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Abstract: Many major degenerative disorders are associated
with the formation of amyloid fibrils by proteins and pep-
tides. Recent studies have extended the repertoire of amyloi-
dogenic building blocks to non-proteinaceous entities, in-
cluding amino acids and nucleobases. Here, based on the
high propensity of tryptophan-containing proteins and pep-
tides to form amyloid fibrils, we explored the self-assembly
profile of this amino acid. We discovered that tryptophan
forms fibrillary assemblies with a diameter of 15-75 nm.
These fibrils bind the thioflavin T amyloid-specific dye and
show a typical spectrum of amyloid proteins upon binding.

Furthermore, the assemblies show significant cytotoxicity
triggered by an apoptosis mechanism, similar to that known
for amyloids. As a control, the non-amyloidogenic amino
acid alanine was used under the same conditions and did
not show any toxicity. Molecular dynamics simulations were
used to explore the possible growth mechanism, molecular
organization, and stability of tryptophan amyloidal fibrils.
Taken together, we provide further extension to the amyloid
hypothesis and additional indication for a knwon mecha-
nism of toxicity for both amyloid-associated and metabolic
disorders.
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1. Introduction

Over the past decade, the phenomenon of soluble protein
and peptide misfolding, leading to the formation of or-
dered amyloid fibrils, has been increasingly associated
with a great variety of notable human disorders with un-
related etiology, including Alzheimer’s disease, Parkin-
son’s disease, and type II diabetes."! All amyloid fibrils
share a unique set of similar biophysical and structural
properties, despite being formed by a diverse and struc-
turally unrelated group of proteins and peptides. These fi-

brillar supramolecular assemblies have a diameter of 5—
20 nm, are predominantly rich in (3-sheet secondary struc-
ture, and specifically bind dyes, such as thioflavin T
(ThT) and Congo red.”! Interestingly, analysis of short
functional fragments from unrelated amyloid-forming
proteins and polypeptides identified a remarkable occur-
rence of aromatic residues.”’) The aromatic residues most
likely have an important role in the amyloidogenic pro-
cess and in the stabilization of amyloidal structures by
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geometrically restricted interactions between planar aro-
matic chemical entities. These residues can affect the
morphology of the assemblies, accelerate their formation,
improve their stability and reduce the minimal association
concentration.”! It was previously shown that penta- and
tetrapeptides can form typical amyloid fibrils. Moreover,
the diphenylalanine dipeptide, the core recognition motif
within the (-amyloid polypeptide, was found to form
well-ordered nanotubular assemblies in aqueous solu-
tion.”! Later on, these dipeptide assemblies were shown
to share optical and functional properties with amyloids
that were assembled from the full-length polypeptide.®!
The pentapeptide- and tetrapeptide-based amyloid nano-
assemblies were found to be cytotoxic via an apoptotic
cell death pathway, which indicates a biological generic
property and a common mechanism of toxicity.”) Thus
the minimal peptide assemblies appear to reflect both the
physical as well as functional properties of natural amy-
loid fibrils.

While the formation of cytotoxic supramolecular enti-
ties has previously been linked to proteins and peptides,
it was first demonstrated by our group and later by others
that phenylalanine, as a single amino acid, can also self-
assemble to form amyloid-like fibrils showing typical ul-
trastructural, biophysical, and biochemical properties.!
Moreover, we revealed the connection between these as-
semblies and the accumulation of phenylalanine in phe-
nylketonuria (PKU), a known metabolic disorder. We
demonstrated that these phenylalanine assemblies are cy-
totoxic and that antibodies raised towards these species
deplete fibril toxicity. The generation of antibodies in
a PKU mice model and the identification of aggregate de-
posits in patients’ brains post mortem suggested a patho-
logical role of these assemblies.®"

Metabolic disorders, such as PKU, and more specifical-
ly inborn errors of metabolism, are the result of a flaw in
a single gene encoding for metabolic enzymes. As
a result, accumulating metabolites may interfere with the
normal function of cells and tissues and thus cause severe
abnormalities. Unless these inherited disorders are treat-
ed with a very strict diet, they may result in mental retar-
dation and other developmental problems. Although
these disorders are individually considered very rare, col-
lectively they constitute a very substantial part of pedia-
tric genetic diseases.”’ Recently, we have extended the ge-
neric amyloid hypothesis to include additional non-protei-
naceous entities, including amino acids and nucleobases.
We demonstrated the ability of these small metabolites to
form amyloidal fibrils, sharing the same biophysical prop-
erties, as presented by electron microscopy and the ThT
binding assay, and their clear apoptotic effect on a neuro-
nal cell model. These new findings introduce a new possi-
ble amyloid-like mechanism of metabolic disorders, sug-
gesting a new paradigm for these rare maladies.!"”!

Previous work that examined the amyloid aggregation
propensity of all 20 coded amino acids revealed that cys-
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teine, phenylalanine, and tyrosine have high aggregation
potential,'!l in agreement with their potential aggregative
property as isolated amino acids.'""’ However, the highest
propensity was calculated for tryptophan,'! which was
not found in our initial screen. In addition, the high ag-
gregation ability of tryptophan was also shown in the con-
text of tripeptides, where the amino acid exhibited high
aggregation propensity when positioned in the N-termi-
nal, middle, or C-terminal positions.'””’ The aromatic
amino acid tryptophan (see Figure 1A) is essential for
humans, playing a crucial role in protein stability and rec-
ognition, despite its rarity in protein sequences.’’! Fur-
thermore, tryptophan is a critical component of numerous
metabolic pathways, being a biochemical precursor for se-
rotonin, melatonin, and niacin."¥ Tryptophan is accumu-
lated in pathological conditions, such as several metabolic
disorders. The accumulation of tryptophan has been re-
ported in two inborn errors of metabolism, hypertrypto-
phanemia and Hartnup disease (see Table 1), both shown
to be rare and inherited autosomal recessive disorders.
Hypertryptophanemia occurs due to the inability of the
body to process tryptophan. As a result, there is a massive
buildup of tryptophan in the blood and urine, which fur-
ther leads to musculoskeletal effects and to behavioral
and developmental abnormalities."") Hartnup disease is
caused by damage to a neutral amino acid transporter,
limited to the kidneys and small intestine, which affects
the absorption of nonpolar amino acids, mainly trypto-
phan. Thus, increased levels of tryptophan and indolic
compounds are detected in the patients’ urine. Common
symptoms include the development of a rash on parts of
the body exposed to the sun, mental retardation, head-
aches, collapsing and fainting.!""!

In light of the above findings, we screened for condi-
tions in which tryptophan could form visible structures
and found that by increasing tryptophan concentration,
using the same conditions for self-assembly as with other
metabolites, we could detect the formation of assemblies
in the test tube. The properties of these assemblies were
further examined using lower concentrations, similar to
the ones used in our previous screening. Here we present,
for the first time, the ability of the single amino acid tryp-
tophan to form amyloid supramolecular assemblies. We
characterized the tryptophan aggregates using a combina-
tion of diverse biophysical and biological assays, in addi-
tion to the use of molecular dynamics (MD) simulations
to model the fibril formation and stability. This work fur-
ther extends the generic amyloid hypothesis and gives fur-
ther supporting evidence for the association between me-
tabolite amyloid formation and metabolic pathologies.

2. Experimental Results and Discussion

In previous work that calculated the amyloid aggregation
potential of all amino acids in the context of proteins and
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Figure 1. Formation of amyloid-like structures by tryptophan self-assembly. For all assays, tryptophan (4 mg/mL) was dissolved at 90°C in
PBS and cooled down gradually for the formation of structures. (A) Tryptophan skeletal formula. (B) TEM micrograph of tryptophan assem-
blies. Scale bar is 500 nm. (C) HR-SEM micrograph of tryptophan assemblies. Scale bar is 500 nm. (D) Confocal fluorescence microscopy
image of tryptophan assemblies stained with ThT. Images were taken immediately after the addition of the ThT reagent (final concentration
20 uM ThT). Excitation and emission wavelengths were 458 and 485 nm, respectively. Scale bar is 20 um. (E) ThT fluorescence assay of tryp-
tophan assemblies. Tryptophan (4 mg/mL) was dissolved in PBS at 90°C, followed by the addition of ThT to a final concentration of 20 pM.
ThT emission data at 480 nm (excitation at 450 nm) was measured over time. (F) ThT fluorescence emission spectra of tryptophan assem-
blies (4 mg/mL) following excitation at 430 nm. Aged samples were added to 40 uM ThT in PBS to a final concentration of 20 uM ThT. The
control reflects addition of PBS to 40 uM ThT in PBS to a final concentration of 20 uM ThT.

Table 1. Amino acids with high amyloid aggregation propensity and
the genetic inborn error of metabolism disorders in which they ac-
cumulate (the order corresponds to their calculated amyloidogenic
potential').

Metaboli Diaord

Tryptophan Hypertryptophanemia, Hartnup disease

Phenylalanine Phenylketonuria

Cystine Cystinuria, Cystinosis

Tyrosine Tyrosinemia

Isoleucine Maple syrup urine disease

Valine Isobutyryl-CoA dehydrogenase deficiency, Maple syrup urine disease

polypeptides, the amino acids tryptophan, phenylalanine,
cysteine, tyrosine, isoleucine, and valine were found to
have positive propensity to form amyloid assemblies.!"
These amino acids were also found to accumulate in ge-
netic inborn error of metabolism disorders (Table 1).1"”
Initial screening performed by our group revealed that
phenylalanine, cystine, and tyrosine can self-assemble to
form elongated amyloid fibrils. In order to mimic physio-
logical conditions, the amino acids were dissolved in
phosphate-buffered saline (PBS), which reflects physio-
logical pH and ionic strength. To obtain a homogenous
monomeric solution, the amino acids were dissolved at
90°C in physiological buffer, followed by gradual cooling
of the solution."”! Here, we maintained the same condi-
tions in terms of buffer composition and temperature;
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however, higher concentrations of tryptophan, compared
to those used for the initial screen, were tested. Interest-
ingly, at a high concentration of 40 mg/mL in PBS, which
was heated to 90°C and allowed to gradually cool, struc-
tures were formed in the tested samples. For further ex-
aminations, we decreased the tryptophan concentration
and used the same concentrations we used for the self-as-
sembly of the other aromatic amino acids, phenylalanine
and tyrosine.

Next, we characterized the structure of tryptophan as-
semblies and examined whether they possess the hall-
marks of ordered amyloid structures. As discussed above,
amyloid fibrils share a set of biophysical properties, show-
ing the morphology of elongated fibrils with a typical di-
ameter of 5-20 nm. In addition, they self-assemble to
form ordered fB-sheet secondary structures, which can be
detected using the typical amyloid dye ThT. This amy-
loid-specific reagent changes its fluorescence upon inter-
action with ordered amyloid assemblies, which can be fur-
ther monitored using fluorescence microscopy, measure-
ments of ThT emission data at 480 nm (excitation at
450 nm) over time, and measurements of fluorescence
emission spectra. Indeed, using transmission electron mi-
croscopy (TEM) and high-resolution scanning electron
microscopy (HR-SEM), the tryptophan assemblies were
found to present an elongated fibrillar morphology, simi-
lar to that observed for common amyloid aggregates, with
a diameter of 15-75 nm (see Figure 1B, C). Furthermore,
a typical change in the ThT fluorescence signal was de-
tected in the presence of these fibrils, as shown using con-
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focal fluorescence microscopy, where a bundle of fluores-  the high concentration of the amino acid. The alanine
cent fibrils was observed (see Figure 1D). In addition, control demonstrated no significant effect on cell viabili-
these fibrils presented a distinctive time-dependent fluo-  ty, even at the high concentration of 4 mg/mL (see Fig-
rescence curve and emission fluorescence spectra corre-  ure 2B).

lating to those of amyloid assemblies (see Figure 1E, F). Amyloid proteins and peptides have been reported to

As mentioned above, amyloid aggregates not only  trigger degeneration of cultured neuron cells through ac-
share common ultrastructural and biophysical properties  tivation of an apoptotic pathway. Apoptosis, in contrast
but also resemble amyloids in their ability to cause cyto-  to necrosis, is a type of well-regulated cell death, occur-
toxicity. As mentioned, an increasing amount of major  ring asynchronously in cell population, consistent with
human neurodegenerative diseases are associated with  the progression of neurodegenerative diseases, and thus is
misfolding of proteins and peptides, resulting in the for-  considered to play a role in these maladies.”™ In light of

mation of amyloid fibrils, which are likely to be the cen-  the suggested mechanism, the ability of tryptophan amy-
tral factor in the pathology of these diseases. These fibril-  loid fibrils to cause not only cell death, but more specifi-
lary deposits are located in the intracellular or extracellu-  cally to trigger apoptotic cell death, was explored. For

lar matrix, where they can disrupt the normal function of  this purpose, an annexin V propidium iodide (PI) apopto-
cells and organs, leading to notable cell death.'"*’*'8]  sis assay was performed using the same tryptophan con-
Therefore, the ability of the tryptophan amyloid assem-  centrations as in the XTT cell viability assay. The results
blies to cause cytotoxicity was examined. A set of increas-  clearly demonstrated that both late and early apoptosis
ing tryptophan concentrations (0.2, 2 and 4 mg/mL) were  are the main pathways causing SH-SYSY cell death fol-
tested, corresponding to the set of concentrations used in  lowing treatment with tryptophan assemblies (Figure 3).

our previous work with other metabolites."”) These tryp-  Lower percentages of live cells were observed using this
tophan assemblies were added to the SH-SYSY cell line,  assay, reaching only 17% and 20% of live cells at 4 mg/
which is often used as an in vitro model of neuronal func-  mL and 2 mg/mL, respectively, due to a longer incubation

tion. To assure formation of tryptophan fibrils, tryptophan  period of the tryptophan structures with the neuronal cell
was dissolved at 90°C in cell medium followed by gradual =~ model. As before, the alanine negative control did not
cooling of the solution, allowing the formation of assem-  demonstrate any apoptotic response on the examined
blies overnight. As observed using a 2,3-bis(2-methoxy-4-  cells (see Figure S1 in the Supporting Information).

nitro-5-sulfophenyl)-2 H-tetrazolium-5-carboxanilide

(XTT) cell viability assay, tryptophan assemblies present-
ed a clear dose-dependent effect on cell viability, decreas-
ing the percentage of live cells to 23 % and 40% at 4 mg/
mL and 2 mg/mL, respectively (Figure 2A). Alanine, an  To examine the possible structures of fibrils formed by
amino acid that does not accumulate in any metabolic  tryptophan in its assembly process and the potential way
disorder, has low propensity to aggregate,'!! and does not  in which tryptophan assemblies could exhibit a stable uni-
self-assemble under these conditions, was used as a con-  directional growth, atomistic molecular dynamics (MD)
trol, demonstrating that the effect on cell viability was  simulations were used.!'”! Figure 4 shows different trypto-
due to the tryptophan assemblies and was not caused by  phan crystal assemblies that were simulated. In the simu-
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3. Molecular Dynamics Simulations
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Figure 2. Cytotoxicity of the tryptophan assemblies as determined by XTT cell viability assay. (A) Tryptophan or (B) alanine were dissolved
in cell medium at 90°C followed by gradual cooling of the solution, allowing the formation of assemblies overnight. The control, namely
zero concentration of tryptophan or alanine, reflects medium with no amino acids, which was treated in the same manner. The next day,
SH-SY5Y cells were incubated with medium containing tryptophan assemblies or alanine at the stated concentrations for six hours, fol-
lowed by the addition of the XTT reagent. After 2.5 hours of incubation, absorbance was determined at 450 nm. The results represent
three independent biological repetitions.
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Figure 3. Apoptotic activity of the tryptophan assemblies studied by annexin V and Pl assay. Tryptophan was dissolved at 90°C in cell
medium followed by gradual cooling of the solution. The control reflects medium that was treated in the same manner. SH-SY5Y cells
were incubated with medium containing tryptophan at the stated concentrations for 24 hours. Control cells were incubated with medium
without any addition of tryptophan. After incubation, annexin V—FITC and PI reagents were added to the cell cultures followed by mea-
surement of the cell samples by flow cytometry using a single laser emitting excitation light at 488 nm. (A) Chart presenting calculated
analysis of flow cytometry results. Analyses were performed using the FlowJo software (TreeStar, Version 14). Early apoptosis is represented
in blue, late apoptosis in red, and necrosis in green. The results represent three independent biological repetitions. (B-E) Plots representing
the annexin V/PI double-staining assays of cells incubated with or without tryptophan assemblies. Q1, PI(+) (cells undergoing necrosis);
Q2, annexin V=FITC(+) PI(+) (cells in the late period of apoptosis and undergoing secondary necrosis); Q3, annexin V—FITC(—) PI(—) (live
cells); Q4, annexin V—FITC(+) PI(—) (cells in the early period of apoptosis). (B) Control. (C) Tryptophan 4 mg/mL. (D) Tryptophan 2 mg/mL.

(E) Tryptophan 0.2 mg/mL.

lations, we assumed that the molecular structure of the
fibril is essentially based on the molecular structure of
the bulk crystal,l'” in analogy to phenylalanine and diphe-
nylalanine assemblies, which have related molecular
structures in fibril and bulk crystal assemblies.”***! How-
ever, the bulk structure in the experimentally observed
linear fibrils might have some degree of folding or reor-
ganization that allows it to maintain one dominant
growth direction. For example, in many materials whose
bulk structures are formed by relatively weakly bound
stacked layers (e.g., graphene organization of carbon),
the individual layers can form kinetically stable nano-
tubes under suitable conditions. In a similar way, bulk
tryptophan crystallizes in the form of bilayers, where the
polar and nonpolar groups stay separated, and the polar
zwitterionic groups stabilize the bilayers by hydrogen
bonds and coulombic interactions between zwitterion
groups. Such tryptophan bilayers can undergo some sort
of folding into nanotubes or related structures.

Isr. J. Chem. 2017, 57, 729-737
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To examine this possibility in our MD simulations, we
simulated a small tryptophan bilayer formed by 288 tryp-
tophan molecules organized in a membrane-like structure
with middle zwitterion groups bound by hydrogen bonds
(Figure 4A, B), a small triple tryptophan bilayer formed
by 1536 tryptophan molecules (Figure 4C, D), and three
differently cut tryptophan bilayers formed by 640, 640,
and 3200 tryptophan molecules (Figure 4F-H). The struc-
tures of tryptophan crystals were simulated in 0.15M
NaCl solution (corresponding to the ionic strength of the
physiological solution; more details are reported in the
Experimental Section).

Figure 4A-D presents the two smaller systems at initial
times and after 100-200 ns long simulations (see supple-
mentary videos 1 and 2 in the Supporting Information).
The monolayer has great flexibility, with the crystal bend-
ing in and out of the plane, whereas the trilayer is signifi-
cantly more rigid. In both cases, only molecules from the
edges and corners are seen to leave the crystals, while the
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A

Figure 4. Modeling of hydrated tryptophan fibrils. (A,B) A trypto-
phan bilayer at times t=0, 244 ns. (C,D) A triple tryptophan bilayer
at times t=0, 104 ns. All scale bars represent 10 A. The bilayer
bending fluctuates significantly over time, in contrast to the triple
bilayer. The fluctuating bilayer also tends to release more mole-
cules, but both systems remain mostly stable over time. (E) Detail
of a tryptophan layer with exposed aromatic rings forming parallel
1D chains of paired rings. (F) An elongated tryptophan bilayer at
the end of a 15 ns simulation. (G) Other tryptophan bilayers, cut
along the orthogonal to parallel 1D chains of paired rings, after
12 ns, and (H) cut along both directions with respect to 1D chains
of paired rings, after 6 ns.

top and bottom parts of the layers and the bulk of the
crystals remained intact throughout the simulations. With
a larger surface to volume ratio, the monolayer released
a considerable number of molecules, showing the stabili-
zation trend of larger crystal nuclei. This can be partly
due to increased bending of the monolayer, destabilizing
the molecules at its surface (edges). The amphiphilic tryp-
tophan molecules that leave the crystals may recombine
with molecules at the crystal sides via zwitterion—zwitter-
ion attraction (edges become rounded). Even though

Isr. J. Chem. 2017, 57, 729-737
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zwitterions are strongly attracted to the aqueous environ-
ment, their coupling to other zwitterions in the crystals is
preferential, since it is supported and protected by
a mutual coupling of apolar aromatic head groups within
the crystals. At times, free molecules are also observed to
adsorb at the crystal (apolar) surfaces, but they do not
form further layers under the conditions of the simula-
tions performed (observation time, number of free mole-
cules in the simulation box). These simulations support
the idea that the crystals grow in the direction of bilayers,
which might be twisted or folded to protect their edges.
To understand better the preference towards 1D growth,
we present in Figure 4E a detailed structure of a trypto-
phan layer with exposed aromatic rings forming parallel
1D chains of paired rings (six such parallel chains can be
recognized in Figure 4A). Figure 4B shows that the chains
of paired rings remain relatively rigid and stable during
the simulations, while most of the layer bending proceeds
in the direction orthogonal to these chains.

To further examine the hypothesis that the tryptophan
layers may have a preference towards 1D growth, we si-
mulated bilayers elongated in two separate directions
(Figure 4F, G) and in both directions simultaneously (Fig-
ure 4H). All the bilayer structures fluctuate and bend.
However, the fluctuations are mostly in the direction or-
thogonal to the chains of paired rings. Therefore, the
structure that is cut along the chains (Figure 4F) is nicely
twisted, while the orthogonally cut structure randomly
fluctuates (Figure 4G). The large structure is twisted
along the chains in an ambivalent manner at the two
sides. These simulations demonstrate more clearly the
possibility of tryptophan bilayer edges coming together to
form a tubular structure in which chains of rings run par-
allel to the tube axis (Figure 4F). This tube could form
the nucleus of a larger fibril, with the addition of new
molecules occurring only at the tube edges along a single
dimension or forming thicker multiwall tubular structures.

4. Conclusions

To conclude, in the current study we have presented the
ability of the single tryptophan amino acid to self-associ-
ate into ordered supramolecular amyloid-like fibrils. Al-
though many previous reports predicted the important
role of tryptophan in the amyloid aggregation process,
this is the first time where the amino acid alone is de-
scribed to self-assemble into amyloid ultrastructures. The
biophysical properties of the tryptophan assemblies were
characterized using different methods, including both
transmission and scanning electron microscopy, as well as
the use of amyloid-specific dyes. Molecular dynamics sim-
ulations were used to examine a potential molecular or-
ganization of the tryptophan fibrils and their growth and
stability. The simulations reveal a possible tendency of
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tryptophan towards the formation of well-organized fi-
brils with twisted structures.

In addition, the tryptophan amyloid fibrillary structures
showed a clear cytotoxicity effect via triggering of well-
regulated apoptotic cell death. Further examination
should be applied, determining the different species of
tryptophan structures, followed by their structural, bio-
physical, and biological analysis. Our new findings further
extend the generic amyloid hypothesis to additional
building blocks other than proteins and peptides and pro-
vide additional support to the association between several
metabolic disorders and amyloid diseases.

5. Experimental Section
Materials

Tryptophan and alanine were purchased from Sigma
(purity >98%). Fresh stock solutions were prepared by
dissolving the amino acids at 90°C in PBS or in Dulbec-
co’s Modified Eagle Medium (DMEM):Nutrient Mixture
F12 (Ham’s) (1:1) (Biological Industries, Israel) at vari-
ous concentrations ranging from 0.2 mg/mL to 4 mg/mL,
followed by gradual cooling of the solution.

Transmission Electron Microscopy

Tryptophan was dissolved to 4 mg/mL at 90°C in PBS,
followed by gradual cooling of the solution. A 10 uL ali-
quot of this solution was placed on a 400 mesh copper
grid. After 2 min, excess fluids were removed. Samples
were viewed using a JEOL 1200EX electron microscope
operating at 80 kV.

High-Resolution Scanning Electron Microscopy

Tryptophan was dissolved to 4 mg/mL at 90°C in PBS,
followed by gradual cooling of the solution. A 10 uL ali-
quot of this solution was placed on a glass slide and left
to dry at room temperature. Samples were then coated
with Cr and viewed using a JSM-6700 field-emission HR-
SEM (Jeol, Tokyo, Japan), equipped with a cold field
emission gun, operating at 10 kV.

Thioflavin T Staining and Confocal Laser Microscopy Imaging

Tryptophan was dissolved to 4 mg/mL at 90°C in PBS,
followed by gradual cooling of the solution. A 10 uL ali-
quot of ThT solution (2mM in PBS) was mixed with
10 pL of the metabolite solution and placed on a glass mi-
croscope slide. The stained samples were visualized using
an LSM 510 confocal laser scanning microscope (Carl
Zeiss Jena, Germany) at excitation and emission wave-
lengths of 458 and 485 nm, respectively.
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Thioflavin T Fluorescence Emission Spectra

Tryptophan was dissolved to 4 mg/mL at 90°C in PBS,
followed by gradual cooling of the solution. An aged
sample of tryptophan was then added to 40 uM ThT in
PBS to a final concentration of 20 uM ThT. With excita-
tion set at 430 nm, the ThT fluorescence emission spec-
trum between 460 nm and 600 nm was collected via the
Tecan Infinite M200 PRO Series fluorescent microplate
reader.

Cell Cytotoxicity Experiments

The SH-SYSY cell line (2x10° cells/mL) was cultured in
96-well tissue microplates (100 uL/well) and allowed to
adhere overnight at 37°C. Tryptophan and alanine were
dissolved at 90°C in DMEM:Nutrient Mixture F12
(Ham’s) (1:1) (Biological Industries, Israel) at various
concentrations ranging from 0.2 mg/mL to 4 mg/mL, fol-
lowed by gradual cooling of the solution. Each plate was
divided and only half of it was plated with cells. The neg-
ative control, represented by zero, was prepared as
medium with no amino acids and treated in the same
manner. 100 pL of medium with or without amino acids
was added to each well. Following incubation for six
hours at 37°C, cell viability was evaluated using the 2,3-
bis(2-methoxy-4-nitro-5-sulfophenyl)-2 H-tetrazolium-5-
carboxanilide (XTT) cell proliferation assay kit (Biologi-
cal Industries, Israel) according to the manufacturer’s in-
structions. Briefly, 100 uL. of the activation reagent was
added to 5 mL of the XTT reagent, followed by the addi-
tion of 100 uL of Activated-XTT Solution to each well.
After 2.5 hours of incubation at 37°C, color intensity was
measured using an ELISA microplate reader at 450 nm
and 630 nm. Results are presented as mean =+ the stan-
dard error of the mean. Each experiment was repeated
three times.

Flow Cytometry for Apoptosis Studies

Tryptophan and alanine were dissolved at 90°C in
DMEM:Nutrient Mixture F12 (Ham’s) (1:1) (Biological
Industries, Israel) at various concentrations ranging from
0.2 mg/mL to 4 mg/mL, followed by gradual cooling of
the solution. SH-SYSY cells were seeded at 2 x 10°/well in
six-well plates, and were allowed to adhere overnight at
37°C, followed by incubation with medium containing
metabolites for 24 h. Control cells were incubated with
medium treated in the same manner without any addition
of amino acids. The apoptotic effect was evaluated using
the MEBCYTO Apoptosis Kit (MBL International,
USA), according to the manufacturer’s instructions.
Briefly, the adherent cells were trypsinized, detached, and
combined with floating cells from the original growth
medium. They were then centrifuged and washed once
with PBS and once with binding buffer. Cells were incu-
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bated with annexin V-FITC and PI for 15 min in the
dark, then resuspended in 400 uL of binding buffer and
analyzed by flow cytometry using a single laser emitting
excitation light at 488 nm. Data from at least 104 cells
were acquired using BD FACSort and the CellQuest soft-
ware (BD Biosciences, USA). Analyses were performed
using the FlowJo software (TreeStar, Version 14). Each
experiment was repeated three times.

Computational Methods

Two different tryptophan crystals!"”! were modeled in all-
atomistic simulations: (i) a small system of 288 molecules
(12x12x2), which has only one layer of zwitterion aggre-
gation in the crystal; and (ii) a large system of 1536 mole-
cules (16 x 16 x 6), which has three layers of zwitterion ag-
gregation. Both simulations were performed with the
NAMD® package, using the CHARMM force field™.
Fibrils were placed in an aqueous environment, with
[NaCl]=0.15 M to emulate cellular (physiological) condi-
tions. The Langevin dynamics with a damping coefficient
of 1 ps-1 and a time step of 1 fs was used to describe sys-
tems in a NPT ensemble at a pressure of 1 atm and a tem-
perature of 310 K. During production run equilibration
simulations particle mesh Ewald®! was used with a grid
spacing of 1.0. The SHAKE algorithm was used for the
hydrogen atoms. Non-bonded interactions were evaluated
at every time step, and full electrostatics were evaluated
at every second time step. The non-bonded interactions
used the switching algorithm, with the switch on distance
at 10 A and the switch off at 12 A. Non-bonded pair lists
were 13.5 A, with the list updated every 20 steps. During
minimization and pre-equilibration runs, all the heavy
atoms of amino acids were subjected to large constraints
so that dissolution would not occur. During equilibration
runs, all heavy atoms in one molecule within each crystal
were subjected to 20% of the previous constraints,
whereas the remaining molecules were not subjected to
constraints. The constraint on a single molecule was ap-
plied to prevent the crystal as a whole from leaving the
primary box. Data and snapshots were recorded every
10 ps
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