOD bending mode in the
experiment, but it was absent in the simulation. However, we
encountered difficulties in fully reproducing the C,—H and
AmlIII band peaks. It is obvious that the trend of change of these
peaks coincides with experiment: The calculated peak positions
agree well with the experiments, C,—H band blueshifts and
AmIII band redshifts. However, the intensities of both the two
bands decrease upon HX. We believe that the reason for the
deviation from experiment is the error in the DFT frequencies,
which depend on the choice of functional and basis sets.*® We
used the combination PBE0/6-311++G(d,p) for a reasonable
description of high energy electronic excited states. The selected
functional/basis set seems to overestimate the coupling between
the C,—H bending and C—N stretching modes.

V. CONCLUSIONS

We have developed a combined QM and MM protocol for
simulating the deep UV resonance Raman spectra of amyloid
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fibrils. A number of snapshots were extracted from an MD tra-
jectory to construct the ensemble for the simulation of fluc-
tuation effects in biological systems. For each snapshot, we
performed ab initio resonance Raman calculations based on
the Frenkel exciton model with the Heitler—London approxima-
tion. We have also constructed a map between excited state shift
and Ramachandran angles, which can help future investigations
of DRVRR spectroscopy of proteins.

Benchmarks for the dipeptides Ala-Ala and Ala-Asp illustrate
that it is reasonable to neglect side chain effect in peptide backbone
vibration and using GLDP to provide vibration information for the
exciton model. These benchmarks also showed that the sampling
density of the map is accurate enough to characterize the protein
secondary structure. The benchmark on the H,O/D,0O mixture
confirms the ability of our protocol to reproduce the effect of
hydrogen—deuterium exchange in aqueous environment.

The effects of hydrogen—deuterium exchange which depends
on the conformation of amyloid fibrils were simulated as well.
All the main features of change in DUVRR spectra of A3, 4,
and Af3;_ 4 fibrils upon HX were reproduced in our calculations.
We propose that the redshift of AmIII band after HX is a
consequence of loss of coupling with C,—H bending and
N-—D bending modes.

We note that the fibril cores of both systems have similar
Ramachandran dihedral angles with short peptide micro-
crystals.*” Our ability to reproduce the main features of the
DUVRR spectra of the two Af fibrils suggests that the structures
employed in our simulation, which have similar Ramachandran
angles with short peptide microscrystals, are consistent with
those in the experiment. The success using dipeptide as principal
unit to simulate DUVRR confirms the assumption that fibril core
could be modeled by short peptide microcystals.*
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