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ABSTRACT

The formation of amyloid fibrils by different proteins and peptides is a well-studied topic. In the last decade, it has been reported

that metabolites can also self-assemble into amyloid-like fibrils. The aggregation of single amino acids such as phenylalanine, ty-

rosine, and tryptophan has also been linked to tyrosinemia type II, hypertryptophanemia, and Hartnup diseases. It is a challenge

to monitor the intermolecular interactions involved in the supramolecular self-assembling of metabolites in a time-dependent
manner. Here, the surface-enhanced Raman scattering (SERS) technique was used to directly probe the changes in the molecular
interactions during the self-assembling of tryptophan into amyloid-like structures, particularly in the initial stages. We showed
that this simple and label-free nanoplasmonic-based methodology can be used to examine at the molecular level the formation of

amyloid-like aggregates as a function of time. Specifically, the technique was shown to be sensitive and provide insights into the

formation of hydrogen bonding, r-stacking interactions, and hydrophobicity changes during the self-assembling of tryptophan.

Thus, this work can open new possibilities for the applications of SERS to describe in more detail the mechanisms of formation

of other metabolites assembled structures, which may be valuable for understanding several related diseases.

1 | Introduction

During the past decades, the topic of protein aggregation into
amyloid fibrils has been extensively studied mostly due to its con-
nection to multiple disorders such as Alzheimer's, Parkinson's,
and prion diseases [1, 2]. The amyloid fibril structures present
generic properties that are independent of the specific amino
acid sequences, such as a fibril morphology, abundance of (3-
sheet secondary structure, and similar electron diffraction
pattern [1, 2]. The fibrils also selectively bind to extrinsic fluo-
rescence dyes like Congo red and thioflavin T (ThT). One of the
most common ways to monitor the formation of protein amyloid

fibrils is through ThT staining fluorescence assays. Upon ex-
citation at approximately 450nm, the ThT fluorescence signal
increases when bound to an amyloid structure [3, 4]. A more
recent, label-free approach for the detection of this type of as-
sembly is through intrinsic fibril fluorescence [5]. The intrinsic
fluorescence of amyloid fibrils occurs upon excitation at wave-
lengths from 360 to 410nm and is absent in nonfibrillar samples
[5]. It has been shown that this property can be used to monitor
the formation of amyloid protein aggregates [5], but the exact
mechanism responsible for this fluorescence is still under de-
bate [6, 7]. A prominent hypothesis is that the intrinsic emission
is related to the hydrogen bonds in the $-sheets structures [7].
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In the last decade, experimental and computational evidences
indicate that single metabolites such as aromatic amino acids
and nucleic acid bases can also aggregate and form amyloid-
like fibril structures with properties similar to those observed
for proteins and peptides [8-14]. In 2012, Adler-Abramovich
et al. showed that phenylalanine (Phe), at pathological con-
centrations, can self-assemble into well-ordered amyloid fi-
brils [8]. Later, Perween et al. and Shaham-Niv et al. observed
that tyrosine (Tyr) also self-assembles into ordered fibrillar
structures [11, 14]. More recently, Shaham-Niv et al. also ob-
served that tryptophan (Trp) forms fibrillar aggregates with
high cytotoxic activity [10]. Interestingly, the amyloid-like
structures formed by metabolites also showed intrinsic fluo-
rescence similar to those of protein and peptides, even in the
absence of amide or aromatic groups [6, 10, 15, 16]. There is
ample evidence that the extrinsic fluorescence can also be
used to probe the presence of metabolite amyloid-like fibrils
[8, 10, 11, 16, 17].

A lot of efforts have been spent to determine the role of the
molecular interactions involved in the self-assembly of metab-
olites [6, 10, 12, 16-23]. In the case of aromatic amino acids,
it has been suggested that the primary interactions responsi-
ble for the amyloid-like fibril formation are hydrogen bond-
ing between neighboring molecules and that n-n, CH-x, and
hydrophobic interactions influence the structural morphology
[17]. From the crystal structure and molecular dynamics (MD)
simulations, it has been previously observed that zwitterionic
Trp can form a ladder-like structure with a hydrophilic in-
terior and hydrophobic exterior stabilized by n-m and CH-=
interactions [10, 12, 19, 24]. In the hydrophilic region, the
Trp molecules are bound by hydrogen bonding interactions
between carboxylate and amine groups. The crystal structure
also shows that there is a hydrophobic region between two
layers. The MD simulations study carried out by Uyaver et al.
showed that Trp can also self-assemble into pore-like tetram-
eric structures, which interact through the indole rings [23].
Similar assemblies have also been suggested for Phe by Do
et al. and German et al. using ion-mobility mass spectrometry
and MD simulations, respectively [18, 22]. In these cases, the
tetramers are held together by hydrogen bonding interactions
between COO~ and NH;* groups. The pore-like structures
may form higher ordered multiple core aggregates throughout
hydrophobic, m-m, and CH-m interactions [18]. The mass spec-
trometry data obtained by Do et al. also suggests the presence
of multiple core structures of Phe where w-stacking and hydro-
phobic interactions may be involved [18].

Apart from MD simulations, the information about the inter-
actions involved in the metabolites self-assemblies has been
acquired mainly from crystal structures, infrared spectroscopy,
and mass spectrometry [8, 18, 20, 22, 23, 25, 26]. The presence
of m-7 stacking interactions has also been suggested from NMR
spectroscopy [12]. These experimental techniques have been
applied principally to the self-assembled structures and not to
monitor the aggregation process from the monomeric stage. The
kinetic studies of metabolites self-assembling with sufficient
temporal resolution are based, till now, in the extrinsic and in-
trinsic fluorescence [5, 10, 11, 15-17]. However, these fluores-
cence methods do not provide direct information about several
intermolecular interactions, which are crucial to understand

the mechanisms of the formation of amyloid-like structures.
Therefore, there is a need for methodologies that can follow the
self-assembling kinetics of metabolites from the early stages
with the required temporal resolution and structural details at
the molecular level. In the specific case of aromatic amino acids,
it is important to have probes that can monitor the formation
of m-m and CH-m interactions. Although it is known that these
interactions play important roles in the structure, stability and
function of proteins as well as in the self-assembling of aromatic
amino acids, it is challenging to detect them experimentally
[17, 27-30].

One technique that has been shown to be sensitive to sev-
eral intermolecular interactions and solvent accessibility is
Raman spectroscopy. Besides that, the technique has been
extensively applied to study the folding, unfolding, and ag-
gregation kinetics of proteins and peptides [31-43]. This vi-
brational spectroscopy method can provide details about
changes in the secondary structures and tertiary contacts of
proteins and peptides. Normal Raman and its variant, ultra-
violet resonance-enhanced Raman spectroscopy (UVRR),
have been widely applied to study the structure and kinetics
of amyloid fibrils [31-43]. In recent years, the nanoplasmonic
counterparts, surface-enhanced Raman scattering (SERS)
and tip-enhanced Raman scattering (TERS) have also been
increasingly used in the study and detection of amyloid struc-
tures [42, 44-49]. In SERS and TERS, the Raman intensity
from molecules adsorbed on the surface of the plasmonic
nanostructure can be enhanced several orders of magnitude,
which in particular conditions allow single-molecule detec-
tion [50, 51]. This enhancement arises for the most part from
the excitation of a localized surface plasmon that amplifies the
electromagnetic field of both incident and scattered light [52].
Despite the widespread use of Raman spectroscopy in protein
studies, it has not been previously applied to monitor the ki-
netics of metabolites self-assembling.

The aim of this work is to demonstrate that Raman spectros-
copy and particularly SERS are suitable label-free methodol-
ogies to monitor the self-assembling kinetics of metabolites.
For that, we have for the first time applied SERS to monitor
the kinetics of Trp self-assembling. Trp is a molecular probe
systematically used in Raman and other optical spectroscopy
techniques [32, 35, 40, 53-66]. Several Raman bands of Trp
have been recognized as markers of different intermolecular
interactions, structural conformations, and solvent accessi-
bility in proteins [34, 65-69]. Notably, the Raman spectrum
of Trp is sensitive to cation-n, m-m, and CH-7 interactions,
which are difficult to detect experimentally with other tech-
niques [40, 55, 57, 60, 63, 70]. For example, Milan-Garcés et al.
monitored the refolding of the protein barstar using UVRR,
and the observed changes in Trp Raman markers provided
insights about the formation of the protein core, solvent acces-
sibility, and hydrophobicity of the local environment around
Trp53 residue [32]. Thus, it is expected that changes in the
Raman spectrum would give important insights about cru-
cial interactions involved in the Trp self-assembling process.
Here, we showed that several well-known markers in normal
Raman and UVRR can also be used in SERS to qualitatively
obtain information about the intermolecular interactions
involved in the self-assembling of Trp in water. This simple
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approach would be important for monitoring, at molecular
level, less known aggregation process of other metabolites oc-
curring under different physicochemical conditions.

2 | Experimental Section

L-tryptophan (purity >98%), thioflavin T, silver nitrate
(AgNO,), sodium citrate, and sodium nitrate (NaNO,) were
purchased from Sigma-Aldrich. Ultrapure water purified
by a Millipore Synergy Water Purification System was used
for the synthesis of silver nanoparticles (AgNPs) and sample
preparations.

2.1 | Amyloid-Like Aggregates Preparation

For the self-assembling experiments, L-tryptophan was dis-
solved at a concentration of 4.0mg/mL in ultrapure water. The
Trp samples were stored at 38°C in a Stuart Scientific SHT 2D
heater and left to self-assemble into amyloid-like aggregates for
several days. This temperature was chosen due to its proximity
to physiological temperatures, as well as from previous reports
of Trp aggregation into amyloid type fibrils in similar conditions
[16]. Multiple samples were prepared to ensure the reproducibil-
ity of the preparation method.

2.2 | Synthesis of AgNPs

The AgNPs were synthesized by reducing AgNO, with sodium
citrate in a method established by Lee and Meisel [71]. For that,
18 mg of AgNO, was dissolved in 100 mL of water. The resulting
solution was heated to boil, at which point 2mL of 1% sodium
citrate in water was added. The resulting suspension was left
heating for another 40 min.

2.3 | Static Fluorescence Spectroscopy

The measurements of intrinsic Trp fibrils fluorescence and ThT
stain fluorescence were conducted in a Varian Cary Eclipse
Fluorescence Spectrophotometer using a 10-mm quartz cuvette,
with 5-mm excitation and emission slits and a high detection
sensibility. A stock solution of ThT was added to the Trp sam-
ple before each measurement, reaching a final concentration of
20uM. The solution was then stirred and left at room tempera-
ture for 15min to allow interaction with present amyloid fibrils.
The excitation wavelength used for the ThT fluorescence was
430nm. Intrinsic fluorescence of the Trp fibrils was also mea-
sured without any dye. In this case, an excitation wavelength of
375nm was used.

2.4 | Scanning Electron Microscopy (SEM)

A Trp sample was prepared and left to aggregate for 12 days fol-
lowing a normal sample preparation. After that, 60-uL aliquot of
the solution was deposited in a Al-Cu alloy stub and left to dry
at ambient conditions. The sample was then sputtered with gold
for 180s. The micrographs were obtained using a LEO Electron

Microscopy/Oxford Leo 440i microscope at a constant voltage
of 20kV.

2.5 | Surface-Enhanced Raman Spectroscopy

SERS spectra were recorded using an EZRaman-1-Dual-G by
Enwave Optronics Inc. with an excitation wavelength of 785nm,
power of 20mW, and 10-s acquisition time. Each measure rep-
resented the average between 10 acquisitions. To demonstrate
the reproducibly of the approach, we have included in Figure S1
the comparison of the spectra of different samples obtained with
two different bashes of Lee-Meisel colloidal nanoparticles. An
automatic baseline correction was made using the software
EZRaman Reader V8.2.9 included in the Raman spectrometer.
All obtained SERS spectra were normalized using the intensity
of the band at 1009 cm™!, whose intensity and position are almost
unaffected by the interactions involved in the self-assembling
process. Spectra deconvolution using Lorentzian functions was
carried out. Sodium nitrate was used as an aggregation agent.
At each time point, the samples for SERS were prepared as fol-
lows: {[50uL (Trp, 4mg/mL)+50uL (NaNO,, 0.2M)]+100uL
(AgNP)}. The final concentration of Trp in the measured solu-
tion was 4.9 mM.

2.6 | Computational Methods

Full geometry optimization, vibrational wavenumbers and
Raman activity for Trp and for a Trp dimer was carried out
using density functional theory (DFT) [72]. The initial dimer
structural configuration showing simultaneously 7-stacking
and hydrogen bonding interactions was obtained from the Trp
crystal structure [24]. These calculations were performed with
the Meta-GGA hybrid functional M06-2X [73-75] and Pople
basis set functions, 6-3114++G(d,p) [76], which includes diffuse
and polarization functions in all atoms. This level of calcula-
tion has shown promising results in previous studies of Trp and
other aromatic amino acids [77, 78]. To incorporate the effect of
the solvent in the geometry and vibrational wavenumbers, the
polarizable continuum model (PCM) [79] was used. All calcula-
tions were performed with Gaussian 09 software [80]. Figure 1A
shows the structure of Trp as well as the atom numbering used
here. Table S1 includes the experimental band positions of the
SERS spectra of Trp at t=0 and t=12days as well as the cal-
culated wavenumber, Raman activity, infrared intensity, and
normal mode description of Trp. The band assignment was
conducted considering previous works [81-83]. The calculated
wavenumbers and normal modes the Trp dimer and their cor-
respondence to Trp monomer vibrational modes are present in
Table S2. The coordinates of the optimized Trp and Trp dimer
structures are also available in Tables S3 and S4, respectively.

3 | Results and Discussion

The structural morphology of the final metabolite self-
assemblies, including those of Trp, have already been well stud-
ied using techniques such as transmission electron microscopy
and SEM and fluorescence lifetime imaging microscopy [6,
8-12, 14, 16, 17]. Therefore, to detect the presence of amyloid-like
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fibrils in solution during kinetics we have limited our study to
the use of intrinsic fibril fluorescence and extrinsic fluorescence
probe. There is sufficient evidence that both methods can detect
the fibril formation [6, 8, 10, 11, 15-17]. To characterize the final
Trp supramolecular structures, we have also carried out SEM
measurements (Figure 2A-C). The observed morphology is sim-
ilar to those previously obtained by other studies [12, 16].

Figure 2 D and E show the ThT and intrinsic fluorescence of Trp
at different time points. No appreciable changes in the ThT flu-
orescence were observed in 1day (see inset). After that, there is
an increase in the signal with time suggesting the formation of
amyloid-like structures [10, 16]. Wu et al. used MD simulations to

study the binding of ThT to peptide self-assembly that mimics a
B-sheet. They found that the dye binds specifically to aromatic—
hydrophobic grooves in the amyloid fibril surfaces [84]. This and
other studies suggest that ThT may have affinity for hydrophobic
regions in the Trp self-assembled structure [84, 85]. This interpre-
tation is also supported by the study of Harel et al. where in the
crystal structure of Torpedo californica acetylcholinesterase, ThT
was observed to be surrounded by the side chains of several aro-
matic residues [86]. Moreover, the intrinsic fluorescence also starts
increasing after 1day upon initiating the kinetics (see Figure 2D,
inset). In the case of amino acids self-assembling, the intrinsic flu-
orescence may reflect the presence of layers formed by hydrogen
bonding interactions in a f3-like sheet structure [15, 19].

FIGURE1 | (A)Optimized L-tryptophan structure with atoms numbering. (B) Optimized tryptophan dimer.
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FIGURE 2 | (A-C) SEM micrographs of Trp supramolecular structures with different resolutions. Scale bars are (A) 100 um, (B) 30um, and (C)

6um. (D) ThT fluorescence in the presence of Trp in multiple time points. Excitation wavelength was 430nm. Inset: Emission intensity at a wave-

length of 490nm as a function of time. (E) Intrinsic fluorescence of Trp fibrils in multiple points in time. The smaller peak at around 430nm corre-

sponds to a Raman signal of water. Excitation wavelength was 375nm. Inset: Emission intensity at a wavelength of 470 nm.
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Based on the literature we can give a possible explanation of the
behavior of the fluorescence data during Trp self-assembling. The
observation of intrinsic fluorescence indicates that the structures
initially formed by Trp may have single ladder-like layer or pore-
like tube forms [10, 12, 19, 23, 24]. Multiple of these structures may
form higher ordered aggregates with regions of high hydrophobic-
ity where ThT can be inserted, increasing its fluorescence signal.

To get more information about the self-assembling process, we
have recorded the SERS spectra of Trp as a function of time. It is
important to note that the SERS signal has a contribution from
molecules placed within a few nanometers from the metal sur-
face in dependence of the nanoparticle size [87]. Thus, considering
the size of Trp (~ 8A) it can be inferred that the nanoplasmonic
enhancement may occur for molecules placed in both hydropho-
bic and hydrophilic regions, as observed in the crystal structure
obtained by Gorbitz et al. [24] Figure 3 shows the changes in the
SERS spectra as a function of time for several days. The spectrum
at t=0days corresponds to Trp in monomeric form and the spec-
tral profile is similar to those from normal Raman and UVRR
with contributions mainly from the indole in-plane vibrations
[68, 81, 88-91]. Very weak bands assigned to out-of-plane vibra-
tions are also observed in SERS. From the SERS selection rules,
this result indicates that the indole ring may be placed approxi-
mately perpendicular to the AgNP surface [92-94]. The spectrum
at 12days shows several differences with respect to that of the
monomer and, from the fluorescence results, it can be assigned to
the higher ordered self-assembled aggregates of Trp.

The spectrum at 12days shows intense bands at 1638 and
1039cm™, which are not present in the spectrum of the mono-
mer at t=0days. To the best of our knowledge, the presence of
the intense band at 1638cm™ is anomalous because it has not
been previously reported in the Raman spectrum of Trp. These
bands start appearing after 1day and, as shown in Figure 4, in-
crease in intensity with a similar trend to the intrinsic and ex-
trinsic fluorescence signals. As shown in Figure 5, the 1638 cm™!
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FIGURE 3 | SERS spectra of Trp at various moments in time along
the self-assembly process. Time of recording each spectrum is indicated

in days, at the right. Dotted lines mark the position of relevant bands,
incm™.

band is assigned to a combination of carbonyl stretching (COO™)
and NH,* scissoring. The band at 1039 cm™ is assigned mainly
to the main chain movements: NH,* rocking, +H,,-C -H,,
twisting and +N,-C,, stretching. The band at 1422cm™!, with
vibrational contribution from these atomic groups, also changes
in intensity with time (see Figure 4). From previous studies, we
can assume that the carboxylate and amine groups of Trp are in
the interior of the self-assembled structures [10, 12, 19, 23, 24],
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FIGURE 5 | Ten normal modes of Trp with calculated and experi-
mental wavenumbers. Red arrows indicate the normal modes displace-
ment vectors.
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meaning that the adsorption on the nanoparticle surface may
occur through the indole rings. Hence, the increase in the in-
tensity of these bands does not seem to be due to direct interac-
tion of these atomic groups with the AgNP surface. The changes
can be correlated with the interaction between carboxylate and
amine groups contributing to the formation of hydrogen bond-
ing mediated supramolecular 3-strand-like structures, as also
detected by the intrinsic fluorescence [19]: Interestingly, both
set of signals (intensity of the 1638 and 1039 cm™ Raman bands
and intrinsic fluorescence) exhibit a similar time evolution.
Another effect that could potentially influence the intensity of
these peaks is the difference in the orientation of the COO™ and
NH, " groups with respect to the metal surface in the aggregated
structures [92-94]. From the available crystal structure, it can
be suggested that the COO~ and NH;* of different Trp mole-
cules in the self-assembled structure adopt different conforma-
tional configurations with respect to the nanoparticle surface.
Considering the ensemble average of the conformations of all
Trp in the ordered structure, this effect may not have substan-
tial contribution to the intensity enhancement. Therefore, the
presence of these bands is either directly or indirectly related to
the formation of multiple hydrogen bonds between the carbox-
ylate and amine groups during self-assembling. Thus, the bands
at 1638, 1422, and 1039 cm™~! can be considered as characteristic
SERS markers of the Trp self-assembled structures in water.

After 1day, the initially weak single band at 492cm™ in the
monomer splits into two bands observed at 485 and 502cm™!
(see Figure 3). The intensity of these bands also increases as a
function of time during the self-assembly process as shown in
Figure 6A. The band at 492cm~! has contribution only from
N,,H,, out-of-plane bending from the pyrrole ring and its posi-
tion would be affected by hydrogen bonding interactions involv-
ing the N,,H, , group as a donor (see Figure 5). Using NMR, Bera
et al. showed that with the increase in Trp concentration there
are variations in the chemical shifts of H,, and H, ; atoms [12].
It was suggested that this occurs due to the involvement of the
NH group of indole ring in hydrogen bonding interactions [12].
However, after 1day, no appreciable changes can be observed in
the position of the Trp Raman markers well-known to be sensi-
tive to hydrogen bonding, such as the bands observed here at 875
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and 1487cm™! [65, 66, 68, 88]. Thus, the splitting of the 492 cm™!
peak must be caused by effects other than hydrogen bonding in-
teractions. In the SERS spectrum of the monomer there is a band
at 860cm~, which downshifts and becomes broader with time
(see Figure 6B). This peak is assigned mainly to C,,H;, out-of-
plane bending from the pyrrole ring (see Figure 5). These results
may indicate that in the self-assembled structure, the NH and
CH groups of the pyrrole ring of different Trps are exposed to
different local environments. This interpretation is supported by
the crystal structure and MD simulations, where the indole ring
of different Trps can adopt diverse structural configurations due
to the presence of m-m and CH-7 interactions [12, 23, 24]. For
example, it is possible to find —m parallel displaced interactions
between indole rings and CH-m interactions in which hydrogens
of benzene, pyrrole or both can act as donors. Previous Raman
studies also suggest that the out-of-plane vibrations of the NH
and CH groups may be affected by m—m and CH-m interactions
involving the electron density of the pyrrole ring [40, 57, 60, 70].
Thus, the changes in the SERS spectra indicates that upon 1day
of initiating the self-assembling clusters of Trps joined by hydro-
gen bonding between carboxylate and amino groups also start
forming - and CH-m interactions.

To get more insights about self-assembled structures, we an-
alyzed other Raman bands sensitive to interactions involving
the electron density of the indole ring. Interestingly, the two
components of the called Fermi doublet bands (~1340 and
~1360cm™!) of Trp also change their positions as a function of
time (see Figure 7A,B). In the protein barstar, the lower and
higher wavenumber bands of the Trp53 Fermi doublet shift —9
and +7 cm™, respectively, in comparison to those of N-acetyl-
tryptophanamide in water [32, 57]. This behavior of the Fermi
doublet has also been previously reported in only a few other
cases [40, 55, 63, 70]. Schlamadinger et al. observed shifts in
the Fermi doublet of the TrpZip2 peptide, and it was related
to the contribution of Trp to m—m interactions [70]. The NMR
structure of TrpZip2 shows the possibility of Trps involvement
in -7 and CH-7t interactions [70, 95]. Sanchez et al. also de-
tected similar changes in the positions of the Fermi doublet
components of Trpl5 in a mutant of the outer membrane pro-
tein OmpA during refolding in the presence of lipid vesicles
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of the bands 485 (square) and 502 cm™! (circle), (B) temporal evolution of po-
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[40]. The shifts were related to the formation of cation-7 in-
teractions with the lipid headgroup during folding. As shown
in Figure 7C, during the self-assembling process the band at
1233cm™! in the monomer also downshifts to 1226 cm™! in the
self-assembled structure. Similar variations have been pre-
viously reported with UVRR for the residues Trp53, Trpl82,
and Trp38 in barstar, bacteriorhodopsin, and filamentous
virus Pf3, respectively [32, 55, 57, 63]. In barstar, the Trp53
residue is involved in CH-7 interactions with Phe56 in an
edge-to-face configuration and with a methyl group of Ile5
from the other side of the indole ring [32, 57]. The interaction
of a methyl group of retinal with the side chain of Trpl82 in
bacteriorhodopsin also induces a shift in this band [55]. In the
filamentous virus Pf3, Trp38 is in a favorable cation-m inter-
action with Arg37 and Lys40 [63]. Thus, the observed changes
in the positions of the 1233 cm™! and the Fermi doublet bands
during the self-assembling process of Trp are direct evidence
of the perturbation of the indole m-electron system due to 7-
stacking. Surprisingly, these changes have similarities with
those observed for Trp53 during the refolding of the protein
barstar [32].

To determine the effect of interactions involving the indole 7-
electron system on the Raman spectrum of Trp, we have carried
out DFT calculations using a dimer forming a m—m interaction.
As shown in Figure 1B and Figure S2, the optimized structure
of the Trp-Trp dimer corresponds to a parallel displaced con-
figuration of the indole rings. The planes of the rings are sepa-
rated by 3.3 A and the distance between the closest benzene and
pyrrole ring is 3.5A. The displacement angle © between both
rings is 20.33°. The structural characteristics of the optimized
dimer have an excellent match with what has been reported
for m-m interactions from calculations of model system such as
3-methylindole dimers, indole-benzene and indole-imidazole
[96-99]. Databanks analysis of m—7 interactions also shows, in
similar systems such as indole-indole in crystals or aromatic
amino acids in proteins, ring distances and © angle distribu-
tions that are in excellent agreement with the obtained values
for the Trp-Trp dimer [100-102]. To the best of our knowledge,
this is the first computationally reported molecular dimer of Trp
simultaneously stabilized by both n-7 and hydrogen bonding
interactions in a single optimized geometry. In a previous study,

the optimized structure of a Trp dimer was reported but the only
interaction considered was hydrogen bonding between the main
chains [103].

The obtained vibrational modes of the dimer were compared
with those of the monomer, as seen in Table S2. Interestingly,
the difference in the wavenumber of some modes of the
monomer and the dimer match well to what was experimen-
tally observed. For example, the N,,H,, out-of-plane bend-
ing from the pyrrole ring associated to the band at 492cm™1,
calculated at 490.7cm™! in the monomer, is present in the
dimer in five vibrational modes: four downshifted at 462.1,
462.7, 464.8, and 468.7cm™! and one upshifted at 505.7cm™!
(see Figure 8A-E). This result correlates well with the split-
ting of the 492cm™! band in the SERS spectra. The band at
860cm! calculated at 877.4cm~! in the monomer is predicted
to be downshifted at 863.3 and 871.1cm™! in the dimer (see
Figure 8F,G). Additionally, the shift of the 1233cm™!, calcu-
lated in the monomer at 1270.6cm™, is also observed in the
calculated dimer at 1256.8 cm™! (see Figure 8H). This is fur-
ther evidence that the changes in the SERS spectra are indica-
tors of m-stacking interactions involving the indole ring.

Previous UVRR studies have shown that interactions in-
volving the indole m-electron system may decrease the rel-
ative intensity of the band at ~760cm™! [40, 53, 57, 60]. A
slight change in the relative intensity of the band at 757cm™!
during self-assembling of Trp is also observed in SERS. The
excitation wavelength used here is far from the UV region,
indicating that the intensity change observed in SERS is not
related to electronic resonance of the molecule but to other
effects. Because this band is assigned to indole ring breathing
vibration, the presence of m-m and CH-7 interactions in the
self-assembled structure may also have direct influence in its
intensity.

During the self-assembly process, some hydrogen out-of-
plane vibrations of the indole ring, which were initially weak
or absent in the SERS spectrum of the monomer, increase
their intensity as function of time: 955, 811, 635, 577, 485,
and 502cm™! (see Figures 3, 5, and 6). UVRR studies sug-
gest that in the presence of interactions involving the indole

993

85USD17 SUOWILLOD BAIERID 3|qed!(dde aup Aq pausenob o/ 3N YO 138N JO SaINI 0} ARIqIT BUIIUO /B]1M UO (SUORIPUOD-PUE-SLUBIALIOD" A3| 1M ARRIq 1 BUIIUO//SARY) SUORIPUOD PUE SWLB L U3 885 *[520Z/0T/E2] U0 ARIqITauIiuO A1 ‘|1Zeig - Ol 0eS JO AisieAun Aq Ge89's1(/200T 0T/10p/wod™ A8 1M AJe.q1u U0 S N0 ous S [ea A eue//SdiY woJ papeojumoq ‘0T ‘S22 ‘GSSPL60T



462.1 cm" 462.7 cm™
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ni-electron density, the Raman intensity of some hydrogen
out-of-plane vibrations can be enhanced [32, 40, 53, 57, 60].
In SERS, the intensity analysis is more complex as it is nec-
essary to consider the orientation of the adsorbed molecules
on the nanoparticle surface. Due to their previously suggested
morphology, it is expected that the self-assembled amyloid-
like structures of Trp are adsorbed such that the axis of the fi-
bers is parallel to the nanoparticle surface with the indole ring
close to the surface. According to the SERS selection rules,
the presence of out-of-plane vibration bands indicates that the
ring is tilted with respect to the nanoparticle surface [92-94].
In the spectrum of the monomer, only few of these bands are
present and they are weak in intensity indicating that the in-
dole ring may adopt a quasi-perpendicular orientation on the
surface. During self-assembling, their intensity increases rel-
ative to those of other in-plane vibrations, implying that the
indole ring adopts a more tilted configuration with respect to
the nanoparticle surface. This result agrees with the obtained
crystal structure and MD simulations of Trp, which show that
the indole ring is kept tilted with respect to the axis of the
B-strand-like structures [12, 24]. From our data, it is not pos-
sible to known whether the intensity changes of these bands
occur due to the perturbation of the m-electron density, due to
the reorientation of the indole ring with respect to the surface
or both effects. Future studies are required to determine the
mechanisms of enhancement of these bands, which may be
carried out by using UV resonance Raman spectroscopy.

The relative intensity of the Fermi  doublet
(Ry7 =1 1360 em—1/1-1340 cm—1) 1S @ commonly used hydrophobic-
ity Raman marker. From normal Raman and UVRR studies,
it has been found that the ratio Ry, increases when the indole
ring is in a more hydrophobic environment [65-67, 69]. The
Ry, of the 4day spectrum does not show a significant differ-
ence in comparison with the spectrum of the monomer (see
Figure 3) [65-69]. However, after that, the Ry, value slightly
increases as a function of time during self-assembling. The
crystal structure of Trp and the MD simulations of self-
assembled aggregates show that the indole ring is in a hydro-
phobic environment [12, 23, 24]. Thus, the changes of the R,
values in SERS, also correlate well with the indole ring being

871.1 cm™

FIGURE 8 | Eight calculated wavenumbers and normal modes of Trp dimer. Red arrows indicate the normal modes displacement vectors.

1256.8 cm™’

in a more hydrophobic environment during self-assembling
as also observed from the ThT fluorescence data [84, 85].
These results also strengthen the idea that hydrophobicity,
together with hydrogen bonding and n-stacking interactions,
plays an important role in the self-assembling of this aromatic
amino acid.

4 | Conclusion

In this work, we have shown that SERS can be a useful method
to monitor the kinetics of the self-assembling of metabolites
in a label-free manner. The SERS spectrum of Trp was sensi-
ble to several intermolecular interactions that play important
roles in the self-assembling process. The time dependent evo-
lution observed in SERS was consistent with the increase in the
amyloid-like fibril fluorescence. From the detailed analysis of
the SERS spectra and from previous studies [10, 12, 19, 23, 24],
it is possible to describe the following steps in the self-assembly
process. Upon 1day of initiating the reaction, the bands at 1637
and 1039 cm™! appear in the spectrum, indicating the formation
of hydrogen bonding interaction between the carboxylate and
amino groups of the main chain, probably forming dimers, te-
tramers, or other high-ordered structures [10, 12, 18, 19, 22, 24].
After 1day, the splitting of the band at 492 cm~! occurs accompa-
nied by a shift in the components of Fermi doublet and the band
at 1233cm™!. At this time, the formation of 7-7 and CH-7 inter-
actions may occur, inducing the formation of small clusters of
Trp. This is followed by an increase in the hydrophobicity of the
local environment of indole rings as found from the Ry, Fermi
doublet ratio. The continuous shifts of few bands as function of
time suggest that due to m-m and CH-t interactions the supra-
molecular structures may become more packed.

The SERS based methodology presented here has the advantage
of being simple, providing direct, experimental information
about intermolecular interactions that are relevant in the aggre-
gation process and allowing for a kinetics study with sufficient
temporal resolution. This methodology can be useful in obtain-
ing new insights about the aggregation processes of other metab-
olites under different physicochemical conditions.
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