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ABSTRACT: The initial state of the intrinsically disordered
protein α-synuclein (aSyn), e.g., the presence of oligomers and
degradation products, or the presence of contaminants and adducts
can greatly influence the aggregation kinetics and toxicity of the
protein. Here, we compare four commonly used protocols for the
isolation of recombinant aSyn from Escherichia coli: boiling, acid
precipitation, ammonium sulfate precipitation, and periplasmic
lysis followed by ion exchange chromatography and gel filtration.
We identified, using nondenaturing electrospray ionization mass
spectrometry, that aSyn isolated by acid precipitation and
periplasmic lysis was the purest and yielded the highest percentage
of monomeric protein, 100% and 96.5%, respectively. We then
show that aSyn purified by the different protocols exerts different metabolic stresses in cells, with the more multimeric/degraded and
least pure samples leading to a larger increase in cell vitality. However, the percentage of monomeric protein and the purity of the
samples did not correlate with aSyn aggregation propensity. This study highlights the importance of characterizing monomeric aSyn
after purification, as the choice of purification method can significantly influence the outcome of a subsequent study.

The protein α-synuclein (aSyn) is the predominant protein
found in insoluble aggregates called Lewy bodies and Lewy

neurites in the neurons of patients suffering from synucleino-
pathies, such as Parkinson’s disease. Major emphasis has been
placed on studying how this usually soluble and intrinsically
disordered protein (IDP) misfolds into highly structured β-
sheet-containing fibrils. Many studies have used purified
recombinant aSyn to investigate its misfolding and cellular
interactions in both in vitro and in vivo experiments. However,
there are currently several different recombinant aSyn
purification protocols in use in the literature. Often the purified
recombinant protein lacks validation and quality control prior to
its use in follow-up assays, the impact of which is currently
unknown.
As an IDP, it is possible to separate aSyn from other proteins

usingmethods to precipitate structured proteins.When a sample
is boiled, many proteins undergo heat denaturation where
internal bonds become broken, disrupting the structure and
leading to precipitation, yet heating leaves IDPs in solution due
to their lack of structure. Acid shock works in a similar way by
disrupting intramolecular bonds, but by altering the charge of
the amino acids, which leads to altered bonding within the
proteins and subsequent precipitation. Ammonium sulfate
[(NH4)2SO4] precipitation is also used to purify aSyn.
Increasing the percentage of (NH4)2SO4 in solution leads to
precipitation of different proteins at different concentrations of
(NH4)2SO4 due to favoring hydrophobic interactions and self-

association.1 Periplasmic lysis of aSyn from Escherichia coli is a
more recent protocol that is less “harsh” on the protein
compared to heating or acid shock. aSyn is naturally trafficked to
the periplasm when expressed in E. coli. To release aSyn, but not
the whole cell content, the periplasm is lysed by osmotic stress.2

aSyn resides as a dynamic ensemble of conformations in its
soluble form and is therefore very sensitive to its surrounding
environment.3,4 It is currently unclear whether the methods
employed to purify aSyn can influence the conformations
formed within the dynamic ensemble or whether they can affect
which aggregation prone or non-aggregation prone pathways the
aSyn monomers will take. A few studies have investigated the
effect of some purification protocols on the final recombinant
aSyn protein. Two studies investigating the effect of heating on
the structure of aSyn showed that heating the protein to 95−100
°C leads to C-terminally truncated species of aSyn.5,6 However,
they reported no differences in the overall structure of full length
aSyn by far-ultraviolet circular dichroism (UV-CD) and nuclear
magnetic resonance (NMR) spectroscopy.5 Giehm et al.6
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favored purification using either acidification to precipitate
unwanted proteins or periplasmic lysis that resulted in a higher
purity of aSyn compared to that seen with boiling.7 However, it
has been observed that acidification leads to C-terminal charge
collapse and alteration of long-range interactions within the
aSyn monomer, although again this was observed to be
reversible.8,9

It is currently not clear whether “reversible” changes to the
conformation of aSyn actually do disrupt intramolecular
bonding and lead to small shifts in the dynamic ensemble of
aSyn conformations, which are not detected by averaging
measurements such as NMR or CD, or whether they can
influence cell assays, aggregation rates, and/or fibril poly-
morphism. We have previously shown, using the highly sensitive
technique of hydrogen−deuterium exchange mass spectrometry
(HDX-MS), that the method of storage does impact the
monomeric aSyn structure. Lyophilization, a commonly used
storage method for aSyn, leads to a compaction of aSyn
monomers in comparison to freezing, even when reconstituted
in buffer. The compaction was not detected with methods such
as dynamic light scattering.10 Lyophilization leads to the
formation of oligomers, which are different in structure to
those in the frozen aSyn sample, and to an increased variability of
the aggregation kinetics as measured by a ThT-based assay.
Therefore, the final aSyn protein structure after purification will
be crucial in terms of interpreting future experiments involving
the protein.
Here, we present a comparison of four aSyn isolation methods

[boiling, acid precipitation (ppt), (NH4)2SO4 ppt, and
periplasmic lysis followed by ion exchange chromatography
(IEX) and gel filtration (GF)] by investigating the purity,
proportion of monomer, effect on cells, aggregation rate, and
fibril polymorphs of aSyn formed.

■ MATERIALS AND METHODS

E. coli Expression of Recombinant aSyn. Plasmid pT7-7
containing human aSyn cDNA was transformed into E. coliOne
Shot BL21 (DE3) Star (Thermo Fisher Scientific). Cultures
(0.5 L) of E. coli in Lysogeny Broth (LB) containing carbenicillin
(100 μg/mL) were grown at 37 °C while being shaken at 200
rpm and induced for expression of aSyn when theOD600 reached
0.6−0.8 with 1 mM isopropyl β-thiogalactopyranoside (IPTG).
After aSyn expression for 4 h, the cells were pelleted by
centrifugation at 8000g for 15 min.
Preparation of Protein Samples for Chromatography.

Preparation for Precipitation. For acid ppt and (NH4)2SO4 ppt
methods, first the E. coli pellet from 500 mL of culture was
resuspended in 50 mL of lysis buffer [10 mM Tris and 1 mM
EDTA (pH 7.2) with protease inhibitor tablets (cOmplete,
EDTA-free protease inhibitor cocktail, Merck)] and sonicated
30 s on and 30 s off for three rounds using a XL-2020 sonicator
(Heat Systems). The sonicated E. coli were centrifuged at
20000g for 30 min, and the supernatant was saved.
Acid Precipitation. The pH of the supernatant was reduced

to pH 3.5 using HCl, and the mixture stirred at room
temperature (RT) for 20 min and then centrifuged at 60000g
for 30 min. The pH of the supernatant was then increased to pH
7.5 with NaOH and stored overnight at 4 °C.11

(NH4)2SO4 Precipitation. A 47% (w/v) (NH4)2SO4 solution
was added to the supernatant,12 and themixture stirred at RT for
20 min and then centrifuged at 60000g for 30 min. The pellet of
protein was resuspended in 60mL of dialysis buffer [10mMTris

and 1 mM EDTA (pH 7.5)] and dialyzed overnight against the
same buffer at 4 °C.

Boiling. For isolation of aSyn by boiling, the E. coli pelleted
from a 500 mL culture was resuspended in 50 mL of high-salt
buffer [0.75 M NaCl, 100 mM MES, and 1 mM EDTA (pH
7)],13 boiled in a water bath for 20 min at 100 °C, and then
centrifuged at 60000g for 30 min. The supernatant was dialyzed
against 10mMTris and 1mMEDTA (pH 7.5) overnight at 4 °C
in SnakeSkin dialysis tubing, with a molecular weight cutoff
(MWCO) of 10000 Da (Thermo Fisher Scientific).

Periplasmic Lysis. aSyn was released from the E. coli
periplasm by osmotic lysis.2 The pellet of E. coli from a 500
mL culture that had not been frozen was resuspended in 100 mL
of osmotic shock buffer [30 mMTris, 40% sucrose (w/v), and 2
mM EDTA (pH 7.2)] and incubated at RT for 10 min. The
solution was centrifuged at 18000g for 20 min. The supernatant
was discarded, and the pellet resuspended in 90 mL of ice-cold
dH2O with 37.5 μL of saturatedMgCl2 and kept on ice for 3 min
before being centrifuged at 18000g for 20 min. The supernatant
was dialyzed overnight against 10 mM Tris and 1 mM EDTA
(pH 7.5) at 4 °C. The use of EDTA is particularly important
after the addition of MgCl2 as it influences structure and
aggregation rates.14

Ion Exchange Chromatography. All buffers and aSyn
samples for chromatography were filtered through a 0.22 μm
filter and degassed before use. For ion exchange chromatog-
raphy (IEX), the protein was loaded onto a HiPrep Q FF 16/10
anion exchange column (GE Healthcare, Uppsala, Sweden) and
washed with IEX buffer A [10 mM Tris , (pH 7.5)] to remove
unbound proteins before aSyn was eluted against a linear
gradient of 7 column volumes (CV) of IEX buffer B [10 mM
Tris and 0.75 MNaCl (pH 7.5)] followed by 2 CV of 100% IEX
buffer B using an ÄKTAPure fast protein liquid chromatography
(FPLC) system (GE Healthcare). To determine the point of
elution of aSyn from the chromatography column, protein
fractions that were collected and monitored for absorption at
280 nm were run on a 4% to 12% Bis-Tris gel (Invitrogen,
Thermo Fisher) using sodium dodecyl sulfate−polyacrylamide
gel electrophoresis (SDS−PAGE) and stained with Coomassie
blue. Fractions containing protein bands corresponding to the
predicted monomeric aSynmolecular weight (MW) of 14.4 kDa
were further used in chromatographic steps. Fractions
containing aSyn were pooled together and either dialyzed
overnight in 20 mM Tris (pH 7.2), concentrated with a 10 kDa
MWCO centrifugal concentrator to the desired concentration,
∼130−140 μM, and stored at −80 °C or directly concentrated
before gel filtration.

Hydrophobic Interaction Chromatography. For aSyn
isolated from the periplasm, we further optimized the
purification protocol to yield a higher purity of aSyn by the
addition of a hydrophobic interaction chromatography (HIC)
step. We changed the counterion from 0.75 M NaCl to 0.15 M
(NH4)2SO4 during IEX chromatography to remove a dialysis
step needed to exchange salts before subsequent HIC. The
amount of (NH4)2SO4 in the aSyn solution after IEX was
calculated on the basis of the percentage of buffer B at which it
eluted. On the basis of the volume of aSyn protein collected, the
amount of (NH4)2SO4 needed to make the solution up to 1 M
was calculated and then gradually added while the mixture was
being stirred at room temperature.
For HIC, the pH of the aSyn sample was adjusted to 7 and the

sample filtered through a 0.22 μm filter before being loaded onto
aHiPrep Phenyl FF 16/10 (High Sub) column (GEHealthcare)
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and eluted in HIC buffer A [50 mM Bis-Tris and 1 M
(NH4)2SO4 (pH 7)] against a linear gradient of 7 CV of HIC
buffer B [50 mM Bis-Tris (pH 7)] followed by 2 CV of 100%
HIC buffer B. Fractions containing aSyn were pooled and
extensively dialyzed against 20 mM Tris (pH 7.2) overnight at 4
°C. The protein solution was concentrated in 10000 DaMWCO
centrifugal concentrators to the desired concentration, ∼130−
140 μM, and frozen at −80 °C until further use.
Gel Filtration. An aliquot of aSyn was defrosted, and 500 μL

of aSyn was injected into a gel filtration (GF) column, Superdex
75 10/300 GL (GE Healthcare). The sample was eluted by
isocratic elution at a rate of 0.8mL/min in 20mMTris (pH 7.2).
Tubing between the injection point and the fraction collector on
the ÄKTA Pure FPLC system was changed from orange (0.5
mm) to blue (0.25 mm) to reduce dilution of the protein sample
and to give a narrower collection peak. Monomeric aSyn eluted
at ∼9 mL.
Densitometry to Determine the Purity of aSyn.

Fractions of proteins samples were run on 4% to 12% Bis-Tris
gels using SDS−PAGE for separation of proteins on the basis of
size. The gels were stained with Coomassie blue, and the gel
image was analyzed using ImageJ15 to determine the percentage
of aSyn present. Regions of interest were selected, and a
histogram of the intensity of the dyed protein in the area was
generated. From the histogram, the area of aSyn was calculated
as a percentage of the total area of stained proteins to give the
percentage purity.
Reversed Phase High-Pressure Liquid Chromatogra-

phy to Determine the Purity of aSyn.The purity of the aSyn
samples was analyzed by analytical reversed phase chromatog-
raphy (aRP) on a model 1260 Infinity high-pressure liquid
chromatography (HPLC) system (Agilent Technologies LDA
UK Ltd.), equipped with an autosampler and a diode-array
detector; 50 μL of sample was injected onto a Discovery BIO
Wide Pore C18 column (15 cm × 4.6 mm, 5 μm column with a
guard column) (Supelco, Merck) and eluted with a gradient of
95% water and 0.1% acetic acid and 5% acetonitrile and 0.1%
acetic acid to 5%water and 0.1% acetic acid and 95% acetonitrile
and 0.1% acetic acid at a flow rate of 0.8 mL/min over 40 min.
The elution profile was monitored by UV absorption at 220 and
280 nm. The area under the peaks in the chromatograph of
absorption at 280 nm was calculated to provide the percentage
purity of aSyn. aSyn eluted at ∼17.9 min.
Native Mass Spectrometry. Nondenaturing nanoelectros-

pray ionization mass spectrometry (native mass spectrometry)
was used to analyze the oligomerization states of recombinant
aSyn prepared using four different methods: boiling,
(NH4)2SO4 ppt, acid ppt, and periplasmic lysis. Native mass
spectra were recorded on a Synapt HD mass spectrometer
(Waters, Manchester, U.K.) modified for studying high masses.
Protein samples were exchanged into a 0.2 M ammonium
acetate (pH 7.0) solution using Micro Bio-Spin 6 chromatog-
raphy columns (Bio-Rad, Hercules, CA) and diluted to a final
concentration of 5−10 μM before analysis. An aliquot of 2.5 μL
of a protein solution was electrosprayed from a borosilicate
emitter (Thermo Scientific) for sampling. Typical conditions for
the data acquired were as follows: capillary voltage of 1.6−2.2
kV, cone voltage of 160−190 V, trap voltage of 40−50 V, and
transfer voltage of 140 V with a backing pressure of 3−4 mbar
and a source temperature of 20 °C. Spectra were calibrated
externally using cesium iodide. Data acquisition and processing
were performed using MassLynx 4.1. Spectra were edited

manually using Adobe Illustrator for the purpose of this
publication.

Cell Vitality Assay.Human neuroblastoma cells (SH-SY5Y)
were obtained from the European Collection of Cell Cultures
(ECACC, Sigma-Aldrich, Dorset, U.K.) and grown in a 1:1
mixture of minimal essential medium (MEM) (Sigma-Aldrich)
and nutrient mixture Ham’s F-12 (Sigma-Aldrich) supple-
mented with 15% FBS, 1% non-essential amino acids, 2 mM
GlutaMAX, and 1% antibiotic-antimycotic (all from Thermo
Fisher Scientific, Epsom, U.K.). The vitality of SH-SY5Y cells
after treatment with aSyn was determined using an MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
kit from Promega (Madison, WI). Live cells with active
metabolism convert MTT to formazan. Cells (3 × 104) were
seeded into each well of 96-well culture plates overnight
followed by incubation of aSyn for 24 h. MTTwas added to cells
for 4 h, and the absorption was measured with a microplate
reader at 590 nm (Envision, PerkinElmer). The absorbance is
proportional to the number of viable cells; therefore >100%
vitality may be due to an increase in the number of cell compared
to the control as these are nondifferentiated neuroblastoma cells.
Each experiment was performed three times using duplicates for
aSyn samples from each purification batch.

Thioflavin-T-Based Kinetic Aggregation Assays.
Twenty micromolar freshly made thioflavin-T (ThT) (abcam,
Cambridge, U.K) was added to 50 μL of 20 μM aSyn after GF in
140mMKCl and 20mMTris (pH 7.2). All samples were loaded
onto nonbinding, clear bottom, 96-well half-area plates (Greiner
Bio-One GmbH). The plates were sealed with a SILVERseal
aluminum microplate sealer (Grenier Bio-One GmbH).
Fluorescence measurements were taken using a FLUOstar
Omega plate reader (BMG LABTECH GmbH, Ortenbery,
Germany). The plates were incubated at 37 °C with double
orbital shaking at 300 rpm for 5 min before each read every hour
for 170 h. Excitation was set at 440 nm with 20 flashes, and the
ThT fluorescence intensity was measured at 480 nm emission
with a 1300 gain setting. ThT-based assays were repeated twice
using four wells for each condition. For aSyn isolated by boiling,
four gel-filtered samples were used. For aSyn isolated by
(NH4)2SO4 ppt, three gel-filtered samples were used. For aSyn
isolated by acid ppt, two gel-filtered samples were used. For aSyn
isolated by periplasmic lysis, three gel-filtered samples were
used. Data were normalized to the sample with the maximum
fluorescence intensity for each plate.

Analytical Size Exclusion Chromatography to Deter-
mine the Remaining aSynMonomer Concentration after
Aggregation Assays. At the end of the ThT-based
aggregation assays, the amount of remaining monomer of
aSyn in each well was determined by analytical size exclusion
chromatography with HPLC (SEC-HPLC). The contents of
each well after the ThT-based assay were centrifuged at 21000g
for 20 min, and the supernatant was added to individual aliquots
in the autosampler of the Agilent 1260 Infinity HPLC system
(Agilent Technologies LDA UK Ltd.). Twenty-five microliters
of each sample was injected onto an Advance Bio SEC column
(7.8mm× 300mm, 300 Å, Agilent) in 20mMTris (pH 7.2) at a
flow rate of 1 mL/min. Injections were also made for each
sample at the start of the assay to quantify the amount of starting
protein. The elution profile was monitored by UV absorption at
220 and 280 nm. The remaining monomer percentage was
calculated from the ratio of the area under the curves at the
beginning and the end of the assay.
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Transmission Electron Microscopy. Twenty microliters
of aSyn was taken directly from the ThT-based aggregation assay
plates of the boiled, (NH4)2SO4 ppt, and periplasmic lysis

samples and diluted 1:4 with dH2O. The acid ppt aSyn sample
was used neat, and all samples were incubated on glow-
discharged carbon-coated copper grids for 1 min before being

Figure 1. aSyn isolated by boiling, acid ppt, and (NH4)2SO4 ppt is highly pure after IEX and GF, while aSyn isolated by periplasmic lysis requires an
additional HIC step to increase purity. aSyn was purified by IEX chromatography from samples that were (a.i.) boiled, (b.i.) precipitated by
(NH4)2SO4, (c.i.) precipitated by acidification, and (d.i.) lysed from the periplasm. Protein fractions from IEX were taken from individual peaks with
maximum absorption at 280 nm and analyzed by SDS−PAGE using a 4−12% Bis-Tris gel that was stained by Coomassie blue and (a.ii.) boiled, (b.ii.)
precipitated by (NH4)2SO4, (c.ii.) precipitated by acidification, and (d.ii.) lysed from the periplasm. aSyn ran at ∼15 kDa, indicated by the arrow next
to the gel images, and the peak in which aSyn resided is highlighted in color on the IEX chromatographs. GF of pooled fractions containing aSyn after
IEX shows monomeric aSyn eluting after ∼9 mL: (a.iii.) boiled, (b.iii.) precipitated by (NH4)2SO4, (c.iii.) precipitated by acidification, and (d.iii.)
periplasmic lysis. GF of aSyn isolated by periplasmic lysis did not yield as highly pure aSyn as the other methods did, (d.iv.) as indicated by the presence
of contaminating proteins (asterisks) in the Coomassie blue-stained gel. Therefore, an additional (d.v.) HIC step was added, and (d.vi.) aSyn was
subsequently purer as shown by the Coomassie blue-stained gel. (d.vii.) The final GF of aSyn isolated by periplasmic lysis after IEX and HIC showed a
single peak of monomeric aSyn eluting at ∼9 mL.
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washed twice with dH2O. Then, 2% uranyl acetate was used to
stain the samples for 30 s before they were imaged on the Tecnai
G2 80−200kv transmission electron microscopy (TEM)
instrument at the Cambridge Advanced Imaging Centre.

■ RESULTS
Acid Precipitation of E. coli Proteins Leads to the

Highest Purity of aSyn before Chromatographic Sepa-
ration. Four commonly used protocols for the purification of
recombinant aSyn were compared to determine which protocol
yielded the highest proportion of monomeric aSyn and the
highest degree of purity. First, in all four protocols, 0.5 L of E. coli
culture was induced for 4 h with IPTG before the bacteria were
pelleted. The pellets were then treated differently depending on
the isolation protocol. For boiled samples, the E. coli pellet was
resuspended in a high-salt buffer, boiled in a water bath at 100
°C for 20 min, and centrifuged. The supernatant was dialyzed
overnight in 10 mM Tris and 1 mM EDTA (pH 7.5). For the
acid and (NH4)2SO4 ppt protocols, the E. coli pellets were
resuspended in 10 mM Tris and 1 mM EDTA (pH 7.5)
including protease inhibitors before being sonicated and
centrifuged. The supernatant was then precipitated either by
reducing the pH to 3.5 with HCl on a stirrer for 20 min or by
adding 47% (w/v) (NH4)2SO4 on a stirrer for 20 min. The
precipitates were centrifuged, and the supernatant from the acid
ppt was brought back to neutral pH with NaOH and stored
overnight at 4 °C before chromatography was performed. The
pellet from the (NH4)2SO4 ppt containing aSyn was
resuspended in 10 mM Tris and 1 mM EDTA (pH 7.5) and
dialyzed overnight in the same buffer. For periplasmic lysis, the
E. coli periplasm was lysed by osmotic shock. The E. coli pellet
was resuspended in a sucrose-based buffer that acts as an
osmotic stabilizer preventing whole cell lysis.16 After centrifu-
gation to pellet the E. coli culture, the outer membrane was lysed
by osmotic shock with water and MgCl2 to release the contents
of the periplasm, but not the cytoplasm. The lysed protein was
dialyzed overnight in 10 mM Tris and 1 mM EDTA (pH 7.5).
The acid-precipitated aSyn sample was the most pure at this
point, with 96.5% purity by densitometry measurement of the
SDS−PAGE Coomassie-stained gel, which agrees with a
previous study7 (Figure S1 and Table S1).
Chromatographic Isolation of aSyn Yields 80−95%

Pure aSyn. IEX was then used to isolate aSyn from all protein
solutions using a HiPrep Q FF 16/10 anion exchange column.
aSyn was eluted on a linear gradient of IEX buffer A [10mMTris
(pH 7.5)] against IEX buffer B [10 mM Tris and 0.75 M NaCl
(pH 7.5)] (Figure 1a.i−d.i). To determine the fractions in which
aSyn resided, the samples were analyzed by SDS−PAGE and the
gel was stained by Coomassie blue to visualize the protein.
Fractions containing aSyn are highlighted in the colored block
on the IEX chromatograms (Figure 1a.i,ii−d.i,ii). The purity of
the samples was analyzed by densitometry, and the aSyn
precipitated in acid and the aSyn that was boiled were found to
be 100% and 99.3% pure, respectively (Table S1). After IEX,
aSyn samples were dialyzed in 20 mM Tris (pH 7.2) and
concentrated using centrifugal concentrators with a MWCO of
10 kDa. aSyn was concentrated until the protein concentration
was between 130 and 140 μMbefore being stored at−80 °C. To
increase the purity of the aSyn from samples isolated by
periplasmic lysis and (NH4)2SO4 ppt further, and to ensure
isolation of monomeric protein, gel filtration was used. 500 μL of
aSyn was injected onto a Superdex 75 10/300 GL gel filtration
column and eluted isocratically (Figure 1a.iii−d.iii). The

Coomassie blue-stained gel after SDS−PAGE of aSyn showed
that all isolation protocols, apart from periplasmic lysis (Figure
1d.iv), led to 100% pure aSyn after IEX and GF (Figure 2a and

Table S1). The aSyn sample isolated by periplasmic lysis still
contained contaminating proteins; aSyn was only 91.7% pure in
fraction 1 and 97.7% pure in fraction 2 (stars in Figure 1d.iv
indicate the contaminants; Table S1). Previous protocols using
the periplasmic lysis protocol have also employed an extra
hydrophobic interaction chromatography (HIC) step.17 An
additional HIC step was added using a HiPrep Phenyl Fast Flow
(high sub) 16/10 column, but the previous protocol was
updated to save time by substituting the counterion salt in IEX
from NaCl to (NH4)2SO4 to prevent an additional buffer
exchange step before HIC. Therefore, directly after IEX,
(NH4)2SO4 was added to make the protein solution up to 1
M (NH4)2SO4, equivalent to starting buffer A for HIC [50 mM
Bis-Tris and 1 M (NH4)2SO4 (pH 7)]. aSyn was eluted on a
linear gradient against HIC buffer B [50 mM Bis-Tris (pH 7)]
(Figure 1d.v, d.vi). Fractions containing aSyn after HIC were
pooled and concentrated, and 500 μL of aSyn was subsequently
injected into a GF column and eluted isocratically (Figure
1d.vii). aSyn was 100% pure when analyzed by densitometry
after IEX, HIC, and GF (Figure 2a and Table S1). Figure S2 and
Table S2 show a second purification run for each purification
method and the concentration of protein in each step during
purification, showing that the methods are reproducible.
Densitometry analysis of the Coomassie blue-stained gel of

the four aSyn samples after GF showed 100% pure monomeric
aSyn in all samples (Figure 2a). However, analytical reversed
phase chromatography (aRP) was also employed to determine
the purity of each sample as it is a more sensitive method for
detecting contaminants (Figure 2b). The samples were shown to
be less pure after IEX by aRP compared to densitometry
measurements (Figure S3a), and the sample purity ranged from
62.9% to 84.8% when analyzed by aRP but ranged between
49.7% and 100% when analyzed by densitometry (Table 1 and
Table S1). aRP of aSyn purified by IEX, HIC, and GF compared

Figure 2. Coomassie blue-stained gel and reverse phase chromato-
graphs of aSyn after gel filtration show highly pure monomeric aSyn. (a)
Samples of aSyn after gel filtration were analyzed by SDS−PAGE on a
4% to 12% Bis-Tris gel and stained with Coomassie blue. aSyn appears
as a single band, indicated by the arrow at∼15 kDa. (b) Fifty microliters
of each sample was injected onto an analytical Discovery BIO Wide
Pore C18 column to determine the purity of aSyn by analytical reverse
phase chromatography. aSyn isolated by boiling (blue) was 86% pure.
aSyn isolated by (NH4)2SO4 ppt (green) was 81% pure. aSyn isolated
by acid ppt (orange) was 89.9% pure. aSyn isolated from periplasmic
lysis (purple) was 95% pure (all determined by the area under the
peak).
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to only IEX and GF led to an increase in purity from 63.5% to
95% (Figure S3b). After GF, the aSyn purity was determined to
be 86% for the boiled sample, 81% for the (NH4)2SO4 ppt
sample, 89.9% for the acid ppt sample, and 95% for periplasmic
lysis of aSyn by aRP (Figure 2b and Table 1).
Analysis of aSyn Samples by Native Mass Spectrom-

etry Shows That the Acid Precipitation Protocol Yields
Highly Monomeric aSyn. Highly pure monomeric aSyn is
needed for the majority of assays performed. Although the
SDS−PAGE gel stained with Coomassie blue and aRP methods
show monomeric aSyn, the SDS used in the PAGE and the
organic solvents used in aRP are denaturing and may give a false
impression of the level of monomeric protein present. Instead,

we employed nondenaturing nano-electrospray ionization mass
spectrometry (native MS). The technique permits the study of
protein structure at physiological pH and the identification of
aSyn multimers and degradation products without the need to
use cross-linkers that might alter structure or induce artifacts.18

In the boiled sample, aSyn was found in both monomer and
dimer form, but also as a degraded product of 11562 ± 3 Da
comprising 36.6% of the sample (Figure 3a and Table 2). A
degraded product of 12172 Da was also identified by Giehm et
al., after boiling of aSyn.6 The percentage of aSyn products was
calculated by the relative intensity of the m/z peaks in each
charge state (Table S3). As the degraded product was not
detected by SDS−PAGE or aRP, it may have been induced

Table 1. Purities of aSyn at Different Steps of the Purification Protocol Determined by Reverse Phase Chromatography

boiled (NH4)2SO4 ppt acid ppt periplasmic lysis

total
protein

(mg/mL)
%

purity

final aSyn
concentration

(μM)

tTotal
protein

(mg/mL)
%

purity

final aSyn
concentration

(μM)

total
protein
(mg/mL)

%
purity

final aSyn
concentration

(μM)

total
protein
(mg/mL)

%
purity

final aSyn
concentration

(μM)

post-
IEX

1.038 69.3 0.619 84.8 1.59 62.9 0.458 82.5

post-
HIC

− − − − − − 0.254 86.7

GF 0.219 86 36.9 0.267 81 44.7 0.257 89.9 42.9 0.292 95 48.7

Figure 3. Native MS data of aSyn after gel filtration show that acid precipitation yields the highest percentage of monomeric aSyn. aSyn in 200 mM
NH4CH3CO2 was analyzed by native MS. aSyn isolated by (a) boiling was found as a monomer (A) in charge states 9+ to 6+ where the MW is
highlighted in blue, as a dimer (B) highlighted in teal in charge states 10+ and 11+, and as a potentially degraded product (C) highlighted in gray at
charge states 10+ to 8+ with a MW of∼11562 Da. aSyn isolated with (b) (NH4)2SO4 ppt was identified as monomeric (A), dimeric (B), and trimeric
(C) (∼43549 Da) protein forms; the trimer charge states 14+, 13+, andMW are colored purple. The aSyn sample isolated with (c) acid ppt was found
in only a monomeric state (A), while aSyn isolated by (d) periplasmic lysis was found to be in monomeric (A) and dimeric (B) forms.

Table 2. Molecular Weights and Relative Percentages of aSyn Structures in Each Sample as Determined by Native Nano-ESI-MS

boiled (NH4)2SO4 ppt acid ppt periplasmic lysis

MW % MW % MW % MW %

degraded 11562 ± 13 36.6 − − − − − −
monomer 14465.4 ± 2.2 60.2 14475 ± 34 90.3 14473 ± 29 100 14463 ± 1 96.5
dimer 28962.5 ± 3.0 3.2 28957 ± 91 8.5 − − 28969 ± 2 3.5
trimer − − 43549 ± 3 1.2 − − − −
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during electrospray ionization. aSyn samples precipitated in
(NH4)2SO4 contained monomer (90.3%), dimer (8.5%), and
trimer (1.2%) (Figure 3b and Table 2), while aSyn isolated by
acid ppt contained only monomeric aSyn (Figure 3c and Table
2). aSyn isolated by periplasmic lysis was highly monomeric
(96.5%) with a small percentage of dimers (3.5%) (Figure 3d
and Table 2). The monomer was disordered in all samples, as
expected, and the dimer and trimers were possibly linked by
noncovalent bonds that remain formed during nondenaturing
electrospray ionization.

The Vitality of Cells Treated with aSyn and Aggrega-
tion Propensity of aSyn Differed among the Various
Purification Protocols. To determine whether the difference
in purity or the percentage of monomeric aSyn affects the cell
response or the aSyn aggregation rate, we performed cell vitality
and kinetic aggregation assays. SH-SY5Y cells, undifferentiated
neuroblastoma cells, were incubated with 0.5−2 μM aSyn from
each purification method for 24 h. Metabolic stress was then
measured using an MTT assay that determines the metabolic
ability of the cells to convert 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) into an insoluble

Figure 4. Incubation with aSyn purified by periplasmic lysis leads to the smallest increase in cell vitality and yields the most aggregation prone aSyn
sample. (a) aSyn (2 μM) from each purification protocol was incubated with SH-SY5Y cells for 24 h, and a cell vitality test was performed using an
MTT assay. Overall, cells were more viable after treatment with aSyn. Significant differences in cell vitality were found between all purification
methods. Absorption data were normalized to untreated cells in each experiment. Individual data points are shown from four wells for each condition
for three experiments. Error bars represent the standard error of the mean (SEM). Statistics were determined using a one-way analysis of variance with
Holm-Sidak’s tests (****p < 0.0001; **p = 0.0027; *p = 0.0348). (b.i) ThT-based aggregation assays show aSyn samples isolated by periplasmic lysis
(purple; n = 6) and (NH4)2SO4 ppt (green; n = 5) aggregate at a faster rate and to a greater extent than aSyn samples isolated by boiling (blue; n = 4) or
acid ppt (orange; n = 3). Each sample (n) represents the average of four well replicates. Twenty micromolar aSyn in 20mMTris and 100mMKCl (pH
7.2) was incubated with 20 μMThT in a half-area 96-well plate with double orbital agitation at 300 rpm for 5min before each read every hour for 170 h.
(b.ii) aSyn ThT data are presented to show purification batches (lighter color, batch 1; darker color, batch 2) and samples from experiment 1 (solid
lines) and experiment 2 (dashed lines) (individual well data are shown in Figure S5). (c.i) The percentage of the remaining monomer concentration in
each well after the ThT-based assay was determined by performing SEC-HPLC and calculating the area under the curve compared to the area under
the curve of the 20 μMof starting monomeric sample. Error bars represent the SEM from wells: n = 14 for boiled, n = 19 for (NH4)2SO4 ppt, n = 7 for
acid ppt, and n = 22 for periplasmic lysis. (c.ii) Remaining monomer data are also displayed for each experiment and purification batch to display the
variability between experiments and purification batches. (d) TEM images of aSyn samples after ThT assays showed fibrils with a straight morphology
and lateral binding between fibril bundles (black arrows). The scale bar is 200 nm. aSyn samples were taken directly from the ThT wells. Boiled (blue),
(NH4)2SO4 ppt (green), and periplasmic lysis (purple) samples were diluted 1:4, and the acid ppt (orange) sample was used neat when incubated on
grids before being stained and imaged.
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compound, formazan, which absorbs at 590 nm. Under the
experimental conditions, cells treated with aSyn at all
concentrations had increased viability compared to that of the
untreated cells (Figure 4a and Figure S4). There were significant
differences in metabolic stress depending on the purification
method used, with aSyn isolated by boiling and (NH4)2SO4 ppt
leading to the most significant increases in cell vitality (152.2 ±
20% and 140.2 ± 15.5% increases, respectively) compared to
untreated cells, while aSyn isolated by periplasmic lysis (123 ±
14.2%) and acid ppt (131.1 ± 18.6%) led to less significant
differences in cell vitality compared to untreated cells. The cell
vitality data were also analyzed between batches 1 and 2 of
purification, but no significant differences in cell vitality were
determined between batches of purified aSyn (Figure S4).
The aggregation propensity of aSyn isolated by each method

was then analyzed using the ThT molecule that fluoresces when
bound to fibrillar forms of aSyn, providing a kinetic readout.19

Twenty micromolar aSyn was incubated with 20 μM ThT in 20
mM Tris and 100 mM KCl (pH 7.2) for 1 week. The kinetic
aggregation curves show that the aSyn isolated by periplasmic
lysis was the most prone to aggregation, followed by aSyn
isolated by (NH4)2SO4 ppt (Figure 4b.i). aSyn isolated by
boiling and acid ppt appeared to be the least prone to
aggregation under the conditions tested, barely aggregating
(Figure 4b.i and Figure S5). There was great variation in the rate
of aggregation observed between aSyn isolated from the
different purification methods (Figure 4b.i and Table S4). We
then further investigated variation between experiments and
purification batches. The largest variation in aggregation
propensity occurred between experiments rather than between
purification batches, most clearly observed in the (NH4)2SO4
ppt aSyn sample [Figure 4b.ii (green) and Figure S5b.iii].
However, there was also variation within the batches and
between experiments, particularly in the periplasmic lysis aSyn
sample [Figure 4b.ii (dark purple), Figure S5b.iv, and Tables S5
and S6]. The lag time (tlag) and the time to reach 50% of the
maximum fluorescence (t50) were also calculated for each kinetic
trace shown in Figure 4b.i, and tlag showed in general greater
variation than t50, suggesting nucleation rates are more affected
by the purification method used compared to elongation rates
between experiments and batches (Tables S4−S6).
Due to the high variation observed within ThT-based kinetic

assays presented, and with the knowledge that ThT also has
varying fluorescence intensities when bound to different fibril
polymorphs,19,20 we performed analytical size exclusion
chromatography with HPLC (SEC-HPLC) to quantify the
amount of remaining aSyn monomer and therefore determine
whether the extent of aggregation observed by the ThT-based
assay was reflective. We observe that the quantity of the
remaining aSyn monomer does not fully reflect the extent of
ThT fluorescence observed, particularly for the acid ppt sample,
but does reflect the overall aggregation trends observed in the
ThT-based assays (Figure 4c.i). The remaining monomer data
were further analyzed for variation between purification batch
and experiment and more clearly show, compared to the ThT-
based assays, that there was a greater variation in the percentage
of the remaining monomer in the second experiment compared
to the first (Figure 4c.ii). There appeared to be no clear
correlation between aggregation propensity and either the purity
or the proportion of the monomer in the starting sample.
We subsequently examined the morphology of aSyn samples

after aggregation assays using TEM to determine whether fibrils
had formed and whether their morphology differed. TEM

showed that fibrils are present in all samples, but fibrils are
harder to find in the sample purified by acid ppt, indicating fewer
fibrils are present. All fibrils have a straight morphology (Figure
4d and Figure S6), as shown previously for aSyn aggregated in
the presence of salt.21 The fibril bundles also showed lateral
binding (Figure 4d, shown by the arrows).

■ DISCUSSION
Many different protocols are currently used for the purification
of aSyn, yet few investigations have been performed with the
aSyn product that is present at the end of these purification
methods and whether there are subsequent differences in
downstream assays. Here, we compared four commonly applied
protocols: boiling, acid ppt, (NH4)2SO4 ppt, and periplasmic
lysis. Isolation of aSyn by acid ppt and periplasmic lysis yielded
the highest percentage of monomeric protein, at 100% and
96.5%, respectively, and 89.9% and 95% purity, respectively. We
observed variability in the resulting aggregation rate and cell
vitality assays with aSyn from different purification protocols.
We conclude that the purification method used affects the
resulting recombinant aSyn, yet the precise origin of this
variability is not currently clear.
The vitality of undifferentiated SH-SY5Y cells, using an MTT

assay, was tested upon exposure to the four resulting aSyn
samples, and the vitality of SH-SY5Y cells increased the most by
the addition of aSyn isolated by boiling and (NH4)2SO4 ppt. It
has been previously observed that high levels of aSyn can lead to
the proliferation of undifferentiated SH-SY5Y cells, aiding the
tumorlike characteristics of the cell line and likely an increase in
vitality.22 Similarly, differentiated SH-SY5Y cells treated with
aSyn also had increased cell vitality and activation of the Akt
pathway, a pro-survival pathway.23 Differences in cell vitality
after treatment with aSyn from different purification methods
indicate that the combination of lower purity and the presence of
aSyn multimers and/or degradation products can affect the cell
response to aSyn addition.
However, the rate of aggregation of aSyn was not greatly

influenced by the purity or presence of multimers or degradation
products. The difference in aSyn aggregation propensity
between the aSyn samples isolated by the different purification
methods was slightly surprising. As different ThT intensities can
be observed from different fibril polymorphs,20 we also assessed
the extent of aggregation by measuring the amount of remaining
monomer after the assays and showed that the extent of
aggregation by ThT-based assays was reflected in the amount of
the remaining aSyn monomer after the assays. Both the
remaining monomer percentage and ThT-based fluorescence
assays had displayed greater variation between experiments
rather than between purification batches, which could be the
result of freezing and thawing of the samples, which can
introduce multimers or degrade the sample.24

There was no clear correlation between the percentage of
initial monomer or the presence of multimers and degradation
products and the aggregation rate or remaining monomer
percentage. This may instead indicate that the method of aSyn
isolation can impact the dynamic ensemble of monomer
conformations and the proportion of different conformations
present, particularly for methods that disrupt intramolecular
bonding such as boiling, acid precipitation, and (NH4)2SO4
precipitation. We observe that the nucleation rate was more
varied than the elongation rate among aSyn samples isolated by
the four different protocols, potentially indicating that the
purification method used affects the monomer state. Ion
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mobility mass spectrometry (IM-MS) has shown the presence of
at least four main aSyn conformers, the distribution of which
changes upon addition of ions or small molecules.25,26 This
technique may be used to identify differences in the monomer
conformer distribution of aSyn purified by the four protocols;
however, these are potentially very small differences that may
not be detected or may not be present in the gas phase during
IM-MS.
We performed an array of characterization experiments on the

four resulting recombinant aSyn products. We have highlighted
that the method of purification used to produce recombinant
aSyn can significantly affect the purity, the percentage of the
monomer, and subsequent downstream assays, yet we have not
been able to pinpoint the cause of variation in the rate of
aggregation of aSyn when using the boiling, acid ppt,
(NH4)2SO4 ppt, or periplasmic lysis protocol. Further work is
needed to determine if the purification protocol chosen
influences aSyn monomer conformations and the dynamic
ensemble of conformations. This may have subsequent effects
on downstream assays, even potentially leading to changes in the
subsequent oligomer and fibril polymorphs formed and their
toxicity.24 It is thus important at the very least to characterize the
aSyn sample fully in a bid to increase reproducibility and validity
and to understand more clearly the downstream data acquired.
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