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a-Synuclein (aSyn), B-Synuclein (bSyn), and y-Synuclein (gSyn) are members of a conserved family of chaperone-like proteins that are highly
expressed in vertebrate neuronal tissues. Of the three synucleins, only aSyn has been strongly implicated in neurodegenerative disorders such
as Parkinson's disease, Dementia with Lewy Bodies, and Multiple System Atrophy. In studying normal aSyn function, data indicate that aSyn
stimulates the activity of the catalytic subunit of an abundantly expressed dephosphorylating enzyme, PP2Ac in vitro and in vivo. Prior data show
that aSyn aggregation in human brain reduces PP2Ac activity in regions with Lewy body pathology, where soluble aSyn has become insoluble.
However, because all three synucleins have considerable homology in the amino acid sequences, experiments were designed to test if all can
modulate PP2Ac activity. Using recombinant synucleins and recombinant PP2Ac protein, activity was assessed by malachite green colorimetric
assay. Data revealed that all three recombinant synucleins stimulated PP2Ac activity in cell-free assays, raising the possibility that the conserved
homology between synucleins may endow all three homologs with the ability to bind to and activate the PP2Ac. Co-immunoprecipitation data,
however, suggest that PP2Ac modulation likely occurs through endogenous interactions between aSyn and PP2Ac in vivo.

Video Link

The video component of this article can be found at https://www.jove.com/video/55361/

Introduction

Studies defining the distribution of synucleins in brain and spinal cord show that all three synucleins are enriched in neural tissues, although
varying patterns of localization have been reported1. For instance, aSyn is most abundant at presynaptic sites in cerebral cortex and basal

723 . .. . . . . 4.5 . . . . . 6
ganglia®”, bSyn has a more uniform distribution in brain and spinal cord™”, and gSyn is more abundant in spinal cord and peripheral ganglia’.
Although some embryonic expression of all synucleins may occur, the three homologs become more abundant during the neonatal period4’5'6'7’8.
Remarkably, data from synuclein triple knockout mice, indicate that loss of all three synucleins causes age onset neuronal dysfunctiong,
supporting important synuclein functions in the central nervous system (CNS)m'“. It is not yet known if synuclein triple knockout mice show
changes in PP2Ac distribution or activity. Data from single synuclein knockout mice reveal that loss of aSyn alone is able to significantly reduce
PP2Ac activity in brain'?. In addition to the CNS, all synucleins localize to other tissues throughout the body 314

Because of its well-established genetic links to neurodegeneration16'17, aSyn is among the best studied of the three synucleins. The Perez

laboratory has long worked to define normal functional activities of aSyn, especially in the CNg'"1218.19.20212223 5y more recently in peripheral
tissues®*%°. Among these, was the discovery that aSyn plays a key regulatory role in stimulating PP2Ac activity19. PP2A activity contributes
widely to normal brain function, including for the regulation of dopamine productionze. The PP2A holoenzyme consists of three independent
subunits, the catalytic C subunit, PP2Ac, a scaffolding A subunit, and one of several different regulatory/targeting B subunits that help localize
PP2A to specific subcellular microdomains, thus providing PP2A functional diversity27. Evidence shows that aSyn interactions with PP2Ac
contribute significantly to its phosphatase activity in vitro and in vivo'21921:23.25 \When aSyn accumulates in protein aggregates, as it does when
Lewy bodies form inside neurons of Parkinson's disease and Dementia with Lewy bodies (DLB), tissues with aggregated aSyn have diminished
PP2Ac activity23'25, when levels of soluble aSyn diminish. Given that all three synucleins have significant homology S (aSyn shares 66% identity
with bSyn and 56% with gSyn) and that aSyn contributes to the activation of PP2Ac, it was hypothesized that all members of the synuclein
protein family may be able to increase PP2Ac activity, at least in vitro. To assess this, PP2Ac activity was measured in response to recombinant
aSyn, bSyn, and gSyn using a simple colorimetric assay, modeled after the method of Fathi et al.?®. This method and the novel findings are
detailed herein.
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1. Preparation of Buffers and Reagents

1. Preparation of p-nitrophenyl phosphate (pNPP) buffer
1. Prepare 50 mL of pNPP buffer as follows.
2. Weigh out 0.30285 g Tris base (see the Table of Materials) and dissolve it in 25 mL of ultrapure deionized water.
1. Add 41.6 pL of 120 mM CacCl,. Adjust to pH 7.0 with 1 M HCI and bring the final solution volume to 50 mL with ultrapure
deionized water.
2. Ensure that the final concentration is 50 mM Tris-HCI, 100 mM CaCl,, pH 7.0.
3. Store pNPP buffer at 4 °C.

2. For malachite green solutions, prepare the following.
1. Prepare solution A by adding 32.8 mL of concentrated HCI to 67.2 mL of ultrapure deionized water to create a 4 M HCI solution.
NOTE: Malachite solution is prepared in a fume hood using disposable gloves, face-mask, and safety goggles.
2. Prepare solution B by weighing out 4.2 g of ammonium molybdate and adding it to 95.8 mL of solution A.
3. Prepare solution C by weighing out 0.045 g malachite green oxalate salt and adding ultrapure deionized water to bring the final total
volume to 100 mL.
4. Prepare solution D by mixing solutions B and C at 1:3 (v/v) ratio, stir for 1 h at room temperature .
5. Filter Solution D through a 0.22 ym pore size nitrocellulose membrane filter unit using a 50 mL syringe.
6. Store prepared malachite solution at 4 °C protected from light.

3. Preparation of activator
1. To prepare a 1% tween 20 solution, pipette 10 pL of tween 20 into 990 pL of ultrapure deionized water (v/v) then vortex until the tween
20 dissolves completely.

4. Preparation of malachite green Tween 20 (MGT) working solution.
1. Mix the activator (step 1.3) with the malachite green solution (solution D, step 1.2.5) in a ratio of 1:100 (e.g. 1 uL activator to 99 pL
malachite green solution).

5. Preparation of threonine phosphopeptide (KRpTIRR) (pT) substrate.
1. To prepare a 2 mM stock, place a 1 mg phosphopeptide vial on ice, add 550 uL of ultrapure deionized water, and vortex gently to
dissolve.
1. Make ~10 aliquots and store pT at -20°C.

6. Synuclein Preparation
1. Prepare synucleins in a fume hood using disposable gloves, face-mask, and safety goggles.
2. Resuspend 1 mg of recombinant synuclein in 1 mL ultrapure deionized water for a final concentration of 1 mg/mL.
3. Vortex gently to dissolve and place on ice.
4. Prepare 50 pL aliquots and store at -80 °C.

7. Preparation of phosphate standards
1. Prepare the 0.1 mM phosphate stock solution as follows.

1. Weigh out 0.1361 g KH,PO, and place in a beaker with 80 mL of ultrapure deionized water. Add a stir bar and mix to dissolve.
Transfer all of the solution to a graduated cylinder and bring the final total volume to 100 mL with ultrapure deionized water.

2. Filter the entire solution through a 0.22 um pore size nitrocellulose membrane filter unit using a 50 mL syringe; the final
concentration is 10 mM.

3. Dilute the solution (10 mM) 1:100; the final concentration will be 0.1 mM phosphate (PO,) to be used for assay standards.

4. Store the phosphate stock solution at 4 °C.

2. See Table 1 for limiting dilutions used to make PO, standards with a final total volume of 1250 pL each. Add the appropriate amount of
phosphate and ultrapure deionized water to 1.5 mL tubes as per Table 1.
1. Store prepared PO, standards at -20 °C.
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Phosphate Standards

0.1 mM PO, 0 75 150 300 600 1,200
solution (mL)

Ultrapure deionized | 1,250 1,175 1,100 950 650 50
water (mL)

Final concentration |0 150 300 600 1,200 2,400
of PO4 [pmol]

Table 1: Phosphate Standards.

2. PP2A Assay in Response to Recombinant Synucleins

NOTE: The total final volume for each reaction will be 60 uL, so the experimenter must adjust the initial volume of pNPP buffer appropriately to
accommodate the volume of synucleins used for each sample. In most cases, the volume of pNPP buffer will be between 40 and 44 pL.

1. Prepare each PP2Ac reaction as follows.

1.
2.
3.

4.
5.
6
7.

8.
9.
10.

In a 1.5 mL tube, add 39 pL of pNPP buffer and place on ice.

Add 1 pL (105 ng/uL or 0.0007 U/uL) of human recombinant PP2Ac (rPP2Ac).

Add 4 pL of 0, 1.5, 7.5, 15 or 30 yM synucleins to rPP2Ac in pNPP buffer for final concentrations of 0, 0.1, 0.5, 1.0 and 2.0 yM and
incubate at 4 °C for 30 min on a rotating unit; the final volume will be 60 L.

After 30 min, move samples to ice and add 16 uL of 2 mM pT substrate.

Incubate each PP2A assay mixture for 10 min at 30 °C in a water bath with intermittent shaking.

To a flat bottom 96-well plate, add 25 pL of each PO, standard (0, 150, 300, 600, 1,200, and 2,400 pmol) in duplicate wells from low to
high.

Next add 25 pL of each experimental sample (PP2A assay + synuclein), prepared in steps 2.1.1 to 2.1.6, to duplicate wells on the
same 96-well plate.

Next, add 75 pL of MGT working solution to each well containing standards and samples.

Leave plate at room temperature for 10 min.

Observe a color change in samples having measurable differences in phosphate levels.

3. Photometric Analysis

1. Analyze the 96-well plate containing standards and samples using a spectrophotometric plate reader with the wavelength set to 630 nm?®.
2. Plot the absorbance curve produced (samples read at 630 nm) and note that it remains linear up to 2,400 pmol concentration of PO,.

Representative Results

Protein function and activity can be altered by post translational modifications, such as phosphorylation. Many proteins can be phosphorylated
by a kinase, or dephosphorylated by a phosphatase. In the case of protein phosphatase 2A (PP2A), this multisubunit phosphatase facilitates the
dephosphorylation of serine and threonine residues on a broad number of phosphoproteins. Abnormal PP2A activity can lead to dysregulation
of protein function which occurs in many diseases, including Parkinson's disease where aSyn can become hyperphosphorylated, and in
Alzheimer's disease where tau protein can become hyperphosphorylated. This provided justification for optimizing an in-house procedure to
rapidly evaluate PP2Ac activity and determine if abnormal PP2Ac activity may lead to cellular dysfunction.

Using this cell-free colorimetric assay, PP2Ac activity was measured by quantifying the amount of free PO, cleaved from the pT substrate
(Figure 1A) and compared to known picomolar amounts of PO, in the standard curve (Figure 1B). PP2Ac activity was also measured in
response to 0.0, 0.1, 0.5, 1.0, and 2.0 yM synucleins (Figure 1A), as compared to baseline PP2Ac activity in the absence of added synuclein (at
the large arrow in Figure 1A).
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Figure 1: PP2A activation by recombinant synucleins, is measured relative to known levels of phosphate in the standards. In (A)
aSyn, bSyn, and gSyn were evaluated in a range from 0 - 2 uM protein concentrations, to compare to 0 - 2400 pmol PO, standards. (B) A
standard curve for the malachite green PP2Ac assay was generated to provide known amounts of phosphate against which values obtained in
experimental conditions can be calculated. In all cases, when PP2Ac activity increases, the amount of free PO, cleaved from the pT substrate
increases and produces a darker green color. Please click here to view a larger version of this figure.

The results show that addition of synucleins to PP2Ac in the initial incubation step could increase the amount of free PO, measured, thereby
demonstrating increased PP2Ac activity. The statistical analysis after many repetitions show that all three recombinant synucleins (aSyn, bSyn,
gSyn) significantly increase PP2Ac activity (Figure 2). These results suggest that changes in the amount of soluble cellular synucleins can alter
PP2Ac activity; and thus may impact cellular homeostasis. It is not known, however, if all three synucleins contribute to the activation of PP2Ac in
vivo, though data in Figure 3 suggest that aSyn likely contributes to PP2Ac activity in vivo.
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Figure 2: PP2Ac activity is stimulated by all three synucleins. Graphical representation of PP2Ac activation in response to varying
concentrations of recombinant aSyn, bSyn or gSyn is shown. All three recombinant synucleins stimulated PP2Ac activity. aSyn in most
experiments appeared to be slightly more potent, though ANOVAs performed using statistical software were remarkably similar overall. Data
represent the mean + SEM of 4-9 independent experiments. ns, not significant; * p <0.05; ** p <0.01; **** p <0.0001. Please click here to view a
larger version of this figure.

To assess which synuclein(s) can interact with PP2Ac in brain, co-immunoprecipitation (Co-IP) assays were performed using wild type mouse
brain and the PP2Ac- speafnc-anhbody, 1D6. Proteins were then separated by SDS-PAGE and blots were probed for PP2Ac, aSyn, bSyn, and
gSyn using established methods'®. Recombinant synuclein controls demonstrate aSyn, bSyn and gSyn antibody specificity (Figure 3A). Co-
IP data reveal that the major synuclein associated with PP2Ac in brain was aSyn, as much less bSyn came down in the co-IP (Figure 3B),
and no gSyn came down in the Co-IP (data not shown). This suggests a distinctive role for endogenous aSyn in the regulation of PP2Ac in
brain. It also raises the possibility that PP2Ac modulation with bSyn-based-therapies could have potential to restore PP2A activity in those with
synucleinopathy, as bSyn is known to be nonamyloidogenic yet as shown here can stimulate PP2Ac***"
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Figure 3: Interaction of PP2Ac with endogenous synucleins in mouse brain. (A) Recombinant aSyn, bSyn and gSyn were probed

with synuclein specific antibodies as described below. (B) Using mouse brain homogenate Co-IP was performed with antibody 1D6, then
samples were analyzed on immunoblots. Data are shown for PP2Ac, aSyn, and bSyn, but not for gSyn which did not Co-IP with PP2Ac. Start
samples show relative levels of PP2Ac (lane 1), aSyn (lane 4), and bSyn (lane 7) in the initial homogenates. End samples show the remaining
levels of PP2Ac (lane 2), aSyn (lane 5), and bSyn (lane 8) in homogenates after the 1D6 PP2Ac Co-IP. Significant levels of PP2Ac were
immunoprecipitated using 1D6 antibody (lane 3), which also brought down ample amounts of aSyn (lane 6, at arrow) but very little bSyn (lane
9, strongly overexposed to show faint bSyn signal, at arrow). *Asterisks and brackets mark the non-specific signals on blots. See the Table of
Materials for details on antibodies used. Please click here to view a larger version of this figure.

This malachite green assay with pT was used to measure PP2Ac activity because it is easier to perform than the classical method that uses ¥2p.
Iabelled substrates. Another advantage of this assay over radioactive assays is that radioisotopes pose some risk and can be costly, especially

2p_jabelled molecules that have short half-lives, which limits the number of assays one can perform before reagents expire. Using malachite
green rather than radioactivity also eliminates the need to dispose of 2p waste. Malachite green assays are also quite sensitive when measuring
the activity of serine/threonine phosphatases when compared to another colorimetric assay that uses the substrate p-nitrophenylphosphate
(PNPP), which is non-selective as it can be dephosphorylated by a broad number of enzymes 32

Commercial malachite green kits to measure PP2A activity have been available for some time, and were previously used in the laboratory.
However, when doing many malachite green assays, such kits became prohibitively expensive. In addition, commercial kits for PP2A activity are
stable only for one year, while having reagents available in powdered form and with proper storage, provide readily available assay components
that are structurally stable for long periods of time.

Before testing bSyn and gSyn, aSyn was used as a positive control to stimulate PP2Ac activity and to determine the amount of PP2Ac required
for the assays, and also to confirm that resulting data remain on the scale with the standard curve (150 - 2400 pmol of PQy,). It is noteworthy that
if aSyn stimulates PP2Ac too strongly, though the reaction is typically linear, data will go off scale and chemicals in the MGT solution precipitate,
making it impossible to measure accurate amounts of released free-PO,4 with a plate reader.

Given that aSyn contributes to PP2Ac activity in vivo and in vitro12’19’21‘23’25, and that all synucleins have considerable homology, it had been

hypothesized that all synuclein family members may be able to stimulate PP2Ac in cell free assays. Using the colorimetric assay described
here, it was found that indeed, all three recombinant synucleins (aSyn, bSyn, gSyn) stimulated PP2Ac activity, raising the possibility that all
three synucleins may perform similar functions in the nervous system However, brain from Parkinson's or Dementia with Lewy Body cases have
less PP2Ac acthlty in tissues containing highly aggregated aSyn . Mouse tissues harboring Lewy body-like pathology also exhibit reduced
PP2Ac acthlty . This, and new data in Figure 3 as well as prior data from aSyn knockout mice' strongly suggest that neither bSyn nor gSyn
can typically compensate for the loss of soluble aSyn in brain, or alternatively that those synucleln homologs may not associate with PP2Ac
as strongly as aSyn as shown (Figure 3). The Allen Brain Atlas shows colocalization of all three synuclein mRNAs in many brain areas, and
though triple synuclein knockout mice have been generated PP2Ac activity has not been assessed in that model. Interestingly, aSyn that
is phosphorylated on Ser129 by Polo-like kinase 2, is less able to activate PP2Ac'?, but evidence shown here for bSyn suggest that bSyn
phosphorylation is unlikely to impact PP2Ac activity, as very little bSyn came down with PP2Ac in mouse brain (Figure 3). Taken together, the
data suggest that endogenous PP2Ac activity modulators, like aSyn, likely contribute to wellness and disease.

The protocol outlined here is a simple yet powerful technique to determine the capacity of PP2Ac to dephosphorylate a phosphopeptide
substrate in response to various treatments. For |nstance this same methodology can be used to test other PP2Ac activators, such as
ceramides as well as potential novel therapeutlcs , or to assess the impact of PP2Ac inhibitors in vitro. It is also important to point out that
similar assays can measure the act|V|t1y of PP2Ac that has been isolated by 1D6 immunoprecipitation from cell extracts or body tissues, as
previously described by the authors’ . Future applications for the malachite green assay exist beyond measuring PP2Ac activity, as ATP
activity can also be determined using such an assay.

Note, a standard curve must be generated each time for every independent PP2Ac assay. It is mandatory to ensure that all reagents used are
phosphate free, as free phosphates artificially increase background signal and produce erroneous results. On the day of the assay it is essential
to prepare enough fresh MGT solution for all samples to be assayed. Also, MGT is only good the day that it is made and tends to precipitate after
a few hours. PP2Ac purchased from a vendor must be aliquotted and stored frozen soon after it is received to prevent freeze thaw cycles that
reduce its activity. As other phosphatases can dephosphorylate the pT substrate (e.g. PP1 and PP535) when analyzing cell or tissue extracts
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in which PP2Ac has not been isolated by immunoprecipitation, samples must be passed over columns to remove free phosphates and specific
inhibitors of phosphatases must be used to confirm phosphatase specificity, as previously described'®.

Dr. Perez was a member of the faculty in the Department of Neurology at the University of Pittsburgh School of Medicine from 1999 — 2011.
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