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Abstract

Understanding the aggregation mechanism of amyloid fibrils and charamgetimir struc-
tures are important steps in the investigation of several neurodegeaatiatrders associated
with the misfolding of proteins. We report a simulation study of coherent tintedsional chi-
ral signals of three NMR structures of3#protein fibrils associated with Alzheimer’s Disease:
two models for A3(8—40) peptide wild-type (WT) and one for the lowa (D23NB@A5—40)
mutant. Both far ultraviolet (FUV) signalgd (= 190-250 nm) which originate from the back-
bonenm* and rirt* transitions, and near ultraviolet (NUV) signals & 250 nm) associated
with aromatic side-chains (Phe and Tyr) show distinct cross-peak patieah can serve as

novel signatures for the secondary structure.

| ntroduction

A large number of neurodegenerative diseases is linkedetdottmation and deposition of mis-
folded proteins to form amyloid fibrils. Probing the aggrega kinetics and fibril formation
pathways had drawn a considerable experimental and cotrgnahbeffort (1-14). Alzheimer’s
Disease (AD) is a progressive neurodegenerative disordesapathology is characterized by the
accumulation of senile plaques and neurofibrillar tanglee brain. These plaques are made of
fibrillar aggregates of the amyloi@-protein (A3). This protein comes from the cleavage of the
amyloid precursor protein (APP) and is present in the bodg@minantly in two alloforms 840

and AB342 which has two additional amino-acids in the C-termiial (6).

Determination of the structure of amyloid fibrils is a chatleng task. X-ray diffraction is a com-
mon tool used for the determination of global atomistic &intes of proteins in crystals whereas

nuclear magnetic resonance (NMR) techniques can yieldtategin solution. The information
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obtained from these conventional structural biology temphes is limited since amyloid fibrils
are insoluble and do not crystallize. High-resolution noalar structure of amyloid fibrils is not
available but geometrical models of amyloid fibrils basedolid NMR and others experimental
data ((7-20). Recent CD and NMR studies offAmonomers and dimers in solutions were used
to characterize global properties such as secondary stescat different solutions concentrations,
pH and temperaturedZ, 21, 22). Ultraviolet (UV) spectroscopy provides an alternatitreistural
tool. Both the peptide backbone and some side chains are actikis regime. Tharmr* and it
transitions of the peptide backbone in the far ultravidi{) region @ = 190-250 nm) and used
for estimating secondary structure content. Circular digmn (CD) spectroscopy in this region
is a useful probe for protein secondary structures sucti-bslices and3-strands. In the near
ultraviolet (NUV) region 4 > 250 nm), aromatic side chains (Phe, Tyr, and Trp) usuallyigeo
more details about local interactions. Absorption and Czspef proteins are usually calculated
using the Frenkel exciton matrix model which provides arcifit parametrization scheme for

their electronic excitation28-27).

Two-dimensional (2D) optical spectroscopy is a novel tbaittcan be used for structure refine-
ment. Sequences of femtosecond laser pulses are employedite vibrational or electronic
states and determine correlations between events whialr @gthin two controlled time inter-
vals. These correlations are displayed in two dimensioragdsithat reveal the molecular motions
and fluctuating structures of a protein. These help to clenize local dynamics and determine
intermediate states present i3 Aibril formation process48-31). Two-dimensional (2DIR) pho-
ton echo experiments combined with molecular dynamics lsitins (MD) have been employed
to test the quality of the MD methods and probe protein stmest and fast folding processes.
Previous simulation studies have demonstrated the pateitiwo-dimensional ultraviolet spec-
troscopy (2DUV) in the far and near UV regions for charaziag secondary structure inA
amyloid. A simulation protocol based on the Exciton Hammigm with Electrostatic Fluctuations

(EHEF) was developed?-34). The present computational study employs that protocdlian
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aimed at demonstrating how the cross-peaks in chiral 2DldWads may be used to distinguish
between three & amyloid fibrils geometrical models suggested recently leyNIMR studies of

Tycko and co-workersl({/—20).

In Materials and Methods section, we explain the EHEF padiqmrovide some technical details
and present the amyloid fibril models used. In Results anduSgon section, we present the one

and two-dimensional results for the near and far UV speéiirally, we provide the conclusions.

Materials and M ethods

We consider the three A peptides models shown in Figure 1. Models 1 and 2 correspmtitet
A[B(8-40) peptide with the sequence

GYEVHHQKLVFFAE??DVGSNKGASIGLMYV 8GGVV*C. Model 1, first suggested by Petkova
et al. (18), consists of paralleB-sheets growing along the fibril growth axis. Model 2 whicls ha
a three-fold symmetry about that axis is based on solid 88 and electron microscopy per-
formed by Paravastet al. (19). We used three peptides in each block making a three-fofd sy
metry complex composed by 9 peptides. Model 3 is tifi§1%5—40) segment of the above protein
with the point D23N mutation, known as the lowa mutant. Itsrgetry consists of an anti-parallel

B-sheet growing along the fibril axi2Q).

Molecular dynamics (MD) trajectories of the above modelsengbtained by using the NAMD
Package 2.736) with the CHARMMZ27 force field 86). Simulations were carried out at in aque-
ous solutions (TIP3P water model) with cubic periodic banmgdconditions. The particle-mesh
Ewald (PME) protocol was used to calculate the long-rangetedstatic interactions and a 12
cutoff distance was used for non-bonded interactions. 2 ins were used to minimize the pro-

teins at 300 K and 1250 MD snapshots were harvested for thev2€dltulations. The 2DUV
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spectra were computed using the EHEF protoc82—-84, 37) and the SPECTRON homemade

program 88).

The simulated Linear Absorption (LA) and Circular Dichroig@D) spectra in the entire UV
regime @ = 180-250 nm) for the three models are displayed in Figured? Bigure 3 respec-
tively. We show the spectra of the side chain alone (blatid biackbone (red), the additive spec-
trum (their sum in blue) and the total spectrum (green). Tifierdnce of the additive and the total
spectrum shown in the right column in Figure 2 and Figure 3caies interactions between the
backbone and side chains. The strongest differences anacafs2000cm~1. The NUV region
(above 250 nm) covers transitions of aromatic side chaihs,(Pyr and Trp). Each has four va-
lence electronic excitations known in Platt’s notation’as;, 1Ly, 1B, and'By,. 1La andiL, which
give the strong NUV peaks. The interactions of the aromatsidues may be used to character-
ize the structure. NUV signals of Model 1 have been studieticed34, 37). The FUV spectra
(190-250 nm) originate from the peptide backbom& and rirt* transitions and are sensitive to
secondary structure as well. Even though aromatic resih@esre, their contributions to the FUV
spectra are not much weaker than those of the backbone siegdnave larger transition dipole
moments. The difference spectrum is much stronger for LA ®8B. The CD backbone spectrain
all models ( Figure 3, red plots) show a clear FUV signatufestgpical 3-strand conformation.

In the coming sections, we shall analyze the NUV and FUV spentdetail.

Results and Discussion

Near Ultraviolet (NUV) Signals

The simulated LA signals in the NUV regime for all three mad®ie shown in Figure 4 (bottom).
for Models 1 and 2. They exhibit sharp peaks around 37000amhile Model 3 only has a mod-
est bump (indicated by green circle) at 38000 ¢mAnother peak is observed in the 46000¢m
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for Model 1 and 2. This peak is missing in Model 3 due to its sfrasequence that does not have
the Tyrosine Y9. We expect that a full sequence for Model ikhshow the aromatic side chain

transitions at 46000 cnd.

The 2DNUV spectra computed with laser pulses centered 82®a@® ! and 3754cm~! band-
width are displayed in Figure 5. All 2D spectra in this adielre plotted on a nonlinear scale that
interpolates between logarithmic for small values anddirfer large values. It thus reveals both
the strong and weak signal34). The non-chirakxxx signals (All pulses have parallel polariza-
tion) are shown in the top row. For Model 1, the signal is syrmimavith respect to the diagonal.
The 1L, transitions dominate and show a negative diagonal peak)ioentered at 37006 .
This is accompanied by two positive (red) side bands. Hhgtransitions which originate from
the coupling between the aromatic residues Phe and Tyr appegpeak in Model 1 around 46000
cm~! (blue), a weaker peak appear in than Model 2 and no peak ismresModel 3 wheréL,
transitions are invisible due to the lack of Tyrosine Y9. lmdiéls 2 and 3, théLy, transitions
shifted to 3600cm~! dominate with their respective side bands but Model 2 seentmve a

weakerlLy, transition than Models 1 and 3.

We next turn to chirality-induced signals. The CD spectrallom@dels shown in Figure 4 have
aromatic side chain transition peaks at 37000 trand 46000 cm!. Model 3 also shows tiny
peaks which could be attributed to aromatic side chain tiandetween Phe of a peptide with the

other Phe in another peptide on the same layer.

The chirality-inducedxxy 2DUV signal of Model 1, where the last pulse is polarized perfcu-
lar to the other three (bottom row in Figure 5) is non-symmetith respect to the diagonal. The
1L, and!L, transitions appear as two positive (red) peaks with thajatiee side bands centered
around at 3700@m~! and 4600cm1, respectively. ThéL, peak has a strong side band in the

lower triangle, shifted from the diagonal while a similattean is seen in the upper side band of
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thelL, transition peak. This indicates that thg, and!L, transitions are coupled. The signals of
Model 2 and 3 are very different from Model 1. Both are symnedirit with different intensities.
Thell, transition of Model 2 is stronger than in Model 3. This may be ¢b the nearest-neighbor
interactions between Phe in the3/peptides in Model 2 that exist also in Model 4L, is weak

in models 2 and 3, suggesting weak coupling betwlgnand 1L, transitions. A possible ex-
planation could be the fact that intermolecular interaiof aromatic residues Phe-Tyr, ie Phe
and Tyr interact each other in ong3Apeptide in a given layer, and generates coupling between
1Ly and!L, transitions. The geometry of Model 2 allows Tyr to interadtmihe Phe of another
A peptide in another layer. Our previous 2DNUV studies of timglaid fibril growth in Model

1 (39) showed how the intensities in the signals correlate withdbmplex size. Intramolecular
interaction of aromatic residues Phe-Tyr in on@ peptide is seen only in Model 1 while aromatic

residue couplings are missed in Model 3 which lacks the Tsidree (Y9) in its sequence.

In order to trace the origin of these spectral features, we bamputed the transition populations.
These are defined as the squares of the exciton wave funsjp@msion coefficients, in the basis
of the local amide excitations and are displayed in Figur&\. see that the NUWxxy signals
(bottom row in Figure 5) of all models are induced by the aroen@sidues (Phe and Tyr) and
are well localized in the sequence. In Model'2y, transitions is observed as a red peak in the
34000-3600@m™* region but no coupling (perhaps very weak) betwélanandlL, transitions
are observed in the 44000-46080* region. Model 3 shows a blue peak at 34000-366600*
region while models 1 and 2 have red peaks that can be astdlilbd complex geometry since it
has only Phe—Phe intermolecular interactions between gptiges. Similarly, the 44000-46000

cm~! region shows signals for Models 1 and 2 and not in Model 3.
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Far Ultraviolet (FUV) Signals

The simulated LA and CD spectra of the thre@ peptide amyloid fibril models in the FUV region
are shown in Figure 7. All spectra are similar with peaks eestt around at 520061, The
2DFUV spectra generated by laser pulses centered at 52000and bandwidth at 375¢m 1 are
displayed in Figure 8. The non-chiral 2DUWwxx spectra (top row) show the characteristic fea-
tures of aB-sheet: a weak peak centered around at 52000 on the diagonal map$ = —Q1)

for all three models.

We next turn to the chiral signals. The CD signals are disistgable and have the characteristic of
a 3-strand rich-structure profile, in agreement with expentad1, 22, 40). Model 1 has stronger
CD signals in the region 50000-5400®1 whereas signal for models 2 and 3 show peaks around
50000cm ! and decay beyond 520@n. The (xxy) chiral 2DUV signals are much richer than
the xxxx spectra ( Figure 8, bottom row). Model 1 has a symmetric stygeak at 5200@m 1.
Models 2 and 3 show a symmetric butterfly-like spectra witlositive peak near 52008n~* and

a negative peak at 540@dn—1. Model 3 has an additional positive peak near 57600*. The
transition populations in the FUV regime are displayed irgufe 9. These reveal that at 52000
cm1, the signals for all three models come from the electromiodition of all peptide groups and
reflect the strongest peak of the CD spectra (See Figure 9wopmd Figure 9 left column). At
54000cm 1, weak contributions from the backbone are seen only in Mad2D and LA spectra.

In contrast, that region shows a broad feature that oveulaipsthe 52000cm~! peak ( Figure 9
top row left panel). The middle column in Figure 9 shows that ts mainly due to interactions
between the turn loop of afApeptide located in #-sheet layer with the terminal of apeptide
located in the otheB-sheet layer . The 2DUV signals of models 2 and 3 are diffefEney show
an additional weak peak at 540801 on the 2DFUV spectra originating from the interactions
between turns-ends between different fibrils layers. The @&tsa of both models in the 52000
cm~t and 5400@m™! regime are different. We expect a similar 2DUV spectrum talkle 1 and

3 since their global geometry consists if-@heet layer with alternate loops betweef peptides.
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However, the two show significant differences. The 2DFUVcsze( Figure 8 lower-right plot)
shows also a butterfly-like spectrum as in Model 2, indigatimat in addition to the interactions
between turns of a B peptide from g3-sheet layer with the ends of gBApeptide from another
B-sheet layer as in Model 2, the complex geometry is impodanwell. Both models show inter-
actions between turn and termini among peptides. In Mod#ieke are between stacks while in
Model 3 they are among peptides in the same stack. This ceulldeborigin of the butterfly shape
of 2DFUV signal.

Conclusions

We have employed the EHEF protocol to predict the 2DUV spetftthree amyloid fibril structure
models proposed by Tycko and collaborators. The 1D (CD anddp&ktra of the three models
suggest that the side chains and backbone transitions apéechb 2DUV spectra of the aromatic
side chains show clear signaturesthf, andL, transitions and their respective couplings in all
models. The 2DFUV chirality-inducexkxy signals associated with aromatic residue couplings
between transitions can describe the variations of intienax between residues which strongly
depend on the complex geometry. The and!L, couplings can be hidden in the 2DFUV maps
by either intermolecular interactions of aromatic resgléde-Tyr as seen in Model 2 or there is
a correlation between number of peptides in & #heet with the 2DUV intensity. Since the se-
quence of the lowa mutant@peptide shown in Model 3 was shorter, the, and!L, transitions
were undetectable. However, its geometry (peptides fayramanti-parallep-strand sheets) had

resulted in a butterfly-like chiral-induced signals in tHé\Fsimilar to Model 2.
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Model 1 Model 2 Model 3

Model 1 : GYEVHHQK!LVFFAE??DVGSNKGA3*IIGLMV3**GGVV*°
Model 2 : GYEVHHQK!LVFFAE??DVGSNKGA*IIGLMV3**GGVV*°
Model 3 : QK*¥LVFFAE*2NVGSNKGA*IIGLMV3*GGVV*

Figure 1: Structure and sequence of the thr@eatnyloid fibril models reported by Tycko and co-
workers (8-20). The aromatic residues are marked: Phenylalanine (red)Tgrosine (orange).
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Figure 2: Left column: Simulated LA spectra. Total signale@n), backbone alone (red), side
chain alone (black), additive spectrum (backbone + sidanglibalue). Right column: Difference

of the Total and the Additive LA spectra (orange)
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Figure 3. Same as in Figure 2 but for CD spectra
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50 Figure 4: Simulated NUV CD (top row) and linear absorption fl(Bottom row) of the three &
51 amyloid models. Inserts show the region [44000, 48GD07 .
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0, (1000 cm ) Q; (1000 cm )

Figure 5: Simulated 2DNUV photon echo signals of the thrge anyloid models. Top row:

The non-chiral xxxx) polarization configuration. The signals show a similaterat but different
intensities. Peaks centered at 37000 ¢ris similar in intensity for Models 1 and 2 while in

Model 3 is shifted away from the center and less interi&attom row: chirality induced %xxy)
polarization configuration. The spectra show some diffegsrin the'Ly, region (37000 cm?b).

Model 1 has a strondL, transition at 46000 cm" while in Model 2 is weaker. Spectra are
displayed on the non-linear scale as defined in &f).(Thes parameter is shown at the bottom

right of each panel.
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Figure 6: Transition populations for three NUV spectralimegs of the A3 amyloid fibril models.
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Figure 7. Simulated FUV CD (top row) and linear absorption Jlspectra (bottom row) of the
three A3 amyloid models.

22

ACS Paragon Plus Environment



Page 23 of 25 Biochemistry

©CoO~NOUTA,WNPE

2DFUV XXXX
16 61
17
18 L O

1 . . 1 . . L L . L L . . . . AW
40 42 -44 46 - 50 52 - . 58-42 - 46 48 - 52 -54 -56 -58-42 -44 -46 -48 50 -52 -54 56 -
Q (1000 cm™!) 0, (1000 cm™) €, (1000 cm™Y)

47 Figure 8: Same as in Figure 5 but for the 2DFUV regimiop row: The non-chiral Xxxx)

48 polarization configuration. All models display similar fgah but different intensitiesBottom

49 row: chirality induced %xxy) polarization configuration. Model 1 displays a strong pat&2000
=0 cm~! while in Models 2 and 3 display butterfly-like shapes with tpeaks in the 50006m 1 to

52 54000cm~* regime. Model 3 shows a small additional peak at 57660
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Figure 9: Transition populations for three FUV spectraimegs of the A3 amyloid fibril models.
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