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1 Introduction

Amyloid aggregation is a process by which proteins assemble into fibrils characterized by a high content of S-
sheets[l1, 2, 3l]. The formation of fibrils is associated with neurodegenerative diseases such as Alzheimers and
Parkinsons[4} 5]]. In the past decades, there has been a lot of experimental evidence showing that small oligomers and
protofibrils in the early stages of fibril aggregation, are in fact, more toxic[5} 16,7} 8]]. An understanding of the physical
and chemical processes associated with the initial stages of amyloid aggregation may help with coming up with medical
therapies that can intervene at earlier stages of the disease development.

The stability of amyloid fibrils has typically been rationalized by the presence of a dense network of hydrogen bonds
forming S-sheet structures(2, 9, [10]]. Recent experimental using solid-state NMR spectroscopy however, show that
3D structure of Af3;_ 4o fibrils is also characterized by a hydrophobic core made up of maximally buried hydrophobic
side chains[11]. Moreover, it has also been shown that the toxicity of the oligomers increases with increasing
hydrophobicity[6, (7, |8]. The interplay between the hydrophobic interactions between the side chains and the hydrophilic
interactions through the dense hydrogen bond network and its role in amyloid aggregation still remains an open question.

One of the obvious experimental challenges in characterizing the mechanisms associated with aggregation like those
discussed earlier, is being able to monitor the aggregation process. In this regard, there has been an increasing effort to
understand the optical properties of amyloid proteins. Recent experimental studies have shown that amyloid fibrils
develop an intrinsic fluorescence during aggregation[12} 13} [14} [15]]. It has also been observed that these protein
aggregates can absorb low energy photons in the energy range of black 240-500 nm [16] Remarkably, these features do
not require the presence of aromatic amino acids.

These anomalous optical properties are not exclusive to amyloid aggregates[17} 18,19} 20]. Fluorescence experimental
studies for a series of non-aromatic biogenic and synthetic peptides based on alanine, valine and isoleucine also shos
that the intrinsic fluorescence in the aggregated state or condensed phase is associated with the abundant existence of
hydrogen bonding between amide groups. [[18] Recently, Prasad et al.[19] showed that a monomeric protein devoid
of aromatic residues features significant absorption between 250-300nm and a long tail in the absorption up to about
800nm. Using electronic structure calculations, they show that the charged amino (NH3+) and carboxylate (COO-) of
the spatially proximal lysine and glutamic acid side chains, act as electronic charge acceptors or donors for photoinduced
electron transfer either from or to the polypeptide backbone or to each other. They also demonstrate that charge-transfer
(CT) excitations involving these charged groups and the peptide backbone appear to be the main source for the optical
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activity of these proteins in the range between 220-380 nm. In specific cases, the increase of the intrinsic fluorescence
during the aggregation of insulin and lysozyme suggest that this phenomena are at least partially caused by the chemical
process like oxidation [21]].

It has also been suggested that this intrinsic fluorescence might be utilized as a label-free diagnostic tool to probe
the structural and dynamical transition of amyloid-like aggregates. For example, Ansari et al.[22] showed that the
absorption intensities of the PEST fragment of human c-Myc and its mutant at wavelengths of 250-800 nm are dependent
on the 3D proximity of the charged functional groups across the protein. Moreover, the significant changes in the
spectra by changing pH in the range of 3-11 as well as by the application of different temperatures and salts show a
strong correlation between their secondary structure and fluorescence. The increase of the absorbance spectra with
time in Hen Egg-White Lysozyme at pH of 2 directly correlated with the growth of aggregates, as confirmed by the
increasing thioflavin T fluorescence. Meanwhile, the sensitivity of absorption spectra by the charge transfer transition
to the proximity of the different charged groups is also very supportive to the feasibility to employ the non-aromatic
residues as a new luminescent biomolecules|23\ (19} 120].

In this work, we combine absorption and fluorscence spectroscopy experiments and theoretical modeling to specifically
examine the role of termini interactions on the optical properties. Optical absorption and fluorescence is measured
for a six-chain amino acid 2Y3J (AIIGLM) which forms a segment of the full amyloid beta 1-40. In order to explore
the sensitivity of the optical properties to the termini interactions, the experiments were repeated by acetylating the
N-terminus. Although atomic force microscopy experiments indicate the formation of some form of fibrilar or crystal
aggregates in both systems, the optical properties are strikingly different - acetylation significantly reduces optical
activity between 280-350 nm.

In the last couple of years, several of us have been working to combine both theory and experiments to understand the
anomalous optical properties of these systems. In earlier studies, we have shown using density functional theory (DFT)
based calculations, that strong hydrogen bonding interactions between the N and C termini of the amyloid proteins, play
an important role in tuning their optical properties[14]. Due the complexity of the amyloid fibril morphology, these
calculations were performed using standard generalized gradient approximation (GGA) functionals on small model
crystal structures. Furthermore, in these studies, the role and importance of structural and conformational heterogeneity
on the optical properties was not examined. When used to determine optical properties, GGA functionals can often
suffer from inadequately capturing the physics of CT excitations. Here, we use range corrected hybrid functionals to
examine the electronic character of the optical excitations. We suggest that the low energy excitations observed in the
experiment appear to be modulated by interactions involving the termini groups which in turn, is affected by the specific
conformations of the peptide. The low energy absorption of photons involves a mixture of CT excitation from C-to-N
terminus and C-terminus to backbone groups. This region of the optical spectrum may thus provide a way to examine
the extent of packing and specific hydrogen bond interactions in peptide aggregates.

The remainder of the paper is organized as follows: Section II devoted to a brief explanation of experimental methods
and employed computational methods for the structural preparations and ground (excited) states calculations. In section
III, we present our results for both ground and excited states as a function of structural parameters, emphasizing the role
of all possible types of intramolecular interaction.

2 Methods

2.1 Experimental Methods
2.1.1 Sample preparation

Six amino acids from the aggregation prone region 30-35 of the Amyloid beta (A/3) protein, encoding AIIGLM, were
purchased from Eurogentec, (Belgium) in an NC form (H-AIIGLM-OH) and an N-acetylated form (Ac - AIIGLM -
OH) with 97 % purity, determined by high performance liquid chromatography (HPLC). The peptides were diluted
to 600 uM in freshly made phosphate buffered saline (PBS) (137 mM NaCl, 10 mM K2HPO4, 2.7 mM KCl, pH of
7.4 (Sigma, UK)) in 18.2 2 dH20 (MilliQ, Merck Millipore, Germany). 5 mL of each peptide solution was sonicated
at 70% power using a Digital Sonifier’™> SLPe (model 4C15, Branson, USA) for 10 seconds with a 10 second rest,
repeated three times. Samples were incubated in a 15 mL falcon tube (Corning, USA) under continuous rotation at
maximal speed in a UVP HB-1000 Hybridizer (Fisher Scientific, UK) at 37°C for seven days.

2.1.2 Absorption

3 mL of each 600 ©M NC and N-acetylated peptide solution was analysed in a 10 mm QX cuvette (Hellma, Germany)
using a UV-Vis-NIR Spectrophotometer (model UV-3600 Plus, Shimadzu, Japan). Measurements were taken between
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200 - 800 nm using 1 nm steps at a slow scan speed and a 1 nm slit width. The light source change wavelength was set
at 393 nm and the grating change wavelength set at 750 nm. Samples were measured three times and the experiments
repeated three times, measurements were then averaged and PBS only control was subtracted. Data was then processed
for scatter subtraction using equation 1 where A is absorption detected, ¢ = 4 x 108. Data was presented as molar
absorbtivity.

1
blackA'(\) = Ablack(\) — log <1_CA_4> (1

2.1.3 Excitation and Emission Scans

The same samples measured for absorption were also measured for excitation and emission spectra. Excitation and
emission measurements were taken in an F-4500 FL Spectrophotometer (Hitachi High-Technologies Corporation,
Japan) in 10 mm QX cuvettes. Scans were taken useing a 5 nm or 10 nm excitation slit and a 20 nm emission slit. The
scan speed was set to 240 nm/min and the PMT voltage set to 950 V. Excitation scans were taken between 250 - 370
nm, with the emission set at 420 nm and emission scans were taken between 380 nm - 560 nm with the excitation set at
305 nm. Four scans were taken of each sample and the experiments were repeated three times, measurements were then
averaged and the PBS only control subtracted.

2.1.4 Atomic Force Microscopy (AFM)

AFM was used to determine the morphology of formed NC and N-acetylated peptide species after seven days. 200 uL
of peptide was deposited on freshly cleaved mica and incubated for 15 minutes. The mica was washed twice with 18.2
Q dH20 and images were acquired in dH20. Images were acquired in tapping mode on a BioScope Resolve (Bruker,
AXS GmBH) using ScanAsyst-Fluid+ probes. 256 lines were acquired at a scan rate of 0.966 Hz per image of 2-5 yum
field of view, for at least six fields of view. Images were adjusted for contrast and exported from NanoScope Analysis
8.2 software (Bruker).

2.2 Computational Methods

In the following section, we describe the computational methods that were performed to help interpret the observations
made in the experiments. An important aspect of this work was to be able to use more accurate time-dependent density
functional theory (TDDFT) functionals in order to characterize the nature of the optical excitations and the differences
observed in the experiments. In order to achieve this, the model systems used for the theory need to be carefully
identified which we will now describe.

2.2.1 Construction of Model Systems

The experimental systems studied for both NC and N-Acetylated involve very large-scale molecular aggregates that are
currently computationally prohibitive to model. Furthermore, the morphology of both the fibril or crystal structures in
the case of NC and N-Acetylated respectively, is currently not fully characterized. In the case of NC, there is a crystal
structure available[24] which formed the study of a previous work in group using GGA functionals[14,|15]. However,
the unit cell is made up of 752 atoms and thus one cannot use more accurate range-corrected hybrid functionals to
study optical properties on this system. We thus focus our efforts on investigating the electronic structure and optical
properties of a monomer unit of this structure where the role of the conformation of the peptide can be examined. There
are two important motivations for this: firstly, as pointed out in the introduction, very recent experiments have shown
that the fold of AB;_42 is stabilized not only by the well known polar interactions of the beta-sheets, but also the
hydrophobic packing of the side chains[11]. In addition, there have also been some studies showing that monomeric
proteins lacking aromatic amino acids can also exhibit surprising optical properties[19].

We computed the optical spectra using TDDFT for configurations of NC that were obtained from an earlier work
in our group[9]. We briefly describe some of the details here. We performed microsecond simulations of the NC
chain in a box of water using well-tempered metadynamics simulations which allowed for a thorough sampling of
the conformations of the chain. These simulations showed that there were at least four important collective variables
involved in characterizing the various structures: end-to-end distance (d..), radius of gyration (Rg), backbone contacts
(BC) which quantifies polar interactions within the chain and finally the sidechain contacts (SC) which measures the
extent of hydrophobic packing involving the sidechain groups of the amino acids (see SI for the details of the definition
of BC and SC). The free energy landscape along d.., BC and SC is shown in Figure[I] A total of 40 configurations
were chosen in order to determine the optical spectra. These different configurations were chosen from different regions
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of the free energy surface (FES) characterized in earlier work[]. To help with the discussion later on, we define different
basins (we will refer to A, B, C and D), which are black all shown in Figurem
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Figure 1: 3D free energy surface along d.., BC and SC for NC system.

In order to examine the sensitivity of the optical properties to the acetylation of the N- and C- termini, we performed
some calculations on two other model systems. black The first one, dubbed ACE, has N-Acetylated black that results
into negatively charged C-terminus and is thus likely black to be complexed with a positively charged counterion from
the buffer solution. Two extended conformations obtained from basins C of NC were used to acetylate the N-terminus
afterwhich a sodium ion was placed near the negatively charged C-terminus. These configurations were then black
partially optimized, keeping the backbone heavy atoms frozen. The second model system is inspired from an earlier
work in our group[9]] where we conducted simulations of the NC system modified so that both the N and C termini
were capped with methyl groups. This system is dubbed as MET. As expected the FES of MET along the coordinates
illustrated in Figure[T]is qualitatively different (see SI Figure S2) due to the absence of the strong salt-bridge interactions
between the termini. While we currently have no experiments on this particular system, it provides an instructive
example of the importance of the N-C termini black and its hydrogen bond) interactions on the spectra.

2.2.2 Electronic Structure Calculations

All the optical properties are performed using TDDFTI[25, [26] implementation in the Gaussian 09 code[27]. In all the
ground and excited states calculations, we used a range corrected exchange-correlation functional (CAM-B3LYP)[28]]
with the 6-311++G**[29| [30] basis set. There have been numerous previous studies showing that CAM-B3LYP
performs quite well in characterizing charge transfer excitations as well as Rydberg states[31} 32].

Here, we briefly review the formalism behind computing the optical properties. Excitation energies and oscillator
strengths were calculated solving the Casida equations,

2
Z ia,jb b1 = wWiFia 1 2
b

where wy is the excitation energy of /-th excited state and F, ; correspond to the contribution of the transition from
an occupied KS orbital (¢;), to a virtual orbital (¢,)[33l], where i,j,... and a,b,... indices used for occupied and virtual
orbitals, respectively. The solution to the equation yields the corresponding oscillator strengths for each excitation
through the following:

2 ) 2Wiq -
fr=3wildil?, dr = %j,/w—lﬂa,ldmdm = (|7 ba) 3)

The transition dipole moment for the /-th excitation, d;, can be expressed as a linear combination of single orbital
transitions, d;,. In order to obtain the spectra, these resulting oscillator strengths, f;, are convoluted with Gaussian

4
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functions to obtain the molar absorptivity (€) as a function of frequency (w) in the following manner:

N2
ew) = 2174 x 10° Y i 2.773(“A+’)
T 1/2

4
Ars ] 4)

The full width at half maximum (A, ;) is 0.3 eV and f; and wr are the Ith oscillator strength and excitation frequency,
respectively.

In order to characterize the physical origin of the excitations, charge density differences, Ap(r), are determined for
some specific excitations. The spatial distance between the barycenter of positive (Ap (r)) and negative (Ap_(r))
regions can be used to quantify the charge transfer character of each excitation [34]]. In addition, we also studied the
dipole moment difference between the ground and excited states: [35]]

Ap = /rpezcdrf /rpgsdr 5)

where pgs and p.. are the electronic density of the ground and excited states.

As indicated earlier, we cannot currently perform TDDFT calculations on molecular aggregates of system sizes that
are relevant to the experiment. However, the effect of the environment can be included in a mean field manner
using polarizable continuum solvent models[36} 37]] (PCM). For our calculations, we use a conductor-like polarizable
continuum model (C-PCM)[38]] implemented in Gaussian. The static and optical dielectric constants for the protein
were chosen to be 10 and 2.5 respectively, as used in several previous studies[39, 40].

3 Results and Discussion

We begin by first showing the experimental results showing the effect of altering the chemistry of the termini group on
the absorption and emission spectra, followed by a detailed analysis of our theoretical findings.

3.1 Experimental Results

The left and right panels of Figure [2)illustrate the AFM images obtained for the NC versus ACE systems. NC appears to
form a mixture of both fibrils and other types of aggregates while ACE on the other hand, does not have any signature
of fibril formation. The exact morphology of these systems cannot be inferred from the AFM images. Specifically, it is
also known that amyloid aggregates are highly polymorphic given the wide variety of structures that have been found
using NMR and X-Ray crystallography[41]].

400.0 nm 1.0 um

Figure 2: Atomic Force images of amyloid proteins in PeakForce tapping mode. Samples grown at pH7.4: (a) AB3g_3s5,
(c) acetylated-AB30—35.

Figure [3|shows the absorption spectra for the NC and N-Acetylated systems. Acetylating the N-terminus results in a
drastic change in the optical absorption. Although measuring pure absorption spectra is challenging for such samples
and scattering contributes to the background, the absorption intensity of the entire low-energy band between 250 and
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Figure 3: Absorption spectra of Af330_35 and acetylated A33y_35 compared to pH 7.4 buer background

450nm is significantly reduced in going from NC to ACE and the optical density of the latter overlaps with the noise
from the background. Thus the enhanced absorption of the NC system is significant.

Fluorescence excitation and emission spectra were determined for both NC and ACE structures. The excitation was
centered at 350 nm and the emission at 420 nm for both systems. Figure ] shows these spectra for NC and ACE in
the left and right panels respectively. Interestingly, for NC both the excitation and emission spectra are very similar
to that of the full amyloid[|14]. Again, acetylation results in a relative reduction in the low energy component of the
fluorescence (near-UV region).

The experimental findings show a striking sensitivity to the presence of having the zwitterionic state of the termini
ends and the optical absorption/emission. There are several possible scenarios that could result in this behavior. If
the low energy excitation band between 250 and 450nm involves charge reorganization near the N-terminus, it is
clear that acetylating could quench this excitation. On the other hand, Figure [2 shows, that the morphology of the
amyloid aggregate changes upon N-terminal acetylation. The exact details of how this change is manifested in the
aggregate remains unknown. However, the change in optical properties could also be the result of differences in polar
and non-polar interactions in the aggregate which ultimately change the environmental conditions and nature of the
excitations. black The difference in absorption versus fluorescence excitation profile are also a clear indicator of
heterogeneous optical behaviours. In the next section, we will explore using our simulations, the molecular origins of
these trends.

3.2 Theoretical Results

We begin with our analysis of the electronic structure from the ground-state DFT calculations followed by the optical
properties obtained with TDDFT. In particular, we will examine how the the optical properties are affected by the
peptide conformation and specific environmental interactions.

3.2.1 Ground State Electronic Structure

In order to get a qualitative sense of the role of conformation and environmental effects on the electronic structure, we
begin by showing in Figure [5|the KS energy levels for the occupied and virtual orbitals for all the forty configurations
sampled from the FES. The KS energy diagrams in panel (a) of Figure 5| shows a significant difference in the HOMO-
LUMO gaps between the compact states of A and B and the extended states of C and D in the NC system. While the
values of HOMO-LUMO gaps for the states A and B are larger than 4 eV, those of states C and D are less than 2 eV.
Panel (b) of Figure[5|shows the KS energy diagrams when the protein environment is included using the PCM model.

6
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Figure 4: Emission and excitation spectra of the intrinsic fluorescence of amyloid protein solutions: (a)AfB39—_3s5, (b)
acetylated A30_35. For the excitation spectrum, the emission was collected at 350 nm, and for the emission spectra
the excitation was set at 290 nm.

The HOMO-LUMO gaps for the compact states change by a very small amount of ~0.1 eV, for the extended states the
gap increases by ~ 4eV.

Tida et al.[42]] have discussed a systematic framework for understanding the orbital energy shifts that arises due to
the effect of solvation. The orbital energy shift of ith level, Ae;, is proportional to the dot product of the change in
the dipole moment associated with ith molecular orbital (Kui) and total dipole moment of the molecule (i), i.e.,
Ag; fA_',ul- - - Figurelashows the spatial distributions and dipole moments for HOMO and LUMO as well as the
total dipole moment of the representative compact and extended configurations of NC system. The dipole moments of
HOMO and LUMO and the total dipole moment are shown in magenta and gray colors, respectively. As seen in the
left and right panels of Figure[6} the magnitudes of the dipole moments of the HOMO and LUMO and the total dipole
moment of the extended configuration are larger as expected, than ones of the compact configurations. Thus the effect
of the solvent environment on the HOMO-LUMO gap is quite sensitive to the specific details of the conformation of the
peptide.

Energy (eV)
Energy (eV)

<9<

< @

@) (b)

Figure 5: KS energy diagram for the configurations of the states A, B, C and D of NC system (a) in gas phase, (b) in the
protein black effective environment. Cyan and orange bars represent HOMO(s) and LUMOC(s) respectively.

3.2.2 Absorption Spectra

We move on now to examining the effect of the protein conformation on the absorption spectra. Figure[T|shows the free
energy surface of the monomer chain from which a series of configurations were sampled to compute the spectra. The
left and right panels of Figure[7] show the averaged absorption spectra over the different configurations for calculations
performed in the gas phase and using the PCM model, respectively. In order to assess the role of protein conformation
on the spectra, we separate the contributions coming from the compact (A and B) and extended states (C and D).

The averaged spectra in the gas phase for all NC states in panel (a) show tails beyond 250 nm and especially the
extended states C and D have longer tails beyond 300nm. As we can see in the panel (b), in the protein black effective
environment there still remain tails in the spectra at wavelengths larger than 250 nm for the states C and D. However,

7
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Figure 6: HOMO and LUMO isodensity plots of NC compact configuration (left) and the NC extended configuration
(right). The cyan arrows represent molecule dipole moments and magenta arrows represent the dipole moments
associated with HOMO and LUMO.

the tails beyond 250 nm vanish for states A and B. Both in the gas phase and PCM environment, the averaged spectra of
states C and D exhibit relatively larger values of the molar absorptivity than the ones of states A and B. Interestingly,
among the different states of NC system in the PCM model, only state C displays clearly a black shoulder peak at a
large wavelength of about 260 nm which is very close to the experimental absorption peak, suggesting the dominance
of more extended like conformations in the fibril. This feature is also consistent with our previous studies where the
optical spectra were determined for the fully periodic 2Y3]J crystal, albeit with a lower level of theory(14].
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Figure 7: Averaged absorption spectra on different states of NC system in gas phase (a) and NC system in the protein
black effective environment (b).

Since our absorption spectra are constructed from configurations sampled from a molecular dynamics simulation, we
are also able to investigate the coupling between the optical properties and the conformation of the peptide. Since
the conformational fluctuation of the protein can be generally mapped to the changes in the extent of the polar and
non-polar interactions of the backbones and side-chains, we estimated the backbone and side-chain contacts (BC and
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SC) of the peptide. Note that the BC refers to all the intra hydrogen bonds including the interactions between the N and
C termini.

For all the configurations of NC, we explored the correlation between the positions of the first peak in the black
average absorption spectra, £ ()), with BC and SC. In Figure[8] we show the 2D scatter plots between E; (\) and
the structural parameters in the gas phase. The size of the scatter points is representative of the relative oscillator
strength of the first peak in the absorption spectra. Both panels a) and b) in Figure [§]show a sizable correlation between
structural parameters and the positions of the first peak. Lower BC and SC which correspond to more open or extended
conformations are characterized by lower excitation energies.
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Figure 8: Scatter plot between (a) BC and F; (A\) and (b) SC and E; (\) for NC system. The size of scatter points are
representative of the oscillator strength of the corresponding first peak. The values of Pearson’s correlation coefficient
for two panels in Figure |§| are 0.74 and 0.54 respectively.

From absorption spectra in Figure[7]we have already noticed that an inclusion of the protein environment with the PCM
changes the optical nature of the excitations quite significantly. In the panels of Figure [0} the coupling between the BC
and SC parameters and the optical properties in the presence of the PCM is illustrated. Interestingly, the correlation
with BC is still quite pronounced (with a correlation coefficient of 0.50) and confirms that the low energy excitations in
the spectra are associated with conformations that have the least intra-protein hydrogen bond interactions. On the other
hand, for the SC coordinate, correlation is weakened in the PCM environment.
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Figure 9: Scatter plot between (a) BC and F; () and (b) SC and E; (\) for NC system in PCM model. The size of
scatter points are representative of the oscillator strength of the corresponding first peak.
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3.2.3 Characterization of Excited States

For polypeptides and proteins without any aromatic residues, it is well known that a sequence of peptide bonds
exhibits strong absorption at around 190 nm and weak absorption around 220 nm[43]]. Furthermore, optical activity
at wavelengths beyond 250 nm is rarely expected. Absorption between 250 and 290nm is typically associated with
the presence of aromatic amino acids such as tryptophan. The origins of low energy excitations we observe may be
more complicated than expected. Earlier studies in our group have shown that amyloid fibrils devoid of any conjugated
systems can absorb and emit low energy photons in the energy range beyond 350nm. Prasad and co-workers have
also recently shown[19]] the monomeric proteins lacking aromatic residues show absorption at wavelengths between
250-300 nm. They ascribe this to charge transfer excitations involving charged amino acids.

As discussed earlier, the configurations of NC show a broad absorption spectra with a tail stretching between 250 to
300nm. In order to understand the nature of these lowest energy excitations, we chose some representative configurations
for both compact (A3) and extended states (C3 and C7). The integer values correspond to different configurations that
were sampled from the FES. Note that C3 makes a dominant contribution to the first peak in the averaged absorption
spectra of state C beyond 250 nm using PCM (see Figure S3 in the Supporting Information).

We begin by summarizing in Table |1| the characteristics of the three low-lying excited states for the chosen three
configurations. Table[T] presents several important points regarding the nature of the low-energy transitions, including
the magnitude of the dipole moment difference between the ground and excited states (Ap), and the distance between
electron center (p, ) and hole center (p) (Ar) respectively (see Methods Section earlier for more details).

As we can see in Table [T} the lowest excited states S1 of A3 in the gas phase have absorption frequencies of less
than 250 nm. In both cases, the magnitude of the dipole moment difference, |Apl, is larger than 2.5 (eA) so that this
excitation can be considered as a short range CT excitation. Concurrently, the distance between the electron and hole
centers is ~2 A. Note that a carbon-carbon covalent bond lengthis 1.2 A and hence this excitation really involves a very
local shifting of charge. A visualization of the difference between ground and excited state densities (Ap = pexe — Pgs)
as seen in Figure[I0] (A3) confirms that the excitation has a CT character involving the N and C termini (including the
methionine side chain) in the gas phase. Note that the red and blue colors represent depletion and increment of charge
density, respectively.

Upon the inclusion of the PCM dielectric environment, we observe distinct changes in the excitation character. For the
compact conformation, |Apu| is now less than 1.5 (eA) implying the the environment quenches the spatial extent of
the excitation. Unlike in the gas phase where the excitation involves a CT from the C to N terminus, with the PCM,
the excitation is now a charge reorganization involving the methionine side chain as well as the peptide backbone in
agreement to some of our previous findings [44].

Table 1: The characterization of the excited states for the configurations of A3, C3 and C7 in the gas phase and the
protein environment. The first column is the type of the environment, the second column is the configuration name,
third column is the postion of the first peak, the forth and fifth columns are the index of the excited states and their
contribution percentage on the first peak, the sixth column is the oscillator strength, seventh column is the magnitude
of the dipole moment difference between the excited state and the ground state, and the last column is the distance
between the electron center and hole center through the excitation black (see Methods Section for more details) .

Env. Conf. | A(nm) | state | Perc.(%) f1 |[Ap A) | Ar (A)
T*GAS || 4*A3 | 4%237.1 | SI 524 0.008 2.64 1.99
S2 19.6 0.003 1.62 1.42

S4 114 0.002 0.30 0.39

S6 11.3 0.002 0.42 0.52

2%C3 | 2%324.6 | S47 67.0 0.002 7.36 4.88

S43 16.3 0.001 9.34 5.82

C7 3454 | SI4 90.3 0.004 5.69 3.62

6*PCM || 4*A3 | 4%¥233.1 | Sl1 37.9 0.007 1.45 1.40
S4 23.1 0.004 0.46 0.58

S3 19.1 0.003 0.30 0.40

S2 17.8 0.003 0.42 0.53

C3 257.8 S2 99.9 0.026 1.05 0.99

C7 251.0 S1 94.2 0.017 3.06 2.49

Similar features involving the CT character of the lowest energy excitation holds for the extended structures of C3 and
C7. In the gas phase, all of the excitations lie beyond 270 nm especially that of C7 which lies above 340 nm. The
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A3

C3

C7

Figure 10: Iso-surface plot of charge difference between ground and excited states. The red and blue colors represent
positive (electron) and negative (hole) values of the iso-surface which are £0.002 a.u.

values of |Ay| which are larger than 5.69 (eA) for the low-lying states, show that these excitations have a CT character
from the C-terminus to the backbone. Again, this is reflected in the isosurface plots shown in Figure[I0} The possibility
of charge transfer from a charged terminus to the backbone at wavelengths beyond 250 nm has also been reported
previously in small dipeptides[19]. The inclusion of the PCM environment has a significant impact on the character of
the excitations. For C3 and C7, we observe that the values of |Apu| decrease by 6 (eA) and subsequently involve a local
CT from the C terminus to the backbone.

3.2.4 Role of NC-Termini and Inter Hydrogen Bonding Interactions

The experiments show that upon acetylation of the N terminus, there is a significant decrease in the optical density at
low energies. The AFM images also indicate that the aggregated state upon acetylation appears to be quite different
from the zwitterionic form, although the exact details of the molecular structure remain unknown at this point. In order
to assess the importance of the termini groups on the optical properties, we examined the spectra for two different
systems, black defined above . black Briefly, we extracted several configuration and performed average from our long
MD simulations on MET system (where both termini ends acetylated) and we run constrained optimization on two
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selected extended configurations from NC to obtain ACE (N terminus acetylated with a positive counterion (Na™) near
the C-terminus to maintain charge neutrality).

(@ (b)
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Figure 11: Averaged absorption spectra on different states of MET in the gas phase (a), MET in the protein environment
(b), ACE with a sodium counterion in the gas phase (c) and ACE with a sodium counterion in the protein environment

(d).

The top left and right panels of Figure [T1] show the spectra for MET in the gas phase and in PCM. The results are
quite striking when compared to that obtained in Figure|/|for NC: in the case of MET, the region beyond 250nm is
dark and furthermore, the spectra in the low-lying energy region are independent of the environment of the peptide.
The double-methylation black acetylation is of course a drastic perturbation that changes both the N and C termini
chemistry and does not tell us about the individual contributions of the N and C termini to the excitation.

The bottom two panels of Figure [TT] show the spectra obtained for two configurations black of ACE (where the N
terminus was acetylated), as black measured in the experiment. black For comparison, corresponding NC unperturbed
configuration are also shown in the same figure. It is clear that acetylation of the N terminus results in an overall blue
shift of the spectra, in both gas phase and PCM model, and that this feature is much more pronounced when the PCM
model is applied. The iso-surfaces of charge density difference between the ground states and excited states for the
black ACE configurations show the dominant contribution of the local excitations near the sulfur atom and the peptide
bonds in the PCM model (see the Fig. SI-10 for the details).

All the analysis up to this point examines the effect of altering the termini of a single chain. We are obviously aware
that what we infer about the nature of the optical properties from this system, even with a continuum dielectric medium,
is likely to be more complicated black and heterogeneus in the realistic fibrilsblack /aggregate or crystal structures. In
order to assess the sensitivity of our interpretations to the chosen model systems black over possible higher hierarchy
structures , three dimer configurations were generated using the extended conformation of 2Y3J: a) is a head to tail in
one direction where the two beta sheets only interact via the NC termini hydrogen bonds, b) involves two beta sheets in
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an anti-parallel configuration and c) involves two beta sheets oriented in a parallel configuration. These three systems
are illustrated in FigurdI2]

Due to the size of these systems, we could not compute the full absorption spectra and instead, we examined only the
first few bright excited states. The excitation energies of these states and the corresponding oscillator strengths are
shown in FigurdI2] In all cases, the protein chains were surrounded by a PCM model using a dielectric constant of 10
to once again, account for the protein environment. Panel (a) and (b) illustrate the head-to-tail and the anti-parallel
beta sheet configurations respectively, where, we observe a charge-transfer excitation from the C terminus to the N
terminus. In both cases, this excitation involves charge transfer from the C terminus of one chain to the N terminus of
another. Interestingly, for the parallel beta-sheet configuration, the excitation is mostly dominated by a short-range
charge transfer close to the C terminus. This also happens to be the brightest excitation among those examined in

FigurdI2]
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Figure 12: i) Parallel (A) and Anti-parallel (B) protofilament structures ii)Iso-surface plot of charge difference between
ground and first excited states for the different dimer configurations : Linear (a), Anti-parallel (b) and Parallel (c). The
red and blue colors represent positive (electron) and negative (hole) values of the iso-surface which are +0.002 a.u..
The values of the wavelength(\) and the oscillator strength (f7) of the lowest energy excitation for the different dimer
configurations are shown.

The findings reported in FigurdI2] are extremely interesting since it provides clues into linking the effect of conforma-
tional changes in the monomer on its optical properties, and the nature of the possible excitations that would occur in a
fibril environment. Overall, the effect of changes in conformation in the single chain serves as a good proxy for the
more complex interactions that would occur in the fibril, black as reported on right side of Fig. [I2]. In a more realistic
environment, we can anticipate charge transfer excitations that occur within the same chain and across different chains,
the details of which will be sensitively tuned by the conformation of individual chains and how they pack relative to
each other.

4 Discussion and Conclusions

The question of the origin of low energy excitations and subsequent intrinsic fluorescence in biological systems has
been the subject of numerous recent experiments and theoretical studies[[14, [19]. In this work, we have tried to
focus our efforts on elucidating the role of intra-protein hydrogen bond contacts on optical black properties between
250-300nm beyond the presence of aromatic residues for a some simple model systems.

The fluorescence experiments show a strong sensitivity to the chemical details of the termini. Specifically, acetylation of
the N terminus makes the low energy optical activity above 250nm essentially dark. The AFM experiments indicate that
both the original zwitterionic chain as well as the N-acetylated chain, appear to form some type of molecular aggregate
although the exact details of the structural architecture remain unknown. Using time-dependent density functional
theory calculations, we have examined the electronic and optical properties of some model systems of the aggregates
both in the gas phase as well as immersed in a continuum dielectric solvent.
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Our calculations show that the chemical nature of the termini groups has quite a significant effect on the low energy
excitations. In the zwitterionic system, these excitations have a charge transfer character that often involves the termini
groups. The nature of these excitations are very sensitive to the environment as well as the conformation of the protein.
Our results suggest that the extended conformations are most likely to be the dominant structures in the aggregates for
the zwitterionic system although the broad and long nature of the tail in the excitation energies may also be an indication
of the heterogeneity in the packing originating from different conformations due to different extents of backbone and
side-chain packing. This is somewhat anticipated given recent experimental results of amyloid beta 1-42 showing that
an important component of the amyloid structure is the hydrophobic core[].

As in our previous theoretical studies, a quantitative and realistic modeling of the fate of amyloid fibrils upon
photoexcitation cannot be currently modeled. We therefore have to rely on changes in optical absorption to black only
infer processes that will happen on the excited state. In earlier work[] we examined how specific bond vibrations such
as proton transfer and carbonyl stretches were coupled to the optical absorption. Indeed, if these modes lead to conical
intersections, their hindrance in the amyloid environment, may provide a mechanism to facilitate fluorescence. On the
other side, a non-zero optical activity in absorption is linked to having a transition dipole moment which in the case
of the model system studied here, is strongly modulated by the conformation of protein and its subsequent packing.
black The differences between experimental absorption and fluorescence excitation spectra confirms the presence of
conformations with distinct optical properties, featuring a weak but general broad absorption profile in the near-UV, but
only a fraction of them exhibiting emissive properties in the same region and producing a characteristic spectral profile
in the experimental fluorescence excitation spectrum (see Figures [3|and ).

Recent studies by Prasad and co-workers combining theory and experiments have suggested that the low energy
excitation regime between 240-500 nm maybe a way to interrogate the secondary structure of a protein. Our results
complement this study and reinforce the notion that there is some very rich optical activity in the far UV/visible range
that maybe used as an indirect probe into the conformational signature of the protein. In addition, there is the possibility
that this region of the spectrum can be used to study molecular aggregates and in the interactions between them in a
rather unique way.
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