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ABSTRACT: In humans, three genes encode the relategs-, andy-synucleins, which function as lipid-
binding proteins in vitro. They are being widely studied, mainly because of the central involvement of
o-synuclein in a number of neurodegenerative diseases, including Parkinson’s disease, dementia with
Lewy bodies, and multiple system atrophy. In these diseases, the normally soisyaheiclein assembles

into abnormal filaments. Here, we have identified and characterized the synuclein gene family from the
pufferfish Fugu rubripes It consists of four genes, which encode -, y1-, andy2-synucleins. They

range from 113 to 127 amino acids in length and share many of the characteristics of human synucleins,
including the presence of imperfect amino-terminal repeats of 11 amino acids, a hydrophobic middle
region, and a negatively charged carboxy-terminus. All four synucleins are expressedrirgthirain.
RecombinanFugusynucleins exhibited differential liposome binding, which was strongest-Bynuclein,
followed by -, y2-, andy1l-synucleins. In assembly experimeriagua-, y1-, andy2-synucleins formed
filaments more readily than humam-synuclein.Fugu -synuclein, by contrast, failed to assemble in
bulk. Filament assembly of synucleins was directly proportional to their degree of hydrophobicity and
their tendency to fornB-sheet structure, and correlated inversely with their net charge.

Synucleins are abundant nervous system proteins that arenerited forms of Parkinson’s disease (PB)d dementia with
localized to presynaptic nerve terminals. In birds and Lewy bodies (DLB) (9—22). Furthermorep-synuclein is
mammals, three genes encode the related proteigg- the major component of the abnormal filamentous inclusions
nuclein, f-synuclein, andy-synuclein (—8). The human of Lewy bodies and Lewy neurites in idiopathic PD and DLB
proteins range from 127 to 140 amino acids in length and (23—25). The filamentous glial and neuronal inclusions of
are 55-62% identical in amino acid sequence, with a similar multiple system atrophy (MSA) are also madexe$ynuclein
domain organization. The amino-terminal region of each (26—28).

synuclein is taken up by imperfect repeats that partially  Recombinant mammaliae-synuclein readily assembles
overlap with a hydrophobic middle region with the carboxy- into filaments that share many of the morphological and
terminal region being negatively charged. Synucleins are yjyrastructural characteristics of the filaments present in the
natively unfolded proteins, with little or no ordered secondary human brain 29-32). Upon assemblyg-synuclein adopts
structure, that bind to acidic phospholipids and micelles stryctures rich if8-sheets32, 33). Assembly is a nucleation-
though their amino-terminal repeats, indicating that they are gependent process and occurs through sequences located in
lipid-binding proteins —13). Upon binding to lipid mem-  the amino-terminal 100 amino acids@fsynuclein 84, 35).
branes and detergent micelles, synucleins adopt structuresrhe carboxy-terminal region, in contrast, inhibits assembly
rich in o-helical character1(, 12-17). (29, 32), probably through long-range interactions with part

a-Synuclein is being widely studied, because of its central of the hydrophobic region3g, 37). Mutations E46K and
role in a number of common movement and demential A53T in a-synuclein accelerate the rate of filament assembly
disorders 18). Missense mutations (A30P, E46K, and A53T) (31, 38, 39). The A30P mutation has been reported to
in human a-synuclein and multiplications of the region increase the total aggregation @fsynuclein 40—42) but
encompassing the-synuclein gene cause dominantly in-  sjow the rate of mature filament formatioad). It reduces
the binding ofa-synuclein to natural lipid membrane$l(
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and the Alzheimer's Research Trust.

* To whom correspondence should be addressed. Tel: 0044 1223
402036. Fax: 0044 1223 402197. E-mail: mg@mrc-Imb.cam.ac.uk. ! Abbreviations: CBB, Coomassie brilliant blue; DiO, 3docta-

* These authors contributed equally to this work. decyloxacarbocyanine; DLB, dementia with Lewy bodies; GST, glu-
§ MRC Laboratory of Molecular Biology. tathioneS-transferase; MOPS, 3-[N-morpholino]propanesulfonic acid;
' University of Cambridge. MSA, multiple system atrophy; PAGE, polyacrylamide gel electro-

U Present address: Department of Biochemistry, School of Life phoresis; PBS, phosphate-buffered saline; PC, phosphatidylcholine;
Sciences, University of Sussex, Falmer, East Sussex BN1 9QG, UnitedPCR, polymerase chain reaction; PD, Parkinson's disease; PS, phos-
Kingdom. phatidylserine; SDS, sodium dodecyl sulfate; ThT, thioflavin T.

10.1021/bi051993m CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/03/2006



2600 Biochemistry, Vol. 45, No. 8, 2006 Yoshida et al.

accumulation in the cytoplasm, thus facilitating aggregation selected ag-sheet favorable were those whose Chou and
and filament formation. Mutation E46K increases phospho- Fasmanj3-sheet preference scores were higher than either
lipid binding (38), whereas mutation A53T has no significant their a-helix or f-turn numbersg7). They included valine,
effect on the ability ofo-synuclein to bind to lipid mem-  isoleucine, threonine, tyrosine, and phenylalanine. The net
branes 11, 44—47). In parallel experiments, humgt and charge per residue was calculated by subtracting the number
y-synucleins failed to assemble into filaments and remained of aspartate and glutamate residues from the number of

in a natively unfolded conformation3®, 48, 49). This lysines and arginines, divided by the total number of amino
behavior is consistent with their absence from the filamentous acids in the protein.

lesions of then-synuclein disease&8, 25). When incubated Expression and Purification of Recombinant Fugu Sy-
with a-synuclein,-, andy-synucleins inhibited the fibril- nucleins. The constructs encodingugu synucleins were

lation of a-synuclein 60—52), suggesting that they may prepared by PCR amplification using full-length cDNA
indirectly influence the pathogenesis of Lewy body diseasesclones as the template. They were subcloned into the
and MSA. prokaryotic expression vector pRK172, as Ndel/EcoRI
Little is known about the evolutionary and functional fragments, followed by DNA sequencing. FBugu j-sy-
conservation of Synuc|eins_ They appear to be vertebrate-nuclein, the internal Ndel site was removed by site-directed
specific proteins, with no counterparts @aenorhabditis ~ mutagenesis, prior to PCR amplification. TRegu synu-
elegansDrosophila melanogasteor Ciona intestinalig(8). cleins and humanx-synuclein were expressed . coli
Although the first synuclein sequence was obtained from the BL21(DE3) and purified as described) (Protein concentra-
Pacific electric rayrorpedo californicg1), nothing is known  tions were determined by quantitative amino acid analysis.
about the number of teleost synucleins, their sequences, orT0 assess heat stability, purified humaisynuclein and the
functional characteristics. Here we have identified and four Fugusynucleins were boiled for 5 min and spun for 20
characterized the complement of four synucleins from the min at 543 000g. Supernatants and pellets were run on-SDS

pufferfish Fugu rubripes PAGE and protein bands visualized with Coomassie brilliant
blue (CBB).
EXPERIMENTAL PROCEDURES For constructs encodiniy-terminal glutathioneStrans-

_ ) ferase (GST)-fusion tags, PCR was used to amplify the

Isolation of cDNA Clones Encoding Fugu Synucleirtse coding region of eaclfugu synuclein in pRK172, and the
genomic sequence &lugu rubripes(53) was searched with  jserts were cloned into the EcoRI site of pGEX-5X-1
the humaro.- andﬁ-synuclgm amino acid SEquences using  (aAmersham Biosciences, Little Chalfont, U.K.). Constructs
tblastn. RNA fromFugubrain cells was obtained from mrc  \yere verified by DNA sequencing. GST-tagged human
geneservice (Babraham Institute, Cambridge, U.K.), and _synyclein was expressed and purified in parallel. Bacterial
cDNA was produced with the Advantage RT kit (Clontech, eypression and fusion protein purification were done as
Palo Alto, CA). Polymerase chain reaction (PCR) was used gescribed38), except that the purified proteins were dialyzed
to amplify parts of the coding regions &lgu synucleins  yyice for 3 h against phosphate-buffered saline (PBS) at 4
from the brain cDNA. Following sequencing, these patrtial °C, followed by overnight dialysis against PBS. Protein
sequences were labeled by random priming and used tOcgncentrations were determined using the Coomassie Plus
screen a griddegugu brain cDNA library on high-density  reagent (Pierce, Rockford, IL) following the manufacturer’s
filters (mrc geneservice). Positive clones in pBluescript Il jystructions.
KS were obtained from mrc geneservice, and their inserts  Tissue Extraction and Immunoblottingugu brain tissue
were sequenced. The entire coding region of each synuclein(o_z g) was homogenized in 0.4 mL tris-buffered saline (50
was then amplified by PCR frofugubrain cDNA, followed mM trisHCI, pH 7.4, 150 mM sodium chloride, 1 mM
by DNA sequencing. EDTA, 1 mM dithiothreitol, 1 mM sodium orthovanadate,

Identification and Comparison of Synuclein Gene Se- 50 mM sodium fluoride, 10 mM-glycerophosphate, and a
quences.Tblastn and blastn searches of all nucleotide cocktail of protease inhibitors (Complete, Roche, Penzberg,
sequences at NCBI (http://www.ncbi.nim.nih.gov) were used Germany)), followed by centrifugation at 543 000g for 20
to detect synuclein homologues. Synuclein transcript se- min at 4°C. Protein concentrations were determined using
quences were assembled into a Staden gap 4 datdB8se ( the BCA assay kit (Pierce, Rockford, IL). Aliquots of the
Full-length coding sequences were derived from transcript supernatant were subjected to SEFAGE and immuno-
sequences representing 52 genes from 21 different speciesplotting as describedsg). In some experiments, the super-
Five additional full-length sequences were predicted from natant was boiled for 5 min, followed by a 20 min
the genomic sequences of five species. The amino acidcentrifugation at 543 000g. The resulting supernatant was
sequences derived from these genes, together with those fromiised as the heat stable fraction. Polyclonal antibodies PERS,
F. rubripes were then compared5$). See Supporting PER9, and PER10 were produced by immunizing white
Information for amino acid sequences. Dutch rabbits with purified recombinafugu a-synuclein,

Characterization of Synuclein Sequencée. determine y1-synuclein, angi2-synuclein, respectively. Antibody PER4
the ratio of nonhydrophilic to hydrophilic residues in sy- has been described previous®p). Each antibody was used
nucleins, the hydrophilicity scale of Radzicka and Wolfenden at a working dilution of 1:500.
was used®6). Amino acids less hydrophilic than threonine Preparation of Fluorescence-Labeled Liposom@gin
were considered to be nonhydrophilic. They included me- phosphatidylcholine (PC) and cholesterol were purchased
thionine, proline, phenylalanine, alanine, valine, isoleucine, from Avanti Polar Lipids (Birmingham, AL). Brain phos-
leucine, glycine, and cysteine. The ratiglbéheet favorable  phatidylserine (PS) was obtained from Sigma-Aldrich. The
to nonfavorable residues was also calculated. Residuedluorescent dye 3;3dioctadecyloxacarbocyanine perchlorate
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Fu asSyn DN 50
Fu ffSyn MDA 50
FuylsSyn MDY 50
Fuy2Syn 1D\® 50
Fu aSyn ] 96
Fufisyn  NBA-——-E@HG—————————— 74
FuylSyn T SQARVE 100
Fuy2Syn IMS SAVE 100
Fu aSyn SPDVTDPIEATE'DAID 127
Fu fSyn PTDMNPE GOGEAMLDPEGETYDESQQESQDYEPEA 117
FuylSyn GTEQGGI 113
Fuy2Syn IPVSEKIGVP TEAEAEESEQEVQ 124

Ficure 1: Amino acid sequences &lgusynucleins. Amino acids that are identical between two, three, and four synucleins are indicated
by purple, yellow, and blue bars, respectively. Dashes denote gaps introduced into the sequences to maximize the alignment.

Sus o
Canis a

Oryctolagus o
Homo o

Carollia o
Mus o
Rattus o.

X. tropicalis o
<|:|;E X. laevis o.
Gallus o.
Serinus o.
Taeniopygia o.

Leucoraja o.

Salmo a.
Oncorhynchus o
Tetraodon o
Fugu o

Gallus 3
Bos B
Canis
Homo B
Mus B
Rattus

— X nglCa/ISﬁ
—— X laevis B

r Salmo B
* Oncorhynchus 3

Ictalarus B
Cyprinus
Danio
Oryzias
Fugu B3
Astatotilapia 3
Homoy
— Canisy
Susy
Bosy
Equusy

Mus
——— " pattusy

— [ Galusy
Taeniopygia y
Torpedo vy
_l  — X. tropicalis y
X. laevis y Danio 2
I '| r Fugd ’/zGasIerosteus 2
Oryzias 2
Oncorhynchus 2
Y A
Danio 11

I Oncorhynchus y1
Fugu 1
|_|_|: Gasterosteus y1
Oryzias 1

Ficure 2: Phylogenetic tree of synuclein proteins. The tree was generated using 57 full-length synuclein protein sequences from 26 species,
including the four proteins fronffugu rubripes(see Supporting Information for amino acid sequences).

(DiO) was purchased from Molecular Probes (Eugene, OR). 150 uL of HBSE and mixed with 150uL of diluted
Lipids and DiO were dissolved in chloroforamethanol liposomes (7%uM lipid), followed by a 20 min incubation
(1:1, v/lv), and a lipid mixture with the composition PC/PS/ at 37 °C with vigorous shaking. The incubation was
Cholesterol 52.5:17.5:30 mol % was prepared, with DIO terminated by pelleting, and the beads were washed twice
being added to 1% (w/v). Mixed lipids were dried under a with HBSE at 4°C. Bound lipids were solubilized with 200
stream of nitrogen and resuspended in HBSE buffer (20 mM uL of 0.1% Triton X-100 in HBSE and transferred to 96-
HEPES, pH 7.3, 100 mM NaCl, 1 mM EDTA). They were well microtiter plates. Fluorescence was measured (460 nm
then serially extruded (20 passages) at room temperatureexcitation/538 nm emission) using a microplate fluorimeter
through 50-nm-pore-diameter nucleopore polycarbonate mem-(Fluoroskan, Labsystems).
branes (Whatman). The extruded liposomes were stored at Filament AssemblyJntagged synuclein proteins were used
4 °C and used within 24 h. at 400uM in 30 mM 3-[N-morpholino]propanesulfonic acid
Liposome Pull-Down AssayThe liposome pull-down  (MOPS), pH 7.2, containing 0.02% sodium azide angRD
assay was done essentially as describgg). (Briefly, a thioflavin T (ThT, Sigma-Aldrich) and placed in a shaking
recombinant GST-fusion protein (30g) was bound to incubator at 37C as described3@, 38). For a quantitative
glutathione-agarose beads (1d0of a 25% bead solution).  assessment of filament formation, ThT fluorescence was
Following one wash in 0.1% Triton X-100 in HBSE and used. Aliquots (1Q:L) were removed at various time points
three washes in HBSE, the beads were resuspended irand brought to 40@&L with 20 uM ThT in 50 mM glycine
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123456789101 aliquots of assembly mixtures were placed on carbon-coated
Fugua !+ SKAKDGVVARAR 400-mesh grids and stained with 1% potassium phospho-
Il w EKTKQGVTGAA tungstate and micrographs recorded at a nominal magnifica-
- EMTXDGVIMEVG tion of 20 000 on a Philips model EM208S microscope. In
IV 2 TKTKDGVTUVVA - . . .
some experiments, aliquots were removed at each time point
) s GKTVSGVSQVG . .
Vi «GAMVTGVTAVA and centrifuged at 279 OOO_g for 15 min at@. Supernatants
VI "OKTVESAGSTIA and pe]lets were reconstltu_ted in an SDS sample puffer
containing 5M urea and subjected to SBISAGE. Protein
Fugup 1 ¢ SKAKEGMAVARA bands were visualized with CBB.
Il 2« EXKTKEGVAVARA
Il »EXKTKEGVMFUVG RESULTS
IV 2 NKAKDSVGTVA . . .
V “EKTTGAMGNTIYV Sequencing of cDNA Clones Encoding Fugu Synucleins.
A tblastn search of the genomic sequenc&wfu rubripes
Fuguyt I+ SMAKEGVVAAR (53) revealed the presence of four synuclein loci. PCR
I wEKTKAGMEERAHA amplification ofFugubrain cDNA was used to generate parts
Il s AKTKEGVMYVG . . . .
IV cNKTMEGVVSSVNTYVT of the coding regions of the four synu_clems, Wh|ch were
V “NKTVDOQTNIVG then used as probgs to screeRwgu bra|.n cDNA_hbrary.
Vi «DAVVGGANEVS Clones correspondm_g to each synuclein were isolated and
VIl "OATVEGVENMA sequenced. To confirm these sequences, we used PCR to
M AKDGUYVARR amplify the entire coding region of each synuclein fréogu
Fuguyz 1 > brain cDNA, followed by DNA sequencin@ugusynucleins
1 20 EKXKTKAGVEGAA . . . .
Il nTXTKEGVIYVG encode related proteins ranging from 113 to 127 amino acids
W o NKTMEGVVTSVNTYVA in length, with many halimarks of synucleins from other
V “HKTTEQANTTIA species (Figure 1). Comparison Bligu synucleins with a
Vi « DTAVSGANEVA collection of 53 full-length synuclein sequences from fishes,
VI " QSAVEGVENA ARA frogs, birds, and mammals (Supporting Information) showed
FiGURE 3: Repeats ifFugusynucleins. The amino acid sequences that they can be assignedds, /-, andy-synuclein groups
of repeats +VII of a-synuclein (residues-985), repeats+VII (Figure 2). The 127 amino acid protein (molecular mass
of y1- and y2-synucleins (residues-$9), and repeats—V of 12 581) belongs to thei-synuclein group, the 117 amino
B-synuclein (residues-963) are shown. Repeat positions—(11) acid protein (molecular mass 12 447) belongs to AFsy-

are indicated above the alignments. Note that the repeatsarid - . . . .
pB-synucleins are continuous, with a four amino acid linker between nuclein group, with the 113 and 124 amino acid proteins

repeats IV and V ofy1- andy2-synucleins. (molecular masses of 11375 and 12 462, respectively)
belonging to they-synuclein group. We therefore refer to
buffer, pH 8.5. Fluorimetry was performed as descritg8). ( the four proteins asugu a-, -, y1-, andy2-synucleins.
For a semiquantitative assessment of filament formation, The latter two are approximately 60% identical in sequence,
electron microscopy was used as describé®).(Briefly, with the identities between the other synucleins ranging from

10 20 30 40 { 8 ) z0 3C 140

| | | |
Fugu « MDAFMKGFSKAKDGVVAAAEKTKQGVTGAAEMTKDGVMF
Fugu 3 MDVFMKGLSKAKEGMAVAAEKTKEGVAVAAEKTKEGVMFYG
Fugu 7l MDVFMKGFSMAKEGVVAAAEKTKAGMEEAAAKTKEGVMY
Fugu 2 MDVLKKGFSMAKDGVVAAAEKTKAGVEGAATKTKEGVIYY
Homo ¢ MDVFMKGLSKAKEGVVAAAREKTKQGVAEAAGKTKEGVLYWGSKTKEG)
Homo B MDVFMKGLSMAKEGVVAAAEKTKQGVTEAAEKTKEGVLY K v ASVA {EQASHLGGAVFS -~

Homo y MDVFKKGFSIAKEGVVGAVEKTKQGVTEAAEKTKEGVMYWGAKTKENVVQSVTSVAEKTKEQANAVSEAVVSSVNTVATKTVEEAENIAVTSGVVRE]

Ficure 4: Exon boundaries ifuguand human synucleins. Amino acid sequences are shown, with exon boundaries indicated in black. To
identify the exon/intron boundaries Bligusynucleins, cDNA and genomic sequences were compared. The boundary between exons 4 and
5 of y1-synuclein is derived from the sequence of the pufferfishigroviridis because the corresponding sequence was missing from the
genomic sequence &f. rubripes

™
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65 =i o |
Coomassie PERS PER4 PER9 PER10

Ficure 5: Expression of synucleins in tligubrain. (A) Recombinandt-, 3-, y1-, andy2-synucleins gave a characteristic ladder of four
bands ranging from 14 to 21 kDa apparent molecular mass. The proteins were run on 15% /8BS and stained using Coomassie
brilliant blue. (B) Fugu brain extract was run alongside recombinant synucleins and immunoblotted with antibodies PER8, PER4, PER9,
and PER10. Note the presence of synuclein bands in the brain extract that comigrated with recombiftantl-, andy2-synucleins.

Brain extract (1Qug) was used for immunoblotting with PER8, PER4, and PER9, andgs6f brain extract was used for labeling with
PER10.
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Ficure 6: Binding of humana-synuclein (luSyn) andFugu a-, ] / . FupSyn
S-, y1-, andy2-synucleins to unilamellar liposomes. Lipid vesicles H / Fuy1Syn
/ - -

of 50 nm diameter with the composition PC/PS/cholesterol 52.5:
17.5:30 mol % were used. The results are presented as percent / --o--Fuy28yn
binding of humana-synuclein (taken as 100%) and expressed as 0 é}g.__———f_\—_— S G _’IB
meanstSEM of the measurements obtained from four independent O 12 24 36 48 60 72 84 96
protein preparations, each run in triplicate.

Normalised ThT fluorescence

40 to 50%.Fugu synucleins are most similar in the amino- B

terminal half, which consists of imperfect repeats of 11 amino 4h
acids (Figure 3). Alpha-Synuclein has 7 repeats (amino acids 100 1
9—85), andp-synuclein has 5 repeats (amino acidse3),

whereasyl- andy2-synucleins have 7 repeats each (amino 50 - I i

ThT

acids 9-89). The repeats are continuousadan and 3-sy-
nucleins, with a four amino acid linker between repeats 4
and 5 iny1- andy2-synucleins. They partially overlap with 2 '
a hydrophobic region, which is followed by a poorly ha  Fua Fup Fuyl Fuy2
conserved and negatively charged carboxy-terminus. Unlike C
a-, y1-, andy2-synucleinsfFugu -synuclein lacks a large
part of the hydrophobic region. Comparison of the cDNA 100 _
sequences with the genome sequencésugti rubripeg53) = T
andTetraodon nigreiridis (59) showed that each synuclein = g5
gene contains five coding exons (Figure 4). The exon sizes I

. - . . .

96 h

and exon/intron organization ¢fugu and human 19, 59,

60) synuclein genes are similar. Exons 1 and 2 encode much '

of the amino-terminal repeat region, exon 3 encodes part of ha Fua  Fup Fuyl Fuy2

the repeats and most of the hydrophobic region, and exonsFIGURE 7: Growth curve of the filament formation of human

_ i ; inq @-synuclein (flwSyn) andFugu a-, -, y1-, and y2-synucleins.
4 agtli o elnFcode the Cflr_boxy tegzg;l/reglo?. Alt tthetzhar_nlno Assembly was monitored by the enhancement of thioflavin T (ThT)
acld level, Fugu synucleins are o Identical 1o their fluorescence intensity over time. The results are presented as

human counterparts. normalized fluorescence (with the value for wild-tygesynuclein

Expression of Synucleins in the Fugu Bralihe fourFugu fntte%zur}é?nkeen%ac?btlggza; ?r%rﬁ);ﬁ/r: ?ﬁggpgiégﬁt gtr%)?éﬁwpgptggtions
synucleins were expressedHncoliand purified. They were (A) The full time course; (B and C) the normalized ThT :

heat Stable, as was the hUI'TI&ISynUdeIn By SDS‘PAGE, fluorescence at 4 and 96 h, respectively_

Fugusynucleins gave rise to a characteristic ladder of protein

bands ranging from 14 to 21 kDa apparent molecular masswhich was strongest fon-synuclein, followed bys-, and
(Figure 5). By immunoblotting, antibody PER8 recognized »2-synucleins (Figure 6). All three proteins gave stronger
a-synuclein at 14 kDa, PER4 label@esynuclein at 16 kDa,  pinding than that of human-synuclein. The values were
and PER9 recognizegll-synuclein at 18 kDa and PER10 352+ 15% fora-synuclein, 165t 8% for 8-synuclein, and
labeledy2-synuclein at 21 kDa. In thBugu brain extract, 159+ 129% fory2-synuclein (with human-synuclein taken
PERS, PER4, PER9, and PER10 labeled bands aligned Withas 100%). OnlyFugu y]_-synudein (76t 5%) bound less

the corresponding recombinant synuclein proteins (Figure strongly to liposomes than did humansynuclein (Figure
5). Fuguoa-, -, andy1-synucleins were found to be present ).
at similar levels, withy2-synuclein being less abundant. Filament Assembly of Fugu SynucleiS&lf assembly of
Liposome Binding of Fugu Synucleirspull-down assay recombinanfugu synuclein proteins was monitored quan-
was used to investigate the lipid binding propertiesofju titatively by ThT fluorescence and semiquantitatively by
synucleins relative to those of humarsynuclein. Liposomes  electron microscopy. Both methods were used in parallel in
of 50 nm diameter with the lipid composition PC/PS/ all experiments, and a close correspondence was observed
cholesterol 52.5:17.5:30 mol % and synuclein proteins with between levels of ThT fluorescence and filament numbers.
N-terminal GST-fusion tags were used. We previously The time-dependent changes in ThT fluorescence during
showed that human-synuclein with a GST-fusion tag at incubation of untagge&ugu synucleins and humaa-sy-
either N- or C-terminus has similar lipid binding properties nuclein in a shaking incubator at 3€ are shown in Figure
(38). Fugusynucleins exhibited differential liposome binding, 7. Of the four Fugu proteins,a-synuclein assembled the
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Table 1
ratio of ratio of 3-sheet
nonhydrophilic to favorable to net charge

hydrophilic residues nonfavorable residuesper residue
synuclein (x100) (x100) (x100)
humana 109 36 —6.4
Fugua 123 37 -55
Fugup 95 27 -11.1
Fuguyl 113 40 -8
Fuguy?2 110 38 -7.3

appearancd-uguS-synuclein, by contrast, failed to assemble
in bulk. Only occasional filaments were observed after 4 days
of incubation (Figure 8E). The kinetics and amount of
assembly seen by electron microscopy mirrored those
observed using the ThT fluorescence assay. Overall, the
amount of pelletable material corresponded to the level of
ThT fluorescence and the number of filaments seen by
electron microscopy. By 96 h, with the exceptionFafgu
p-synuclein, all the material was pelletable, with no synuclein
present in the supernatarffugu y1- and y2-synucleins
became extremely viscous upon assembly. This may have
reflected bundling of filaments and may explain the lower
level of ThT fluorescence at 96 h when compared to that of
human and~ugu a-synucleins.

The rates of assembly &ugua-, y1-, andy2-synucleins
were faster than the assembly rate of huntasynuclein.
These findings correlated with the ratios of nonhydrophilic/
hydrophilic ands-sheet favorable/nonfavorable residues as
well as with the net charge of the synucleins (Table 1).

DISCUSSION

We have sequenced cDNAs encoding the four synuclein
proteins of the pufferfisirugu rubripesand measured the
lipid binding and self-assembly properties of the recombinant
proteins. Fugu is the first species to be found with a
complement of four synuclein genes, as opposed to the three
genes characteristic of birds and mammals. This gene number
is probably the result of the duplication of the whole genome
that took place in the ray-finned fish lineage some 230
million years ago and the subsequent loss of duplicated genes

FiGure 8: In vitro assembly of synuclein filaments. The micro-

graphs show representative views of hunsasynuclein (luSyn) (59, 60). . o
and Fugu o-, -, 1, andy2-synuclein filaments to demonstrate Fugu synucleins have many characteristics in common
the different time courses of assembly. (Rigu a at 4 h; (B) with their avian and mammalian counterparts, including

Fuguyl at4 h; (C)Fuguy2 at 4 h; (D) humame at 24 h; and (E)  amino-terminal repeats of 11 amino acids, a hydrophobic

Fugug at 96 h. The samples all come from one parallel experiment, __. : : :
and the numbers of filaments seen match the levels of assemblymlddle region that partially overlaps with these repeats, and

monitored by ThT fluorescencéugu o-, y1-, andy2-synucleins @ negatively charged carboxy-terminus. When compared with
have a shorter lag time than humansynuclein, butFugu a collection of full-length sequences (Supporting Informa-
pB-synuclein has a Ionger lag time and a much lower level of tion), they fall intoa-, 5-, andy-synuclein groups, with two
assembly compared with that of humersynuclein. Scale bar, proteins belonging to the-synuclein group. We therefore

200 nm. refer to theFugu proteins, which range from 113 to 127
fastest, followed closely by1- andy2-synucleins.Fugu amino acids in length, as-, 8-, y1-, andy2-synucleins. As
B-synuclein, by contrast, failed to assemble significantly. The in human synucleinsl®), Fugua- andy-synucleins have 7
lag phase for the assembly &fugu o-, y1-, and y2- repeats each, with only 5 repeatsgdrsynuclein. Like their

synucleins was less than 1 h, whereas is\Ba for human human counterpartd g, 61, 62), the Fugu synuclein genes
a-synuclein. After 4 days of incubation, as judged by ThT contain five coding exons, with good conservation of exon
fluorescence, the amount of assembly was greater for humarlengths and exon/intron positionsugu and human synu-
and Fugu a-synucleins than that foFugu y1- and y2- cleins are most similar in the amino-terminal repeat region,
synucleins. By electron microscopy, incubation with shaking where the degree of sequence identity is of the order of 70%.
led to the bulk assembly ¢fugua-, y1-, andy2-synucleins, One additional difference is th&ugu o- andg-synucleins

as well as human-synuclein, into filaments (Figure 8). The lack a four amino acid sequence in the region linking repeats
filaments were about 10 nm wide with a variably twisted 4 and 5. The hydrophobic region &iugu a-synuclein is
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80% identical to the corresponding region in hunasy-
nuclein, with poorer sequence conservation in the corre-
sponding regions of-, y1-, andy2-synucleins. A feature
that distinguishes avian and mammaljasynucleins from

o- and y-synucleins is the absence of an 11 amino acid
stretch in the hydrophobic region (GVTAVAQKTVE in
humana-synuclein and SVNTVATKTVE in humary-sy-
nuclein). This sequence is 100% conserved betwasegu

a- and humana-synucleins and is 45% identical between
Fugu y- and humany-synucleins. InFugu 3-synuclein, a
continuous sequence of 22 amino acids, including the 11
amino acid stretch, is missing. Unlike the repeat and
hydrophobic regions, the carboxy-terminal regiong-ofu

and human synucleins are only poorly conserved, except for
being negatively charged overall.

Three missense mutations (A30P, E46K, and A53T) in
humana-synuclein cause autosomal dominantly inherited
forms of PD and DLB 19, 20, 22). In Fugu synucleins, an
alanine residue is present at position 30, and a negatively
charged amino acid (D or E) is present at position 46. By
contrast, the residue at position 53 is not conserved, which
is consistent with previous findings in other spec®s This
is in line with work showing that of the three mutations only
A30P and E46K influence the binding of humassynuclein
to lipid membranesi(l, 38). Prior to the present work, only
one fish synuclein had been studidgl. (As noted previously
(63), this protein fromT. californica belongs to they-sy-
nuclein group. It is 5560% identical toFugu y1- andy2-
synucleins and carries an extra repeat between repeats 2 an
3 (D). It remains to be seen whether this extra repeat, which
has not been observed in any other synuclein, is genuine, o
whether it was the result of a cloning artifact.

By immunoblotting, theFugu brain expressed all four
synuclein proteins, with similar levels of-, §-, and y1-
synucleins and lower levels gf2-synuclein. Recombinant
Fugusynucleins gave a characteristic ladder of four protein
bands ranging from 14 to 21 kDa apparent molecular mass,
indicating that they migrate abnormally on SBBAGE, as
has been observed previously for mammalian synucldins (

In the central nervous system and the electric orgaf.of
californica, a similar ladder of bands has been described
following immunoblotting with an antibody raised against a
p-galactosidase/synuclein fusion proteit), ( suggesting
expression of multiple synucleins iforpedo

Synucleins bind to acidic phospholipids and detergent
micelles through their amino-terminal repeat§13). We
therefore investigated the binding of recombinant, GST-
taggedFugu synucleins to unilamellar liposomes. All four
proteins exhibited liposome binding, which was strongest
for a-synuclein, followed byg-, y2-, andyl-synucleins.
Fugu a-synuclein bound to liposomes 3.5 times more than
its human counterpart. The two proteins are 71% identical
in the repeat region, and of the 22 amino acid differences, 9
are conservative substitutions. When bound to detergent
micelles (7), humana-synuclein forms twax-helices, which
extend from residues 3 to 37 (helix-N) and 45 to 92 (helix-
C) and are connected by an extended linker (residues 38
44). Helix-C is followed by a short extended region (residues
93—-97) and an unstructured tail (residues-9810). Fugu
o-synuclein is 77% identical to its human counterpart in
helix-N and 65% identical in helix-C, with 57% sequence
identity in the linker region and 80% in the short extended

r
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region following helix-C. Helix-C of humai-synuclein is
four amino acids longer than the corresponding region in
the Fugu protein. It is unclear, at present, how these
differences account for the greater lipid binding Fdigu
o-synuclein.

The ordered in vitro assembly of humersynuclein into
abnormal filaments is a property that is closely linked to its
central role in Lewy body disorders and MSA8]. Under
the same experimental conditions, hunfaandy-synucleins
fail to form filaments 82, 48, 49), consistent with their
absence from the deposits that characterize the human
diseasesZ3, 25). We found here thaugua-, y1-, andy2-
synucleins readily assemble into filaments. In contiasgu
B-synuclein, like its human counterpart, failed to assemble
in bulk. Fugu a-, y1-, andy2-synucleins assembled with
shorter lag times and faster rates than those of human
o-synuclein. The lag period for assemblys&h for human
o-synuclein and less timal h for the thred~ugu proteins.

In unfolded proteins, increasing hydrophobicity, a pro-
pensity for3-sheet structure, and low net charge have been
associated with amyloid formatio64—66). We therefore
estimated hydrophilicity, net charge, afiesheet propensity
of humana-synuclein and thd=ugu synucleins. Overall,
Fugua-, y1-, andy2-synucleins are less hydrophilic, have
a lower net charge, and contain a higher percentagesbiet
favorable amino acids than humarsynuclein. By contrast,
Fugu -synuclein, like humaif-synuclein, is more hydro-

hilic, carries a higher net charge, and a smaller percentage
p-sheet favorable amino acids than the other synucleins.
These characteristics help to explain the markedly higher
propensity ofFugu a-, y1-, andy2-synucleins to fibrillate
and the inability of3-synuclein to assemble in bulk.
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