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Background: How N-terminal acetylation affects the structure and function of �-syn remains unknown.
Results:N-terminally acetylated andWT�-syn are unfoldedmonomers and exhibit similar aggregation and cellular properties.
Conclusion:�-synN-terminal acetylation does not dramatically affect its structure or oligomerization state in vitro and in intact
cells.
Significance: Recombinant nonacetylated or N�-acetylated �-syn remains suitable for �-syn biophysical studies.

N-terminal acetylation is a very common post-translational
modification, although its role in regulating protein physical
properties and function remains poorly understood. �-
Synuclein (�-syn), a protein that has been linked to the patho-
genesis of Parkinson disease, is constitutively N�-acetylated in
vivo. Nevertheless, most of the biochemical and biophysical
studies on the structure, aggregation, and function of �-syn in
vitro utilize recombinant �-syn from Escherichia coli, which is
notN-terminally acetylated. To elucidate the effect ofN�-acety-
lation on the biophysical and biological properties of �-syn, we
producedN�-acetylated �-syn first using a semisynthetic meth-
odology based on expressed protein ligation (Berrade, L., and
Camarero, J. A. (2009) Cell. Mol. Life Sci. 66, 3909–3922) and
then a recombinant expression strategy, to compare its proper-
ties to unacetylated �-syn. We demonstrate that both WT and
N�-acetylated �-syn share a similar secondary structure and
oligomeric state using both purified protein preparations
and in-cell NMR on E. coli overexpressingN�-acetylated �-syn.
The two proteins have very close aggregation propensities as
shown by thioflavin T binding and sedimentation assays. Fur-
thermore, both N�-acetylated and WT �-syn exhibited similar
ability to bind synaptosomal membranes in vitro and in HeLa
cells, where both internalized proteins exhibited prominent
cytosolic subcellular distribution. We then determined the
effect of attenuatingN�-acetylation in living cells, first by using
a nonacetylable mutant and then by silencing the enzyme
responsible for �-synN�-acetylation. Both approaches revealed
similar subcellular distribution andmembrane binding for both
the nonacetylablemutant andWT�-syn, suggesting that N-ter-

minal acetylation does not significantly affect its structure in
vitro and in intact cells.

�-Synuclein (�-syn)3 is a 140-residue natively disordered
protein expressed mainly at presynaptic termini of neurons
that has emerged as a key player in the pathogenesis of Parkin-
son disease (PD) and related synucleinopathies (2). Fibrillar and
aggregated forms of �-syn are the major constituents of the
intracellular protein inclusions called Lewy bodies (LBs), which
are commonly found in surviving dopaminergic neurons of PD
patients. Mutations in the protein sequence (A30P (3), E46K
(4), and A53T (5)) or increased expression (due to gene dupli-
cation or triplication (6, 7) have been shown to cause early onset
forms of PD and to enhance �-syn oligomerization and fibril-
logenesis (8). Biochemical analysis of LBs and �-syn from PD
patient brains has shown that �-syn undergoes diverse post-
translational modifications (9) such as ubiquitination (10–12),
phosphorylation (11, 13), truncation (14, 15), oxidation (16),
andN�-acetylation (11, 17).Whereas some of these post-trans-
lationalmodifications have been linked to pathogenic processes
(9), it has recently become clear that the great majority, if not
all, of native �-syn is N-terminally acetylated in both normal
and diseased individuals (11, 17).
N�-Acetylation is one of the most common post-transla-

tional (or more precisely, co-translational) modifications
occurring in eukaryotic cells. It has been suggested that up to
80–90% of mammalian (18, 19) and 40–50% of yeast (20–22)
proteins bear anN�-acetyl group (23). Nevertheless, the role of
this modification, which affects thousands of proteins, remains
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poorly understood (30).N�-Acetylation is carried out by a fam-
ily of three N-acetyltransferase enzymatic complexes that use
acetyl-coenzyme A as a cofactor (24). Whereas these were ini-
tially identified in yeast (22, 23, 25) as NatA, -B, and -C, each of
which composed of distinct regulatory and catalytic subunits,
homologs of each of these complexes have been described in
humans (26–28). In the case of �-syn, although the enzyme
responsible for its N�-acetylation has not yet been identified,
the substrate specificity of NatB (which catalyzes N�-acetyla-
tion of proteins retaining an initiator methionine followed by
either Asp or Glu) suggests that it could be the enzyme medi-
ating �-syn acetylation in human cells. As such, preliminary
attempts to assess the effect of N�-acetylation on �-syn behav-
ior involved knocking down members of the NatB complex in
yeast cells (29). Consistent with previous reports implicating
N�-acetylation with regulation of membrane targeting of some
proteins (30), NatB silencing lead to the re-localization of an
�-syn-GFP fusion construct from the plasma membrane to the
cytosol. However, because that study did not assess the effect of
NatB knockdown on �-syn N�-acetylation, it remains unclear
whether this effect was due to the specific loss of �-syn
N�-acetylation or due to the alteration of some other NatB-
controlled pathway.
Despite the identification of quantitative N�-acetylation of

�-syn both as soluble protein and entrapped within Lewy bod-
ies from human PD brains (11), all biophysical studies investi-
gating �-syn structural, biochemical, and aggregation proper-
ties in vitro have been relying on recombinant �-syn from E.
coli, which is the only system providing high protein yields
required for such studies. However, even though prokaryotes
do acetylate some of their proteins, this occurs via a distinct
pathway that is not homologous to that mediated by yeast and
human N-acetyltransferases (31); hence, recombinant �-syn
purified from E. coli is not N�-acetylated. We therefore sought
to determine the effect of �-syn N�-acetylation on its confor-
mation, membrane interactions, aggregation properties, and
finally subcellular localization in mammalian cells.
Whenwe began this study, the lack of knowledge of a specific

N-terminal acetyltransferase acting on �-syn, and the lack of
chemical methods to specifically acetylate the N terminus of
recombinant proteins, led us to rely on a protein semisynthesis
approach based on expressed protein ligation (EPL) (1), which
has been recently applied by our group to prepare N-terminal
monoubiquitylated and C-terminal phosphorylated forms of
�-syn (32, 33). Later, we applied a recombinant expression
strategy based on co-expression of �-syn and NatB, which gen-
erated quantitatively acetylated �-syn based on mass spectro-
scopic analysis. We then utilized these approaches to generate
N�-acetylated �-syn in milligram quantities, and we deter-
mined the effect of N�-acetylation on the structure, oligomeri-
zation, and aggregation of �-syn in vitro and in intact Esche-
richia coli using a battery of biophysical methods, including
NMR, static light scattering, and sedimentation and thioflavin
T fluorescence assays.
Together, our studies revealed that WT and N�-acetylated

�-syn exist predominantly as disordered proteins. NMRdata in
intact cells also ruled out the presence of stable or highly pop-
ulated �-syn oligomers and confirmed the intrinsically disor-

dered nature of the protein in E. coli regardless of itsN�-acety-
lation state or purification method. We also show that
N�-acetylation does not significantly influence �-syn fibrilliza-
tion, membrane binding, or its subcellular localization inmam-
malian cells. These results and their implications for �-syn
structure and function in health and disease are presented and
discussed.

EXPERIMENTAL PROCEDURES

Chemicals

N-Methylpyrrolidone (extra-pure) was bought from Acros
Organics (Geel, Belgium). The following were purchased from
Sigma: ammonium iodide; benzyl mercaptan; t-butyl-mercap-
tan; 4-mercaptophenylacetic acid; 1,2-ethanedithiol; methyl
2-mercaptopropionate; 4-nitrophenylchloroformate; O-meth-
ylhydroxylamine hydrochloride; thioanisole; dimethyl sulfide;
dichloromethane; N,N-diisopropylethylamine, N,N-dimethyl-
formamide, tris(2-carboxyethyl)phosphine (TCEP); trifluoro-
acetic acid (TFA); thioflavin T (ThT), and triisopropylsilane.
Guanidinium hydrochloride (GdnHCl) was fromMP Biomedi-
cals (Solon, OH). Fmoc-protected amino acids, di-Fmoc-3,
4-diaminobenzoic acid, Fmoc-Rink-amide methylbenzhydryl-
amine resins (initial substitution 0.4 mmol/g), and O-benzo-
triazole-N,N,N�,N�-tetramethyluronium-hexafluorophosphate
were from Anaspec (Fremont, CA). N-Acetylmethionine was
purchased from Bachem (Bubendorf, Switzerland). Piperidine
was bought from Merck. The water-soluble radical initiator
2,2�-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-
044) was purchased fromWako Pure Chemical Industries Ltd.
(Osaka, Japan). Acetonitrile (HPLC gradient-grade) was
obtained from VWR (West Chester, PA). Phenol crystals were
from Carlo Erba reagents (Val de Reuil, France). Buffer solu-
tions were from AppliChem (Darmstadt, Germany).

Semisynthesis of N�-Acetylated �-syn

Peptide Synthesis, Thioester Formation, and Purification—
TheAc-�-syn(1–10)-SR (R�CH2CH2SO3H) peptide was syn-
thesized using Fmoc chemistry on a CS336X automated pep-
tide synthesizer (CSBio,Menlo Park, CA), employing the in situ
neutralization protocol. The peptide was assembled on a
di-Fmoc-3,4-diaminobenzoic acid-loaded Rink-amide methyl-
benzhydrylamine resin to obtain a peptide thioester according
to the method described by Blanco-Canosa and Dawson (34).
After a first manual deprotection with 50% piperidine in
N-methylpyrrolidone (two times for 10 min), the first residue
was double-coupled manually (45-min coupling time each)
before transferring the resin to the automated synthesizer. Dur-
ing automated synthesis, Fmoc groups were deprotected with
20% piperidine/N-methylpyrrolidone for 3 min and then
repeated for 7min.Amino acid coupling cycleswere carried out
with 5 eq of Fmoc-amino acids, 5 eq of O-benzotriazole-
N,N,N�,N�-tetramethyluronium-hexafluorophosphate/HOBt, and
10eq ofN,N-diisopropylethylamine for 30min. TheN-terminal
residue was coupled asN-acetylmethionine (Bachem), because
on-resin acetylation with acetic anhydride would have also
blocked the second amine functionality of the C-terminal
diaminobenzoic acid linker, whichmust remain free to perform
on-resin C-terminal activation (34). On-resin activation to
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obtain a C-terminal N-acyl-benzimidazolinone (Nbz) group
was done by treatment with 5 eq of 4-nitrophenylchlorofor-
mate (10 mg/ml, 40 min, RT) in dry CH2Cl2, followed by 0.5 M

N,N-diisopropylethylamine in N,N-dimethylformamide (15
min, RT). This procedurewas repeated three times (three times
with 15 ml ofN,N-dimethylformamide and three times with 15
ml of dry CH2Cl2 wash cycles in between) to ensure quantita-
tive conversion to the N-acyl-benzimidazolinone group. The
peptide was finally cleaved from the resin and deprotected
using 10ml of Reagent H (35) to preventmethionine oxidation.
Deprotection was done for 3–4 h at RT, followed by three con-
secutive precipitations in 10-fold excess of cold diethyl ether.
Peptide precipitates were then lyophilized. Crude peptides
were first treated with 0.45 M sodiummercaptoethanesulfonate
at 37 °C for 30 min, before purification by reversed-phase
HPLC (Waters 600 system) on a preparative C18 column (Cos-
mosil Protein-R, 20 � 250 mm, 5-�m particle size, and 300-Å
pore size, at 10 ml/min using a linear gradient of solvent B in
solvent A, from 25% B to 45% B over 40 min, where solvent A
was 0.1% TFA in water and solvent B was 0.1% TFA in acetoni-
trile). Fractions were pooled according to purity as assessed by
ESI-MS analysis (LTQ ion trap, Thermo Scientific), and final
purity assessment was made by re-injection of pooled fractions
on an analytical C18Cosmosil Protein-R column (4.6� 250mm,
5-�mparticle size, and 300-Å pore size) connected to aWaters
Alliance 27. Pure pooled fractions were evaporated to remove
organic solvents, lyophilized, and stored at �20 °C under inert
atmosphere.
Expression and Purification of the Recombinant Protein

Fragment—Expression of recombinant �-syn �2–10 A11C
(referred to as �-syn(A11C-140)) as performed as described
previously (32). Briefly, BL21(DE3) cells transformed with a
pT7-7 plasmid carrying the insert of interest were grown at
37 °C in LB medium induced with 1 mM isopropyl 1-thio-�-D-
galactopyranoside at A600 � 0.6–0.7 and then incubated for
4 h. Cells were then harvested and lysed by sonication. The
protein was then purified by anion-exchange followed by gel-
filtration chromatography; dialyzed against water, and lyophi-
lized. Because the N-terminal cysteine reacts with various
endogenous aldehydes and ketones in E. coli, resulting in cyclic
adducts that would not react during native chemical ligation
(NCL), the lyophilized material was treated with 100 mM

O-methylhydroxylamine and 30 eq of TCEP in 6 M GdnHCl at
pH 4.0 for 1–2 h at 37 °C. The protein was then separated from
the reagents and by-products by reversed-phase HPLC, lyoph-
ilized, and stored at �20 °C under inert atmosphere until use.
Native Chemical Ligation, Desulfurization, and Purification

of the Semisynthetic Protein—For large scale ligations,
�-syn(A11C-140) was dissolved in 1 ml of 6 M GdnHCl, 0.2 M

sodium phosphate to a final concentration of 0.83 mM. 30 eq of
TCEP were added to prevent disulfide formation. 1.2 eq of
Ac-�-syn(1–10)SR were added, followed by 10 eq of 4-mercap-
tophenylacetic acid (with respect to the peptide fragment) as
the NCL catalyst (36). The pH was then adjusted to 7.0 with
aqueous NaOH, and the reaction was incubated at 37 °C under
inert atmosphere for up to 4 h. Because 4-mercaptophenyl-
acetic acid has been found to interfere with the radical-based
desulfurization procedure, it was first removed by desalting the

NCL reactionmixture usingHiTrap desalting 5ml (GEHealth-
care) equilibrated with 200 mM of the volatile buffer ammo-
nium bicarbonate. After lyophilization, the powder was redis-
solved in 800 �l of 6 M GdnHCl, 0.2 M sodium phosphate, pH
7.0. To this solution, 800 �l of 1.0 M TCEP in 6 M GdnHCl, pH
7.0, t-butylmercaptanwas added to a final concentration of 840
mM, and VA-044 to a final concentration of 5.4 mM. The reac-
tion was complete within 3 h of incubation at 37 °C under
argon. The ligation product was purified by reversed-phase
HPLC on a semipreparative InertSil C8 column (7.6� 250mm;
5-�m particle size and 300-Å pore size, at 5 ml/min using a
gradient from 25% B to 50% B over 30 min), evaporated, and
lyophilized.

Recombinant Co-expression of Hyman �-syn and Yeast NatB
in E. coli

To express recombinant N�-acetylated human �-syn, an
overnight pre-culture of BL21(DE3) cells carrying simultane-
ous plasmids encoding WT human �-syn and yeast NatB was
used to inoculate 2 liters of LB medium containing 100 �g/ml
ampicillin and 25 �g/ml chloramphenicol. Cells were grown at
37 °Cwith shaking until theirA600 reached 0.6–0.8; the protein
expression was then induced by adding isopropyl 1-thio-�-D-
galactopyranoside to a final concentration of 1 mM. At this
point, the temperature of the incubator was reduced to 20 °C,
and the cells were further incubated overnight. After harvesting
the cells by centrifugation at 6000� g for 2min at 4 °C, bacterial
pellets were resuspended in 40 ml of 20 mM Tris acetate, 5 mM

EDTA, 1mMPMSF, 1� protease inhibitormixture (Sigma), pH
8.3, and lysed by ultrasonication. Cell lysates were cleared by
high speed centrifugation at 48,000 � g for 20 min at 4 °C;
supernatants were filtered (0.45�m) and applied onto aHiPrep
16/10 Q FF anion-exchange column (GE Healthcare) equili-
brated with 20 mM Tris, pH 8.0, at 1 ml/min. Note that the
lysates were not boiled or chemically denatured at any point.
Proteins were eluted with a 600-ml-long linear gradient of
increasing NaCl concentration from 0 to 1 M at 2.5 ml/min on
an Äkta Explorer 100 FPLC system (GE Healthcare). Collected
fractions were analyzed by SDS-PAGE and Coomassie Blue
staining. �-syn-positive fractions were concentrated using
10-kDa MWCO Amicon concentrators (Millipore), filtered
(0.22 �m), and injected (0.5 ml per injection) into a HiLoad
16/60 Superdex 200 column (GE Healthcare) at 0.5 ml/min.
Fractions collected around the elution volume of �-syn (�90
ml) were analyzed by SDS-PAGE/Coomassie staining and fur-
ther purified by hydrophobic interaction chromatography.
Ammonium sulfate powder (Acros) was slowly added to a final
concentration of 1 M to the pooled gel-filtration fractions kept
on ice, which were then applied onto two HiTrap phenyl HP
columns (GE Healthcare) connected in series and equilibrated
with 50 mM sodium phosphate, pH 7.5, 1 M (NH4)2SO4 at 0.5
ml/min. Proteins were eluted with a 300-ml-long linear gradi-
ent of decreasing [(NH4)2SO4] from 1 to 0 M. Pure �-syn frac-
tions were dialyzed twice against 20mM sodium phosphate, pH
7.4, before analysis. Purification of recombinant N�-acetylated
�-syn in the presence of 10% glycerol and 0.1% n-octyl-�-D-
glucopyranoside (BOG, purchased from Sigma) described by
Trexler and Rhoades (37) was performed as mentioned above
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with the only differences being the buffers used during the first
two chromatographic steps of the purification. The lysis buffer
was replaced by 100 mM HEPES, 20 mM NaCl, 10% glycerol,
0.1% BOG, pH 7.4 (subsequently referred to as BOG buffer A),
to which were added 1 mM PMSF and 1� protease inhibitor
mixture (Sigma). Anion-exchange binding buffer was BOG
buffer A. Anion-exchange elution buffer was BOG buffer A� 1
M NaCl. Gel-filtration chromatography buffer was BOG buffer
A. Note that it is critical that BOG-containing buffers must be
made fresh and stored at 4 °C.

Large Unilamellar Vesicle (LUV) Preparation

LUVswere prepared as described before (13), except that the
buffer was changed to 20 mM sodium phosphate, pH 7.4, with
the pH adjusted with phosphoric acid and not HCl to keep the
buffer as UV-transparent as possible to allow accurate CD
measurements in the low wavelength range. The appropriate
volumes of LUV stock solution (10 mg/ml), buffer, and protein
stock solutions were mixed to obtain protein/:lipid weight
ratios as indicated in the corresponding figure.

Circular Dichroism

Lyophilized proteins were reconstituted in 20 mM sodium
phosphate, pH 7.4, to a concentration of 10 �M. CD spectra
were acquired in a Jasco J-815 spectrometer using a 1-mm-wide
quartz cell. Data acquisitionwas carried out using the following
parameters: wavelength range, 250 to 195 nm; data pitch, 0.2
nm; bandwidth, 1 nm; scanning speed, 50 nm/min (continuous
mode); digital integration time, 2 s. Each spectrum was the
average of 10 subspectra that were further smoothed using the
Savitzky-Golay filter (convolution width, 25 points).

Gel-filtration Chromatography/Static Light Scattering

Analytical gel-filtration chromatography was done on a 1200
series isocratic HPLC pump running at 0.4 ml/min connected
to a GE Healthcare Superdex 200 10/300 GL equilibrated with
50mMTris, pH 7.5, 150mMNaCl, 50 ppmNaN3. Protein detec-
tion was done by monitoring absorbance at 275 nm (Agilent
1200 VWD). Absolute molecular weights were determined by
stating light scattering using a Dawn Heleos II (Wyatt Corp.)
multiangle light-scattering detector connected in series with
theUVdetector. The protein concentration data used to obtain
molecular weights from light-scattering data (using the Zimm
model) were derived from either refractive index measure-
ments (Wyatt Optilab rEX, connected downstream of the LS
detector) or UV measurements (Agilent 1200 VWD, upstream
of the LS detector). Inter-detector delays and band broadening
effects were corrected as appropriate in the Astra 5.3 analysis
software (Wyatt Corp.).

Amyloid Formation and Fibrillization Assays

WT and N�-acetylated �-syn were reconstituted in 50 mM

Tris, pH 7.5, 150 mMNaCl and filtered through 0.22-�mnylon
membranes. The final protein concentrationwas adjusted to 15
�M in a final volume of 450 �l. Fibrillization was done by incu-
bating the protein at 37 °C with agitation on an orbital shaker
(1200 rpm) for up to 5 days. Amyloid structure formation was
monitored using the Thioflavin T binding assay as described

before (38). Fibril morphology was assessed by negative-stain-
ing transmission electron microscopy. Briefly, for each time
point, 5–10 �l of protein solution were spotted on a Formvar-
coated carbon grid (Electron Microscopy Sciences). The grid
was then dried and washed twice with 15 �l of water each time,
dried again, and stained with 2% uranyl acetate. Images were
acquired on a Philips CM-10 transmission electronmicroscope
operated at 100 kV; micrographs were recorded with a slow
scan CCD camera (Gatan Model 679). Fibrillization was also
quantified by measurement of the decrease in soluble protein
content over time. This was done by high speed centrifugation
(20,000 � g for 10 min at 4 °C) of 17-�l aliquots. Fibrils were
pelleted, and the supernatant represents the soluble protein
fraction. 7 �l of the supernatant were then mixed with 2�
Laemmli sample buffer before electrophoresis on homogene-
ous SDS-15% polyacrylamide gels and Coomassie Brilliant Blue
R-450 staining.

Native and SDS-Gel Electrophoresis

Proteins in their native conformations were separated on
custom-made native polyacrylamide gels using Bio-Rad gel-
casting systems, with a separation section at 7.5% polyacryl-
amide buffered with 380 mM Tris buffer, pH 8.8, and a stacking
section at 3% polyacrylamide buffered with 125 mM Tris, pH
6.8. Before application in the gel wells, samples were diluted in
native sample buffer (310 mM Tris, pH 6.8, 50% glycerol, 0.05%
bromphenol blue). Electrophoresis was carried out at 25 mA in
constant current mode for �3 h on a Bio-Rad PowerPac 1000
supply. Gels were then stainedwith Coomassie Brilliant Blue or
transferred on a nitrocellulose membrane (Whatman) using a
semi-dry electrotransfer system (Bio-Rad) for Western blot-
ting. For SDS-PAGE analysis, samples were diluted in loading
buffer and separated on homogeneous 15% SDS-polyacryl-
amide gels (1.5 mm thickness). The electrophoresis and West-
ern blot were conducted as described previously (39). Briefly,
proteins were transferred to nitrocellulose membranes using
the semidry blotting system (Bio-Rad) for 1 h.Membraneswere
then probed overnight with the primary antibody of interest
after 30 min of blocking in Odyssey blocking buffer (Li-Cor
Biosciences GmbH) diluted 1:3 in phosphate-buffered saline
(Sigma). After four washes with PBST (phosphate-buffered
saline, 0.01% (v/v) Tween 20 (Sigma)), membranes were incu-
bated for 1 h with secondary antibodies (goat or rabbit Alexa
Fluor 680 IgG) protected from light at room temperature.
Immunoblots were finally washed four times with PBST and
scanned using a Li-COR scanner at a wavelength of 700 nm.

NMR Sample Preparation
15N-Enriched �-syn for NMR studies was obtained by the

media swap method (40). E. coli BL21(DE3) cells transfected
with plasmid vectors encoding �-syn, NatB (generously pro-
vided by Dr. Daniel Mulvihill through Dr. Elizabeth Rhoades),
or both were grown in 1 liter of LB medium at 37 °C until an
A600 of 0.6, pelleted, washed in M9 minimal medium, pelleted
again, and resuspended in 250 ml of M9minimal medium sup-
plementedwith dextrose and 15N-labeled ammonium chloride.
Cellswere allowed to recover at 37 °C for 1 h before induction of
protein expression by isopropyl 1-thio-�-D-galactopyranoside
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and harvested after 3 h. The resulting cell pellet (�2 ml) was
used immediately for NMR studies.
The pellet was resuspended by the addition of 500�l of NMR

buffer (100 mM NaCl, 10 mM NaPO4
�, 10% D2O, pH 7.4).

Approximately 500�l of the resulting cell slurry, supplemented
with 50 �l of D2O, was used as the in-cell NMR sample. The
remaining slurry was diluted in half with NMR buffer and, after
the addition of 1 mM EDTA and 1 mM PMSF (final concentra-
tions), was subjected to sonication on icewith amicro-tip ultra-
sonication probe at low power for 6 min. The resulting lysate
was centrifuged at 15,000 rpm for 20 min, and 550 �l of the
supernatant was used as the lysate NMR sample.
Purified �-syn was obtained from E. coli BL21(DE3) cells

transfected with plasmids encoding wild-type or E20C mutant
�-syn, with and without NatB, grown in isotopically supple-
mented minimal media according to previous protocols (41).
For paramagnetic relaxation enhancement (PRE) measure-
ments, both unacetylated and N�-acetylated 15N-labeled E20C
�-syn were dissolved in NMR buffer and incubated with a
10-fold excess of the paramagnetic spin label S-(2,2,5,5-tetra-
methyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfono-
thioate for 15 min. Unbound spin label was removed by buffer
exchange, and the sample was divided in two. Dithiothreitol
(DTT) was added (final concentration 2 mM) to one sample to
reduce the spin label off the cysteine residue.

NMR Experiments

Spectra were collected at 10 °C on a Varian INOVA 600-
MHz or a Bruker 800-MHz AVANCE spectrometer equipped
with cryogenic probes. Because of the high concentration of
�-syn in the cells, fairly short (�20 min) HSQC experiments
gave rise to high quality spectra. The in-cell sample proved
refractory to shimming, so shimming was performed on the
lysate sample, whichwasmatched in volume and sample height
to the in-cell sample.
PRE was measured as the intensity ratio of corresponding

cross-peaks in matched HSQC spectra of diamagnetic and
paramagnetic samples (single point method). Resonance
assignments from unacetylated �-syn (41) were transferred to
N�-acetylated �-syn using an HNCA. Secondary C� chemical
shifts were calculated as reported previously (41) for a direct
comparison. Changes in amide proton and nitrogen chemical
shifts were calculated as shown in Equation 1,

��avg � ��	1⁄2
 � 	��HN2 � ���N/5�2
� (Eq. 1)

All spectra were processed with NMRpipe (42) and analyzed
with NMRView (43).

Cell Culture and DNA Transfection

HeLa andHEK cells were grown at 37 °C, 5% CO2 in Dulbec-
co’s modified Eagle’s medium (DMEM, Invitrogen) supple-
mented with 10% fetal bovine serum (FBS, Invitrogen) and 1%
penicillin/streptomycin. Transient transfection of HEK293T
cells was performed using the standard calcium phosphate
(CaPO4) transfection protocol. The amounts of transfected
DNAwere 0.5�gwhen cells were plated on 24-well plate dishes
for immunocytochemistry and 10 �g when cells were plated on

100-mm dishes for biochemical analysis. For studies involving
NatB silencing, HEK cells were transfected with plasmids
encoding scrambled shRNA or NatB shRNA4, and 24 h later,
cells were either transfectedwith a plasmid encodingWT�-syn
or not. 48 h later, cells were either harvested for biochemical
analysis or fixed with (4% paraformaldehyde, 3% sucrose in
PBS) for 20 min at RT and then washed with PBS for immuno-
staining. For D2P synuclein experiments, cells were analyzed
48 h post-transfection.

Proteofection of HeLa Cells

Approximately 500,000 HeLa cells plated in 6-well plates
were proteofected at 50% confluency using the Chariot� rea-
gent as per themanufacturer’s instructions. Briefly, 4�g ofWT
orN�-acetylated (N-Ac) �-syn in PBS were incubated with 6 �l
of Chariot� (diluted 1:10) in 100 �l of double distilled water for
30min at room temperature (RT). Then the proteofectionmix-
tures were added to the cells with 400 �l of serum-free media
and incubated at 37 °C for 4 h. Cells were then trypsinized for 1
min at 37 °C and centrifuged for 3min at 200� g.The cell pellet
was then resuspended in 1ml of PBS to wash away un-internal-
ized extracellular proteins. Cells were pelleted again by centrif-
ugation at 200� g (3min at RT), resuspended in growthmedia,
and then plated on poly-L-lysine-coated coverslips in 24-well
plates. 24 h later, adherent cells were washed once with PBS,
fixed with 4% paraformaldehyde, 3% sucrose in PBS for 20 min
at RT, washed twice with PBS, and then stained with wheat
germ agglutinin (WGA), Alexa 555-conjugated (5 �g/ml in
PBS) for 10 min at RT. Cells were subsequently washed with
PBS twice and then immunostained as detailed below.

Subcellular Localization Studies

After fixation with 4% paraformaldehyde, 3% sucrose in PBS
for 20min at RT, and thenwashingwith PBS, cells were blocked
with 0.1% Triton X-100, 3% bovine serum albumin (BSA) in
PBS for 1 h at RT. Afterward, coverslips were incubated over-
night at 4 °C with the primary mouse anti �-syn antibody
(Syn-1, BD Transduction Laboratories) at a dilution of 1:1000
when analyzing overexpressed or proteofected synuclein and
1:500 when analyzing endogenous synuclein. Then cells were
washed three times with PBS and incubated for 1 h at RT with
donkey anti-mouse Alexa Fluor� 488 (1:1000) when analyzing
proteofected synuclein or with donkey anti-mouse Alexa
Fluor� 568 (1:1000) when analyzing endogenous or overex-
pressed synuclein. After three washes with PBS, the cells were
stained with Hoechst 33342 (Invitrogen) for 15 min at RT,
washed again twice with PBS, and thenmounted on glass slides
using DABCO mounting medium. Slides were then imaged
using an LSM700 (Zeiss) inverted confocalmicroscope. For the
imaging of HEK cells transfected with NatB-shRNA (1–4), liv-
ing cells in cell culture plateswere imaged at�10magnification
using the Leica DMI 4000 wide field fluorescent microscope.

Immunoprecipitation, In-gel Digestion, and Mass
Spectrometric Analyses

HEK293T cells transfected with plasmids encoding WT or
D2P �-syn, or with WT �-syn and NatB shRNA4, were har-
vested and lysed, and 5 �g of Syn-1 antibody (BDTransduction
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Laboratories) were added to the lysates. Following overnight
incubation at 4 °C, 35 �l of protein G Fast Flow beads (GE
Healthcare) were added to the lysates and incubated for 2 h at
4 °C. After washing the beads three times with 0.1% Triton
X-100 in PBS, �-syn was eluted with 30 �l of 100 mM glycine,
pH 2.5. Eluates were loaded on an SDS-15% polyacrylamide gel,
and the bands corresponding to �-syn were excised after Coo-
massie Blue staining using Simply Blue Safe Stain (Invitrogen).
Excised bands were destained with 50% ethanol in 100 mM

ammonium bicarbonate, pH 8.5, followed by drying in an evac-
uated centrifuge, and the proteins were digested in-gel by cov-
ering gel pieces with 12 ng/�l proteomics-grade glutamyl
C-terminal endopeptidase (Glu-C) (Sigma) and incubating
overnight at 37 °C. Digested peptides were concentrated to dry-
ness, resuspended in acetonitrile, and dried again. After repeat-
ing this step once more, dried peptides were resuspended in 20
�l of 20% formic acid, 2% acetonitrile, desalted on C18 OMIX
tips (Agilent Technologies), and analyzed by MALDI-TOF-
TOF tandemmass spectrometry operating in reflector positive
mode on a 4800 series MALDI instrument (AB Sciex).

Murine Synaptosomal Binding Assays

The binding assays were conducted as described previously
(44). Synaptosomes that were generated from the brain of a
single knock-out human�-synucleinmousewere partially frac-
tionated as described below. All steps were done on ice or at
4 °C. Briefly, whole brains, sans cerebella, were extracted from
mice and homogenized with 10 strokes in a Dounce homoge-
nizer rotating at 500 rpm. The homogenization buffer con-
tained 320mM sucrose, 1 mM EGTA, and 5mMHEPES, pH 7.4.
Homogenates were centrifuged at 1050 � g for 10 min, and the
supernatants were centrifuged at 13,300 � g for 15 min. The
pellets were gently resuspended in homogenization buffer and
loaded onto a discontinuous 13.9 to 5% Ficoll gradient. Gradi-
ents were centrifuged at 86,808� g on a Beckman SW41 swing-
ing rotor, and intact synaptosomes were extracted from the 13
to 9% interface. The synaptosomes were gently resuspended in
extracellular buffer (130 mM NaCl, 5 mM KCl, 20 mM Na
HEPES, 5 mMNaHCO3, 1.2 mMNa2HPO4�7H2O, 1 mMMgCl2,
10 mM glucose, and 2.5 mM CaCl2, pH 7.4). A centrifugation at
13,300 relative centrifugal force for 15 min was performed to
remove residual Ficoll. The synaptosomes were then hypoton-
ically lysed with vigorous agitation in swelling buffer (10 mM

HEPES and 18 mM potassium acetate, pH 7.2). After centrifu-
gation, the resultant pellet was resuspended in intracellular
replacement buffer (25 mMHEPES, 145 mM potassium acetate,
and 2.5mMMgCl2, pH 7.2) and divided into 10 equal aliquots of
100 �l each. Each aliquot was resuspended either in 1.5 mg/ml
dialyzed cytosol that was derived from brains of �-synuclein
knock-out mice, as described previously (45), or a correspond-
ing volume of intracellular replacement buffer; and 0.5 and 1�g
of A30P,WT�-syn produced from E. coli,N�-acetylated�-syn,
or a corresponding volume of intracellular replacement buffer
were added prior to 10 min of incubation in a 37 °C water bath.
Each aliquot was then centrifuged for 5 min at 20,000 relative
centrifugal force and at 4 °C. The resultant pellet was washed
with intracellular replacement buffer and was resuspended in
Tris lysis buffer (100 mM NaCl, 50 mM Tris, and 1 mM EDTA,

pH 7.2) with 1% Triton X-100. This resuspension (bound) and
the supernatant (unbound) were run onWestern blot analyses.
Protein samples were boiled briefly in loading buffer (10% glyc-
erol, 0.05 MTris, 2% SDS, bromophenol blue, and 2.5%mercap-
toethanol) and separated by electrophoresis using 12% Tris-
glycine polyacrylamide gels. Proteins were transferred to
nitrocellulose and probedwith Syn-1 (1:1000, BDTransduction
Laboratories) followed by HRP-conjugated secondary anti-
body. The bands were quantified with ImageJ software. Statis-
tical comparisons were calculated with GraphPad InStat
software using Student’s t test for comparisons between two
groups or analysis of variance (Bonferroni test) for multiple
comparisons.

RESULTS

Preparation of N�-Acetylated �-syn—To produce �-syn
acetylated specifically at the N terminus, we first utilized a
semisynthetic methodology (1) that we recently developed to
allow for site-specific introduction of post-translational modi-
fications in theN-terminus of�-syn based on expressed protein
ligation (EPL) (32). The present EPL-basedmethod relies on the
ligation of a synthetic N�-acetylated �-syn fragment (residues
1–10) with a recombinant protein consisting of �-syn residues
11–140. Fig. 1A summarizes the strategy we utilized to prepare
semisyntheticN�-acetylated �-syn. The detailed semisynthesis
procedure was described under “Experimental Procedures.”
The progress of the native chemical ligation reaction was mon-
itored by SDS-PAGE and MALDI-TOFMS (supplemental Fig.
S1). The reaction was �80% complete after 2 h (supplemental
Fig. S1A), and formation of the product was confirmed by the
appearance of the expected ligation product (supplemental Fig.
S1B). The protein was then desulfurized to obtain the native
alanine residue at position 11 (supplemental Fig. S1C). Finally,
the desulfurized ligation product Ac-�-syn(1–140) was sepa-
rated from the excess peptide fragment and unreacted
�-syn(11–140) by reversed-phase HPLC. The semisynthetic
N�-acetylated �-syn was confirmed to be pure by SDS-PAGE,
MALDI-TOF MS (Fig. 1, C and D), and analytical reversed-
phase ultra-HPLC (supplemental Fig. S1D). From 6.2 mg of
�-syn(A11C-140), the combined synthesis and purification
yield was 2.9 mg.
We also used a recombinant protein production strategy to

obtain N�-acetylated �-syn. We took advantage of a previous
study by Johnson et al. (45) who created a vector for recombi-
nant expression of the yeast N-acetyltransferase NatB (which
has similar target protein sequence determinants as its human
homolog) in E. coli and showed that co-expressing several pro-
teins with NatB successfully resulted in their N�-acetylation.
Accordingly, we transformed BL21(DE3) E. coli cells sequen-
tiallywith two vectors, first a pT7-7 plasmid encoding at human
�-syn and then the pNatB vector (a kind gift from Prof. Daniel
Mulvihill), which encodes for both NatB subunits (Fig. 1A).
Recombinant N�-acetylated �-syn was expressed and purified
as described under “Experimental Procedures” (see also supple-
mental Fig. S2 for a detailed purification flow chart), and quan-
titative N-terminal acetylation of �-syn was determined by
MALDI-TOF mass spectrometry (Fig. 1B) and analytical
reversed-phase ultra-HPLC (supplemental Fig. S1E). This
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strategy to prepareN�-acetylated �-syn was also described in a
recent report (37).
Biophysical Characterization of N�-Acetylated �-syn—We

first examined whether N�-acetylation has any impact on the
oligomeric state of the protein and its conformation. To this
end, we performed analytical gel-filtration chromatography
coupled to on-line determination of absolute molecular weight
by static light scattering. WT and N�-acetylated �-syn were
dissolved at 30�M in 50mMTris, pH 7.5, 150mMNaCl, 50 ppm
NaN3 and injected at 0.4 ml/min in a Superdex 200 10/300 GL
size-exclusion column. Both WT and N�-acetylated proteins
eluted at 14 ml (Fig. 2A), suggesting that N�-acetylation does
not have a large influence on the quaternary structure of �-syn.
Furthermore, the molecular weight of N�-acetylated �-syn as
estimated by light scattering (13055  1383 Da) was consistent

with a monomeric state and similar to that of the WT protein
(13,814  576 Da). Note that there is no difference between
N�-acetylated �-syn produced by semisynthesis or by recombi-
nant production under nondenaturing purification (Fig. 2A).
We also performed circular dichroism spectroscopy and
showed that N�-acetylation does not alter the predominantly
disordered structure of �-syn (Fig. 2B). Again, both recombi-
nant and semisynthetic N�-acetylated proteins behaved very
similarly, thus validating the use of either preparation method
to study �-syn N�-acetylation. Native PAGE with Coomassie
Brilliant Blue staining also confirmed the similarity between
recombinant WT and N�-acetylated �-syn proteins. Both pro-
teins migrated at an apparent molecular mass above 66 kDa
when compared with the globular protein standards (Fig. 1E).
This behavior is consistent with an unfolded character giving

FIGURE 1. Production of N�-acetylated �-syn. A, semisynthesis and recombinant expression strategy schemes. For the EPL approach, the sequence of �-syn
is split into the fragments Ac-�-syn(1–10)SR, which is chemically synthesized as an N-terminally acetylated peptide thioester, although the fragment
�-syn(A11C-140) is produced as a recombinant protein in E. coli with the temporary mutation A11C to mediate the native chemical ligation with the Ac-�-
syn(1–10)SR peptide. The N-terminal cysteine must be free of disulfide and thiazolidine ring adducts before the NCL reaction. Following the ligation, the
full-length N�-acetylated protein is desulfurized to regenerate the native alanine residue at position 11. For the recombinant expression approach, bacterial
cells carrying plasmids encoding both full-length WT �-syn and yeast NatB are used. Protein expression is also controlled by the T7 promoter/polymerase
system. B and C show MALDI-TOF MS analyses of purified recombinant (observed, 14,506 Da; theoretical, 14,503 Da) and semisynthetic (observed, 14,504 Da)
N�-acetylated �-syn, respectively. Stars indicate sinapinic acid matrix adducts. D, SDS-PAGE/Coomassie staining of N�-acetylated semisynthetic (s.-s) and
recombinant (rec) �-syn. 2 �g of proteins were loaded on homogeneous SDS-15% polyacrylamide gels. E, clear native PAGE analysis of WT and semisynthetic
N-Ac �-syn. 2 �g of each protein were migrated on a homogeneous 7.5% native polyacrylamide gel and then stained with Coomassie Blue. The migration of
the proteins was compared with a set of globular standards (NativeMark Unstained protein standard, Invitrogen).
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rise to a hydrodynamic radius similar to that of a larger globular
protein, and therefore to a lower electrophoretic mobility on
native PAGE, as determined previously for �-syn (46) and con-
firmed recently by our group (47).
We then used 1H/15N HSQC NMR spectra as a more sensi-

tive technique to determine whether �-syn N�-acetylation
could lead to conformational changes or ordering within the
protein. To exclude potential effects of different purification
protocols on the observed conformation of N-terminally acety-
lated �-syn, we collected proton-nitrogen correlation (1H/15N
HSQC) spectra for �-syn overexpressed in intact E. coli cells
(in-cell NMR (48–50), as well as corresponding spectra for cell
lysates obtained by subjecting cells from the same pellet to son-
ication (note that a similar approach has been used to charac-
terize unacetylated �-syn in intact cells).4 Fig. 3A shows an
overlay of spectra obtained for lysed cells transfected with only
�-syn (�NatB) or both �-syn and NatB (�NatB), as well as for
purified recombinant unacetylated �-syn. Importantly, signals
that are observed in cells transfected with NatB alone (data not
shown) are boxed in Fig. 3A and do not originate from or report
on �-syn. It is immediately evident that the spectrum of �-syn
expressed in the presence of NatB is extremely similar to that
expressed in the absence of NatB, indicating that there are no
large scale conformational changes in the protein and that it
remains highly disordered. Nevertheless, there are several res-
onances in the �NatB spectrum that show unambiguous
changes in chemical shifts. Importantly, for these shifted peaks
no remaining intensity was observed, down to the level of noise,
at the original position observed in the �NatB spectrum. This
implies that any modification of �-syn in the �NatB cells was
quantitative and complete. Any remaining unmodified protein
would give rise to signals at positions observed in the �NatB
cells.

NMR Demonstrates That N-terminal Acetylation Leads to
Local Conformational Changes at the NTerminus of�-syn—To
identify the new location of resonances shifted in the �NatB
spectrum, we purified �-syn from �NatB cells and assigned its
backbone NMR resonances using triple resonance spectros-
copy (both the NMR data and mass spectrometry data confirm
that protein purified from �NatB cells is indeed N�-acety-
lated). A comparison of the NH shifts for the acetylated and
unacetylated protein shows marked differences for residues
3–9 (Fig. 3A and data not shown). In addition, two new peaks in
the�NatB spectrumwere identified as belonging toMet-1 and
Asp-2, which are not generally observed in the spectra of free
recombinant unacetylated �-syn (although Asp-2 can be seen
at lower pH). Although localized, the observed NH chemical
shift changes extend further in sequence than is typically seen
upon local covalent modifications of disordered proteins, for
example by phosphorylation or mutagenesis, suggesting a pos-
sible structural change in the N-terminal region of the protein.
To evaluate the structural consequences of �-syn acetylation,
we analyzed both C� chemical shifts, which are sensitive to
secondary structure, and PRE data, which have been used to
detect transient long range structure in unacetylated �-syn
(51–53). The deviation of C� chemical shifts from those
expected for a random coil ensemble (Fig. 3B) indicates that
there is amarked increase in helicity in the first�10 residues of
�-syn upon N-terminal acetylation, providing an explanation
for both the large amplitude of the observed NH chemical shift
changes and of the range over which those changes extend.
During the preparation of this manuscript, a report appeared
analyzing the structural properties of purified N�-acetylated
�-syn byNMR (54). The results are entirely consistent with our
own but include a further assertion that small but significant
secondary structural changes are engendered further from the
N terminus, including at positions corresponding to the three
Parkinson-associated�-synmutations, A30P, E46K, andA53T.4 P. Selenko, personal communication.

FIGURE 2. Biophysical characterization of N�-acetylated �-syn. A, gel-filtration/light scattering analysis. Purified lyophilized WT and N-Ac �-syn were diluted
to 30 �M in gel-filtration buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.05% w/v NaN3) and filtered (0.22 �m). Samples (100 �l) were run at 0.4 ml/min on a Superdex
200 10/300 GL column connected with UV multiangle light scattering and differential refractive index detectors. Molar masses were calculated based on
concentrations determined on line by differential refractometry (dn/dc � 0.185 ml/g). The left ordinate axis shows the elution pattern of WT (continuous line),
semisynthetic (s.-s., dashed line), and recombinant (rec., dotted line) N-Ac �-syn. The right ordinate axis shows calculated molecular weights for WT (open circles),
semisynthetic (s.-s., closed circles), and recombinant (rec., squares) N-Ac �-syn. B, circular dichroism spectra of WT (continuous line), semisynthetic (s.-s., dashed
line), and recombinant (rec., dotted line) N-Ac �-syn. Proteins were dissolved to 10 �M in 20 mM sodium phosphate, pH 7.4 (without lipids), and analyzed in a
1-mm quartz cell.
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Although small changes in these regions are apparent in our
data as well, we cannot conclude whether they are significant in
the absence of a more extensive analysis. In contrast to the
localized secondary structural changes indicated by the chem-
ical shift data, PRE measurements for �-syn spin-labeled at
position 20 indicate that the transient long range contacts pre-
viously observed for unacetylated �-syn are not substantively
altered in the N�-acetylated protein (Fig. 3C).
In-cell NMRDemonstrates That NatBModificationDoes Not

Lead to Ordering or Large Scale Conformational Changes in
�-syn—Fig. 3D shows an overlay of spectra obtained for intact
cells transfected with only �-syn, only NatB, or both �-syn and
NatB. Resonances that were observed in cells transfected with

only NatB do not originate from or report on �-syn. The �-syn
spectra with and without NatB were nearly identical. Interest-
ingly, the N-terminal residues that were observed to shift posi-
tions upon NatB co-transfection in spectra of lysed cells are
broadened beyond detection for both �NatB and �NatB cells.
Nevertheless, the shifted positions of these resonances in
lysates obtained from the same cell pellet establish that�-syn in
the�NatB cells is indeed quantitatively modified. Importantly,
the resonance intensities in the two spectra, normalized by the
level of protein overexpression as estimated from SDS-PAGE,
are comparable. The essentially identical spectra observed for
unmodified and modified �-syn in intact cells have several
implications for the effects of N-terminal acetylation on �-syn

FIGURE 3. NMR analyses of N�-acetylated �-syn. A, proton-nitrogen correlation (HSQC) spectra for lysates from cells transfected with �-syn alone (black),
�-syn and NatB (red), and purified recombinant �-syn (blue). Peaks present in spectra of lysates from cells transfected with NatB alone are indicated by boxes
and do not originate from or report on synuclein. Resonances that change position upon co-transfection with NatB are indicated by arrows pointing from their
position in the unmodified protein spectrum toward their position in the modified protein spectrum. Resonances for residues Met-1 and Asp-2, which are not
typically observed for the unacetylated protein, are indicated. B, C� secondary chemical shifts for N�-acetylated versus unacetylated �-syn. Positive values
indicate a preference for helical structure, and an increase in helicity is readily apparent for the N-terminal �10 residues of the acetylated protein. Shifts for the
unacetylated protein are as originally reported (41). C, PRE for N�-acetylated versus unacetylated �-syn spin-labeled at position 20. Long range transient
contacts indicated by decreased resonance intensity in the C-terminal region of the protein are largely unaffected by acetylation. D, proton-nitrogen correla-
tion (HSQC) spectra for intact cells transfected with �-syn alone (black), �-syn and NatB (red), and NatB alone (green). Cells were pelleted after growth and gently
resuspended in buffer prior to loading into NMR tubes for data collection. Aliquots from the same resuspension were lysed by sonication to obtain the data in A. aS,
�-syn.
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structure. First, the spectra demonstrate conclusively that
when expressed in intact bacteria, with or without N-terminal
acetylation and in the absence of any purification protocols, the
majority of �-syn retains the intrinsically disordered character
that was observed for the purified recombinant protein. Sec-
ond, the spectra conclusively rule out any large scale conforma-
tional changes in �-syn upon N-terminal acetylation, such as
the adoption of a highly helical structure. Such structural
changes would necessarily lead to significant changes in chem-
ical shifts. Third, the spectra conclusively rule out the presence
of any highly populated or long lived oligomeric structure in
N-terminally acetylated �-syn. Any significant fraction of such
an oligomer would lead at a minimum to substantial signal
reduction, if the oligomer were NMR-invisible, or to chemical
shift changes if it were not. Neither of these effects was
observed. The presence of a small population of any stable or
dynamic oligomer(s) cannot be ruled out, but our data demon-
strate that the majority of the protein in the cell does not pop-
ulate such a structure.
Resonance broadening for the N-terminal residues of �-syn

precludes direct observation of the effects of N-terminal acety-
lation on this region of the protein in intact cells. Such broad-
ening could potentially be caused by inter-molecular interac-
tions between �-syn and other cellular components, such as
other proteins or possibly membranes. However, the interac-
tions of �-syn with membranes in vitro do not recapitulate this
localized broadening, suggesting that the responsible process is
somehow different in nature. Whatever the process responsi-
ble, the fact that the same set of resonances is broadened for
both unmodified and acetylated �-syn suggests that in this
respect both proteins behave very similarly.
Effect ofN�-Acetylation on�-synAggregation—Having deter-

mined that the basic biophysical properties of N-Ac�-syn were
similar to that of the WT protein, we wanted to examine
whetherN�-acetylation could affect the aggregation propensity
of �-syn in vitro, which is critical because aggregation of �-syn
is recognized as a key event in the pathogenesis of synucle-
inopathies (55). Recombinant WT and N-Ac �-syn (15 or 50
�M, initial volume: 500 �l) were incubated in 1.5 ml of polypro-
pylene-sealed screw-cap tubes at 37 °C for several days in 50
mM Tris, pH 7.5, 150 mM NaCl under agitation. Fibrillization
kinetics were monitored by ThT binding assays. N-Ac andWT
�-syn displayed similar ThT-binding propensities and kinetics
of aggregation at 15 or 50 �M (Fig. 4, A and B). Amyloid fibril
formation was further assessed by monitoring the decrease in
soluble protein content by SDS-PAGE and Coomassie staining
following high speed centrifugation. The loss of soluble protein
was slightly slower with N�-acetylated than with the unacety-
lated protein, which is more apparent at a protein concentra-
tion of 50 �M (Fig. 4, C and D). We also used transmission
electron microscopy of negatively stained fibrillized samples to
characterize the fibrils formed by WT and N-Ac �-syn. The
acetylated protein formed fibrils indistinguishable from those
obtained from the unacetylated protein (Fig. 4E), regardless of
whether it was made by recombinant expression (Fig. 4F) or
semisynthesis (see Fig. 5C), consistent with our observations
that N�-acetylation has no significant impact on �-syn aggre-
gation. Similarly, no significant differenceswere observedwhen

comparing the aggregation ofWT and semisyntheticN�-acety-
lated �-syn after 3 days of incubation at 37 °C. Interestingly,
semisynthetic N�-acetylated �-syn exhibited higher ThT sig-
nals at 3 days (Fig. 5A), suggesting that it forms fibrils faster
than the WT protein. However, when we quantified fibrilliza-
tion bymonitoring the loss of soluble�-syn (Fig. 5B), we did not
observe any differences between semisynthetic N�-acetylated
�-syn and theWT protein. These findings suggest that the dif-
ferences in ThT signal at day 3 are likely due to differences in
ThT binding, rather than the extent of fibrillization by both
proteins (Fig. 5A).
Effect of N�-Acetylation on Membrane Binding—Previous

studies by Zabrocki et al. (29) in yeast suggested thatN�-acety-
lation could influence the membrane binding properties of
�-syn in a yeast model of Parkinson disease. It has also been
suggested thatN�-acetylation could enhance the stability of the
membrane-bound �-syn by reinforcing the electrical dipole of
the �-helical conformation adopted by �-syn upon interaction
with negatively charged phospholipids (56). To determine
whether the membrane binding properties of �-syn could be
affected byN�-acetylation, we performed an in vitro assay using
phosphatidylglycerol (POPG) as a membrane model. Large
POPG unilamellar vesicles with an average diameter of 100 nm
were prepared at 1 mg/ml in 20 mM NaH2PO4, pH 7.6, by an
extrusion procedure as described previously (38). WT or N-Ac
�-syn (5 �M) were incubated at different POPG/protein mass
ratios for 1 h at room temperature and then put on ice until the
secondary structure content was assessed by CD spectroscopy
(Fig. 6). Interestingly, we did not observe any difference in
POPG binding affinity between the two proteins. As such, we
investigated the binding of �-syn to LUVs composed of a 52.5:
17.5:30 (mol %) phosphatidylcholine/phosphatidylserine/cho-
lesterol, which were reported by Choi et al. (57) to be closer to
the composition of synaptic vesicles. However, over the lipid
concentration range we tested, whichwas the same as that used
with pure POPGLUVs, we did not see any conformational shift
toward the �-helical structure with both WT and N-Ac �-syn
(data not shown). Accordingly, we then sought to further assess
the effect of N�-acetylation on �-syn interactions with biologi-
cal membranes by using synaptosomal preparations obtained
from�-syn-KOmice, as described before byWislet-Gendebien
et al. (44) (see “Experimental Procedures” for more details).
Purified recombinant A30P �-syn, which has a lower mem-
brane binding capacity (58, 59), was used as a control. Because a
previous study established that cytosolic factors could partially
rescue themembrane binding deficiency ofA30P�-syn (44), we
also sought to determine whether there could be an interplay
between N�-acetylation and murine brain cytosolic factors.
Thus, cytosolic fractions were also collected and concentrated
during synaptosomal extraction, and all binding assays were
conducted both with or without preincubation with murine
brain cytosolic factors (1.5 mg/ml). �-syn binding to synapto-
somal membranes was measured from experiments where 0.5
�g of WT, A30P, or N�-acetylated �-syn was incubated with
synaptosomal fractions and was quantified by densitometry
analysis from Western blots (Fig. 6, B and C). Although both
recombinant WT and N�-acetylated �-syn showed a higher
binding propensity than A30P �-syn, we did not observe any
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significant differences between both proteins with respect to
binding efficiency toward murine synaptosomes, with or with-
out preincubation with cytosol (Fig. 6, B and C). Similar results
were obtained when 1 �g of recombinant proteins was incu-
bated with synaptosomes, although this higher amount satu-
rated their �-syn binding capacity (not shown).
Effect of N�-Acetylation on �-syn Subcellular Localization

and Membrane Binding in Mammalian Cells—To determine
the effect of N�-acetylation on the subcellular localization and
membrane binding propensity of �-syn inmammalian cells, we
used the proteofection reagent “Chariot�” to enhance the deliv-
ery of human recombinant WT and N�-acetylated �-syn to
HeLa cells. Tominimize staining fromnoninternalized�-syn at
the outer cell membrane, we introduced a trypsinization step
followed by resuspending, washing, and then replating cells 4 h
post-proteofection. Cells were then analyzed immunocyto-
chemically 24 h later using a low concentration of the Syn-1
antibody to detect internalized proteins and not the minute
levels of endogenous �-syn fromHeLa cells, as well as using the
WGA Alexa Fluor 555 conjugate that selectively binds
N-acetylglucosamine and N-acetylneuraminic acid residues

andhence selectively labels outer and inner cellularmembranes
allowing delineation of cellular morphology as reported previ-
ously (60, 61). Confocal imaging of proteofected cells revealed
that both WT and N-Ac �-syn were internalized and that the
subcellular localization of the internalized proteins is mostly
cytosolic, with very little staining of the nuclear compartment
(Fig. 7). Interestingly, a portion of the internalized proteins
showed co-localization with inner membranes labeled with
WGA, suggesting that both proteins are readily targeted to the
endomembrane system upon internalization. However, both
proteins showed similar subcellular co-localization indicating
no significant effect of N�-acetylation on the distribution or
membrane binding properties of �-syn in vivo.
Effect of Attenuating N�-Acetylation on �-syn Subcellular

Localization andMembrane Binding inMammalianCells—To
further elucidate the biological role(s) of N�-acetylation of
�-syn, we set out to determine the effects of attenuating this
modification in living cells. Doing so requires the knowledge
of the N-terminal acetyltransferase responsible for �-syn
N�-acetylation in vivo. Given that the two N-terminal amino
acids (including the initiator methionine) of nascent proteins

FIGURE 4. Fibrillization analysis of WT and N-Ac �-syn. A, thioflavin T binding assays of recombinant WT (white bars) and recombinant (rec.) N�-acetylated
(black bars) �-syn at 15 �M in 50 mM Tris, 150 mM NaCl, pH 7.5, at 37 °C and under orbital agitation at 1200 rpm. Aliquots were withdrawn at the mentioned time
points and analyzed by ThT fluorescence. B, same experiment as in A was performed at a protein concentration of 50 �M. C, SDS-PAGE/Coomassie staining
analysis of the soluble protein content. For gel analysis, samples were centrifuged (20,000 � g, 10 min, 4 °C) and supernatants (soluble fraction) were loaded
on the gels. D, same experiment as in C was performed at a protein concentration of 50 �M. E and F, transmission electron micrographs of fibrillization samples
of recombinant WT �-syn (E), recombinant N-Ac �-syn (F) stained with uranyl acetate. For this analysis, 5-�l aliquots were withdrawn after 24 h of incubation
at 37 °C under orbital shaking at a protein concentration of 15 �M. Scale bars, 100 nm.
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determine which enzyme catalyzes their acetylation, the Met-
Asp N-terminal sequence of �-syn strongly suggests that NatB
could bemediating �-synN�-acetylation. Accordingly, we gen-
erated the D2P �-syn mutant having an altered N-terminal
NatB recognition sequence and hence should not be acetylated
(62). Note that the D2P mutation also causes removal of the
initiator methionine by methionine aminopeptidases (30).
After verifying byWestern blot thatD2P�-syn is overexpressed
at a similar level and within the same time scale as WT �-syn
(Fig. 8A), we analyzed transfected HEK293T lysates by SDS-
PAGE after concentration of �-syn by immunoprecipitation,
and the band corresponding to �-syn was digested with Glu-C.
Extracted peptides were then analyzed by MALDI-TOF/TOF

mass spectrometry with a focus on theN-terminal peptide gen-
erated by Glu-C proteolysis (MDVFMKGLSKAKE in the case
of WT �-syn and PVFMKGLSKAKE for D2P �-syn). Fig. 8B
shows that although overexpressed WT �-syn was found to be
completely N�-acetylated (as shown by the measured mass of
1525.71 Da for the �-syn N-terminal peptide and no signal at
m/z � 1483.77 Da), the D2P mutant of �-syn is completely
unacetylated, as only the nonacetylated peptide was detected

FIGURE 5. Fibrillization analysis of semisynthetic N-Ac �-syn. A, thioflavin
T binding assays. Three independent 450-�l samples of WT �-syn (white bars)
and Ac �-syn (black bars) each at 15 �M were incubated at 37 °C on an orbital
shaker (1200 rpm). Aliquots (3 � 7 �l) were removed at several time points
and diluted to a final volume of 70 �l of 50 mM glycine, pH 8.5, 0.1 mM ThT in
a black, flat-bottom 384-well fluorescence assay plate. ThT signals were mea-
sured in a Tecan Infinite M200 using excitation at 450 nm and reading at 485
nm, with a manual gain factor of 80. Scale bars represent 500 nm. B, SDS-PAGE
analysis of remaining �-syn-soluble protein content over the course of the
fibrillization assays. The samples analyzed were the same as those shown in A.
C, transmission electron micrograph semisynthetic N-Ac �-syn stained with
uranyl acetate, prepared under the same conditions as in Fig. 4F.

FIGURE 6. In vitro membrane binding analyses. A, circular dichroism spec-
troscopy in the presence and absence of artificial POPG vesicles (100 nm
average diameter). WT and N-Ac �-syn (10 �M each) were incubated in 20 mM

sodium phosphate, pH 7.4, in the presence (0.5 or 5 mass equivalents) or
absence of POPG liposomes for 30 min at RT before analysis by CD. Solid lines,
WT �-syn. Dashed lines, N-Ac �-syn. Black lines, no POPG; dark gray lines, 5 eq of
POPG; light gray lines, 5 eq of POPG. B, quantification of A30P, WT, and semi-
synthetic N-Ac �-syn binding to synaptosomal membranes isolated from
�-syn-KO mice. 0.5 �g of each purified recombinant or semisynthetic protein
was incubated with synaptosome-derived membranes at 37 °C for 10 min in
absence or presence of dialyzed cytosol (1.5 mg/ml) before a centrifugation
step (20,000 � g, 5 min) to separate bound (pellet) and unbound (superna-
tant) �-syn. Samples were then analyzed by SDS-PAGE/Western blot (primary
antibody/Syn-1, 1:1000). C, representative Western blots that were used for
densitometry-based quantification of �-syn binding (B).
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(1334.68 Da). Indeed, no signal was detected for the acetylated
D2P �-syn peptide (1376.76 Da), and D2P peptides with the
first methionine retained were not observed. The sequences
and acetylation states of both the WT and D2P N-terminal
peptides were confirmed by tandem mass spectrometry as
shown in Fig. 8C and supplemental Tables S1 and S2. After
showing that the D2P �-syn mutant lacks N�-acetylation,
we sought to determine the biological effect of this loss on the
subcellular localization and membrane binding abilities of
�-syn inHEKcells (Fig. 8D). Interestingly, cells transfectedwith
the D2P �-syn mutant showed similar distribution as that of
WT �-syn, which is mostly cytosolic (Fig. 8D).
As an alternative strategy to attenuate �-syn N�-acetylation,

we opted to silence NatB expression in HEK cells with four
different plasmids encoding shRNA against NatB (as well as
with a plasmid encoding scrambled shRNA as a control) to
determine whether NatB actually acetylates �-syn in mamma-
lian cells. Given that all of the used plasmids also encode for
GFP, this served as a transfection marker that showed compa-
rable efficiency of transfection across conditions by fluorescent
microscopy (data not shown). Interestingly, one of the shRNAs
(NatB-shRNA4) showed the most effective silencing of NatB 3
days post-transfection (Fig. 9A), without compromising the
well being of the cells (data not shown). To determine whether
NatB silencing in HEK cells attenuates �-syn acetylation, we
immunoprecipitated overexpressed �-syn from cells trans-
fected with scrambled shRNA or NatB-shRNA4, and we then
determined the acetylation status of �-synN-terminal peptides
by LC-ESI-MS/MS, focusing on the N-terminal peptide gener-
ated by Glu-C proteolysis (MDVFMKGLSKAKE). After verify-
ing �-syn expression (Fig. 9A) and immunoprecipitation of
overexpressed �-syn by Coomassie staining andWestern blot-
ting (Fig. 9, B and C), mass spectrometry analysis showed that
although only acetylated �-syn was detected in cells overex-

pressing scrambled shRNA (Fig. 9D and supplemental Fig.
S3A), unacetylated �-syn became detectable in NatB-shRNA4-
transfected cells (Fig. 9E and supplemental Fig. S3B). In line
with our previous results, decreasing acetylation levels by NatB
silencing had no major effect on the subcellular distribution of
�-syn in HEK cells (Fig. 10). In fact, both overexpressed and
endogenous �-syn showed similar cytosolic localization that
was not altered upon pre-transfecting with NatB-shRNA4 or
any of the other shRNA plasmids (data not shown).
While this manuscript was in preparation, Trexler and

Rhoades (37) reported that recombinant N�-acetylated �-syn
expressed, using the samemethod described above but purified
in the presence of 10% glycerol and 0.1% of the detergent BOG,
is �-helical and oligomeric. Furthermore, they suggested that
both N�-acetylation and glycerol/BOG during purification are
required for obtaining a stable �-helical and oligomeric form of
�-syn. In our hands, recombinant expression of N�-acetylated
�-syn in the presence or absence of BOG and using different
purification protocols always yielded �-syn that is monomeric
and disordered (supplemental Fig. S4). These findings are con-
sistent with ourNMR results demonstrating thatN�-acetylated
�-syn in intact cells is disordered (Fig. 3).

DISCUSSION

Although the role ofN�-acetylation at the single protein level
remains poorly understood, it has been proposed to regulate
protein-protein interactions. Several studies have reported a
stabilization of protein-protein interactions upon N�-acetyla-
tion. For example, muscular �-tropomyosin requires N-termi-
nal acetylation to functionally interact with actin as the un-
acetylated counterpart polymerizes abnormally and more
importantly does not bind to fibrillar actin to form contraction-
functional bundles (63). Another example is Tfs1p, a member
of the stress-induced carboxypeptidase Y inhibitor and phos-

FIGURE 7. Subcellular localization of WT versus N-Ac �-syn in HeLa cells. Confocal images of HeLa cells either proteofected with Chariot� alone or together
with recombinant WT or semisynthetic N�-acetylated �-syn (4 �g of protein were used in each case). Cells were immunostained using the Syn-1 antibody
(1:1000, BD Transduction Laboratories) and 5 �g/ml of the membrane marker WGA. Nuclei are counterstained with Hoechst 33342.
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phatidylethanolamine-binding protein family, where N-termi-
nal acetylation is essential for carboxypeptidase Y inhibition
(64). In yeast, the assembly and stability of the Gag coat protein
from the L-A double-stranded RNA virus is dependent on its
N-terminal acetylation (65). However,N�-acetylation does not
always stabilize protein-protein interactions. For instance,
N-terminal acetylation of the fetal hemoglobin �-chain has
been shown to weaken the hemoglobin tetramer. In this case,
the loss of electrostatic stabilization in the acetylated protein
(where N-terminal protonation stabilizes tetramer formation)
was proposed to be the cause of the observed tetramer-weak-
ening effect (66). At the cellular level, the roles of N�-acetyla-
tion of proteins are diverse; it is required for cellular homeosta-
sis, as knockdown of yeast NatA strongly perturbs protein
synthesis (67), possibly because functional components of the
26 S proteasome regulatory particle require N�-acetylation
(68). In human cell lines, knockdown of NatB activity prevents

normal cell cycle progression (27), whereas disruption of
human NatC induces apoptosis in HeLa cells (28).
In this study, we report the semisynthesis and recombinant

expression of N�-acetylated �-syn and the effect of this co-
translational modification on the structure, aggregation pro-
pensity, and membrane binding properties of the protein.
N-terminal modification of �-syn was first reported by Jakes et
al. (69) who measured an intact mass of 14,681 Da for �-syn
extracted from human brains (whereas unmodified recombi-
nant �-syn has a mass of 14,460 Da). Although the cause of this
discrepancy was not investigated at the time, failure to
sequence the protein by Edman degradation (69) suggested an
N-terminal modification. To date, two research groups have
reported N�-acetylation of �-syn in vivo using mass spectrom-
etry. The first was Anderson et al. (11) who reported that in
human brains �-syn is quantitatively N�-acetylated. Indeed,
when they analyzed proteins extracted from cytosolic fractions

FIGURE 8. Effect of abolishing �-syn N�-acetylation using the D2P mutant of �-syn. A, Western blot (WB) analysis of D2P �-syn expression in HEK cells. Cells
grown in 6-well culture plates were transfected with 2 �g of plasmid encoding WT or D2P �-syn (or left untreated for the nontransfected control), and
expression was assessed at 12, 24, and 48 h post-transfection. The membrane was probed with the Syn-1 clone (1:2000, overnight, 4 °C) for �-syn (lower panel)
and with anti-actin (Abcam, 1:20,000, overnight, 4 °C). B, MALDI-TOF analysis of peptides obtained by Glu-C digestion of �-syn immunoprecipitated from
HEK293T lysates obtained 48 h after transfection with either WT �-syn (top panel) or D2P �-syn (bottom panel). The analysis is focused on the N-terminal peptide
of �-syn. Peaks corresponding to the N-terminal peptide of �-syn are labeled with the observed m/z (theoretical m/z of the N�-acetylated WT �-syn peptide,
1525.78 Da; theoretical m/z of the nonacetylated D2P �-syn peptide, 1334.75 Da). Peaks labeled with an asterisk correspond to Glu-C autolysis peptides.
C, MALDI-TOF/TOF tandem mass spectrometry of the peaks corresponding to the �-syn N-terminal peptides observed in B. Top panel, CID fragmentation
spectrum of the 1525.71 Da parent ion in B (wt �-syn N-terminal peptide). Bottom panel, CID fragmentation spectrum of the 1334.68 Da parent ion in B (D2P
�-syn N-terminal peptide). Peaks are labeled with their corresponding b or y ion. See supplemental Tables S1 and S2 for the observed and expected m/z of these
ions. D, subcellular localization analysis of WT and D2P �-syn. Confocal images of HEK cells transfected with either WT or D2P �-syn. Cells were immuno-stained
using the Syn-1 antibody (1:1000, BD Transduction Laboratories) and the WGA membrane marker (5 �g/ml). Nuclei were counterstained with Hoechst 33342.
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and from Lewy bodies of human patients affected by dementia
with Lewy bodies and from the brains of healthy controls using
a “bottom-up” proteomics approach (11), the N-terminal tryp-
tic peptide (MDVFMK) was detected with an m/z of 813 Da
(�42 Da with respect to the theoretical mass of that peptide),
which is consistent with a single acetylation event. MS/MS
analysis of the peptide further confirmed that the modification
occurred on the N-terminal amino acid. This finding was then
recently corroborated by another study examining �-syn
immunoprecipitates from human brain and cerebrospinal fluid
samples obtained fromeither PD, dementiawith LBpatients, or
healthy controls (17). Although the ubiquitous and irreversible
(70) nature of �-syn N�-acetylation complicates the identifica-

tion of possible (if any) links to pathological processes, it
remains crucial to understand the biophysical properties of
N�-acetylated �-syn. This is because despite the fact that the
vast majority, if not all, of �-syn in human cells is subjected to
N�-acetylation,most studies on�-syn structural, aggregational,
and functional properties have been performed using recombi-
nant �-syn purified from E. coli, which is not N�-acetylated.
To study �-syn N�-acetylation, one needs to use approaches

that allow selective and quantitative acetylation of theN-termi-
nal amine. This is not yet possible using chemical modification
of the full-length protein, due to the small pKa difference
between the N terminus and amino groups on the side chain of
lysine residues. At the time we began this study, the enzyme

FIGURE 9. Expression of NatB shRNAs and analyses by immunoprecipitation and mass spectrometry. A, 24 h post-transfecting HEK cells with empty
plasmids or plasmids encoding scrambled shRNA or NatB shRNA (1– 4), cells were transfected with a plasmid encoding WT �-syn and then analyzed 48 h later.
Western blotting using the NatB-specific antibody (Santa Cruz Biotechnology, catalog no. 68397) showed most efficient silencing of NatB using NatB-shRNA4,
without affecting levels of overexpressed �-syn detected using the Syn-1 antibody. B, Coomassie staining. C, Western blotting using the Syn-1 antibody (BD
Transduction Laboratories) revealed a band co-migrating with recombinant �-syn. Bands corresponding to the capture antibody light and heavy chains are
labeled with L and H, respectively, on the right side of B and C. IP, immunoprecipitated. D, extracted ion chromatograms of �-syn N-terminal peptides obtained
by Glu-C digestion of �-syn obtained from HEK cells transfected with a scrambled shRNA, showing the absence of signal (expected at 16.8 min) specific for the
unacetylated and oxidized peptide (Ox-MDVFOx-MKGLSKAKE) and the signal for the acetylated and oxidized peptide (Ac-Ox-MDVFOx-MKGLSKAKE), which elutes
at 25.98 min. E, extracted ion chromatograms of �-syn N-terminal peptides obtained by Glu-C digestion of �-syn obtained from HEK cells transfected with
NatB-shRNA4, showing the detection of the unacetylated and oxidized peptide (Ox-MDVFOx-MKGLSKAKE), which elutes at 16.79 min, as well as the acetylated
and oxidized peptide (Ac-Ox-MDVFOx-MKGLSKAKE), which elutes at 25.96 min, thus showing that NatB-shRNA4 silencing does not lead to complete loss of �-syn
N-terminal acetylation. D and E, black lines show the extracted chromatograms of nonacetylated/oxidized �-syn N-terminal peptide (mass range, 758.3772–
758.3848 Da; charge � 2); and the gray lines correspond to the acetylated/oxidized peptide (mass range, 779.3791–779.3869 Da; charge � 2). The mass ranges
for the extracted ion chromatograms were chosen to be as narrow as possible to exclude nonspecific signals without too much decreasing the signal intensity.
However, nonspecific peaks are still present and are labeled as such in D and E. Note that the nonoxidized peptides were not detected.
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responsible for �-syn N�-acetylation in vivo was not known;
therefore, we chose an EPL strategy for the initial characteriza-
tion of N�-acetylated �-syn. Later, we applied a recombinant
expression strategy based on co-expression of �-syn and NatB,
which generated quantitatively acetylated �-syn. We then uti-
lized these approaches to generate N�-acetylated �-syn in mil-
ligram quantities and showed that N�-acetylated �-syn is
monomeric and unstructured like its recombinant nonacety-
lated counterpart. In addition, the kinetics of N�-acetylated
�-syn oligomerization and fibrillogenesis were virtually identi-
cal to that of the WT nonacetylated protein.
We then assessed whether N�-acetylation affects the mem-

brane affinity of �-syn. Previous genetic screen studies of �-syn-
GFP fusion proteins in yeast suggested that N�-acetylation could
stabilize �-syn-membrane interactions (29). In WT S. cerevisiae
cells,�-syn-GFP has amostlymembranous localization, although
in yeast cells lacking theNatBN-acetyltransferase, the fusion pro-
tein losesmost of itsmembranous localization and becomes cyto-
plasmic. A recent study by Vamvaca et al. (56) speculated that
N�-acetylation may favor the �-helical conformation of �-syn by

neutralizing the N-terminal positive charge and stabilizing the
�-helix electrical dipole (71). Using in vitro liposome preparations
and CD spectroscopy to investigate �-synmembrane binding, we
did not observe such a dramatic effect. In fact, therewas no signif-
icant difference in POPG liposome association between WT and
semisynthetic N�-acetylated �-syn. However, the use of vesicles
comprised of a single lipid species such as POPG may not be an
appropriatemodel, because cellularmembranes display a very dif-
ferent composition (57, 72, 73). Furthermore, the high negative
chargedensity at the surfaceofPOPG-only vesiclesmay introduce
an artificially large electrostatic component to the binding of the
overall positively charged N-terminal domain of �-syn, which
could mask putative differences between WT and N-Ac �-syn.
Indeed, according to Cotman et al. (72), negatively charged lipids
represent only about 12% (molar fraction) of the lipids present in
rat synaptic plasma membranes. As such, to assess membrane
binding under more physiologically relevant conditions, we stud-
ied membrane binding properties of exogenous semisynthetic
�-syn (WT and N-Ac) using (�-syn-deficient) synaptosome-de-
rived membranes. Again, we found no difference in membrane

FIGURE 10. NatB silencing does not affect the subcellular localization of endogenous or overexpressed �-syn in HEK cells. 24 h post-transfecting HEK
cells with plasmids encoding scrambled shRNA or NatB shRNA4, cells were either transfected with a plasmid encoding WT �-syn (upper 2 panels) or not (lower
2 panels) and then immunostained using the Syn-1 antibody. Confocal fluorescent microscopy shows that cells transfected with scrambled or NatB shRNA4
constructs (expressing enhanced GFP) show similar subcellular localization of endogenously and exogenously expressed synuclein. Nuclei were counter-
stained with Hoechst 33342.
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association between WT and N-Ac �-syn, both in presence and
absence of brain cytosolic factors. This indicates that these com-
ponents (such as ATP and cytosolic lipids), which were found to
modulateWTandmutant�-synbinding to synaptosomes (44), do
not act through nor in synergy with N-terminal acetylation of
�-syn. In addition, we obtained similar results whenwe tested the
effect of distribution ofN�-acetylation on the subcellular localiza-
tion of�-syn inHeLa cells, as bothWTandN-Ac�-syn showed a
similar distribution that was mostly cytosolic with co-localization
with inner membrane structures. These results suggest that
N�-acetylation does not significantly influence �-syn subcellular
localization and membrane binding abilities in living cells. How-
ever, it remains possible that the intracellular distribution of the
uptakenexogenously added�-syndiffers fromthat of endogenous
or overexpressed protein (which is quantitatively N�-acetylated);
furthermore, exogenously added recombinant �-syn could
becomeN�-acetylatedwhen internalized inmammalian cells.We
thus designed a nonacetylable �-syn mutant (D2P) based on the
following: 1) the reported sequence determinants of protein
N�-acetylation (30); 2) the “XPX” rule reported by Goetze et al.
(62), which states that having a proline as the second residue
results in noN�-acetylation in eukaryotic cells; and 3) recent stud-
ies suggesting that thehumanhomologof theyeastNatBN-acetyl-
transferase complex could be acetylating �-syn in vivo (29, 56).
After verifying that this mutant is indeed not acetylated by mass
spectrometry, we showed by immunocytochemistry that D2P
�-syn and overexpressed WT (acetylated) �-syn exhibit similar
subcellular distributions, therefore suggesting thatN�-acetylation
does not influence �-syn membrane association, in agreement
with all our previous findings.
Asanalternative strategy tostudy theeffectofattenuating�-syn

N�-acetylation on its subcellular localization, we opted to silence
NatB in HEK cells using shRNA. Interestingly, although mass
spectrometry analysis showed that some of the overexpressed
�-syn inNatB-silencedcells is indeedunacetylated,hence suggest-
ing that NatB does acetylate �-syn in vivo, deacetylation of �-syn
wasnot complete.This could bedue to the following: 1) only small
amounts of remaining unsilenced NatB are sufficient to acetylate
the rest of overexpressed synuclein, or 2) other enzymes are
involved in acetylating�-syn. As such, the fact that silencingNatB
did not have a prominent effect on the subcellular localization or
membrane binding of endogenous or overexpressed synuclein in
HEK cells is consistent with our observation that recombinant
N�-acetylated �-syn exhibited identical subcellular localization to
nonacetylatedWT �-syn.
Because of the recent report that recombinantN�-acetylated

�-syn purified in the presence of glycerol and the mild deter-
gent BOG could form �-helically folded oligomers (37), we
sought to clarify whether N�-acetylated �-syn could exist as a
structured oligomer in bacterial cells. To do so, we employed
in-cell NMR to assess the structural consequences of N-termi-
nal acetylation of �-syn in a manner that is independent of any
purification protocol. Because NatB-mediated acetylation of
�-syn leads to localized chemical shift changes (Fig. 3A), we
could use NMR of cell lysates to document the extent of mod-
ification in intact cells obtained from the same cell pellet. Our
data indicate thatwithin the sensitivity of theNMRexperiment,
�-syn is quantitatively and completely acetylated in our cells

(�95%), as any unmodified protein present at 5% or greater
fraction would give rise to detectable resonances at positions
distinct from those associated with the modified protein. Hav-
ing established that ourNatB co-transfected cells contain quan-
titatively acetylated �-syn, we collected NMR spectra in intact
cells. �-syn spectra obtained with and without NatB co-trans-
fection are essentially identical. The similarity between the
spectra rules out any large scale ordering or structuring of
�-syn upon N-terminal acetylation and proves that N-termi-
nally acetylated �-syn expressed in bacteria is intrinsically dis-
ordered, independent of the purification protocol. The spectra
also rule out any substantial (�10%) population of stable olig-
omeric protein, as this would lead to both decreases in reso-
nance intensity and changes in chemical shifts. The data cannot
rule out minor populations of a structured oligomer below the
level of detection or the presence of some type of highly
dynamic oligomers that fully preserve the intrinsically disor-
dered structure of the protein. Such a dynamic oligomer, how-
ever, would be largely unprecedented and would be incompat-
ible with the �-helical structure reported for recently proposed
�-syn tetramers (74, 75). Our data also address the structural
consequences of �-syn N�-acetylation, demonstrating a local-
ized increase in helicity in the N-terminal region of the protein,
but no large scale conformational changes in, or ordering of, the
protein. Importantly, we probed the overall conformational
state of the protein in the absence of any potential artifact due
to purification procedures, especially the introduction of deter-
gents such as those used in recent studies of N-terminallymod-
ified �-syn (37, 74). We note that the interactions of N�-acety-
lated�-syn with such detergentsmay be different from those of
the unmodified protein, which may underlie the helical struc-
ture reported in those studies. Indeed, together with our failure
to reproduce the data from Trexler and Rhoades (37) when
using their purification method, followed by a hydrophobic
interaction chromatography step, the NMR measurements
strongly suggest that the glycerol/BOG used during their puri-
fication of N�-acetylated �-syn may be responsible for the
reported folding and apparent tetramerization of �-syn.

In conclusion, our findings suggest that N�-acetylation does
not have prominent effects on the biophysical and membrane
binding properties of �-syn, in vitro and in vivo. In fact,
N�-acetylated synuclein (produced either semisynthetically or
recombinantly from E. coli) shared similar secondary structure,
oligomeric state, aggregation propensities, and ability to bind
synaptosomal membranes in vitro, as well as in HeLa cells.
Moreover, attenuating N�-acetylation in living cells, by using a
nonacetylable mutant or by silencing the enzyme responsible
for�-synN�-acetylation, did not affect the subcellular distribu-
tion and membrane binding of �-syn. Nevertheless, we suggest
that recombinant N�-acetylated �-syn expression should
become a standard for in vitro experiments, because it better
mimics the real state of the protein in vivo. Although it is very
likely that other groups will use recombinant expression
instead of protein semisynthesis, it should be kept in mind that
the EPL approach we used here retains unique advantages as it
enables future studies on cross-talk between N�-acetylation
and other �-syn N-terminal modifications.
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Note Added in Proof—While this manuscript was under review, a
report appeared describing another NMR study on the effects of
N-terminal acetylation on �-syn structure (Maltsev, A. S., Ying, J.,
and Bax, A. (2012) Impact of N-terminal acetylation of �-synuclein
on its Random coil and lipid binding properties. Biochemistry 51,
5004–5013) with results entirely consistent with those presented
herein, except that N-terminal acetylation was found to increase
lipid binding by �-syn. This discrepancy may result from differences
in lipid vesicle composition and/or preparation. In addition, this
study found that acetylation leads to a very slight increase in the
hydrodynamic radius of �-syn, suggesting that the trend towards
slightly decreased long-range contacts in our PRE data may be
significant.
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3. Krüger, R., Kuhn,W., Müller, T.,Woitalla, D., Graeber, M., Kösel, S., Przun-
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