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Phenylalanine assembly into toxic fibrils suggests
amyloid etiology in phenylketonuria

Lihi Adler-Abramovich’, Lilach Vaks', Ohad Carny’, Dorit Trudler?3, Andrea Magno*, Amedeo Caflisch*,

Dan Frenkel?3 & Ehud Gazit™

Phenylketonuria (PKU) is characterized by phenylalanine accumulation and progressive mental retardation caused by an
unknown mechanism. We demonstrate that at pathological concentrations, phenylalanine self-assembles into fibrils with
amyloid-like morphology and well-ordered electron diffraction. These assemblies are specifically recognized by antibodies,
show cytotoxicity that can be neutralized by the antibodies and are present in the hippocampus of model mice and in parietal
cortex brain tissue from individuals with PKU. This is, to our knowledge, the first demonstration that a single amino acid can
form amyloid-like deposits, suggesting a new amyloidosis-like etiology for PKU.

ndividuals with PKU can have mental retardation, epilepsy, organ

damage and unusual posture, and the molecular mechanisms

causing these are largely obscure. PKU is an autosomal recessive
disorder, caused by mutations in the gene encoding phenylalanine
hydroxylase (PAH) located on chromosome 12. Mutations in both
alleles of the gene result in remarkably high concentrations of
phenylalanine”. In untreated patients, millimolar concentrations
of phenylalanine accumulate in the plasma, cerebrospinal fluid and
brain tissue®*. The inclusion of PKU diagnosis in newborn screen-
ing programs, by semiquantitative methods such as the Guthrie test
or modern analytical tools that measure the blood concentrations
of phenylalanine, allows early diagnosis of affected individuals.
This permits treatment with a phenylalanine-restricted diet before
the onset of clinical symptoms. A high percentage of individuals
with PKU have blood phenylalanine concentrations that are above
target ranges, particularly in teenagers and adults, indicating
inadequate compliance to the strict diet®. In most of the previous
studies, phenylalanine was considered to act as a neurotoxin,
although the precise mechanism underlying its neurological effects
still needed to be deciphered?.

In the past decade, the role of peptide and protein aggregation
in many pathological disorders was revealed. Specific attention was
drawn to the formation of ordered amyloid fibrils. It was clearly
demonstrated that amyloid fibrils or their early intermediates are
associated with a diverse group of diseases of unrelated etiology,
including Alzheimer’s disease, type II diabetes and prion disorders.
Despite their formation by a diverse and structurally unrelated
group of proteins, all amyloid fibrils share similar biophysical and
structural properties®’. A variety of structural and biophysical stud-
ies indicate that aromatic residues are important in the acceleration
of the amyloidogenic process and the stabilization of amyloidal
structure. Although aromatic interactions are not crucial for the
process of amyloid formation, they can substantially accelerate it,
affect the morphology of the assemblies and reduce the minimal
association concentrations® . It was previously shown that very
short aromatic peptide fragments, as short as penta- and tetrapep-
tides, can form typical amyloid fibrils that share the same biophysi-
cal and structural properties of the assemblies formed by much

larger polypeptides®'?. Furthermore, diphenylalanine peptide was
shown to form well-ordered nanotubular assemblies by itself, with
some amyloid-like structural signatures®. This short peptide rep-
resents the core recognition motif within the $-amyloid polypep-
tide, which forms amyloid plaques in Alzheimer’s disease. The two
phenylalanine residues (Phe19 and Phe20) in the B-amyloid peptide
were suggested to mediate the intermolecular interaction between
polypeptide chains. This suggestion was further substantiated by
the use of phenylalanine residues as a key component of peptide-
based inhibitors of 3-amyloid fibril formation'*'.

In spite of the extensive work that is performed on short peptide
fragments, no study has yet examined the association between single
amino acids. Inspired by the frequent occurrence of phenylalanine
residues in short amyloid-forming peptides’ and by the efficient
formation of nanotubes by the self-assembly of the diphenylalanine
peptide’, we explored the ability of phenylalanine to form amyloid-
like nanofibrillar structures under millimolar concentrations.
As discussed below, our finding may lead to a better understand-
ing of the pathology caused by the accumulation of phenylalanine,
which can reach millimolar concentrations in individuals with
PKU™* and lead to new approaches of treatment for this disease.

RESULTS

Biophysical characterization of phenylalanine assemblies
We examined the ability of the aromatic amino acid phenylalanine
to form ordered assemblies under pathologically relevant concen-
trations. We observed that phenylalanine by itself, at millimolar
concentrations, self-assembles to form amyloid-like nanofibrillar
structures. To study the process and outcome of phenylalanine
fibril formation, we applied a series of biophysical and biologi-
cal assays. Transmission electron microscopy (TEM) analysis of
phenylalanine at the millimolar-concentration range indicated the
occurrence of well-ordered and elongated assemblies (Fig. 1a).
Scanning electron microscopy (SEM) was also used to study
the three-dimensional structures of the fibrils (Supplementary
Results, Supplementary Fig. la), and environmental SEM
(ESEM) was used to study fibrillar structures in a humid environ-
ment (Supplementary Fig. 1b). Both SEM and ESEM micrographs
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Figure 1| The single aromatic amino acid, phenylalanine, self-assembles
into supramolecular fibrillar structures. (a) TEM images of elongated
phenylalanine fibrils. Scale bar is Tum. (b) SEM images of phenylalanine
fibrils in human serum. Scale bar is 20 um. (€) Microscopic examination
under polarized light following Congo red staining of phenylalanine fibrils.
Scale bar is 500 um. (d) Confocal microscopy image of fibrils dyed with
ThT. Scale bar is 10 um. (e) Representative snapshot of the filamentous
structure obtained by molecular dynamics simulations started with

27 monodisperse phenylalanine molecules (cyan) at high pH in the
presence of counterions (yellow spheres). The tight packing of the aromatic
rings is emphasized by their van der Waals envelope (gray surface).

(F) Distribution of distances between pairs of atoms in different
phenylalanine molecules in the aggregates obtained by molecular dynamics
simulations. The distances between the center of mass of all pairs of the

27 phenylalanines were used for these histograms, and quantitatively
similar histograms were obtained using distances between atoms instead
of those between center of masses. The very similar distributions at 280 K
(black) and 310 K (red) show that the ordered aggregates of phenylalanine
are essentially the same in this temperature range and that the simulations
have reached convergence.

showed areas covered with discrete assemblies, demonstrating
that the assemblies are relatively homogeneous and are evidently
discrete entities with a persistence length on the order of a few
micrometers. We have also demonstrated by SEM analysis that
phenylalanine fibrillar structures are formed in human serum, a
more physiologically relevant environment (Fig. 1b). Both HPLC
and NMR analysis clearly indicated that no covalent bonds were
formed between the phenylalanine monomers and that the highly
ordered fibrils are supramolecular assemblies (Supplementary
Fig. 1c). All of these data imply that phenylalanine assembles
into amyloid-like structures and that this assembly can take place
under pathologically relevant conditions.

Another characteristic of amyloid fibrils is the presence of typical
yellow-green birefringence upon staining with Congo red, visualized
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by microscopic examination under cross-polarized light. The
birefringence results from the high order of the assemblies at the
molecular level. Thus, we examined the phenylalanine assemblies
using Congo red staining to gain further information on their inter-
nal order. Upon microscopic exanimation, we observed a charac-
teristic birefringence similar to that of amyloid fibrils (Fig. 1c). An
additional common method for quantitative assessment of amyloid
fibrils is the thioflavin T (ThT) fluorescence assay, which reflects
the change in the dye’s fluorescence upon interaction with ordered
assemblies. We used the ThT fluorescence assay to visualize the
phenylalanine fibrils and observed an excitation shift typical of
amyloid fibril binding of ThT. Fluorescence confocal microscopy
analysis of the ThT-stained fibrils showed the presence of elongated
ordered structures (Fig. 1d).

Another method of confirming the degree of order of fibrillar
structures is the use of electron diffraction. This was previously
used to probe the ultrastructure of amyloid fibrils'®". Indeed, in
the case of the phenylalanine fibril, electron diffraction studies also
gave a strong indication to the high organization of the assemblies.
An electron diffraction pattern of a single fibril was consistent with
aunit cellof a =11.63+0.27 A, c = 4.6+ 0.06 A (for n = 5 measure-
ments), where a is oriented normal to the long axis of the crystal,
and c is along the fiber axis (Supplementary Fig. 1d).

Molecular dynamics simulations® with a generalized Born
implicit solvent model'® were carried out to shed light on the struc-
tures of the early aggregates of phenylalanine. Multiple microsecond-
long simulations were started with 27 monodispersed phenylalanine
molecules at different pH values and in the presence or absence of
counterions. Ordered aggregation was observed at some but not
all conditions. At high pH (that is, neutral amino group and nega-
tively charged carboxy group) in the presence of counterions, fila-
mentous aggregates were observed in high concentrations and at
all temperature values (Fig. 1e). Analysis of the ensemble of self-
assembled structures yielded a distribution of interatomic distances
with two peaks at about 5 Aand11 A (Fig. 1f), which correspond to
the distance between neighboring phenylalanines and the laminal
spacing, respectively (Fig. 1e). Pairs of neighboring phenylalanines
are involved in direct hydrogen bonds or salt-bridged polar inter-
actions. Notably, the distribution of distances is in agreement with
the aforementioned electron diffraction pattern.

Taken together, the results of the set of experimental techniques
and atomistic simulations further confirm that the high degree of
structural order of the phenylalanine fibrillar assemblies is not the
product of irregular aggregation. In this sense, they have charac-
teristics similar to those of amyloid fibrillar deposits. We conclude
that the fibrils formed by phenylalanine closely resemble amyloid
structures, as confirmed by all of the physical assays used.

Cytotoxicity of phenylalanine assemblies

We examined whether, like many amyloid structures, phenylalanine
assemblies have a cytotoxic effect. This was examined at a physiolog-
ical range of concentrations, similar to those detected in untreated
PKU individuals, by in vitro cellular viability experiments. To this
end, elevated concentrations of phenylalanine ranging from 0.1 pM
to 15 mM were added to cultured PCI12 cell line (Fig. 2a) and to
cultured Chinese hamster ovary (CHO) cells (Supplementary
Fig. 2a). The phenylalanine fibrils, at millimolar concentrations,
had a toxic effect on the cells as measured by the 3-(4,5-dimethyl-
thiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) assay (Fig. 2a).
In the presence of 1.8 mM phenylalanine, cell viability decreased to
approximately 80%. Moreover, in the presence of 7.5 mM phenyla-
lanine, the cells’ viability was approximately 65% (Fig. 2a), suggest-
ing a dose-dependent response. Our assay was performed at much
shorter time scales than those for disease progression, which may
account for our use of slightly elevated concentrations compared
to those typically found in individuals with PKU. It is also possible

702 NATURE CHEMICAL BIOLOGY | VOL 8 | AUGUST 2012 | www.nature.com/naturechemicalbiology


http://www.nature.com/doifinder/10.1038/nchembio.1002

© 2012 Nature America, Inc. All rights reserved.

&

NATURE CHEMICAL BIOLOGY po!: 10.1038/NCHEMBIO.1002

O Alanine
a b
W Phenylalanine fibrils
*

* ok Kk k%
o

120 m =
~ 100 s X
3 : i
S 80 N .
;?U 60 . \' 9
> 40 e )

[ .
© 20
0 ] Lz D
OPNENOICNCEC N
Amino acid concentrations (mM)
c *k *k
* ko [ W Phenylalanine fibrils
3 1607 M ** Hok *k 0O Preimmune serum
< 11‘218 m O Fibril-depleted solution
> *
£ 100 !
3 80
= 60
= 40
o 20
O 0 v v v 3
0.04 0.16 1.25 25
Phenylalanine concentrations (mg mi™
d Phenylalanine fibrils Membrane Merge

Anti-Phe
Preimmune serum

V\

'\
Control -
Figure 2 | Specific antibodies against phenylalanine fibrils and the toxic
effect and interaction of phenylalanine fibrillar structures with cell
cultures. (a) Cell viability was determined using the MTT assay.
The PC12 cell line was maintained in the presence of phenylalanine fibrils
(black bars) or the control amino acid, alanine (gray bars). *P < 0.05.
(b) TEM micrographs of phenylalanine fibrils, visualized using antibodies
that were specifically bound to phenylalanine fibrils and then were marked
with a secondary antibody conjugated to 18-nm gold particles. Scale
bar is 2 um. (¢) Cell viability was determined using the MTT assay, CHO
cell cultures were maintained in the presence of an increasing amount of
phenylalanine fibrils (black bars) or immunoprecipitated (IP) solutions
of phenylalanine depleted of fibrils (gray bars). As control, phenylalanine
fibrils were also incubated with preimmune serum (white bars). *P < 0.05;
**P < 0.001. Results for a and ¢ are presented as mean + s.e.m.
(d) CHO cell cultures were incubated with phenylalanine fibrils, fixed,
and then incubated with anti-Phe and stained using Alexa 488-conjugated
antibody (green, marked with arrows). The cell membrane was marked
with phalloidin (red). As controls, CHO cell cultures were incubated with
phenylalanine fibrils then fixed and incubated with preimmune serum or
without primary antibodies. Scale bars are 10 um.

that such high concentrations of phenylalanine occur pathologically
in individuals with PKU, owing to transient local high concentra-
tions of phenylalanine in the brain. Slightly elevated phenylalanine
concentrations were used, similarly to the experimental studies
of B-amyloid polypeptide, which in Alzheimer’s disease occurs at
overall cerebral concentrations lower than 10 nM, whereas toxic-
ity studies are performed at the micromolar range?*?'. Furthermore,
alanine, an average-sized amino acid that does not form fibrillar
structures at similar concentrations, was used as a negative control
in the cytotoxicity assay and, as expected, did not demonstrate a
toxic effect (Fig. 2a). Thus, it is quite clear that it is not merely the
concentration of amino acid monomers but rather the mulitimo-
lecular entity that is the cause of toxicity.

ARTICLE

We further assessed the influence of the phenylalanine fibrils
on the morphology of CHO cells using SEM. We observed changes
in CHO cell morphology following incubation with phenyl-
alanine fibrils. In the absence of phenylalanine fibrils, the cells
had an elongated shape (Supplementary Fig. 2b,c), whereas the
phenylalanine-treated cells seemed smaller and rounder
(Supplementary Fig. 2d,e). We observed a very low density of
the phenylalanine-treated cells compared to that of the untreated
cells. On the basis of these results, we suggest that phenylalanine
pathology in individuals with PKU may be due to the cytotoxic
effects of fibril formation at millimolar concentrations.

Formation of antibodies against phenylalanine fibrils

One of the key prospects for amyloid disease treatment is the use
of antibodies that specifically recognize and clear fibrillar assem-
blies and not the corresponding monomeric species. To examine
whether the phenylalanine fibrils represent a unique immuno-
logical entity, we tried to produce specific antibodies against the
phenylalanine fibrils. Rabbits were immunized with the fibrils,
and their serum was tested for specificity to the assemblies. We
employed an immunogold assay to show the antibodies’ affinity to
the fibrils. As can be observed in the TEM images, the fibrils were
specifically marked with gold-labeled secondary antibodies bound
to the serum antibodies (Fig. 2b). Control analysis of phenylalanine
fibrils, marked with preimmune serum or only with gold-labeled
secondary antibodies, did not show any specificity to the fibrils
(Supplementary Fig. 3). Moreover, the specificity of the antibodies
was demonstrated, as no cross-reactivity was found when the anti-
bodies were incubated with the Parkinsons o-synuclein amyloid
deposits or with diphenylalanine peptide nanotubes', and only low
binding was observed when the antibodies were added to phenyl-
alanine monomers dissolved in guanidine hydrochloride solution,
reflecting their much lower ability to self-assemble. In addition,
no binding was observed when preimmune serum was used as a
control (Supplementary Fig. 4). This observation provides a clear
indication for the formation of distinctive and specific immuno-
logical epitopes by the self-assembly of phenylalanine, as observed
in amyloid disorders.

Immunoprecipitation depleted phenylalanine fibril toxicity
Antibodies against phenylalanine fibrils (anti-Phe fibril) were fur-
thermore used to immunoprecipitate the phenylalanine assemblies
from the solution and to assess the contribution of the assemblies to
the toxic effect on the cell culture. Figure 2c compares the cytotoxic
effect of phenylalanine assemblies prior to and following immuno-
precipitation. Cells treated with solutions containing phenylalanine
assemblies at concentrations of 2.5 mg ml™ and 0.16 mg ml™' showed
only 40% and 68% cell viability, respectively; however, after immuno-
precipitation, the viability of cells incubated with the solutions was
elevated to 66% and 122%, respectively, as measured by the MTT
assay (Fig. 2¢). In addition, the solutions that were incubated with
the cells were analyzed using electron microscopy; phenylalanine
fibrils were observed in the solution before the immunoprecipitation
and were not detected after immunoprecipitation with anti-Phe
fibril (Supplementary Fig. 5). As a control, cell viability after
immunoprecipitation of the phenylalanine fibrils with preimmune
serum was analyzed. The viability of the cells incubated with the
2.5 mg ml™" and 0.16 mg ml™ solutions was moderately elevated
to 59% and 80%, respectively. The nonspecific preimmune serum
showed a notably lower depletion effect in comparison to the spe-
cific anti-Phe fibril depletion. The moderate elevation in viability
may possibly be due to some sedimentation of the phenylalanine
fibrils during the immunoprecipitation procedure. In addition, elec-
tron microscopy analysis showed phenylalanine fibrils in the pre-
immune immunoprecipitated solution, correlating with the results
showing low viability (Supplementary Fig. 5).
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Figure 3 | Dot-blot analysis and histological staining indicates the presence of phenylalanine fibrils in model mice and PKU patient brain tissues.

(a) Dot-blot analysis of phenylalanine fibrils. Column 1, serum of homozygous mouse (Pah®™?) strongly bound the phenylalanine fibrils. Column 2, serum of
heterozygous mouse (Pah®?) did not bind the phenylalanine fibrils. Column 3, serum of wild-type mouse did not bind phenylalanine fibrils. (b) Histological
staining of homozygous Pah®™? mouse brain. The 20-um-thick brain slices were stained with rabbit anti-Phe fibril antibodies and Congo red and then were
examined using fluorescent microscopy. The detected amyloid-like plaques showed colocalization of the fluorescent signal obtained from Congo red and
antibody staining. (¢) The brain of an individual with PKU was stained with anti-Phe fibril serum or with preimmune serum, examined using light microscopy
and co-stained with Congo red. Phenylalanine-positive depositions were found in the parietal cortex. Scale bars are 100 um.

Phenylalanine fibrils interact with cells

Moreover, confocal microscopy was used to study the interaction of
the fibrils with CHO cells in culture (Fig. 2d). Cells were incubated
with phenylalanine fibrils following cell fixation and staining with
antibody against phenylalanine (anti-Phe) and phalloidin. Analysis
of the cells clearly demonstrated that the fibrils could be detected
within the cells (Fig. 2d) under the conditions in which cytotoxicity
is observed (Fig. 2a). No such staining could be observed with the
preimmune serum (Fig. 2d) or without the addition of the primary
antibody (Fig. 2d).

The presence of phenylalanine fibrils in Pah®™? mice

To prove that these assemblies exist in vivo, we examined serum
samples obtained from a genetic mouse model of PKU (Pah**?),
deficient in phenylalanine hydroxylase activity”. We were inter-
ested in analyzing the presence of anti-Phe fibril, which could
indicate the presence of phenylalanine fibril in the PKU mouse
model. Using the dot-blot assay, we were able to observe anti-Phe
fibril specifically in Pah**? homozygous mouse serum (Fig. 3a).
Moreover, anti-Phe was not detected in control Pah™* heterozy-
gous mouse serum and in normal mouse serum (Fig. 3a). We fur-
ther examined the presence of phenylalanine fibrils in brain tissue
of Pah“*? mice. We performed histology staining experiments
using Congo red and Phe-specific antibody staining. The histol-
ogy staining results showed evidence for the presence of amyloid-
like plaques in Pah®*? mice (Fig. 3b). A large number of plaques
were specifically detected in the hippocampus and dentate gyrus
(Fig. 3b), and in proximity to blood vessels (Supplementary Fig. 6a).
Notably, considerable necrosis and edema in the dentate gyrus were
described in previous studies on PKU®. In addition, the colocaliza-
tion of Congo red and anti-Phe staining provides evidence that the
plaques consist of amyloid-like phenylalanine fibrils. DAPI stain-
ing (nonspecific staining of double-stranded DNA) of plaque sec-
tions detected glia cell infiltration to the region (data not shown).

704

In addition, the following four histological staining controls showed
no evidence of phenylalanine assemblies: (i) homozygous Pah
mouse brain tissue, stained with antibodies extracted from immu-
nized serum depleted of its Phe fibril-specific antibodies by prein-
cubation with phenylalanine fibrils; (ii) homozygous Pah**? mouse
brain tissue, stained with antibodies derived from preimmune
serum; (iii) heterozygous Pah“*? mouse brain tissue stained with
anti-Phe; (iv) heterozygous Pah®*? mouse brain tissue stained with
preimmune serum (Supplementary Fig. 6b-e).

Immunohistology of phenylalanine fibrils in PKU patients
We examined the presence of phenylalanine fibrils in the brain
tissue of individuals with PKU. We performed histological staining
with both anti-Phe fibril and Congo red. As shown in Figure 3c,
evidence was found for the presence of phenylalanine deposi-
tion in the brain tissue using both immunostaining and Congo
red staining (Fig. 3c). The control sample stained with Congo
red showed positive staining; however, the preimmune serum
did not recognize this area (Fig. 3¢, right column). These find-
ings demonstrate the specificity of the anti-Phe fibril. The phe-
nylalanine assemblies’ co-staining was mainly detected in the
parietal cortex, which was previously suggested to be involved in
the pathology of PKU in a rat model, in terms of changes in the
structural organization of the cortex and decreased number of
dendritic processes®. Thus, the phenylalanine assemblies not only
are clear supramolecular entities but also are most relevant to the
disease, as determined by the mouse model experiments.

DISCUSSION

The current study presents a new paradigm to explain the pathology
of PKU and suggest new routes for potential therapy. Our study indi-
cates, for what is to our knowledge the first time, the ability of phenyl-
alanine, a single amino acid, to form well-ordered fibrillar assemblies
at the nano scale. These assemblies are not irregular aggregates,
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as they have typical fibrillar morphology, characteristic birefringence,
ThT fluorescence patterns and, above all, clear electron diffraction
patterns. In all of these aspects, the properties of these fibrils highly
resemble those of amyloid assemblies, which are related to numerous
pathological disorders. The formed structures not only are ordered
as amyloid fibrils but also have strong and clear cytotoxic activi-
ties, as other amyloid assemblies do?***. Moreover, the formation
of phenylalanine aggregates could be detected in the brain of PKU
model mice and individuals with PKU using Phe-specific antibodies.
These findings suggest that PKU is closely related to the family of
amyloid-related diseases and might have similar etiology. Moreover,
the phenylalanine fibrils represent a distinct immunological entity,
like amyloid assemblies, and many concepts and experimental stud-
ies that are used for the development of immunological treatment for
amyloid diseases may also be used in this case**.

METHODS

Materials. Amino acids were purchase from Sigma (purity 298%). Fresh stock
solutions were prepared by dissolving the amino acid in double-distilled H,O
(ddH,0), PBS or DMEM (Beit Haemek) or human serum at various concentra-
tions ranging from 6 UM to 120 mM.

TEM. Phenylalanine was dissolved in ddH,O to a concentration of 6 mM and
incubated at 25 °C for 2 h. A 10-pl aliquot of this solution was placed on 400-mesh
copper grids. After 1 min, excess fluids were removed. For negative staining, the
grid was stained with 2% (w/v) uranyl acetate in water, and after 2 min excess
fluids were removed from the grid. Samples were viewed using a JEOL 1200EX
electron microscope operating at 80 kV.

Molecular dynamics simulations. Molecular dynamics simulations with a general-
ized Born implicit solvent model" were carried out. Multiple microsecond-long
simulations were started with 27 monodispersed phenylalanine molecules at
different pH values and in the presence or absence of counterions. Four different
concentrations of phenylalanine (1 mM, 6 mM, 30 mM and 100 mM) and three
temperature values (280 K, 300 K and 310 K) were used.

Antibodies formation. Phenylalanine was dissolved in ddH,O at a concentration
of 120 mM to form fibrils; rabbits were immunized five times subcutaneously at
14-d intervals with the fibrils and Freund’s adjuvants. Seven days after each injec-
tion, the rabbits were bled, and their serum was tested using dot-blot analysis.

Rabbit antibody immunotesting using TEM analysis. The immunolabeling

was visualized using goat anti-rabbit conjugated with 18-nm gold (Jackson
ImmunoResearch; catalog no. 111-215-144 1:20). Phenylalanine was adhered to

the copper grid as described in the TEM section. Then, the grid was blocked with
1% (w/v) BSA and 3% (w/v) goat serum for 30 min. Samples were incubated with
the serum diluted 1:200 in PBS in 1% milk for 30 min, washed five times with 0.1%
BSA, then incubated with the secondary antibody for 30 min and similarly washed.
Samples were viewed using a JEOL 1200EX electron microscope operating at 80 kV.

Immunoprecipitation and cell cytotoxicity experiments. Phenylalanine solu-
tions at concentrations of 2.5 mg ml™, 1.25 mg ml™, 0.16 mg ml™' and 0.04 mg
ml! were either incubated with CHO cells or immunoprecipitate, and then the
solutions, with or without the fibrils, were incubated with CHO cells according
to the cell cytotoxicity experiments detailed in the Supplementary Methods.
Samples were immunoprecipitated with either anti-Phe fibril or preimmune
serum (1:10) overnight at 4 °C (previously purified on protein A column, in PBS
plus 2% (w/v) BSA).

Interaction of phenylalanine fibrils with CHO cells. The interaction of the fibrils
with cells in culture was visualized by immunocytochemistry staining. Cells were
seeded on a cover slip in a 24-well plate. Cells were washed with PBS and fixed
with 4% (v/v) paraformaldehyde (PFA) in PBS for 30 min at 25 °C and then were
washed twice with PBS and permeabilized with 0.1% Triton in PBS for 2 min.
Following two PBS washes, cells were blocked with 10% (v/v) normal goat serum
in 3% (w/v) BSA for 30 min and incubated with anti-Phe diluted 1:1,000 and

4 ug ml™! phalloidin (Sigma) for 1 h, followed by an additional hour of incubation
with Alexa 488-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch;
catalog no: 711-545-152; diluted 1:500). After being thoroughly washed with PBS,
cells were mounted using ProLong Antifade (Invitrogen). Images were taken with
LSM META confocal microscope (Zeiss).

Congo red staining of brain tissue of Pah**? mice. Fifteen-micrometer coronal
brain sections of Pah**? homozygous and heterozygous mice were prepared using
cryostat. Brain samples were fixed in 70% (v/v) ethanol for 1 min, washed in
ddH,0 for 2 min and stained with previously filtered Congo red solution for
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10 min. Following staining, the samples were washed in ddH,O for 2 min and
washed 8-10 times in NaOH-ethanol solution (0.5 ml 1% (w/v) NaOH plus 49.5 ml
50% (v/v) ethanol) until the excess red color disappeared. Finally, the samples

were washed in ddH,O, and the signal was detected using fluorescent microscopy
(absorption at 498 nm, emission at 614 nm).

Immunohistological staining of mouse brain tissue. Black and tan, brachyuric
(BTBR)-Pah* brain samples were fixed in 4% PFA (in PBS) for 5 min and
washed for 5 min in ddH,O. The slices were blocked with 2% BSA solution

(in PBS) for 20 min, then washed three times in ddH,O and incubated with rabbit
anti-Phe fibril solution, dilution 1:20 (previously purified on a protein A column,
in PBS plus 2% (w/v) BSA) for 1 h at 25 °C. Following the incubation, the
samples were washed three times in ddH,O and incubated with goat rabbit-
specific secondary antibody conjugated to Alexa F488 (Invitrogen; catalog no.
A11008; diluted 1:250). Signal was detected by fluorescent microscope
(absorption at 495 nm, emission at 519 nm).

Immunohistological staining of human brain tissue. Brain samples, acquired
from the London Neurodegenerative Diseases Brain Bank (part of BrainNet
Europe), were fixed in paraffin. Consecutive sections were deparaffinized with
xylene, fixed in 4% (v/v) PFA and treated with 0.3% (v/v) H,O, (in PBS). Sections
were then heated in citric acid (pH 6) for 5 min and were treated with 0.25% (v/v)
Triton X-100 for 3 min. The sections were blocked using 2% (w/v) BSA solution
(in PBS) for 20 min, then washed three times in PBS and incubated with rabbit
anti-Phe fibril solution, dilution 1:50 (previously purified on protein A column,
in PBS plus 2% (w/v) BSA) for 1 h at 25 °C, along with preimmune rabbit serum
as control. Following the incubation, the samples were washed 3 times in PBS

and incubated with goat rabbit-specific secondary antibody conjugated to biotin
(Vector laboratories, BA-1000) diluted 1:250 for 1 h at 25 °C and washed with PBS.
Sections were then treated with ABC reagent (Vector Laboratories, Vectastatin
ABCkit, PK-6100) and developed with diaminobenzidine and hydrogen peroxide
(Vector Laboratories, SK-4100). Signal was detected by light microscope.

Statistical analysis. Two-tailed Student’s t-test was performed when two groups
were compared. The one-way analysis of variance followed by Bonferroni’s multiple
comparison tests was carried out for multiple samples. Statistical significance was
determined at P < 0.05.
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