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Abstract Intracellular deposits of aggregated alpha-syn-

uclein are a hallmark of Parkinson’s disease. Protein–

protein interactions are critical in the regulation of cell

proteostasis. Synphilin-1 interacts both in vitro and in vivo

with alpha-synuclein promoting its aggregation. We report

here that synphilin-1 specifically inhibits the degradation of

alpha-synuclein wild-type and its missense mutants by the

20S proteasome due at least in part by the interaction of the

ankyrin and coiled-coil domains of synphilin-1 (amino

acids 331–555) with the N-terminal region (amino acids

1–60) of alpha-synuclein. Co-expression of synphilin-1 and

alpha-synuclein wild-type in HeLa and N2A cells produces

a specific increase in the half-life of alpha-synuclein,

as degradation of unstable fluorescent reporters is not

affected. Synphilin-1 inhibition can be relieved by

co-expression of Siah-1 that targets synphilin-1 to degra-

dation. Synphilin-1 inhibition of the proteasomal pathway

of degradation of alpha-synuclein may help to understand

the pathophysiological changes occurring in PD and other

synucleinopathies.
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Introduction

Parkinson’s disease (PD), and other synucleinopathies, are

characterized pathologically by proteinaceous inclusions

commonly referred to as Lewy pathology in postmortem

brain tissue samples [1]. Alpha-synuclein is the major

protein constituent of Lewy bodies [2]. Three missense

point mutations (Ala53Thr, Ala30Pro, Glu46Lys) in the

alpha-synuclein gene have been linked to dominant early

onset familial PD [3–5]. Locus duplication [6, 7] and trip-

lication [8] have been described in certain forms of familial

PD and hypomethylation of alpha-synuclein intron 1 is

found in sporadic PD patients [9], indicating that increased

expression of alpha-synuclein is also directly involved in

the pathogenesis of Lewy bodies diseases and neurode-

generation, as exemplified in several animal models [10].

Alpha-synuclein is a small acidic protein of 140 amino

acids. The N-terminal part of the protein contains seven

imperfect repeats with the consensus core sequence

Lys-Thr-Lys-Glu-Gly-Val. The C-terminal portion has no

recognized motifs except for a strong negative charge. The

precise function of alpha-synuclein is not known. Alpha-

synuclein is a natively unfolded protein with the ability of

self-aggregation in a nucleation-dependent process to both

non-fibrillar oligomers, protofibrils, and fibrillar aggregates

with amyloid properties that are potentially cytotoxic [11].

In globular proteins, binding promiscuity is favored

through unstructured protein regions. In fact, both the

intrinsic disorder content and the linear motif content of a

protein are predictive of dosage sensitivity in yeast,

because promiscuous (‘‘off-target’’) low-affinity interac-

tions are favored by over-expression due to simple mass

action [12]. Naturally unfolded proteins, like alpha-syn-

uclein, are likely to be promiscuous in the cell, and both

gain-of-function mutations and over expression, alpha-
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synuclein gene duplication, triplication, and hypomethy-

lation of alpha-synuclein intron 1 (see references above),

could be deleterious for the cell [13]. Alpha-synuclein fits

well into this theoretical framework. Alpha-synuclein has

been described to associate with many protein partners in

the cell [14]. Among those partners it has been described

that alpha-synuclein can associate with: Tau [15], 14.3.3

proteins [16–18], synphilin [19, 20], tubulin [21], and

phospholipase D2 promoting its inhibition [22, 23] inhib-

itory effects not replicated in a recent publication [24]. The

natural tendency of alpha-synuclein to aggregate may be

the reason that several chaperones also interact with alpha-

synuclein. In fact, aB-crystallin [25, 26] and Hsp90 [27]

have been shown to be associated with synuclein aggre-

gates in the brain. Hsp70 over-expression, cooperating with

Hsp40, has been shown to prevent alpha-synuclein aggre-

gation and toxicity in cell and Drosophila models that over-

expressed alpha-synuclein [28–31], while no beneficial

effect has been recently reported in A53T transgenic mice

[32].

One way to study the strength of alpha-synuclein

interaction with its potential protein partners is to get an in

vitro read-out that can score the ‘‘strength’’ of the inter-

actions. A general experimental approach to study protein–

protein interactions uses the sensitivity of protein partners

to proteases as an indirect measurement of the affinity and

the mass action of the equilibrium of the protein–protein

complex. In this approach, two proteins in solution may

form a heterodimer, A ? B $ AB, and the relative con-

centrations of each molecular species is dependent on both

the amount of both protein partners and the affinity con-

stant. When a protease is added to the mixture, A, B, and

the complex AB can be degraded, either partially or totally

with different rates, or not degraded. Partial or limited

degradation of both partners has also been used to map

protein regions of A and B that are resistant to proteolysis

due to AB complex formation.

The rational of our work was to approach the relevance of

alpha-synuclein protein–protein interactions by in vitro

studies of the degradation of alpha-synuclein by the protea-

some, as it has been shown that alpha-synuclein is directly

degraded by the 20S proteasome [33–35] and may also

participate in alpha-synuclein degradation in situ [36, 37].

We performed initial studies with tubulin, the results

obtained showed that tubulin is not degraded, and does not

significantly affect the degradation of alpha-synuclein, by

the 20S proteasome. As a consequence, we direct our

attention to synphilin-1 because it has been shown to

interact in vivo with alpha-synuclein [19]. Synphilin-1

promotes inclusion formation in cells [19, 38] and is also

present in Lewy bodies [39]. Synphilin-1 has been shown

to interact through its central domain amino acids 349–555

with the N-terminal (1–65) region of alpha-synuclein by

yeast two-hybrid analysis [20] and more recently Xie et al.

[40] reported a detailed in vitro study of the interaction of

alpha-synuclein and synphilin-1 confirming and extending

those previous results.

Here we show that synphilin-1 specifically inhibits in a

dose-dependent manner the degradation of alpha-synuclein

by the 20S proteasome, this inhibition is due, at least in

part, to the interaction of synphilin-1 central region

331–555 with the N-terminal region 1–60 of alpha-synuc-

lein. Furthermore, over-expression of synphilin-1 by cell

transfection increases the half-life of alpha-synuclein.

These results demonstrate for the first time that synphilin-1

acts on alpha-synuclein turn-over preventing its degrada-

tion by the proteasome and this inhibition of alpha-

synuclein degradation can be reversed by targeting of

synphilin-1 to degradation by ubiquitylation mediated by

Siah-1 over-expression.

Materials and methods

Plasmid constructs

Human synphilin-1 331–919 and 331–555 were obtained

by PCR with the appropriate oligonucleotides (forward 331

NdeI, 50-CGGCTACATATGATCTCTCTCCTGCCACA

CC-30; reverse 555 SalI, 50-GCGAGCGTCGACTTACTTG

CCCTCTGATTTCTGGGC-30; and reverse 919 SalI,

50-CGCGACGTCGACTTATGCTGCCTTATTCTTTCCT

TT-30) using pcDNA 3.1 hSynphilin-1 construct was kindly

provided by Mark R. Cookson (National Institutes of

Health, Bethesda, MD, USA) [41] and subcloned into the

NdeI/XhoI sites of pET15B vector. Human wild-type

alpha-synuclein cDNA was obtained by PCR with appro-

priate oligonucleotides from a human placental cDNA

library and cloned into pT7-7 and pcDNA 3.1 vectors, pT7-7

Alpha-synuclein A30P, A53T and E46K were obtained by

PCR with QuikChangeTM Site-Directed Mutagenesis Kit

(Stratagene, La Jolla, CA, USA), as described [42].

His-tag full length alpha-synuclein, His-tag alpha-syn-

uclein 1–60 and 61–140 synuclein fragments were obtained

by PCR from pcDNA construct with the appropriate oli-

gonucleotides forward BglII alpha-synuclein full length,

50-GGCGGCGAGATCTATGGATGTATTCATGAAAG

G-30; forward for synuclein 61–140, 50-GGCCACATCT

ATGGAGCAAGTGACAAATGTTGGAGG-30; reverse

for full length and 61–140 construct SalI, 50-AGAGTCGA

CTTAGGCTTCAGGTTCG-30; reverse for 1–60 construct,

SalI, 50-GGGCCGTCGACCTATTTGGTCTTCTCAGCC

ACT-30 and cloned into the BamH1/XhoI sites of pRSET-A

vector. Myc-synphilin-1, HA-Siah-1 tagged cDNAs were

kindly provided by Dr. Simone Engelender (Technion-

Israel Institute of Technology, Haifa, Israel).
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Protein purification

Rat liver 20S proteasome was purified as described [43].

Recombinant His-synphilin-1 331–919 and 331–555,

His-alpha-synuclein full length, His-alpha-synuclein 1–60

and 61–140 were obtained from induced bacterial cultures

and purified using Ni–NTA agarose (Qiagen, Hilden,

Germany), according to the manufacturer’s instructions,

and dialyzed against 25 mM Tris–Cl, pH 7.5, 25 mM

NaCl, insoluble proteins were removed by centrifugation at

100,000 9 g for 30 min. Wild-type, A30P, A53T, and

E46K a-synucleins were purified as described [42]. Tubu-

lin dimers were purified from rat brain after three cycles of

polymerization as described [44].

In vitro degradation assays

Degradation reactions were incubated at 37�C for the times

indicated and contained in a final volume of 20 ll: 20 mM

HEPES, pH 7.4, 2 mM EDTA, 1 mM EGTA, 2 lg of

alpha-synuclein (7 lM, molecular mass: 14,000 Da), and

0.25–2.5 lg of purified rat liver proteasome (17.36–

173.6 nM, molecular mass: 720,000 Da). To study the effect

of synphilin-1 in the degradation of alpha-synuclein by the

20S proteasome, 1 lg His-synphilin-1 331–919 (0.75 lM,

calculated monomeric molecular mass: 66,433 Da), 0.5 lg

His-synphilin-1 331–555 (0.92 lL, calculated monomeric

molecular mass: 27,062 Da), were preincubated with alpha-

synuclein for 15 min at RT with occasional shaking, prior its

addition to the degradation mixture containing the 20S pro-

teasome. Reactions were stopped at different times with

concentrated SDS-PAGE sample buffer and after boiling for

5 min were loaded onto 14% SDS-PAGE. Gels were stained

(Coomassie Blue), destained and dried under vacuum.

Transfer and immunoblots were performed with anti-alpha-

synuclein antibodies (see below) or anti-His-tag antibodies

(1:1,000, Novagen, USA). Quantification was performed

using the Quantity-one software (Bio-Rad SA, Madrid,

Spain).

Cell degradation assays

HeLa and N2A cell lines were cultured in Dulbecco’s

modified Eagle’s media containing 10% fetal bovine

serum. Cells were plated in 35-mm dishes and transiently

transfected with the indicated DNAs using Lipofectamine

2000 reagent (Invitrogen SA, Barcelona, Spain). Typically

300,000 cells were transfected with 200 ng of pcDNA

alpha-synuclein expression vectors. Where indicated,

400 ng of Myc-synphilin-1 and/or 400 ng of HA-Siah-1

were used. Total transfected DNA was kept constant

to 1 lg by adding corresponding amounts of empty

pcDNA vector as carrier. Treatments with cycloheximide

(25 lg/ml) and lactacystin (10 lM) (both from Sigma-

Aldrich, St. Louis, MO, USA) were performed 48 h after

transfection, and the culture media were replaced every

12 h during the course of the experiments. Cells were

collected at the indicated times, washed by centrifugation

at 4�C with cold PBS and directly resuspended in con-

centrated SDS-PAGE sample buffer, all time points were

done by duplicate and cell viability was assessed by Trypan

Blue exclusion,[90% cells were viable. Protein expression

was analyzed by Western immunoblotting with the fol-

lowing antibodies: anti-synuclein (1:2,000, Syn-1, BD

Biosciences, Franklin Lakes, NJ, USA), anti-Myc tag

(1:5,000, clone 9B11, Cell Signalling, Danvers, MA, USA)

and anti-HA tag (1:1,000, clone 3F10, Roche, Mannheim,

Germany). Anti-a-tubulin monoclonal antibody (1:5,000,

Sigma) was used as the control of protein loading. Quantifi-

cation was performed by chemiluminescence using DNR

MF-ChemiBIS 3.2 and Totallab TL100 (DNR Bio-Imaging

Systems Ltd, Jerusalem, Israel). Similar experiments were

performed with unstable fluorescent protein constructs

EGFPd2 and EGFPu and analyzed by immunoblotting as

described previously [45]. Results presented are expressed as

mean ± SEM for three independent experiments.

Results

Wild-type synuclein and the missense mutants

are degraded by the 20S proteasome

Wild-type alpha-synuclein is directly degraded by the 20S

proteasome [33–35]. We extend here those observations

demonstrating that alpha-synuclein wild-type and its mis-

sense mutants (A30P, E46K, and A53T) are also efficiently

degraded by the 20S proteasome as shown in Fig. 1, and

the degradation was completely prevented by the presence

of proteasome inhibitors (see Supplementary Fig. 1). Fur-

thermore, there is no significant difference in the kinetic

parameters of the degradation of the different alpha-syn-

uclein proteins by the proteasome; apparent half-saturation

at 5 ± 1 lM and Vmax of 3.4 ± 0.4 nmoles of alpha-syn-

uclein degraded per minute per nmole of 20S proteasome,

which corresponds to a turnover number of 0.056 ±

0.006 s-1.

Synphilin inhibits the degradation of synuclein

by 20S proteasome

Initially, we studied the possible effect of tubulin on alpha-

synuclein degradation and found that tubulin (5 lM) is not

degraded by the proteasome, and has no effect on the time

course of degradation of alpha-synuclein (3 lM) by the

20S proteasome (69.4 nM). As a consequence, we decided
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to study if synphilin-1 interaction with alpha-synuclein

could affect synuclein degradation by the 20S proteasome.

We were unable to obtain bacterial expression of the full-

length synphilin-1 in sufficient amounts due to its aggre-

gation into inclusion bodies and the need of 8 M urea for

its solubilization casting concerns about getting the cor-

rected folded structure of the synphilin-1 after removal of

urea. Guided by the previous work of Neystat et al. [20] the

His-tag version of synphilin-1 from amino acids 331 to 919

was obtained and effectively produced in bacteria in a

soluble form and purified with enough good yields to

perform further experiments. Results presented in Fig. 2

show that synphilin-1 331–919 was able to inhibit the

degradation of alpha-synuclein wild-type and the missense

mutants (A30P, E46K, and A53T). Synphilin-1 331–919

alone (see Supplementary Fig. 2) or in the presence of

alpha-synuclein (see also Fig. 2) is not significantly

degraded by the 20S proteasome. Results presented in

Fig. 2 were performed with 7 lM alpha-synuclein and

0.75 lM synphilin-1 331–919 (based on monomeric

molecular mass) in the presence of 69.4 nM 20S protea-

some, and similar results were obtained if analysis was

Fig. 1 Time course of the

degradation of alpha-synuclein

by 20S proteasome. Purified

alpha-synuclein (Snca) wild-

type, A30P, E46K, and A53T

were incubated with purified

20S proteasome as indicated in

the figure. Results show

representative Coomassie Blue-

stained gels using 1 lg

(3.57 lM) of the respective

alpha-synuclein and 2.5 lg

(173 nM) of 20S proteasome in

the reaction mixtures

Fig. 2 Effect of synphilin-1 313–919 on the degradation of alpha-

synuclein wild-type and its missense mutants by 20S proteasome. The

panels show representative Coomassie Blue-stained gels of the

degradation reactions performed in the absence (upper panels) and in

the presence of synphilin-1 (Sncaip, lower panels) for alpha-synuclein

(Snca) wild-type and the missense mutants (A30P, E46K, and A53T)

as indicated. The quantifications for each of the reaction sets are

shown in the corresponding graphical representations below each set

of experiments. Reaction conditions were: 69.4 nM proteasome,

7 lM alpha-synuclein, and 0.75 lM synphilin-1 (331–919). Control

reactions with synphilin-1and alpha-synuclein for 60 min in the

absence of proteasome are also shown
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performed by Western immunoblotting with anti-alpha-

synuclein antibodies. Following the report of Neystat et al.

[20] that maps the region of interaction of synphilin-1 with

alpha-synuclein to the ankyrin-like and coiled-coil domain

of synphilin-1, a new synphilin-1 construct was made

comprising amino acids 331–555, and assayed for its

possible effect under the same assay conditions used above

with 0.9 lM synphilin-1 331–555 (calculation of concen-

tration based on monomeric molecular mass of synphilin-1

331–555). Synphilin-1 331–555 (see Fig. 3) also inhibits

the degradation of alpha-synuclein wild-type and its mis-

sense mutants (A30P, E46K, and A53T) by the 20S

proteasome, similar results were obtained when analysis

was performed by Western immunoblotting with anti-

alpha-synuclein antibodies. Note again that synphilin-1

331–555 alone (see Supplementary Fig. 2) or in the pres-

ence of alpha-synuclein (Fig. 3) is not significantly

degraded by the 20S proteasome. To determine the region

of alpha-synuclein that interacts with synphilin-1, and

guided again by the work of Neystat et al. [20] that map the

alpha-synuclein region of interaction to the N-terminal

region of alpha-synuclein, a His-tag version of full-length

wild-type alpha-synuclein, 1–60 and 61–140 were obtained

and purified. The addition of a His-tag to the N-terminus of

full-length alpha-synuclein did not affect its degradation

by the proteasome (Fig. 4). Furthermore, the His-tag

N-terminal (1–60) alpha-synuclein was also efficiently

degraded by the proteasome (see also Fig. 4). The presence

of synphilin-1 (Fig. 4) strongly inhibits the degradation of

His-tag alpha-synuclein full-length and the 1–60 N-termi-

nal. The His-tag synuclein 61–140 was not significantly

degraded by the 20S proteasome and as a consequence

synphillin addition had no effect. Taken together, in all the

above results it can be concluded that synphilin-1 inhibits

the degradation of alpha-synuclein by the 20S proteasome,

at least in part, through interaction of its ankyrin-like and

coiled-coil domains with the N-terminal region 1–60 of

alpha-synuclein.

Synphilin-1 specificity and dose-dependent inhibition

of alpha-synuclein degradation by 20S proteasome

The data presented above show that synphilin-1 is able to

inhibit alpha-synuclein degradation, but formally, even if it

is not a substrate degraded by the proteasome, synphilin-1

could bind and behave as a direct inhibitor of proteasome

activity, independently of its specific interaction with

alpha-synuclein. We have shown that myelin basic protein

(MBP) is an excellent substrate for the 20S proteasome

[46]. If synphilin-1 effects are due, at least in part, to a

direct effect on proteasome activity, it should also affect

the degradation of MBP by the 20S proteasome. As shown

Fig. 3 Effect of ankyrin and

coiled-coil region of synphilin-1

on the degradation of alpha-

synuclein by the 20S

proteasome. The panels show

representative Coomassie Blue-

stained gels of the degradations

reactions of alpha-synuclein

(Snca) wild-type and its

missense mutants by 20S

proteasome in the presence of

synphilin-1 (Sncaip, amino

acids 331–555). Reaction

conditions: 69.4 nM

proteasome, 7 lM alpha-

synuclein, and 0.92 lM

synphilin-1 (331–515). Control

reactions with synphilin-1 and

alpha-synuclein for 60 min in

the absence of proteasome are

also shown
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in Supplementary Fig. 3, 0.75 lM synphilin-1 331–919 or

0.9 lM synphilin-1 331–555 were unable to inhibit the

degradation of MBP by the 20S proteasome at different

concentrations of proteasome and MBP. These results

discarded that synphilin-1 by itself, or a contaminant that

could be present in the purified recombinant protein,

directly inhibited in a specific, or a non-specific way, the

activity of the 20S proteasome. Furthermore, from the

kinetic point of view, it is unlikely that synphilin-1 inhi-

bition can be explained by formation of a direct inactive

complex with the proteasome or by binding to the substrate

binding site on the proteasome, as the formation of those

complexes should also inhibits the degradation of other

protein substrates, and this is not the case as shown above.

At micromolar concentrations of synphilin-1, we

observed almost complete inhibition (70–100%) of the rate

of alpha-synuclein degradation; as a consequence it was

important to determine the actual IC0.5 of synphilin-1 for

the inhibition of alpha-synuclein degradation by the pro-

teasome. To that end, synphilin-1 dose-dependence studies

were performed using 3.57 lM alpha-synuclein and

69.4 nM 20S proteasome. The dose-curves for all four

forms of alpha-synuclein are presented in Fig. 5. The

apparent IC0.5 for the inhibition of degradation of alpha-

synuclein by synphilin-1 (331–919) was estimated to be

250 nM (based on monomeric synphilin-1 molecular mass)

and no significant difference was observed for the different

alpha-synucleins, wild-type, and missense mutants.

Accordingly, the inhibition of degradation of alpha-syn-

uclein by synphillin cannot be pure competition by direct

one to one binding (sequestering) of alpha-synuclein to

synphilin-1 [40].

Synphilin-1 effect on alpha-synuclein degradation

in cells

The above experiments show that synphilin-1 behaves in

vitro as a specific inhibitor of alpha-synuclein degradation

by the proteasome. While interesting mechanistically, it may

be less relevant in situ. In cells, the unstructured alpha-

synuclein will have many possible protein–protein interac-

tions and the 20S proteasome have also many protein

substrates and interacts with other protein complexes, most

notably with the PA700/19S particle forming the 26S

proteasome complex. Accordingly, it was mandatory to test

the natural prediction from the above in vitro experiments

that synphilin-1 should inhibit the degradation of alpha-

synuclein in cells. Using antibodies against synphilin-1

we were unable to detect any significant expression of

Fig. 4 Synphilin-1 inhibits the degradation of alpha-synuclein by

interacting with the N-terminal region of alpha-synuclein. a Repre-

sentative experiments analyzed by SDS-PAGE and Coomassie Blue

staining and quantification of the degradation of N-terminal His-tag

alpha-synuclein (His-Snca wt, 7 lM) full length by 20S proteasome

(69.4 nM) in the absence and in the presence of synphilin-1 (Sncaip

331–919). b Similar experiments and quantification using N-terminal

His-tag alpha-synuclein 1–50 (His-Snca 1–60, 7 lM)

Fig. 5 Dose-dependence of the synphilin-1 inhibition of alpha-

synuclein degradation by the proteasome. Different amounts of

synphilin-1 (Sncaip 313–919) were incubated with a fixed amount

(3.57 lM) of the different types of alpha-synuclein (Snca wild-type,

A30P, E46K, and A53T) and degradation was performed with

69.4 nM 20S proteasome. The amount of alpha-synuclein remaining

after incubation of the reactions for 30–45 min was quantitated after

analysis by SDS-PAGE and Coomassie Blue staining. Left graph
shows the direct plot of % activity vs. synphilin-1 concentration in the

assay, taking 100% as the activity obtained in the absence of

synphilin-1. Right graph shows the log transformation of the direct

data to calculate the IC0.5, estimated to be 0.25 lM under this reaction

conditions. Results are averaged from three different experiments

with deviations below 10%
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synphilin-1 in HeLa or N2A cells. Therefore, the degrada-

tion of alpha-synuclein after protein synthesis inhibition

with cycloheximide (CHX) in HeLa and N2A cells was

studied in the absence or in the presence of transfected

synphilin-1. Transfected alpha-synuclein has a long half-life

in both cell lines and its degradation rate is markedly

decreased when synphilin-1 is co-transfected and the deg-

radation of alpha-synuclein is completely prevented by

treatment of cells with proteasome inhibitors (Fig. 6).

Again, it was important to determine if the effect of syn-

philin-1 is specific or could affect in a general form the

ubiquitin–proteasome pathway. To that end, we have used

two unstable fluorescent reporters: EGFPu [47], a 26S

ubiquitin-dependent substrate and EGFPd2 [48], a 26S

ubiquitin-independent substrate. As shown in Fig. 7,

synphilin-1 expression does not affect the rate of degradation

of any of the two reporter fluorescent proteins, indicating

that the effect of synphilin-1 on alpha-synuclein degradation

is specific and not due to a substantial non-specific inhibition

of the ubiquitin–proteasome pathway by synphilin-1.

If the interpretation of the above experiments is correct,

a prediction can be made. Any treatment of cells co-

expressing alpha-synuclein and synphilin-1 that signifi-

cantly reduces synphilin-1 expression levels, should release

the inhibition of alpha-synuclein degradation produced by

synphilin-1. Synphilin-1 has been shown to be ubiquity-

lated by Siah-1, producing its fast degradation by the

proteasome [49, 50]. As reported, co-transfection of syn-

philin-1 and Siah-1 in HeLa cells effectively diminished

the levels of steady-state expression of synphilin-1 during

Fig. 6 Synphilin-1 inhibits the

degradation of alpha-synuclein

in HeLa and N2a cells. HeLa

and N2a cells were transfected

with alpha-synuclein (Snca wt)

or co-transfected with alpha-

synuclein and synphilin-1

(Sncaip). Cells 48 h after

transfection were treated with

cycloheximide (CHX) either in

the absence or in the presence of

10 lM lactacystin for the times

indicated. The panels show

representative immunoblots

with anti-alpha-synuclein

antibodies, and anti-tubulin

antibodies used as protein

loading controls.

Quantifications are shown in the

right graphs as means ± SEM.

from three different

experiments. Upper panels,
HeLa cells; lower panels, N2A

cells

Fig. 7 Effect of synphilin-1 on the degradation of unstable fluores-

cent proteins. HeLa cells were transfected with EGFPu or EGFPd2

and co-transfected with synphilin-1 (Sncaip), as indicated. Cells 48 h

after transfection were treated with cycloheximide (CHX). The panels

show representative immunoblots with anti-EGFP antibodies, and

anti-tubulin antibodies used as protein loading controls. Quantifica-

tions are shown in the right graph as means ± SEM from three

different experiments
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the co-transfection period (Fig. 8a). Then, we studied the

rate of degradation of synphilin-1 and Siah-1 by co-trans-

fection experiments in HeLa cells transfected with alpha-

synuclein. Inhibition of protein synthesis by treatment of

the transfected (48 h after transfection) cells with CHX

(Fig. 8b) produced a slow rate decline of synphilin-1

(40–50% reduction) after 36 h treatment with CHX. When

synphilin-1 is co-transfected with Siah-1, first the initial

steady-state levels of expression of synphilin-1(as shown in

Fig. 8a) was already very low compared to the control and

declined to undetectable levels after treatment of cells with

CHX for 12 h (Fig. 8b). In contrast, Siah-1 levels did not

change significantly after 36 h of CHX treatment of the

cells. Identical results are obtained when alpha-synuclein is

omitted in the co-transfection experiments (data not

shown). The results presented in Fig. 8b are in full agree-

ment with those reported previously [49] performed also in

the absence of transfected alpha-synuclein. When the time

course of alpha-synuclein degradation was studied in the

presence of co-transfected Siah-1, there was no significant

change with respect to the control, while co-transfection

with synphilin-1 clearly inhibited alpha-synuclein degra-

dation (Fig. 8c), as already described above (Fig. 6). In

contrast, triple co-transfections with alpha-synuclein, syn-

philin-1, and Siah-1 showed a time course of degradation

of alpha-synuclein identical to the controls where alpha-

synuclein was transfected alone. These results indicate that

Siah-1 very efficiently targets synphilin-1 to degradation,

and, as a consequence, the inhibitory effect of synphilin-1

on alpha-synuclein degradation is relieved.

Discussion

In this study, we described that synphilin-1 specifically

inhibits the degradation of alpha-synuclein by the protea-

some, at least in part, through interaction of its ankyrin and

coiled-coil region with the N-terminal region of alpha-

synuclein, other regions of alpha-synuclein and synphilin-1

may also participate and can not be formally excluded. The

unfolded native state of alpha-synuclein allows its ten-

dency to interact with many cellular protein partners. The

Fig. 8 Siah-1 effects on synphilin-1 and alpha-synuclein degrada-

tion. HeLa cells were single, double, or triple transfected with

different plasmids. a Representative immunoblots of the steady-state

expression of synphilin-1 (Sncaip) after transfection in the absence or

in the presence of Siah-1, as indicated. The blots have been over-

exposed in order to show synphilin-1 expression in the presence of

transfected Siah-1. b HeLa cells 48 h after transfection with the

indicated plasmids were treated with cycloheximide (CHX).

Representative immunoblots with anti-Myc (synphilin-1, Sncaip)

and anti-HA (Siah-1) are presented and data quantification are shown

in d. c HeLa cells 48 h after transfection with the indicated plasmids

were treated with CHX. Representative immunoblots with anti-alpha-

synuclein (Snca) antibodies are presented and data quantification are

shown in d. d Graph showing the quantification of data presented in

b and c expressed as means ± SEM from three different experiments.

Anti-tubulin antibodies were used as protein-loading controls
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in vitro and in situ studies presented here demonstrate that

alpha-synuclein interaction with synphilin-1 is effective in

preventing alpha-synuclein degradation by the proteasome.

The specificity of this inhibition was also experimentally

demonstrated both by in vitro and in situ experiments, as

synphilin-1 did not affect the degradation of MBP in vitro,

nor the degradation of two unstable reporter proteins,

EGFPd2 or EGFPu, in HeLa cells. These last results, based

on kinetic data of the degradation of the proteasome

reporters in the absence of protein synthesis discard that

synphilin-1 has a pronounced general inhibitory effect on

the ubiquitin–proteasome pathway, but does not rule out

that synphilin-1 may also inhibit the degradation of

other proteasome substrates that may also interact with

synphilin-1. A previous report describes an increase in the

steady-state levels of GFPu in the presence of transfected

synphilin-1 [51], but those experiments do not demonstrate

that the proteasomal degradation rate is affected as the

results presented can also be explained by direct or indirect

effects of synphilin-1 expression on transcription and

translation of GFPu, something that could not occur in our

experimental setting where actual kinetics of degradation

of the reporter proteins were studied in the presence of

CHX.

The long half-life of alpha-synuclein in cells, shown

here in HeLa and N2a, but also reported in HEK293, PC12,

SH-SY5Y, and post-mitotic neurons [37, 52–54] is unusual

for a naturally unfolded protein that is a direct substrate of

the 20S proteasome in vitro. Ubiquitin-independent and

proteasomal dependent degradation is apparently respon-

sible of the degradation of an increasing number of

proteins, that at least in vitro can be accomplished by the

20S proteasome, or the 26S proteasome, and they have in

general much shorter half-lives than alpha-synuclein [55].

Alpha-synuclein has also been shown to be degraded in

vitro by the 26S proteasome [35] and to interact with S6’

(Rpt5, PSMC3, Tbp1) subunit of the 19S proteasome cap

complex [56, 57]. Synphilin-1 is reported [58] to interact

with the 26S proteasome through binding to Tbp7 (Rpt3,

PSMC4, S6). The results presented here in transfected cells

clearly indicate that synphilin-1 inhibits alpha-synuclein

degradation, similarly to what is obtained in vitro using

20S proteasome. Accordingly, irrespective of the protea-

some complex degrading alpha-synuclein in the cell (20S

or 26S proteasome) and of the interactions that may have

alpha-synuclein or synphilin-1with the 19S complex, the

final outcome is that synphilin-1 expression inhibits alpha-

synuclein proteasomal degradation in the cell, and syn-

philin-1 does not behave as a significant non-specific

inhibitor of the ubiquitin–proteasome pathway. Alpha-

synuclein degradation in the cell can be achieved by

the proteasome pathway and by the autophagic pathways

[36, 37, 54]. The proteasome role in alpha-synuclein

degradation in the cell is also demonstrated here by its

degradation in the presence of CHX, a known inhibitor of

the autophagic pathways [59] and its inhibition by specific

proteasomal inhibitors.

Synphilin-1 is, like alpha-synuclein, a protein with a

long half-life in the cell, which likely explains why we

were able to find its inhibitory effect on alpha-synuclein

degradation in the presence of CHX. A prediction from

those results is that any treatment that reduces synphilin-1

levels should release the inhibition of alpha-synuclein

degradation by the proteasome. In relation to these exper-

imental results, it is noteworthy that the apparent opposite

conclusion that aynphilin-1 expression should increase the

steady-state levels of alpha-synuclein can not be deduced

from the experiments presented, because the steady-state

levels of alpha-synuclein are due to the balance of alpha-

synuclein protein synthesis and degradation by the pro-

teasome and autophagic pathways. Synphilin-1 is known to

be ubiquitylated by different E3 ubiquitin-ligases, includ-

ing parkin [60], dorfin [61, 62], and Siah-1 [49, 50]. As

shown here, Siah-1 effectively targets synphilin-1 to fast

degradation, confirming previous published results [49],

and as predicted Siah-1 expression suppresses the inhibi-

tory effect of synphilin-1 on the degradation of alpha-

synuclein by the proteasomal pathway. Again, Siah-1 is a

protein with a long half-life (Fig. 8) in the cell, also

reported previously [49]. While Siah-1, and much more

efficiently Siah-2, has been reported to interact with alpha-

synuclein resulting in its monoubiquitylation [50], under

our assays conditions we were not able to detect any alpha-

synuclein modification following Siah-1 expression. The

apparent conflicting results can be explained by the fact

that monoubiquitylation of alpha-synuclein is quantita-

tively a minor modification [50, 63] that could not

be readily detected by direct immunoblotting of whole

cell extracts, and in any case Siah-1 expression did not

significantly affect alpha-synuclein degradation by the

proteasome pathway in the absence of synphilin-1 (Fig. 8).

Taken together, with the results presented here and those

published previously, we can advance a central regulatory

mechanism: a long half-life protein, synphilin-1, prevents

the degradation of another long half-life protein, alpha-

synuclein, by the proteasome pathway. Naturally, this reg-

ulatory mechanism could only operate significantly in cells

expressing both proteins, for example brain, heart, and

skeletal muscle [19]. Accordingly with this central

hypothesis, the prediction that reducing the synphilin-1

expression levels should relieve inhibition of alpha-synuc-

lein degradation by the proteasome has been demonstrated

by co-expression of another long-life protein, Siah-1, that is

also expressed at enough levels in brain, heart, and skeletal

muscle [49]. This rational could explain in part the apparent

selectivity of tissues damaged in PD and other

Synphilin-1 inhibits alpha-synuclein proteasomal degradation 2651

123



synucleinopathies (diffuse Lewy bodies disease, multiple

system atrophy, etc.) in an age-dependent process that

would be exacerbated in familiar forms of PD with over-

expression of alpha-synuclein due to locus duplication

[6, 7], triplication [8] and hypomethylation of alpha-syn-

uclein intron 1[9] by simple mass-action.

The connection between alpha-synuclein, synphilin-1,

and proteasome is also illustrated by the formation of

alpha-synuclein–synphilin-1 aggregates upon proteasomal

inhibition in cells, forming aggresome-like structures [19,

38, 40, 50, 64–67]. The recent work of Xie et al. [40] also

demonstrates that synphilin-1 can not recruit the N-termi-

nal truncated alpha-synuclein to form aggregates and

inclusions, so the N-terminal part of alpha-synuclein is

essential for both interaction with synphilin-1 and for

recognition by the proteasome (as shown here). Accord-

ingly, synphilin-1 by the same molecular mechanism,

interaction with the N-terminal region of alpha-synuclein,

prevents alpha-synuclein degradation by the proteasome

and promotes its aggregation and inclusion formation.

Proteasome inhibition also promotes the formation of

inclusions that contains polyubiquitylated synphilin-1

bound to Siah-1 [50]. In addition, synphilin-1 is present

together with alpha-synuclein in Lewy bodies of PD and

diffuse Lewy bodies disease [39, 65, 68] and Siah-1 is also

found in Lewy bodies [50]. Finally, in mice, over-expres-

sion of wild-type synphilin-1 or a missense synphilin-1

mutant R621C driven by a PrP-promoter in transgenic mice

[69] or by adenoviral infection of dopaminergic neurons

[70] produce alpha-synuclein aggregates in neurons pro-

moting cell degeneration. In contrast to these two reports, a

recent publication indicates that synphilin-1 overexpression

may be cytoprotective; delaying, while not totally revert-

ing, the pathological consequence of overexpression of

A53T alpha-synuclein in mice by activation of the auto-

phagic pathway [71].

Studies in vitro and in cultured cells of alpha-synuclein-

synphilin-1 interaction have limitations respect to the

interpretation to the in vivo situation. At present, the in

vitro and in situ (in cells) results presented here and pub-

lished before are very coherent with two of the in vivo

reports in transgenic mice, but failed to be reconciled with

another report in mice (see above). Further experiments

become necessary to clarify the possible role of synphilin-1

on autophagic clearance of alpha-synuclein in view of the

fact that loss of basal autophagy without affecting protea-

some function promotes neurodegeneration in mice [72,

73]. Those studies would help to a further understanding of

the regulation by synphilin-1 of alpha-synuclein degrada-

tion by the proteasome and autophagic pathways that are

involved in alpha-synuclein proteostasis.

Normal Snca proteostasis in the cell makes it a long

half-life protein by balance of its synthesis and degradation

through proteasomal and autophagic pathways, even in

the absence of synphilin-1 expression. In those cells

where synphilin-1 and alpha-synuclein are co-expressed,

synphilin-1 could effectively slow-down alpha-synuclein

degradation by the proteasomal pathway as demonstrated

here, but this does not necessarily imply that alpha-syn-

uclein steady-state levels should be increased. Synphilin-1

inhibition of the proteasomal pathway of degradation of

Snca may contribute to its aggregation, as is thoroughly

documented in the literature, but it remains to be studied

regarding its possible effect on autophagic alpha-synuclein

clearance in order to have a complete picture of the regu-

lation of alpha-synuclein degradation by Sncaip and the

pathophysiological changes occurring in PD and other

synucleinopathies.
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