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Abstract

Excessive concentrations of the natural aromatic amino acids phenylalanine and tyrosine are
characteristic of the severe genetic abnormalities known as phenylketonuria (PKU) and
tyrosinemia, respectively. Within this context, this feature article authenticates claims that
tryptophan can form amyloid-like supramolecular structures in vitro and is the first to propose
potential mechanisms of tryptophan self-assembly, including hydrophobic and electrostatic
interactions. Thioflavin T (ThT) fluorescence kinetics and transmission electron microscopy
(TEM) data suggest the formation of amyloid-like fibrillar structures by natural aromatic amino
acids in vitro. Additionally, the propensity of amino acid aggregation increases in the presence of
sodium dodecyl sulfate (SDS)- The structures formed by these amino acids are likely nucleated
via hydrophobic interactions and elongated by n-m interactions. Fluorescence kinetics reveal a
higher propensity of phenylalanine to self-assemble at pH 2, while tyrosine and tryptophan
assemble best at pH 7, suggesting the necessity of zwitterionic charges in self-assembly.
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Introduction

Amino acids are organic compounds that create the foundation of the essential biological
macromolecules known as proteins. Proteins are synthesized by the sequential formation of
peptide bonds between the amine (-NH2) and carboxyl (-COOH) groups of a series of amino acids
specific for that protein. Along with the amine and carboxyl functional groups, amino acids
contain a unique side chain (-R), which determines their physical and chemical properties. In this
project, the properties of the three canonical aromatic amino acids, phenylalanine, tyrosine, and
tryptophan, were explored. Phenylketonuria (PKU) is an autosomal recessive inborn error
resulting from the decreased activity of phenylalanine hydroxylase (PAH), the enzyme that is
required to convert L-Phenylalanine to L-Tyrosine. Decreased activity of PAH interrupts
phenylalanine metabolism allowing for accumulation of phenylalanine and its toxic catabolic by-
products® in the plasma, cerebrospinal fluid and brain tissue?. This accumulation has been found
to inhibit the transport of large neutral amino acids (LNAAS) into the brain®*. Additionally,
increased free phenylalanine in the brain is believed to result in the amyloid-like deposits which
characterize PKU?,

Tyrosinemia is another neurodegenerative autosomal recessive inherited metabolic disease
characterized by an accumulation of tyrosine in body fluids and tissues. Tyrosinemia Types I, Il
and Il are characterized by deficiencies of the critical tyrosine metabolism enzymes
fumarylacetoacetate  hydrolase (FAH), tyrosine aminotransferase (TAT) and 4-
hydroxyphenylpyruvicdioxygenase, respectively®. The etiology of hypertryptophanemia was
recently established to be a deficiency of tryptophan 2,3-dioxygenase, the metabolic enzyme
responsible for the rate-limiting oxidation of L-Tryptophan to N-formyl-L-kynurenine in the
kynurenine pathway. The disease is commonly associated with elevated levels of fasting plasma
tryptophan®. Exploration of aromatic amino acid (AA) self-assembly processes has experienced
increasing attention specifically within the context of human disease. Simulation of these processes
has revealed the tendency of phenylalanine, tyrosine and tryptophan to form fibril-like structures’.

Previous studies have suggested that the intermolecular interactions between single
phenylalanine molecules are mediated through hydrophobic interactions, f-sheet generation, and
n-m interactions®®. Similarly, the formation of tyrosine and tryptophan aggregates has been
proposed to be due to m-7 stacking and hydrogen bonding interactions, producing cross-p-like
structures®!t, The primary objective of this study is to determine the tendency aromatic (AAS)
to form high order structures in vitro. In addition, to investigate the mechanism(s) of (AAS) self-
assembly. In this context, the aggregation propensity of phenylalanine, tyrosine and tryptophan
at millimolar concentrations were investigated utilizing ThT fluorescence experiments.

Methods

ThT fluorescence was observed at a wavelength of 485 nm for phenylalanine, tyrosine,
and tryptophan over 30 days. Phenylalanine and tryptophan concentrations (mM): 1, 4, 6, 8, 10.
Tyrosine concentrations (mM): 0.8, 1, 1.4, 1.6, 2. All extrinsic fluorescence spectroscopy kinetics
were performed on a Hitachi F-2500 spectrophotometer at 25 °C using a slit width of 2.5 nm and
a quartz cuvette with a path length of 10 mm.

In addition, aromatic AA self-assembly morphology was investigated via transmission
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electron microscopy (TEM). Formation of aromatic amino acids fibrils was achieved via 15-day
incubation under physiological conditions (37 °C, pH 7.4). The samples were centrifuged for
approximately 40 minutes to isolate the self-assembled fibrils and washed three times with 150-
uL aliquots of water distilled. The fibrils were ultimately suspended in 150 pL of distilled water.
A 2-uL volume of each type of amino acid was added to a separate Formvar- and carbon-coated
copper grid. Electron micrographs of aromatic amino acid aggregates were observed on a Hitachi
H-7500 transmission electron microscope. Micrographs were obtained at a voltage range of 80-
100 kV and magnifications ranging from 20000x to 100000x.

ThT fluorescence was also observed for phenylalanine, tyrosine and tryptophan in
presence and absence sodium dodecyl sulfate (SDS). Additionally, ThT fluorescence of different
concentrations of phenylalanine, tyrosine and tryptophan was observed at pH 2, 7, and 9 after 15
days of incubation.

Results

ThT is a small molecule that gives rise to fluorescence upon binding to the side chain
channels along the long axis of amyloidogenic structures!!. A significant rise in the relative
fluorescence intensity of ThT at 485 nm (Fig. 1) suggests the amyloid-like aggregation of all
three natural aromatic AAs at low millimolar concentrations. A lag time of approximately 10
days was experienced for all three AAs. Additionally, ThT signal saturation was achieved for
phenylalanine and tyrosine after 30 days of incubation (Fig. la-b) whereas saturation for
tryptophan samples was reached after 35 days (Fig. 1c).
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Figure 1

ThT fluorescence at various concentrations of phenylalanine (Panel a), tyrosine (Panel b)
and tryptophan (Panel c) over 30 days. Phenylalanine and tryptophan concentrations (mM):
1 (open diamonds), 4 (open squares), 6 (open triangles), 8 (crosses), and 10 (asterisks).
Tyrosine concentrations (mM): 0.8 (open diamonds), 1.0 (open squares), 1.4 (open
triangles), 1.6 (crosses), and 2.0 (asterisks).

Aromatic AA self-assembly was further investigated with transmission electron
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microscopy. Formation of aromatic AA fibrils was achieved via 15-day incubation under
physiological conditions. The sample concentrations were based on those used in previous studies
and their representative behavior of other millimolar concentrations studied?*2*3, The pre-formed
fibrils were isolated and washed with buffer before transferring to a 400-mesh copper grid.
Transmission electron microscopy (Fig. 2) reveals that the aromatic AA self-assemblies formed
are fibrillar, exhibiting varying degrees of branching. Phenylalanine and tyrosine aggregates
display minimal to no branching (Fig. 2a-d) whereas tryptophan supramolecular structures appear
to be highly branched (Fig. 2e-f).

Additionally, the structures are discrete and well-organized, typical of aggregates formed
by amyloidogenic proteins'®. Previous studies suggest the possibility that - interactions play
a role in amyloid fibril self-assembly processes due to the presence of aromatic residues®®. We
believe that the n-stacking hypothesis may be employed here as a potential mechanism of self-
assembly and may contribute to the order and directionality of the process, specifically for
phenylalanine.

Figure 2

Transmission electron microscopy after 15 days of fibril formation. Phenylalanine (6 mM)
is depicted at magnifications of 50000x (Panel a) and 100000x (Panel b). Tyrosine (1 mM)
is shown at magnifications of 50000x (Panel ¢) and 100000x (Panel d). Tryptophan (6 mM)
is depicted at magnifications of 50000x (Panel e) and 100000x (Panel f).

The buffer salt coating of phenylalanine fibrils observed in the micrographs support this
hypothesis (Fig. 2a-b), as positively charged salts may stabilize the electron repulsion experienced
between aromatic rings in the form of cation-n interactions. The lack of buffer salt coating of
tyrosine and tryptophan fibrils prompts further exploration prior to addressing such an elongation
mechanism. It is worth noting that the micrographs (Fig. 2b, 2d-e) depict small clusters of
phenylalanine, tyrosine and tryptophan existing independent of their respective fibrils. These
micelle-resembling clusters may serve as nucleation sites for self-assembly and suggest that
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hydrophobic interactions play a significant role in nucleation of the fibrils. The results of this
electron microscopy experiment confirm that the natural aromatic AA self-assemblies exhibit
amyloid-like characteristics. Additionally, the results reveal that phenylalanine supramolecular
structures may possess a m-stacking mechanism of assembly and that hydrophobic interactions
could play arole in the nucleation of aromatic AA aggregation.

Sodium dodecyl sulfate (SDS) is an anionic surfactant which mimics the amphipathic
character of the plasma membrane!’. SDS-induced aromatic AA fibrils were incubated for 15 days
at physiological temperature (37 °C) and pH 7.4. The results in Fig. 3 display a higher fluorescence
intensity of ThT for samples incubated with SDS (compared to those without SDS) revealing a
higher aggregation propensity in the presence of the detergent. The difference in fluorescence
intensity was apparent at all monitored concentrations for tyrosine (Fig. 3b) while only at
concentrations above 1 mM for phenylalanine (Fig. 3a) and tryptophan (Fig. 3c). The results of
this experiment suggest that 0.2 mM SDS facilitates the formation of aromatic AA self-assembled
fibrils. The SDS-induced fibrils were further investigated with transmission electron microscopy.
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Figure 3

ThT fluorescence at varying concentrations of phenylalanine (Panel a), tyrosine (Panel b), and
tryptophan (Panel c) in the presence (open diamonds) and absence (open squares) of 0.2 mM SDS
after 15 days of incubation.

Samples of 6 mM phenylalanine, 1 mM tyrosine and 6 mM tryptophan were incubated
with SDS under physiological conditions for 15 days. The aggregates formed were isolated and
washed prior to microscopic examination. The micrographs (Fig. 4) depict well-ordered, fibrillar

11
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structures, similar to the self-assemblies observed in the absence of SDS. Interestingly, SDS-
induced phenylalanine self-assemblies (Fig. 4a-b) exhibit greater branching compared to those
seen in the absence of SDS (Fig 2). The micrographs depict SDS micelles as dark structures (Fig.
4b, 4d, 4f) from which the fibrils project and elongate. All visible aromatic AA fibrils are depicted
extending from micelles, which supports the hypothesis that SDS may play a facilitative role in
the formation of these self-assemblies.

Figure 4

Transmission electron micrographs of SDS-induced aromatic AA fibrils. Phenylalanine (6 mM)
is depicted at a magnification of 50000x (Panel a and Panel b). Tyrosine (1 mM) is shown at
magnifications of 20000x (Panel c) and 100000x (Panel d). Tryptophan (6 mM) is depicted at
magnifications of 25000x (Panel €) and 50000x (Panel f).

Additionally, the micelles appear to play a similar role to the AA clusters seen in Fig. 2b,
2d and 2e, further suggesting that hydrophobic interactions initiate aromatic AA aggregation
processes. These results confirm that SDS can induce aromatic AA aggregation and proposes
hydrophobic interactions as a potential self-assembly mechanism. The hypothesis that n-n
interactions play a role in phenylalanine and tyrosine fibril formation suggests the importance of
charge for aggregation of these AAs.

In this context, the effects of pH on aromatic AA aggregation were studied with ThT
binding experiments. At low (acidic) pH, all groups of these amino acids are protonated and the
net charge for each is +1. At neutral pH, the carboxyl group is ionized, giving the group a charge
of -1. Therefore, the overall charge of each amino acid at neutral pH is 0. At high (basic) pH, the
carboxyl and amine groups are deprotonated, and the net charge of each amino acid is -1.
Aggregation propensities at pH 2, 7, and 9 were studied after 15 days of incubation at physiological
temperature.

A higher fluorescence of ThT was observed at pH 2 for phenylalanine concentrations in
the 1 to 10 mM range (Fig. 5a). This suggests that a +1 charge on phenylalanine is more favorable
for its self-assembly. The plausible requirement of a positive charge on the AA supports the
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hypothesis that n-stacking is the mechanism of fibril elongation. The m-electron repulsions may be
stabilized by the positive charge on the amine group at low pH. Tyrosine and tryptophan exhibited
a higher relative fluorescence intensity of ThT at a neutral pH (Fig. 5b, 5c), indicating that the
zwitterionic form of the AAs is favorable for aggregation.
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Figure 5

ThT fluorescence of varying concentrations of phenylalanine (Panel a), tyrosine (Panel b),
and tryptophan (Panel c¢) at pH 2 (open diamond), 7 (open square), and 9 (open triangle)
after 15 days of incubation.

Further, this finding suggests that electrostatic interactions may play a role in the formation
of tyrosine and tryptophan high order structures. However, in contrast to tyrosine, basic pH appears
to have an inhibiting effect on tryptophan aggregation, suggesting a deprotonated amine is
unfavorable for its self-assembly. The results of this experiment support the -stacking hypothesis
of phenylalanine aggregation and reveal electrostatic interactions may play a significant role in the
tyrosine and tryptophan self-assembly.

Conclusion

In summary, this study explores the etiologies of phenylketonuria, tyrosinemia and
hypertryptophanemia and explores a possible mechanism of assembly for natural aromatic AA
high order structures. Our findings authenticate reports of previous studies that phenylalanine and
tyrosine form fibrillar structures in vitro at millimolar concentrations. The aromatic AA fibrils
are discrete and well-organized, exhibiting amyloid-like characteristics. Positively charged salts
from the phosphate buffer saline are depicted coating fibrils in phenylalanine electron
micrographs. This suggests that m-electron repulsions are stabilized by the salts in cation-n
interactions, supporting the m-stacking hypothesis of phenylalanine self-assembly. Micrographs
of tyrosine and tryptophan depict small independent clusters of the AAs indicating the significant
role of hydrophobic interactions in the initiation of these self-assembly processes. SDS-induced
aggregation suggests that SDS serves as a nucleation site, further suggesting that hydrophobic
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interactions may be responsible for the initiation of aromatic AA fibril formation. It is possible
that the highly branched aggregates formed by phenylalanine in these membrane-like
environments may contribute to the negative effects experienced by phenylketonuria patients.

Tyrosine and tryptophan exhibit higher propensities to aggregate at neutral pH suggesting
the necessity of the zwitterionic AA form in the self-assembly process. In these contexts, it appears
that hydrophobic interactions are responsible for nucleation of self-assembly processes in aromatic
AAs, and n-7 interactions may serve as the mechanism of phenylalanine fibril elongation whereas
electrostatic interactions could be responsible for tyrosine and tryptophan aggregate extension.
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