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ABSTRACT

Amino Acid Sequence M otifs and Mechanistic Features

of the Membrane Trandocation of a-Synuclein

Keun-JaeAhn

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Jongsun Kim)

Many lines of evidence suggest tlasynuclein can be secreted from
cells and can penetrate into them, although thailddt mechanism is not
known. In this study, we investigated the aminalagquence motifs required
for the membrane translocation @synuclein, and the mechanistic features of
the phenomenon. We first showed that not anslyynuclein but als@- and
y-synucleins penetrated into live cells, indicatthgt the conserved N-terminal
region might be responsible for the membrane tomasion. Using a series of
deletion mutants, we demonstrated that the 1l-aratid imperfect repeats
found in synuclein family members play a criticaler in the membrane

translocation of these proteins. We further denratesti that fusion peptides



containing the 11-amino acid imperfect repeatsi-giynuclein can transverse
the plasma membrane, and that the membrane tratisiocefficiency is
optimal when the peptide contains two repeat maiHSynuclein appeared to
be imported rapidly and efficiently into cells, titletectable protein in the
cytoplasm within 5 min after exogenous treatmemteriestingly, the import of
a-synuclein at 4C was comparable to the import observed afC37
Furthermore, membrane translocation @synuclein was not significantly
affected by treatment with inhibitors of endocysosi

These results suggest that the internalization aefynuclein is
temperature-insensitive and occurs very rapidlyavimechanism distinct from

normal endocytosis.

Key Words: a-synuclein, membrane translocation, 11-amino aowpeirfect

repeats, endocytosis
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Amino Acid Sequence M otifs and Mechanistic Features

of the Membrane Trandocation of a-Synuclein

Keun-JaeAhn

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Jongsun Kim)

. INTRODUCTION

a-Synuclein is an acidic neuronal protein whichighly expressed in
brain tissues and is primarily localized at the sgraptic terminals of
neurons-* a-Synuclein is also expressed in hematopoietic £8lid in other
tissues, such as the heart, skeletal muscle, ma@ead placenta, but it is less
abundant than in the braif.In addition toa-synuclein,- andy-synucleins
constitute the synuclein family in humas. a-Synuclein has been identified
as a major component of intracellular fibrillar gio deposits (Lewy bodies) in
several neurodegenerative diseases, including rizankis disease (PD), diffuse
Lewy body disease and multiple systemic atroply® Particularly,
accumulating evidence suggesiat aggregation af-synuclein may contribute

to disease pathogene$id? Although significant progress has been made in
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understanding the pathological role ofsynuclein in neurodegenerative
disease$?*’ the biological function ofa-synuclein remains to be clarified.
Recent studies suggest thatsynuclein may function in the regulation of
synaptic plasticity, neural differentiation, andetmegulation of dopamine
synthesig®#

a-Synuclein is known to associate with membranouspartments in
cultured cells and in brain tisstf&>?° In vitro studies also showed that
o-synuclein can interact with lipid layers, such adificial liposomes
containing phospholipids with acidic head groujsdldroplets, and lipid rafts.
%29 This binding is supposedly mediated by the 11-amamid imperfect
repeats at the N-terminal region of the proféii:* The binding interaction
between a-synuclein and lipid layers is dynamically regutifé® and
accompanied by conformational changes to tndelical structure of
a-synuclein®®***3 Recently, Lee et al. reported that partcegynuclein is
either associated with the outer surface of veside even localized in the
lumen of vesicles, although the majority of the tpno is localized in the
cytoplasnt® Consistent with these observationg;synuclein has been
implicated in lipid metabolism and vesicle trafficg.®*’
Many studies have shown thatsynuclein can be secreted from cells,

although the protein has no conventional signalusege for secretion. For

example, Borghi et al. showed that full-lengtksynuclein might be released



from neurons into the extracellular space as pdrtito® normal cellular
processing® Furthermore,a-synuclein can be detected in serum from both
normal and PD subject$®° Recently, transfection studies also demonstrated
that a portion ofx-synuclein can be constitutively secreted fromscéirough

an unconventional exocytic pathw®y! a-Synuclein is also known to
penetrate into cells by an unknown mechanism. lavipus papers, we
demonstrated thati-synuclein could penetrate inside neuronal cells by
Rab5A-dependent endocytosis and induce cell déahd thata-synuclein
could penetrate into platelets and subsequentlipiinbi-granule release upon
stimulation®® In addition, Forloni et al. showed that the nop-#omponent of
Alzheimer’s disease amyloid (NAC) peptide derivedni a-synuclein can
penetrate inside cells and accumulate in the peeauregior”

As described above, many lines of evidence sughasti-synuclein
can be secreted from cells and can penetrate hieto,talthough details of the
mechanism are not known. In this study, we investid the amino acid
sequence motifs required for the membrane transtocaf a-synuclein using a
series of deletion mutants and recombinant peptidés also addressed the

mechanistic features of the cellular importesynuclein.



[1. MATERIALSAND METHODS

1. Materials

DEAE-Sepharose Fast Flow, CM-Sepharose Fast FlaSaphacryl
S-200 High Resolution were purchased from Amersbhamsciences (Uppsala,
Sweden), and the Ni-NTA resin from Invitrogen (Gadd, CA).a-, - and
y-synucleins  were  obtained from ATGen (Sungnam, Kpre
[3-D-thiogalactopyranoside (IPTG) was purchased f&gma (St. Louis, MO).
A fluorescein 5-isothiocyanate (FITC) labeling Witis purchased from Pierce
(Rockford, IL). Brefeldin A (BFA) was purchased ffincEpicenter Technologies
(Madison, WI), and Cytochalasin D was purchasednfisigma. Leupeptin,
pepstatin, phenyl-methyl sulfonyl fluoride (PMSFnhda imidazole were

purchased from Boehringer Manheim (Manheim, Germany

2. Construction of expression vectors for a-synuclein deletion
mutants

A series ofa-synuclein deletion mutant constructs were gendrhte
PCR amplification of thea-synuclein gene with the specific primer sets
described below. The protein coding regions of Merminal amphipathic
portion (residues 1-60; Syn1-60 in Fig. 1A) and Nerminal amphipathic

portion plus the NAC peptide (residues 1-95; SyB)s@ere amplified by PCR



with the 5'-oligonucleotide primer CGAGCBATATGGATGTATTCATGA

AAGG and the 3'-oligonucleotide primers CGAGCARGCTTCTATTTGG

TCTTCTCAGCCACTGTTGC and AGAGCTGAATTCCTAGACAAAGCC

AGTGGCTGCTGCAAT containing the restriction enzymies underlined
above, respectively. The protein coding regionghaf C-terminal acidic tail
(residues 96-140; Syn96-140) and the NAC plus ediil (residues 61-140;
Syn61-140) were amplified by PCR with the 5'-oligoleotide primers
CGATCGQCATATGAAAAAGGACCAGTTGGGCAAGAATGAA and CGA

TCGCOCATATGGAGCAAGTGACAAATGTTGGAGGAGCA, and the
3'-oligonuclectide primer GAGCTEAGCTTTTAGGCTTCAGGTTCGTAGT

CTTGATA containing the restriction enzyme sites emided above,
respectively. The amplified DNAs were gel purifieligested with appropriate
enzymes, and then ligated into the pRSET A badterigression vector
(Invitrogen) that had been digested with the appatg restriction enzymes.
pSYMNAC, which lacks the NAC portion, was generated dpnsecutive
cloning of the N-terminal amphiphatic portion (chsts 1-60) and the
C-terminal acidic tail (residues 96-140) into tHRSET A vector (Invitrogen).

All constructs were confirmed by DNA sequencing.

3. Construction of expression vector for KTKEGV truncated
mutants of a-synuclein

Four N-terminally truncated mutant constructs afsynuclein,
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(Syn16-140, Syn28-140, Syn38-140 and Syn51-140gn4A) which serially
lacked the 11-mer repeats were generated by the &fy#tification method.
The protein coding regions were amplified by PCRhwihe 5'-oligonucleotide
primers CGAGCTCATATGGTGGCTGCTGCTGAGAAAACCAAA for
pSyn16-140, CGAGCTCATATGGAAGCAGCAGGAAAGACAAAAGAG
for Syn28-140, CGAGCTCATATGCTCTATGTAGGCTCCAAAACCAAG
for pSyn38-140, CGAGCTCATATGGGTGTGGCAACAGTGGCTGAG
AAG for Syn51-140, and the 3'-oligonucleotide pnin@AGCTCAAGCTT
TTAGGCTTCAGGTTCGTAGTCTTGATA containing the restiieh enzyme
sites underlined above. The amplified DNAs were m#ified, digested with
appropriate enzymes, and then ligated into the gR&Eector that had been
digested with the appropriate restriction enzymgl. constructs were gel
purified and confirmed by DNA sequencing.

Three expression vectors which encode one, two tlareg 11-amino
acid repeat sequence motifs ofsynuclein, respectively, were similarly
constructed by the PCR amplification method. Theen coding regions were
amplified by PCR, and the amplified DNAs were liggtinto theNdel and

Hindlll sites of the pRSET A expression vector.

4. Bacterial expression and purification of mutant proteins
The a-synuclein deletion mutants were overexpresselsamerichia

coli (BL21), and the recombinant proteins were purifiedl apparent
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homogeneity. This was done by taking advantagéettiermosolubility of the
protein and using conventional column chromatogyaphs described
previously® Briefly, the transformed bacteria were grown in b@dium with
0.1 mg/ml ampicillin at 37C to an Ay of 0.8, and then cultured for an
additional 4 h after being induced with 0.mMnPTG. The cells were harvested
by centrifugation at 10,000 rpm for 10 min, resusfexl in 20 mn Tris-HCI
pH 7.4, and then disrupted by ultrasonication. Jingernatant was subjected to
heat treatment at 100°C for 20 min. After removitig precipitates, the
supernatant was purified with DEAE anion-exchangeomatography, and
subsequently with CM cation-exchange chromatography20 nm Tris-Cl,
pH 7.4. The bound proteins were eluted with a lirgradient between 0.
and 0.5v NaCl at a flow rate of 1.5 mL/min. All proteins weefurther purified
on an FPLC gel-filtration column pre-equilibratedm20 nm Tris-HCI, pH 7.4.
The proteins were concentrated and buffer-changdédanvCentricon apparatus
(Amicon, Beverly, MA). The proteins were quantithtgith the BCA assay and
stored at—30°C. The identity of each deletion mutant proteiwas confirmed

by mass spectroscopy (Table 1).



Table 1. Molecular weight, charged residue, isddlecpoint (pl) and

hydropathy values af-synuclein and its deletion mutants.

Molecular weight (MW) Charged Residues p|  Hydropathy

Protein

. Mass N . Value*  Value*

Predicted* Positive Negative
Spectroscopy

a-synuclein 14460.1 14462.23 15 24 4.67 -0.403
Syn1-60 6149.1 6150.44 11 7 9.52 -0.188
Syn1-95 9391.8 9392.72 12 9 9.26 0.148
Syn61-140 8460.1 8462.66 4 17 3.85 -0.533
Syn96-140 5217.5 5216.1 3 15 3.76 -1.491
SymPANAC 11935.3 11935.42 14 23 463 -0.729

* The prediced molecular weight, the pl values ahd hydropathy values were

calculated by using the ProtParam program (www.gxph).



5. Cell culture

Chinese hamster ovary cells (CHO-K1) and humandeu& K562
cells were grown in DMEM (Gibco) supplemented wifh? fetal bovine serum
(FBS) and penicillin—streptomycin, and maintainéd3&°C in an atmosphere
containing 5% C@ Human neuroblastoma SH-SY5Y cells and rat adrenal
pheochromocytoma PC12 cells were routinely maiethinin RPMI 1640
medium supplemented with 10% fetal bovine serum S)FBand

penicillin—streptomycin in a humid atmosphere of 6@ at 37°C.

6. Western blot analysis

Western blot analysis was performed using argynuclein antibody,
as described previousl. Briefly, cells were lysed using the following lysis
buffer: 50 m1 Tris (pH 8.0), 110 m NaCl, 5 mu EDTA, 1% Triton X-100,
PMSF (100 ug/ml), 10% glycerol, 1.5 m MgCl, and protease inhibitor
cocktail (Roche). Protein concentrations were deiteed using the BCA assay
(Pierce, Rockford, IL). Whole cell lysates contagi50 ug of protein were
boiled in equal volumes of loading buffer (12&riris—HCI, pH 6.8, 4% SDS,
20% glycerol, and 10% of R-mercaptoethanol). Proteins were separated
electrophoretically on 12-15% denaturing polyaenitie gels and
subsequently transferred to Hybond ECL nitroceflalmembranes (Amersham,
Uppsala, Sweden) using the BioRad Mini-Gel systel(QJSA). For

immunoblotting, membranes were blocked with 5% faindried milk in
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Tris-buffered saline (TBS) for 1 h. Primary antigaggainsta-synuclein (Syn

211 for Fig.3B and Syn N-19 for Fig. 3C ; SantaLBiotechnology, CA) was
applied at a 1:1000 dilution for 1 h. After washiwgce with TBS containing

0.05% Tween 20 (TTBS), secondary antibody (percedaonjugated goat
anti-mouse 1gG for Fig. 3B, Zymed, CA; peroxidassjagated donkey
anti-goat 1gG for Fig. 3C, Santa Cruz Biotechnolo@A) was applied at a
1:2000 dilution for 1 h. Blots were washed twicelifBS for 10 min, incubated
in commercial enhanced chemiluminescence reageqk, (Pierce, Rockford,

IL), and exposed to photographic film.

7. Preparation of FITC-labeled proteins

Proteins were labeled with N-Hydroxysuccinimide @)H -
Fluorescein-isothiocyanate (FITC) according to m@nufacturer’s instruction
(Pierce). Briefly, proteins (1 mg/ml in PBS buffexere buffer-changed into
borate buffer (pH 8.5) by using desalting columifke fluorescent dye was
dissolved in DMSO, and a 24-fold molar excess @& flnorescent dye was
mixed rapidly with each protein solutions. The teat mixtures were
incubated for 1 h at room temperature, then ovétrag) 4°C in the dark. After
coupling, protein solutions were loaded onto a &dpR G-25 column to
remove the unbound dyes. Fractions were carefulbnitored for protein
content by measuring the absorbance of each fraati®80 nm. The labeled

protein fractions were pooled and concentrated \aitiCentricon apparatus

__lO__



(Amicon, Beverly, MA). Protein concentration wastetenined with a BCA
assay kit (Pierce, Rockford, IL) using bovine-seralfoumin as a standard. To
standardize the labeled proteins, the efficiencytred FITC labeling was
estimated from the absorbance at 495 nm and fra@rptbtein concentration.
Labeled proteins were also separated on an SDSgglgmide gel and the
fluorescence of each sample was additionally staiwsd on an image analysis

system (Molecular Analyst I, version 1.5, Bio-Rad)

8. Protein internalization and visualization

Protein internalization was measured by flow cytognand confocal
microscopy on living cells. For flow cytometry, kelvere seeded at 8 x “10
cells-cnf in 12-well plates and grown for 24 h in completedium. Before
incubation with the FITC-labeled proteins, the selvere washed and
preincubated in DMEM or RPMI for 1 h at 37°C. Cellere then incubated
with 5 uM FITC-labeled protein at either 37°C or 4°C forieas periods of
time, and then washed and placed in ice-cold PBE57(g). The cell pellet was
washed twice before a 5 min incubation with trypSinmg/ml) at 37°C. For
determination of intracellular FITC fluorescencera, cells were then washed
once more with NaCl/Pi and incubated for 5 min withO pl of a freshly
prepared 0.1% Tween 20 solution (pH 7.4). Cellsemeerther washed and
placed in ice-cold PBS. FITC-labeled proteins wereited at 488 nm and

fluorescence was measured at 525 nm using a FAB8c@Becton Dickinson)

__11__



yielding the mean fluorescence intensity per oshjch is a measure of the
amount of cell-associated peptide. Data are repatéeast triplicate samples.

For confocal microscopic analysis, cells were sdede 1 x 10
cells-cn? in Laboratory-Tek® German borosilicate coverglasih eight
chambers (Nalge Nunc International) and grown ®h4n complete medium.
Subsequently, cells were washed and preincubat@d@0ml DMEM or RPMI
(30 min at 37°C). Cells were subsequently incubatitthi the FITC-labeled
proteins for 30 min at either 4°C or 37°C, wasted] placed in 300l ice-cold
PBS (pH 7.4). For determination of the intracellUidTC fluorescence alone,
cells were placed at 4°C and incubated for vartoues with 50ul of a freshly
prepared 0.1% Tween 20 solution (pH 7.4). Cellsemeerther washed and
placed in ice-cold PBS. Photographs were taken wieiss model LSM510
invert on the base of a Zeiss Axiovert 100 micrpscqCarl Zeiss B.V.,
Sliedrecht, Netherlands).

Fluorescence intensity was quantitated using Metpmaoftware
(version 4.6r5, Universal Imaging Corporation, Dawgtown, PA). Mean
fluorescence intensity was measured on each image, total mean
fluorescence was calculated for each sample. Tolu@ec background
fluorescence, mean fluorescence intensity of tlyatine images was subtracted

from those of positive images.

__12__



1. RESULTS

1. Intracellular delivery of a-, #- and y-synucleins

Recent studies showed thatsynuclein can translocate across the
plasma membrane by a mechanism that has yet ttutidated. As a first step
in understanding the membrane translocation meshamif a-synuclein, we
checked whether other synuclein family memb@rsandy-synucleins) could
also translocate across the cell membrane. For phigpose, purified
recombinanti-, §- andy-synucleins were FITC-labeled and exogenously added
into cell culture media. Cells were then harvested the intracellular delivery
of FITC-labeled synucleins was visualized usingoafaecal microscope. As
shown in Fig. 1A, not onlg-synuclein, but als@- andy-synucleins penetrated
the cell membrane and were localized primarily he tytoplasm, although
internalized proteins might also be localized irsigies. Interestingly, unlike
other membrane-permeating proteins, synuclein famgmbers did not appear
to translocate across the nuclear membrane. Memlbranslocation oé.-, -
andy-synucleins was also confirmed by flow cytometmalgsis (Fig. 1B). The
membrane translocation efficiencies of all the @ family members
appeared to be slightly different (Fig. 1C), and thembrane translocation of
these proteins can be detected even at a condentft 0.1 uM (data not
shown). The C-terminal acidic tails of synucleirmiy members are very

diverse in size as well as in sequence, althoughN#terminal amphipathic
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regions of the synuclein family members are welhsgyved among species.
Thus, it seems likely that the N-terminal part i(lass 1-95) may play a critical

role in the membrane translocation of synucleinifiamembers.
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—
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B-Syn-FITC v-Syn-FITC
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1w o' 1o0® 10® 1ot 1w o' 10® 0@

Figure 1-1. Intracellular delivery of a-, B- and y-synucleins.

(A) Confocal microscopic analysis. CHO-K1 cells eiéncubated for 30 min with PBS
alone (Con-FITC), 5uM of FITC-labeled a-synuclein ¢-Syn-FITC), 5 uM of
FITC-labeled B-synuclein B-Syn-FITC) and 5uM of FITC-labeled y-synuclein
(y-Syn-FITC), respectively. Cells were washed extazigi with PBS prior to confocal
microscopic analysis.

(B) Flow cytometric analysis. CHO-K1 cells wereubated with 51M of FITC-labeled
a-synuclein §-Syn), B-synuclein g-Syn) andy-synuclein {-Syn), respectively, for 30
min. Cells were washed extensively with a trypsDiA solution and with PBS prior to
flow cytometry analysis. Solid white histograms argreated control cells, and solid
grey histograms are cells treated with FITC-labelgulucleins.
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(©)

Fluorescence Intensity

AFU

eﬁ’ﬁg Q

% Z
5% & \ﬁ%ﬁ\f_x
Figure 1-2. Intracellular delivery of a-, - and y-synucleins.
(C) Average cell fluorescence intensity. Averagell cBuorescence intensity

measurements of 30 cells labeled with FITC overtdha section area (P<0.05). Values
are expressed as mean * SE.
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2. The N-terminal and NAC regions contain the motifs for the
intracellular delivery of a-synuclein

a-Synuclein consists of three distinct regions: theterminal
amphipathic region (residues 1-60), the hydrophdW¥#&C region (residues
61-95), and the C-terminal acidic region (resid@&s140). To investigate
which region is responsible for the membrane toalon ofa-synuclein, we
produced five deletion mutant constructs (Fig. 28yn1-60 encodes the entire
region of the amphipathic region, Syn1-95 encotlesaimphipathic and NAC
regions, Syn61-140 encodes the NAC and acidic rigiions, Syn96-140
encodes the acidic tail region, and 8MAC lacks the NAC region. The
deletion mutant proteins were overexpressed in di. and purified using
conventional column chromatography methods. Theaeprasamples used in
this study were highly purified as determined bySSPAGE (Fig. 2B), and the

characteristics of these mutant proteins are suinathin Table 1.
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(A) o-synuclein and deletion mutants

| I .

1 61 96 140
Amphipathic region NAC Aecidic tail region

Synl-60 | |

SmaNaC | I

(B)

= g
L - T |

20.1

14.4

Figure 2-1. Membrane translocation of a-synuclein and its deletion mutants.

(A) A schematic diagram ad-synuclein and deletion mutant construetsSynuclein
consists of three distinct regions: the N-termemalphipathic region (residues 1-60), the
hydrophobic NAC region (residues 61-95), and théetinal acidic tail (residues
96-140). Five deletion mutant constructs encodhmg dmphipathic region (Synl1-60),
the amphipathic region and the NAC region (Synl-#% NAC and acidic tail regions
(Syn61-140), the acidic tail region (Syn96-140)d ahe NAC deletedr-synuclein
named SyANAC were used in this study.

(B) SDS PAGE analysis of the purifiedsynuclein and its deletion mutant proteins.
The purified proteins were analyzed on a 15% SDigagoylamide gel, and the protein
bands were stained with Coomassie Brilliant Blu&®&2

__18__



We first investigated the intracellular delivery tfe a-synuclein
deletion mutants using confocal microscopySynuclein and its deletion
mutants were labeled with FITC, and CHO-K1 cellsravéreated with the
FITC-labeled proteins. Cells were harvested and theualized using confocal
microscopy. As shown in figure 2C, FITC-labeledsynuclein, Synl-60,
Syn1-95 and SyeNAC displayed bright fluorescence, indicating thdiC
labeled proteins were delivered into the cellsedestingly, the fluorescence of
WT, Syn1-60, Syn1-95 and SYNAC proteins appeared to be localized mainly
in the cytoplasm and not in the nucleus. The negatiuorescence intensity of
Syn61-140 was lower, and that of Syn96-140, whiatk$ both the N-terminal
amphipathic and the hydrophobic NAC regions, wasoal invisible (Figs. 2C
and 2D). Similar results were obtained in SHSY-®flscand PC12 cells (data

not shown).
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Figure 2-2. Membrane translocation of a-synuclein and its deletion mutants.

(C) The internalization ofx-synuclein and deletion mutants analyzed by comfoca
microscopy. Cells were incubated withuM of FITC-labeled proteins for 30 min at
37°C. BSA and Lysozyme were used as negative dsnttells were not fixed to avoid
fixation artifacts, but were washed extensivelyhmiRBS before confocal microscopic
analysis. The scale bar representstD

(D) Average cell fluorescence intensity. Averagell cBuorescence intensity
measurements of 30 cells labeled with FITC overtota section ared?k0.05). Values
are expressed as mean * SE.
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Membrane translocation af-synuclein deletion mutants was also
demonstrated by flow cytometric analysis (Fig. 3Aonsistent with the
confocal microscopic studies mentioned above, figtemetric analysis of cells
incubated with WT, Syn1-60 Syn1-95, Syn61-140 anmABIAC proteins
showed a bright green fluorescence. However, cbrdedls and the cells
incubated with Syn96-140 did not show any fluoresee

Membrane translocation af-synuclein deletion mutants was finally
verified by western blot analysis. As shown in FB, exogenously added
a-synuclein, Syn61-140 and SYNAC appeared to penetrate the cell
membrane; however, Syn96-140 did not. In additidthe membrane
translocation of thex-synuclein deletion mutants was observed in evety c
type tested, such as PC12, K562, SHSY-5Y, and CHCeKlls (Fig. 3B).
Because we used a monoclonal antibody that can daetigct the C-terminal
acidic tail ofa-synuclein, membrane translocation of Syn1-60 aynll D5 was
not demonstrated in this experiment. To demonstrtte membrane
translocation of Syn1-60 and Syn1-95, polyclonalibadies were used for
western blot analysis. As shown in Fig. 3C, Syn1$M1-95, and S\ XNAC
appeared to penetrate cell membranes. Taken togetnedata demonstrated
that a-synuclein, Syn1-60, Syn1-95, Syn61-140, and ABYAC were able to
penetrate cell membrane, but Syn96-140 could nbts Buggests that the
N-terminal and NAC regions contain the motifs foe intracellular delivery of

a-synuclein, although the NAC is less effective ttizenN-terminal region.
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Figure 3-1. Flow cytometry and Western blot analysis for the membrane
trandocation of a-synuclein and its deletion mutants.

(A) Flow cytometry analysis of cells incubated wkhIC-labeled proteins. CHO-K1
cells were incubated with FITC labeled WAsynuclein (a), FITC-labeled Syn1-60 (b),
FITC-labeled Syn1-95 (c), FITC-labeled Syn61-14) TC-labeled Syn96-140 (e),
FITC-labeled SyaNAC (f), FITC labeled-BSA (g) and FITC labeled-lygmne (h) for
30 min at 37°C. Cells were washed extensively itinypsin-EDTA solution and with
PBS prior to flow cytometry analysis. Solid whitistograms are untreated control cells,
and solid grey histograms are cells treated witfFlabeled proteins.
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Figure 3-2. Flow cytometry and Western blot analysis for the membrane
trandocation of a-synuclein and its deletion mutants.

(B) Western blot analysis of the membrane transiosaof exogenously added
a-synuclein and its deletion mutants with a monoalantibody (Syn211). Cells were
treated with PBS alone (lane 1), i® WT a-synuclein (lane 2), 1M Syn1-60 (lane
3), 10uM Syn1-95 (lane 4), 1AM Syn61-140 (lane 5), 10M Syn96-140 (lane 6) and
10 uM SyrANAC (lane 7) for 1 h at 37°C. Cells were carefulbashed with a
trypsin-EDTA solution and with PBS before the pnegtian of cell lysates.

(C) Western blot analysis of the membrane translmcaof exogenously added
a-synuclein and its deletion mutants with polycloaatibodies (SynN-19). Cells were
treated with PBS alone (lane 1), i WT a-synuclein (lane 2), 1M Syn1-60 (lane
3), 10uM Syn1-95 (lane 4), 1@M Syn96-140 (lane 5) and 1M SynANAC (lane 6)
for 1 h at 37°C. Cells were carefully washed wittrypsin-EDTA solution and with
PBS before the preparation of cell lysates.
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3. Membrane translocation of a series of N-terminally truncated
mutants

The N-terminal and NAC regions (amino acid residude85) of
a-synuclein contain seven 11-amino acid imperfegiea¢s with a highly
conserved hexamer motif (KTKEGV). The repeat segeemotifs are also
found inB- andy-synucleins. Interestingly, these repeat regiomsstnucturally
homologous to the amphipathic, lipid-binding-helical domains of
apolipoproteinA-l (apoA-l). Apo A-l has eight 22-mamphipathic helical
repeat domains as the major protein component miahnuHDL. A recent report
suggested that the lipid binding or membrane ictéva is affected by partial
deletion of the amphipathic helical domains of ApbM&Based on this
information, we investigated whether the 11-amiid amperfect repeats of
a-synuclein were responsible for its membrane traragion. For this purpose,
we produced a series of N-terminally truncated ®oha-synuclein (Fig. 4A).
A1Syn lacks one repeat sequence maA2Syn lacks two repeat sequence
motifs, A3Syn lacks three repeat sequence motifs,/stfslyn lacks four repeat
sequence motifs at the N-terminus. These N-terfyirtelncated forms were

purified fromE. coli, and the purified proteins were FITC-labeled (BiB).
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Figure 4-1. Membrane trandocation of a series of N-terminally truncated
a-synuclein mutants.

(A) Schematic diagrams of full-length and N-ternlijné&runcated forms oéi-Synuclein.
Shaded regions (light gray) represent the 11-meeats.A1Syn lacks the first repeat
found ina-synuclein (residues 1-15A2Syn lacks the first two repeats (residues 1-27) ;
A3Syn lacks the first three repeats (residues 1:330d A4Syn lacks the first four
repeats (residues 1-50).

(B) SDS PAGE of the purified N-terminally truncatesutant proteins. The purified

proteins were analyzed on a 13.5% SDS polyacrylamél, and the protein bands were
stained with Coomassie Brilliant Blue R250.
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The membrane translocation abilities of these ntupmateins were
assessed by Western blot analysis. As shown irdElgall the truncated forms
appeared to be delivered into CHO-K1 cells, butttheslocation efficiencies
were different. As the more repeated sequence snatfe deleted, membrane
translocation efficiency decreased (Fig. 4C). Coafanicroscopic studies also
demonstrated that the membrane translocation &fitgi of the N-terminally
truncated forms ofu-synuclein was proportional to the number of repeat
sequence motifs present (Fig. 4D). These resutdisate that the 11-amino acid
imperfect repeats of synuclein family members péaycritical role in the

membrane translocation of these proteins.
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Figure 4-2. Membrane trandocation of a series of N-terminally truncated
a-synuclein mutants.

(C) Western blot analysis of the membrane translmcaof exogenously added
a-synuclein and N-terminally truncated mutants. CKD-<ells were treated with 10
uM of each proteins for 1 h at 37°C. Cells were fidiye washed with a trypsin-EDTA
solution and with PBS before the preparation of lgshtes. Lanes: lane 1, WT ; lane 2,
A1Syn ; lane 3A2Syn ; lane 4A3Syn ; and lane B4Syn .

(D) Confocal microscopic analysis of the membraaadlocation of exogenously added
a-synuclein and N-terminally truncated mutants. €elere incubated with M of
FITC-labeled proteins for 30 min at 37°C. Syn 9®idas used as a negative control.
Cells were not fixed to avoid fixation artifactyjtbvere washed extensively with PBS
before confocal microscopic analysis.
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4. Sequence motifs for the membrane translocation of a-synuclein

To directly demonstrate that the 11-amino acid aéequences can
transverse the plasma membrane, we produced & sériesion peptides (Fig.
5A) that contained the repeat sequence motif ugiegombinant DNA
technology. 1XR contains a single repeat motif (amiacids 10-20 of
a-synuclein), 2XR contains two repeat motifs (amawid residues 10-31), and

3XR contains three repeat motifs (amino acid re=sdL0-42).

(A)

Syn 1-60
MDVFMKGLSKAKEGVVAA AFRIROG AR AL S TR ALK TKEGY VHG VAT VAEKTK
10 20
1XR  KAKEGVVAAAE KLDPAANKARKEAFLAAATAEQ

10 31
2XR KAKEGVVAAAF [RTRQGVABANG KLDPAANKARKEAFLAAATAEQ

10 42
3XR | KAKEGVVAAAE [KTKQGVAEAAG J 4N 40eAYRQYEINK1 DPAANKARKEAELAAATAEQ

Figure 5-1. Transduction efficiency of fusion peptides containing the 11-mer
repeat(s).

(A) Amino acid sequences of fusion peptides coingirthe 11-mer repeat(s). 1XR

contains one 11-mer repeat, 2XR contains two repeaid 3XR contains three repeats
derived from the N-terminal region af-synuclein. The C-terminal parts of fusion
peptides were derived from the pRSET A expressemtor.
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These fusion peptides were expressef.icoli, and the peptides were
FITC-labeled. Using these peptides, membrane waagbn abilities were
compared using confocal microscopy. As shown in Big, all the peptides
appeared to be delivered into CHO-K1 cells, butttheslocation efficiencies
were different. Interestingly, the fluorescenceivsity of 2XR treated cells was
higher than those of 1XR and 3XR treated cellsgeating that the membrane
translocation efficiency of 2XR is the greatestmifr results were obtained
using flow cytometry studies (Fig. 5C). These ressinldicate that the 11-amino
acid imperfect repeats ofsynuclein can transverse the plasma membrane, and
the membrane translocation efficiency is optimakwkhe peptide contains two

repeat motifs.
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Figure 5-2. Transduction efficiency of fusion peptides containing the 11-mer
repeat(s).

(B) The internalization of fusion peptides contagithe 11-mer repeat(s) analyzed by
confocal fluorescence microscopy. Cells were intedbavith 5uM of FITC-labeled
peptides for 30 min at 37°C. Syn96-140 was used @sgative control. Cells were not
fixed to avoid fixation artifacts, but were washedensively with PBS before confocal

microscopic analysis.

(C) Flow cytometry analysis of cells incubated wHhTC-labeled fusion peptides.
CHO-K1 cells were incubated with FITC-labeled 1XXR, 3XR, or Syn96-140 for 30
min at 37°C. Cells were washed extensively withrypdin-EDTA solution and with
PBS prior to flow cytometry analysis. Solid whitistbgrams are untreated control cells,
and solid grey histograms are cells treated withG~labeled peptides. Syn 96-140 was
used as a negative control.
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5. Kinetic and mechanistic features of the membrane translocation of
a-synuclein

We next addressed the kinetics of and mechanisnmdbekrsynuclein
uptake by cells. CHO-K1 cells were incubated withG~labeleda-synuclein at
37°C or 4°C for various time periods. The time seupfa-synuclein uptake
showed that the protein was imported rapidly arfctieftly, with detectable
protein in the cytoplasm within 5 min of exogenadmeatment (Fig. 6A).
Furthermore, the import af-synuclein at 4C was comparable to that detected
at 37C by confocal microscopy (Fig. 6A). Flow cytometritudies also
resulted in the same conclusion (Fig. 6B). Thesalte suggest that the typical
endocytosis pathway might not be responsible ferrttembrane translocation

of a-synuclein.
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Figure 6. Effects of incubation time and temperature on the membrane
per meabilization of a-synuclein.

(A) Confocal microscopic analysis. CHO-K1 cells wémcubated for 5 min, 15 min, 30
min or 60 min with 5uM of FITC-labeleda-synuclein at 4°C and 37°C, respectively.

(B) Flow cytometric analysis. CHO-K1 cells wereubated with 51M of FITC-labeled

a -synuclein for 5 min at 4°C (a), and at 37°C @lls were washed extensively with a
trypsin-EDTA solution and with PBS prior to flow toynetry analysis. Solid white
histograms are untreated control cells, and saky fpistograms are cells treated with

FITC-labeleda-synuclein.
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We further examined the effects of endocytosis hitbis on the
membrane translocation afsynuclein. To investigate the role of the Golgi in
a-synuclein transport, CHO-K1 cells were pretreateith Brefeldin A, an
inhibitor of trans-Golgi transporf, and incubated with FITC-labeled
a-synuclein for 30 min. Confocal microscopic obs¢iva indicated that the
import of a-synuclein was minimally altered by Brefeldin Adtment (Fig. 7A).
Internalization ofa-synuclein was also minimally altered by pretreatmgith
Cytochalisin D (Fig, 7A), a microfilament-disrupgirdrug® In addition, flow
cytometric analysis of the cells resulted in theesaonclusion (Fig, 7B). Taken
together, these results suggest that the inteati@miz of a-synuclein is
temperature-insensitive and occurs very rapidlyavraute distinct from normal

endocytosis.

__38__



(A)

{a) comirol () with }]:cﬁ:_ld::l'.\ {Topm) * |l (c) with Cytochalasin D (SpM)

(B)

2
128

15min 30min

Events
Events

Brefeldin A (10 UM)

d 15min 30min

Events
Events
Events

Cytochalasin D (5 UM)
Figure 7. Effects of endocytosisinhibitorson theinternalization of a-synuclein.

(A) CHO-K1 cells were pretreated with 1M of Brefeldin A (b) or 5uM of
Cytochalasin D (c) for 30 min, and then FITC-lalbetesynuclein was added to the
medium. After 30 min incubation, cells were waslewl observed on a confocal

fluorescence microscopy. Control cells were treatid PBS only (a).

(B) CHO-K1 cells were pretreated with (red curvesyithout (green curves) inhibitors
for indicated time periods, and then FITC-labeteslynuclein was exogenously added
to the medium. After 30 min incubation, cells wesgtensively washed with a
trypsin-EDTA solution and with PBS, and analyzed floyv cytometry. Solid white
histograms are untreated control cells, and redgaedn histograms are cells treated

with FITC-labeledu-synuclein.
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V. DISCUSSION

Many proteins with no signal sequence can be strétrough an
unconventional exocytosis pathway independentlythef ER/Golgi pathway.
%233 o -Synuclein is also known to be secreted into aatetpinal fluid (CSF)
and plasm&“° Furthermore, exogenous-synuclein can be imported into
cells®** In this study, we demonstrated that theekminal amphipathic (a.a.
residues 1-60) and the NAC peptide (a.a. residue®95p regions are
responsible for the membrane translocationaaynuclein. Particularly, the
11-amino acid imperfect repeat sequences in tleggens appear to mediate the
import of a-synuclein into cells. These sequence motifs astndi from those
of other protein transduction domain (PTD) contagnproteins, including Tat
and VP22 (discussed below in detail). However, raaigtic features of the
membrane translocation afsynuclein appear to be very similar to other PTD
containing proteins. These results extend our staleding of the secretary
proteins lacking signal sequences, particularhthaf PTD containing protein
family.

Although a-synuclein does not possess a hydrophobiterihinal
signal sequence for secretion, earlier studies dstrated thati-synuclein is
secreted in both PD patients and in normal subj&éisSecretedy-synuclein
can be detected at nanomolar concentrations i@8teand blood. Interestingly,

the blood levels ofi-synuclein have been shown to be increased in @D
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patients with aru-synuclein gene triplicatioff. a-synuclein secretion has also
been demonstrated in vitro by transfection stutfiésParticularly, Lee et al.
demonstrated that a portion of cellutasynuclein is present in vesicles and is
secreted from cells through an unconventional exocpathway in a
constitutive mannef. Secretion ofo-synuclein was temperature sensitive, but
was not affected by BFA treatment, suggesting taat unconventional
exocytosis mechanism might be involved.

In this study, we showed thatsynuclein can be translocated into
adrenal pheochromocytoma cells (PC12), neuronalls c¢5H-SY5Y),
hematopoietic cells, and Chinese hamster ovarys q€@HO-K1). Previous
studies also showed that-synuclein can penetrate into undifferentiated
neuronal cells and plateléfs’® These results suggest that the membrane
translocation ofi-synuclein is not specific to certain cell typesaisynuclein
uses a specific receptor for its import into cefignetration ofa-synuclein
should be limited to cell types expressing the peaés). Therefore, it seems
highly likely that a-synuclein may bind to common molecules on the cell
surface. Since the N-terminal region w@Bynuclein is known to interact with
lipid layers in vitro as well as in vivi§;*> we propose that the interaction
betweena-synuclein and the plasma membrane is an essestépl for the
membrane translocation afsynuclein. Transfection studies demonstrated that
the secretion ofa-synuclein is also not specific to certain cell agp*

Overexpressed-synuclein can even be secreted from yéastd fromE. coli.
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(authors’ unpublished results). Interestingly, le¢@l. reported that a portion of
a-synuclein is stored in the lumen of vesicles ia tytoplasm, and that the
a-synuclein in vesicles might be secreted throughiramonventional exocytosis
pathway. These results suggest that the interadt@weena-synuclein and
vesicle membranes is critical for the translocatidm-synuclein into vesicles,
and presumably for the subsequent secretion prodésss, our data clearly
indicate that the 11-amino acid imperfect repeatifmare responsible for the
membrane translocation efsynuclein, i.e., both secretion and penetration.
The 1l-amino acid repeat motifs contain a well-eomsd core
sequence of KTKEGV, and these repeats are alsemiréis the Nterminal
region offp- andy-synuclein. The 11-mer repeatsoe$ynuclein are supposed to
form amphiphatica-helices when the protein is bound to lipid molesdt
Although no significant sequence homology is foutlte repeat region is
structurally homologous to the lipid binding domawf exchangeable
apolipoproteins, in which the repeat sequence matio form amphipathic
o-helices® In this study, all the-synuclein deletion mutants and recombinant
peptides that contained one or more of the repatesice motif(s) appeared to
translocate the cell membrane (Fig. 2, 4, 5). @nather hand, Syn96-140 and
control proteins, which have no such motif, did petmeate into cells (Fig. 2).
Taken together, the data suggest that the repga¢see motifs bind to the lipid
bilayer, and the binding interaction might be cati for the membrane

translocation of synuclein proteins.
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We demonstrated that the cellular uptakeoedynuclein could be
detected within 5 min, and that this uptake wasinbibited when cells were
incubated at 4°C. It is well established that rémemediated endocytosis is
blocked by incubation at 4°C The cellular uptake af-synuclein also appeared
to be insensitive to treatment with the generalbegtbsis inhibitors, Brefeldin
A and Cytochalasin D. Brefeldin A is known to distihe Golgi apparatus and
inhibit transport through the Gof§i whereas Cytochalasin D is a
microfilament-disrupting drug: Therefore, these results suggest that
internalization ofa-synuclein is temperature-insensitive and occuasavroute
distinct from normal endocytosis, as is the cas®floer PTDs.

Basic peptides derived from translocatory protesw;h as the Tat
protein, the Antennapedia protein and VP22, andhewvany arginine-rich
peptides have been reported to have a membraneegbility and a carrier
function for intracellular cargo delive’y>® These peptides are called protein
transduction domains (PTDs). Like other translogatproteins and PTDs
derived from themg-synuclein appears to pass through the cell mershraan
energy-independent, non-endocytic manner, at teshpes as low as 4°C.
Unlike other translocatory proteins, howeversynuclein does not appear to
penetrate into the nucleus. Translocatesynuclein is localized primarily in the
cytoplasm. Furthermore, the amino acid sequencthefi-synuclein’'s PTD
(STD) is distinct from those of other PTDs. No sfigant amino acid sequence

homology exists between STD and other PTDs, butranmon feature is that
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they are all basic peptides. STD is composed ah&frepeats that contain no
arginine residues. Instead, each 11-mer repeatidaesl one or two lysine
residues. The 11-mer repeats are rather strugturathologous to those found
in apolipoproteins, but it is not known whether #olipoproteins are actually
able to tanslocate across cell membranes.

In summary, not only-synuclein, but als@- andy-synucleins can
penetrate into live cells, and the 11-amino acigerfect repeats of synuclein
family members appear to play a critical role ia thembrane translocation of
these proteins. Fusion peptides containing thenlihe acid imperfect repeats
of a-synuclein (STD) can transverse the plasma membearethe membrane
translocation efficiency is optimal when the pept@bntains two repeat motifs.
Internalization ofu-synuclein is temperature-insensitive and occurg xegpidly
via a route distinct from normal endocytosis.

These features suggest that the synuclein prowgihsreate a useful
model for analyzing unconventional import and expathways in mammalian
cells. Furthermore, STD could be a potential cafoe the efficient delivery of

peptides that do not permeate living cells.
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V. CONCLUSION

In this study, we investigated amino acid sequenustifs and
mechanistic features for the membrane translocatfansynuclein which has

not been well known until now.

1. The N-terminal region may play a critical roler fthe membrane

translocation of synuclein family members.

2. The N-terminal and NAC regions are critical fioe intracellular delivery of

a-synuclein.

3. The 11-amino acid imperfect repeats of synuctaimily members play a

critical role in the membrane translocation of thpsoteins.

4. The 1ll-amino acid imperfect repeats wefynuclein can transverse the

plasma membrane, and the membrane translocatiereatfy is optimum when

the peptide contains two repeat motifs.

5. The typical endocytosis pathway might not beaoesible for the membrane

translocation ofi-synuclein.
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6. Internalization ofi-synuclein is energy-independent and occurs vauidia

via a route other than normal endocytosis.
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