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Abstract

Elevation of amyloid β-peptide (Aβ) is critically associated with Alzheimer’s disease (AD)

pathogenesis. Aβ-induced synaptic abnormalities, including altered receptor trafficking and

synapse loss, have been linked to cognitive deficits in AD. Recent work implicates a lipid critical

for neuronal function, phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2], in Aβ-induced synaptic

and behavioral impairments. Synaptojanin 1 (Synj1), a lipid phosphatase mediating the breakdown

of PI(4,5)P2, has been shown to play a role in synaptic vesicle recycling and receptor trafficking in

neurons. Heterozygous deletion of Synj1 protected neurons from Aβ-induced synaptic loss and

restored learning and memory in a mouse model of AD. Thus, inhibition of Synj1 may ameliorate

Aβ-associated impairments, suggesting Synj1 as a potential therapeutic target. To this end, we

developed a screening assay for Synj1 based on detection of inorganic phosphate liberation from a

water-soluble, short chain PI(4,5)P2. The assay displayed saturable kinetics and detected Synj1’s

substrate preference for PI(4,5)P2 over PI(3,4,5)P3. The assay will enable identification of novel

Synj1 inhibitors which have potential utility as chemical probes to dissect the cellular role of

Synj1 as well as potential to prevent or reverse AD-associated synaptic abnormalities.
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INTRODUCTION

There are still no effective prophylactic or ameliorative therapeutics for AD, therefore novel

strategies and cellular and molecular targets are required. The major focus for developing

AD therapeutics has been targeting amyloid β-peptide (Aβ).1 Emphasis in the field has been

to target Aβ biogenesis through inhibition or modulation of the amyloidogenic pathway.

However these studies yielded extremely limited successes, indicating that new strategies

and therapeutic targets are required.1 Current evidence indicates that soluble oligomeric
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forms of Aβ are associated with synaptic deficits including alterations in synaptic plasticity

and spine morphology.2 Aβ-induced alterations in synaptic plasticity are believed to be

associated with changes in receptor trafficking, such as cell surface expression of AMPA

receptors and NMDA receptors as well as altered intracellular signaling cascades.2,3 Further,

Aβ also induces synapse and dendritic spine loss. 2–4 Thus, ameliorating Aβ-associated

synaptic alterations is an attractive strategy toward AD intervention.

It is increasingly evident that phosphoinositides (i.e., phosphorylated derivatives of

phosphatidylinositol) play a significant role in AD.5 Phosphatidylinositol-(4,5)-

bisphosphate, PI(4,5)P2, is a signaling lipid involved in ion channel regulation, exocytosis,

endocytosis, actin cytoskeleton rearrangement and cell signaling.6 PI(4,5)P2

dephosphorylation at the synapse is mediated primarily by Synaptojanin 1 (Synj1), a type II

polyphosphate-5-phosphatase encoded by a gene present on human chromosome 21. Synj1

is expressed and enriched at the synapse and has been shown to play a role in endocytosis,

presynaptic vesicle recycling as well as postsynaptic receptor trafficking.6–9 Synj1 belongs

to a large enzyme family which includes src homology 2 domain-containing inositol-5-

phosphatase 2 (SHIP2), the mammalian homolog of the yeast suppressor of actin (SAC)

domain PI(3,5)P2 5-phosphatase Factor induced gene (Fig 4) and Oculocerebrorenal

Syndrome of Lowe (ORCL).10 Synj1 contains a central 5-phosphatase domain, which can

dephosphorylate PI(4,5)P2 and PI(3,4,5)P3 on the 5′ position of the inositol ring. Synj1 also

has an NH2-terminal Sac1-like domain responsible for 3-, 4- and 5-phosphatase activity

towards substrates as diverse as PI3P, PI4P, PI5P and PI(3,5)P2.11 Previous mouse genetic

studies have indicated that the predominant physiological substrate of Synj1 is PI(4,5)P2, but

enzymatic activity has also been reported towards PI(3,4,5)P3
11–13.

Relative to kinases, phosphatases are considered more difficult targets for the discovery of

selective and potent small molecule inhibitors.14,15 However, ample target validation studies

have revealed the biological significance of phosphatases in various human disease.10,14–19

For example, the tyrosine phosphatase STEP has been suggested as a candidate therapeutic

target in AD.20 Among lipid phosphatases, SHIP2 which like Synj1 is a type II

polyphosphate-5-phosphatase, is considered a promising pharmaceutical target for type-2

diabetes.10,17 Further, selective small molecule inhibitors for SHIP2 have been

characterized.21,22. Investigational small molecule inhibitors for other lipid phosphatases

including SHIP1 and PTEN (the 3′-phosphatase, protein phosphatase and tensin homolog

deleted on chromosome ten) have also been identified as potential anticancer therapies.10

Therefore, lipid phosphatases that metabolize phosphoinositides, such as Synj1, represent a

promising and potentially druggable class of pharmaceutical targets in various human

diseases.10,17

A potential link between AD and Synj1 was first suggested by studies demonstrating that

familial Alzheimer’s disease (FAD) mutations in the PS1 and PS2 genes result in a

perturbation of the metabolism of PI(4,5)P2. Consequently, overexpression of membrane-

targeting Synj1 led to an increase in Aβ production.23 Thus, an imbalance in PI(4,5)P2 may

underlie some aspects of FAD pathogenesis which can be modulated by Synj1. Treatment of

primary neurons with oligomeric preparations of Aβ42 decreased the levels of PI(4,5)P2 and

concordantly caused loss of a PI(4,5)P2 probe from the plasma membrane in a neuronal cell
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line.24 Accordingly, PI(4,5)P2 levels are reduced in a synapse enriched fraction of brain of a

mouse model of AD, Tg2576. Genetically reducing Synj1 ameliorated the PI(4,5)P2 deficit

as well as performance in learning and memory tasks.4 Recent systems level analysis of

transcriptional changes revealed that Synj1 expression is selectively altered in a mouse

model and in AD patients.25,26 Additionally, one of the yeast orthologs of Synj1, INP52, was

identified in an unbiased genome wide screen for modifiers of Aβ toxicity in yeast.27 Based

on these studies, reduction or pharmacological inhibition of Synj1 may ameliorate Aβ42

oligomer induced synaptic defects. Additionally, a recent study has pinpointed deficits in

PI(4,5)P2 due to normal aging, which led to cognitive decline.28 Finally, overexpression of

Synj1 in a mouse model of Down syndrome (DS) has been shown to cause a deficiency of

PI(4,5)P2 in the brain as well as cognitive deficits.12 Thus, preventing PI(4,5)P2 catabolism

through pharmacological modulation of Synj1 has potential benefits for AD, DS, and aging.

In order for identification of small molecule inhibitors of Synj1 activity, we developed a 5-

phosphatase activity assay using recombinant Synj1 and water-soluble lipid substrate for

detection of free inorganic phosphate. This assay was able to detect Synj1 activity towards

PI(4,5)P2 but has the potential to be optimized for additional phosphoinositide phosphatases.

We furnish a reliable, sensitive and robust screening assay for identification of small

molecule inhibitors of Synj1. Small molecules identified with this assay have potential for

use as chemical probes for experimentally dissecting the role of PI(4,5)P2 in AD. Further,

promising small molecules may eventually lead to pharmacological tools for AD

intervention.

MATERIALS AND METHODS

Materials

Lipids were obtained from Echelon (Salt Lake City, UT). The diC8 lipids were D-myo-

Phosphatidylinositol 4,5-bisphosphate [(PI(4,5)P2] and D-myo-Phosphatidylinositol 3,4,5-

trisphosphate [(PI(3,4,5)P3] and were solubilized in water at 3 mM. M2 anti-FLAG

antibody, anit-FLAG affinity resin and FLAG peptide were from Sigma, (St. Louis, MO).

GFP antibody was from Roche (Indianapolis, IN). G418 was from Calbiochem (Billerica,

MA). SHIP2 lipid phosphatase was purchased from Echelon and resuspended at 500ng/ul

and stored at −80°C. SHIP2 inhibitor, AS 1949490, was from Tocris Biosciences

(Minneapolis, MN). The PiPer Phosphate Assay Kit was purchased from Molecular Probes

(Life Technologies, Grand Island, NY) and used as per manufacturer protocol except for the

modifications described below.

Expression and Purification of Synj1

FLAG-human synaptojanin1-145 (Synj1-FLAG) construct was obtained from Pietro De

Camilli, Yale University. Synj1 constructs were stably expressed in human embryonic

kidney (HEK) cells under selection of G418 (CalBiochem) for production of Synj1-FLAG

as previously described.29 Synj1-FLAG and Synj1-GFP-FLAG were detected using

antibodies recognizing the epitope tags, M2 anti-FLAG (Sigma) and anti-GFP (Roche).

Synj1-FLAG was purified using anti-FLAG M2 affinity resin (Sigma), eluted with FLAG

peptide, resuspended at 86ng/ul and stored at −80°C in storage buffer (50mM Tris-HCl, pH
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8.0, 200mM NaCl). Synj1-GFP-FLAG was expressed in HEK cells, purified and

resuspended at a concentration of 75 ng/uL in storage buffer and stored at −80°C. Protein

concentration was determined by comparing the eluted protein with bovine serum albumin

protein standards on a commassie stained gel using quantitative densitometry with LI-COR

Odessey quantitative fluorescence imaging system.

Synj1 Activity Assay Using BODIPY-Labeled Lipids

Synj1 activity was determined with BODIPY-labeled lipids as previously described.29

Briefly, water soluble, short chain (C-6) BODIPY-labeled PI(4,5)P2 was incubated with

purified recombinant enzyme for 15 min at 37°C in assay buffer (25mM HEPES, pH 7.4,

100mM KCl, 1mM EGTA, 1mM MgCl2). Lipids were separated by thin layer

chromatography using silica plates (EMD Chemicals) using the solvent mixture

chloroform:acetone:methanol:acetic acid:water (64:30:24:30:13). Fluorescent lipids were

visualized by UV range excitation and recorded using the Bio Doc-It system (UVP). Lipids

were identified by co-migration with individual BODIPY-labeled lipid standards and

quantified using Image J software (NIH). Rat brain cytosol (RBC) was used as a positive

control for conversion of BODIPI-PI(4,5)P2 to BODIPI-PI(4)P.

Detection of Inorganic Phosphate Release from diC8 Lipids

The PiPer Phosphate Assay Kit (Life Technologies, Grand Island, NY) was used for

detection of the inorganic phosphate liberated from dephosphorylation of diC8-PI(4,5)P2 or

diC8-PI(3,4,5)P3 by Synj1-FLAG or SHIP2. The dephosphorylation of PI4P to PIP did not

contribute to the phosphate detected due to the loss of the Sac domain activity during

purification.11,29 PiPer assay was performed according to manufacturer’s instructions except

an assay buffer of 0.1 M NaCl, 1 mM MgCl, 0.25 mM EDTA, and 20 mM HEPES, pH 7.4,

was used as in previous reports indicating these conditions are optimal for Synj1 activity.30

The Synj1 assay buffer did not interfere with the detection of inorganic phosphate by the

PiPer assay (data not shown). All assays were performed in Black/Clear Bottom 96-well

assay plates (BD Falcon). All plates were incubated at 37°C in the dark and fluorescence

was read in a TECAN infinite M200 microplate reader fluorometer (Tecan, Switzerland) at

excitation/emission wavelengths of 544/590 nm at a constant temperature of 37°C with

intermittent mixing.

Data Analysis and Statistical Methods

Data were analyzed using Prism 5.0 software (GraphPad Software, San Diego, CA) for

kinetic analysis. Standard curve for determination of phosphate concentration relative to

fluorescence was analyized by Graphpad Prism software with linear fit. Z′ factor was

determined using the standard equation:31

The equation for Z′ compares the standard deviation of positive control (σ+) and negative

control (σ−) to the difference in the averages of positive and negative controls (μ+ and μ−,
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respectively). The positive control reactions included both substrate and enzyme and the

negative control reactions lacked either substrate (no Subst) or enzyme (no Enz) as

indicated. Signal to background (S:B) was calculated by dividing signal from experimental

reactions (containing Synj1, di-C8 lipid and reaction reagents) by background fluorescence

obtained from the reactions lacking substrate. Coefficient of variation (%CV) was calculated

by dividing fluorescent signal from experimental reactions by background fluorescence

obtained from the reaction reagents alone and multiplying by 100. Standard deviation is

shown of representative experiments except where indicated.

RESULTS

Active Synj1 Expression

To develop an assay for identifying small molecule inhibitors of Synj1, we expressed and

purified recombinant human Synj1 and examined whether the recombinant human Synj1

harbored PI(4,5)P2 5′-phosphatase activity.29 In order to purify a sufficient amount of

catalytically active Synj1 for biochemical analysis, we established a stable HEK293 cell line

expressing full-length human Synj1 containing GFP and FLAG (Synj1-GFP-FLAG) epitope

tags. To determine if Synj1 was expressed in the stable cell line, antibodies recognizing the

epitope tags were used in immunocytochemistry to label fixed cells. Both anti-FLAG and

anti-GFP antibodies detected Synj1 protein which higher magnification indicates was

localized to the cytosol (Fig. 1A). Cell lysates were harvested from the stable cell line and

were then subjected to FLAG-affinity chromatography. Human Synj1-GFP-FLAG appeared

as a ~170 kDa single band in SDS-PAGE followed by coommassie staining (Fig. 1B). The

identity of this band was further confirmed by Western blot analysis using anti-Synj1 and

anti-FLAG antibodies (Fig. 1C). These analyses indicated that Synj1 was highly enriched in

the elution fraction. In order to determine whether the purified Synj1 harbored catalytic

activity (conversion of PI(4,5)P2 into PI4P), Synj1-FLAG was incubated with PI(4,5)P2

labeled with a BODIPY fluorescent tag [BODIPY-PI(4,5)P2]. Incubation of recombinant

Synj1 with BODIPY-PI(4,5)P2 resulted in increased accumulation of PI4P, indicating that

the 5-phosphatase domain of Synj1 is catalytically active (Fig. 1D)29. Since significant lipid

phosphatase activity is associated with rat brain cytosol (RBC), it was used as a positive

control for conversion of PI(4,5)P2 to PI(4)P (Fig. 1D). In addition to 5-phosphatase

activity, Synj1 also has 4-phosphatase activity mediated by the Sac domain, however, 4-

phosphatase activity associated with the Sac domain was not detectable after purification,

consistent with the propensity of the catalytic cysteine to rapidly oxidize (Fig. 1D).11,29

Synj1 was stored at −80°C without significant loss of 5-phosphatase enzyme activity (data

not shown). This indicates that recombinant Synj1 is catalytically active and can be purified

without loss of 5-phosphatase activity.

Fluorescent Assay for Synj1 Activity

To detect Synj1 enzymatic activity a fluorescent phosphatase detection reagent kit (PiPer,

Molecular Probes, Life Technologies) was used to detect the loss of phosphate from

PI(4,5)P2. This assay detects free phosphate liberated by phosphatase activity through a

series of oxidative reactions leading to the formation of the fluorescent product, resorufin.

Maltose phosphorylase converts maltose into glucose 1-phosphate and glucose in the
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presence of free phosphate. Glucose is then oxidized by glucose oxidase to form

gluconolactone and H2O2 which drives the formation of resorufin from the non-fluorescent

Amplex Red reagent using horseradish peroxidase (HRP) as a catalyst (Supplemental Fig.

1). The Synj1 assay reaction included purified recombinant Synj1-FLAG and water-soluble

short chain lipid species, either diC8-PI(4,5)P2 or diC8- PI(3,4,5)P3. Phosphate liberation

was proportional to the fluorescence of resorufin. Assay signal was normalized to the total

fluorescence elicited by inclusion of 10μM H2O2 in a control reaction which drives

generation of resorufin (Supplemental Fig. 1) Phosphate content of reactions was quantified

by comparison to a standard curve of potassium phosphate (Supplemental Fig. 2).

Incubation of Synj1 with soluble lipid substrate and phosphatase assay reagents resulted in

an increase in fluorescence over time which was dependent on the lipid concentration (Fig.

2A). Specific activity was expressed in Relative Fluorescent Units (RFU) after subtracting

the background fluorescence of reactions lacking either substrate (no Subst), enzyme (no

Enz) or both substrate and enzyme (Rxn Mix only) shown in Fig. 2B. At 100 minutes after

assay start, specific activity of 100ng Synj1 was determined for known substrates PI(4,5)P2

and PI(3,4,5)P3. The relative apparent Km for Synj1 acting on PI(4,5)P2 was determined to

be 138.5 (± 8.6) μM (Fig. 2C).

We next wanted to determine if the assay could detect substrate selectivity profiles for Synj1

which has reduced activity toward PI(3,4,5)P3 relative to PI(4,5)P2.11,12,30 Synj1 was

incubated in the presence of increasing amount of diC8-PI(3,4,5)P3 and background

fluorescence (no substrate) was subtracted to obtain specific activity. The relative apparent

Km for Synj1 acting on PI(3,4,5)P3 in this assay system was determined to be 438.5

(±130.4) μM (Fig. 2C). The substrate specificity constant kcat/Km for PI(4,5)P2 was 3.6×105

M−1s−1 while for PI(3,4,5)P3 it was slightly lower at 2.1×105 M−1s−1, indicating PI(4,5)P2 is

a better substrate for Synj1.

To analyze the assay parameters for dependence on lipid and enzyme concentration, we

incubated increasing amounts of enzyme with varying concentration of diC8-PI(4,5)P2.

These experiments indicated that assay was dependent on concentration of the Synj1

enzyme (Fig. 2D). At substrate concentrations less than 30 μM, Synj1 activity was limited

by substrate concentration. At a substrate concentration of 30 μM, Synj1 activity was no

longer dependent on the concentration of substrate and was linear with concentration of

Synj1 indicating substrate was in excess (Fig. 2D). Our data indicate that the assay is able to

detect Synj1 activity recapitulating a relative substrate selectivity profile for PI(4,5)P2 and

PI(3,4,5)P3.30 The assay is also dependent on Synj1 enzyme concentration and is linear at

concentrations of substrate in excess of 30 μM. This indicates that the assay shows

dependence on substrate and enzyme concentration which are critical parameters for

measuring enzymatic properties.

Lipid Phosphatase SHIP2 Substrate Selectivity

Lipid phosphatases can catalyze the 5′-phosphatase reaction with different lipid species as

substrates. Previous studies indicate that SHIP2 activity toward PI(4,5)P2 is minor compared

to activity toward its preferred substrate PI(3,4,5)P3.32 To test whether this assay system

could detect SHIP2 activity and its substrate selectivity, recombinant SHIP2 was incubated
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with PI(3,4,5)3 or PI(4,5)P2. The assay was able to detect activity of SHIP2 for its preferred

substrate PI(3,4,5)P3. Detection of phosphate liberation from PI(3,4,5)P3 by SHIP2 was

apparent 40 minutes after assay start and increased with time (Fig. 3A). Additionally, a low

level of fluorescence was detected from reactions containing PI(4,5)P2 and SHIP2 in this

assay but did not accumulate to detectable levels (over background fluorescence from

reactions containing PI(4,5)P2, but no enzyme) until a much later time point, 100 minutes

(Fig. 3B). Since we observed only minor signal strength it is plausible that this is indicative

of phosphate liberation from PI(4,5)P2 by SHIP2 activity which has been previously

described as lower than its activity with PI(3,4,5)P3.32 For specific activity determination,

background fluorescence from reactions lacking Synj1 enzyme (no Enz) was subtracted

from the total fluorescent signal from experimental reactions (Fig 3B). The specific activity

of SHIP2 toward PI(3,4,5)P3 yielded a relative apparent Km of 383.3 (±190.6) μM and

kcat/Km for PI(3,4,5)P3 was 9.5×104 M−1s−1 (Fig. 3C). This indicates that the assay is

amenable to study of SHIP2 as well as Synj1 and has potential to be adapted for use with

additional lipid phosphatases.

To determine if the assay was able to detect small molecule-mediated inhibition of lipid

phosphatase activity, we wanted to test a known lipid phosphatase inhibitor. Since there are

currently no inhibitors of Synj1 activity, we used a well characterized selective inhibitor of

SHIP2 enzymatic activity, AS1949490.22 SHIP2 was incubated with AS1949490 in the

presence of excess lipid substrate, 100μM PI(3,4,5)P3, resulting in reduction of SHIP2

activity. SHIP2 activity was inhibited with a Km of 0.625 (±0.12) μM, comparable to the

published Km for AS1949490 of 0.62 μM (Fig. 3D).22 It has been previously reported that

this SHIP2 selective inhibitor was unable to inhibit Synj1 activity at concentrations up to

50μM.22 In order to determine if the selectivity of this compound is reflected in this assay,

we incubated Synj1 with excess lipid substrate, 100μM PI(4,5)P2, in the presence of up to

100μM AS1949490. There was no inhibition of Synj1 activity at any concentration (Fig.

3D). We also determined if AS1949490 was able to inhibit any components of the

enzymatic detection of phosphate liberation. AS1949490 up to 100μM did not inhibit

detection of 100μM free phosphate by assay enzymes (data not shown). This indicates that

the assay is able to accurately detect inhibition of lipid phosphatases.

Assay Optimization and Miniaturization

Assay parameters of Synj1 activity toward PI(4,5)P2 were first examined in the 96-well

plate platform to gage potential adaptability for high throughput screening (HTS). Synj1-

FLAG was incubated with increasing concentrations of diC8-PI(4,5)P2. Using lipid substrate

concentrations greater than 8 μM yielded Z′-factor (an assay sensitivity factor which

accounts for standard deviation of negative and positive controls) of greater than 0.5,

indicating that the assay is suitable for HTS (Fig. 4A).31 We addressed additional metrics of

assay performance and sensitivity which include signal to background (S:B) and coefficient

of variation (%CV) (see methods for calculations). Typically, an assay with S:B greater than

2-fold and %CV value <15% is considered a robust assay suitable for performance in

HTS.31 Both of these metrics validated assay parameters (Fig. 4B–C).
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For potential use in 384-well platform, the assay volume was miniaturized to 50 μl, a

volume which is amenable to 384-well platform (Fig. 5A–D). Specific activity displayed

Michaelis-Menten enzyme kinetics with an apparent Km of 27.8 (±5.2) μM (Fig. 5A). The

reduced Km compared to that obtained in the larger volume (Fig. 2) may be due to improved

mixing in the smaller volume or reduced absorption of lipid substrate or enzyme to well

surface area since both volumes were assayed in 96-well plates. Enzyme activity was

determined in the miniaturized volume with lipid substrate in excess (100 μM) and found to

display linear activity dependence on enzyme concentration (Fig. 5B).

The Z′ factors were calculated for each time point for the miniaturized experiments with

increasing substrate concentration as well as increasing Synj1 enzyme amount (Fig. 5A–B).

Calculated Z′ factor of miniaturized volumes showed dependence on substrate

concentration (Fig. 5C). However, when substrate was in excess at 100 μM and only the

amount of Synj1 was varied (Fig. 5B), the Z′ factor did not show dependence on enzyme

concentration and was greater than 0.5 for all concentrations at each time point assayed (Fig.

5D). These results indicate that Synj1 activity is highly dependent on substrate concentration

which should be used in excess for a screening assay. Therefore, this miniaturized screening

assay is suitable for the identification of small molecule inhibitors of Synj1.

Since many compounds which are often used in HTS are dissolved in DMSO as a solvent,

we next determined the assay sensitivity to DMSO. DMSO up to 5% did not inhibit assay

component enzymes from detecting 100μM free phosphate (Supplemental Fig. 3). However,

DMSO inhibited Synj1 activity approximately 10–15% at concentrations typically used for

HTS 0.1–1% (Supplemental Fig. 3). Future studies will require careful consideration for

inclusion of the same concentration of DMSO in control and experimental conditions.

DISCUSSION

To date there are no known small molecule inhibitors of Synj1 phosphatase activity.

Successful identification of small molecule inhibitors for SHIP2, a lipid phosphatase target

for type-2 diabetes,21–22 suggests that Synj1, also a type II polyphosphate-5-phosphatase,

might also be chemically tractable. Our current studies establish a convenient and reliable

screening assay which will enable discovery of small molecule inhibitors of Synj1 activity.

In order to effectively develop and miniaturize an assay for lipid modifying enzymes

suitable for HTS, the lipid substrates are a critical determinant.33 The water-soluble short

chain di-C8 lipid substrates used in this assay have advantages over the prevalent use of

radiolabeled substrate precluding HTS. Further, the commonly used BODIPY labeled

substrate has the potential to lead to steric interactions with small molecule inhibitors or to

interfere with enzyme kinetics as well as being cost prohibitive. Additionally, as opposed to

malachite green, which requires absorbance reading from a quenched, end-point assay, the

use of the real time fluorescent probe in this assay, resorufin, allows multiple fluorometric

reads at multiple times points within one assay. It also uniquely enables normalization to

total resorufin fluorescence driven by H2O2 for each assay plate. Thus, this strategy for lipid

phosphatase activity is an improvement over prior assays such as use of radiolabeled

substrate or malachite green and is uniquely suited for HTS.
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One potential limitation of the assay is enzyme-dependent detection of free inorganic

phosphate opposed to chemical detection of free phosphate in the malachite green based

assay. Small molecules have the potential to inhibit one or both of the reactions subsequent

to Synj1 liberation of free inorganic phosphate leading to false positive hits. In order to rule

out potential false positives, a counter screen without Synj1 is required to determine if small

molecules which are potential hits will also inhibit either maltose phosphorylase or glucose

oxidase which drive the formation of the fluorescent resorufin (Supplemental Fig. 1).

In addition to AD, Synj1 inhibitors might also have utility in Down Syndrome (DS) and

other neurological diseases. Synj1 maps to human chromosome 21 and is overexpressed in

trisomic models of DS, a condition characterized by severe mental retardation that is

invariably associated with AD pathology in middle-aged individuals.12 Overexpression of

Synj1 in transgenic mice caused a decrease in brain PI(4,5)P2 levels, which correlated with

cognitive deficits.12 Therefore, small molecules able to selectively and potently inhibit

Synj1 activity have implications in both AD as well as Down Syndrome. Beneficially, the

phosphatase activity assay could be adapted to target other lipid phosphatases, including

ORCL and Fig 4. Loss of ORCL function is implicated in oculocerebrorenal syndrome of

Lowe and Dent 2 disease10 while Fig 4 is mutated in a novel form of Charcot-Marie-Tooth

disorder, CMT4J.34 Fig 4 is also mutated in the sporadic and familial Amyotrophic Lateral

Sclerosis.35 Unlike AD and DS, these disease targets may benefit from agonists of enzyme

activity which could also be identified by this assay. Despite this apparent need,

pharmacological interventions targeting phosphoinositide phosphatases are currently

limited.

Selectively targeting protein tyrosine phosphatases (PTP) with high affinity has been

challenging due to the high degree of structural similarity of the active sites.14 In contrast to

PTP, the inositol 5-phosphatase catalytic (IPP5C) domain, common to Synj1 and 5-

phosphatases, is composed of an active site His and Asp pair coordinating a cation (typically

Mg2+) resembling the active site of serine/threonine-protein phosphatases.15,16 However, the

catalytic domain lacks the classical CX5R(T/S) motif present in other protein and lipid

phosphatases.36,37 Despite the common IPP5C shared by 5′-phosphatases, SHIP2 inhibitors

display 30-fold higher affinity for SHIP2 over SHIP1 and Synj1.22 As such, the challenges

of targeting protein phosphatases may not hinder discovery of selective and potent small

molecules for Synj1 inhibition.

Selective and potent small molecules can be used as chemical probes to better temporally

modulate cellular processes in a dose dependent manner. They are vital and invaluable tools

for discerning cellular and molecular pathways underlying complex and multi-factorial

phenotypes such as Synj1-mediated modulation of synaptic pathobiology relevant to AD.

Development and validation of this assay is the first critical step toward identifying

candidate small molecules with promise for targeting neurodegenerative diseases in a novel

way by harnessing lipid phosphatases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Expression and purification of active Synj1 from HEK-239T cells
(A) HEK-293T cells stably expressing Synj1-GFP-FLAG labeled with indicated antibodies. Image was acquired with a 40x

objective on an Olympus IX81 microscope using image analysis software Slidebook version 5.0. (B) Commassie stained gel

showing aliquots from purification scheme of Synj1-GFP-FLAG. (C) Western blot detection of Synj1-GFP-FLAG using

Synaptojanin 1 and FLAG specific antibodies. (D) Purified Synj1-GFP-FLAG phosphatase activity was detected using BODIPY

labeled lipids and a positive control for lipid phosphatase activity, rat brain cytosol (RBC).
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Fig. 2. Detection of inorganic phosphate release from PI(4,5)P2 by Synj1
(A) Detection of inorganic phosphate release from PI(4,5)P2 by purified Synj1 shown in specific activity relative fluorescent

units (RFU) after background fluorescence is subtracted. (B) Background fluorescence in reactions without lipid substrate (no

Subst), without enzyme (no Enz) or without both substrate and enzyme (Rxn Mix only) compared to total activity detected from

Synj1 and 240 μM PI(4,5)P2. (C) Selectivity of phosphatase activity of Synj1 for PI(4,5)P2 over PI(3,4,5)P3 shows Michaelis-

Menten kinetic analysis for increasing concentration of substrate. (D) Dependence of specific activity on increasing

concentrations of Synj1 at three different concentrations of PI(4,5)P2. Results are representative of at least two independent

experiments.
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Fig. 3. Lipid phosphatase assay using SHIP2
(A) SHIP2 phosphatase activity with 120 μM preferred substrate PI(3,4,5)P3 compared to minimal activity toward 120 μM

PI(4,5)P2 with respect to time. Specific activity in relative fluorescent units is shown for which background fluorescence has

been subtracted at each time point. (B) Total activity of SHIP2 toward 120 μM PI(3,4,5)P3 and background fluorescence of

reaction without enzyme (no Enz). (C) Specific activity with respect to increasing concentration of lipid substrate at 100 minutes

after assay start. (D) SHIP2 and Synj1 activity in presence of AS1949490 shown as % SHIP2 activation after normalization to

phosphate standard curve and calculation of phosphate liberated per minute (μM/min). Error bars represent standard error of the

mean.
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Fig. 4. Optimization of Synj1 activity assay
(A) Z′ factor calculated for each time point for specific activity of 100 ng Synj1 at differing lipid concentrations. (B) Signal to

Background (S:B) is shown for Synj1 activity compared to background fluorescence in control without enzyme (C) % CV is

shown for variance of Synj1 activity compared to specific Synj1 activity. Results are representative of at least two independent

experiments.
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Fig. 5. Miniaturization of Synj1 activity assay
(A) Synj1 specific activity with increasing concentrations of PI(4,5)P2 in miniaturized reaction with 50 ng of Synj1 in 50μL

reaction volume. (B) Specific activity of increasing concentrations of Synj1 enzyme in a 50 μl final reaction volume with 100

μM PI(4,5)P2. (C–D) Corresponding Z′ factors for varied lipid concentration in reactions with excess enzyme and (C) and

varied enzyme concentrations in reactions with excess substrate (100 μM). Results are representative of at least two independent

experiments.
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