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ABSTRACT. Protein serine/threonine phosphatase 2A (PP2A) is a critical regulator of numerous cellular
signaling processes and a potential target for reactive electrophiles that dysregulate phosphorylation-
dependent signal transduction cascades. The predominant cellular form of PP2A is a heterotrimeric
holoenzyme consisting of a structural A, a variable B, and a catalytic C subunit. We studied the modification
of two purified PP2A holoenzyme complexes (ABacC and ABSr acC) with two different thiol-reactive
electrophiles, biotinyl-iodoacetamidyl-3,6-dioxaoctanediamine (PEO-IAB) and the biotinamide-4-[4
(maleimidomethyl)cyclohexanecarboxamido]butane (BMCC). In vivo treatment of HEK 293 cells with
these electrophiles resulted in alkylation of all three PP2A subunits. Electrophile treatment of the
immunopurified FLAG-tagged holoenzymes produced a concentration-dependent adduction of PP2A
subunits, as observed by Western blot analysis. Although both electrophiles labeled all three PP2A subunits,
only BMCC inhibited the catalytic activity of both holoenzymes. Alkylation patterns in the A and B
subunits were identical for the two electrophiles, but BMCC alkylated four Cys residues in the C subunit
that were not labeled by PEO-IAB. Homology between the catalytic subunits of PP1 and PP2A enabled
generation of a comparative model structure for the C subunit of PP2A. The model structure provided
additional insight into contributions of specific BMC&ys adducts to PP2A enzyme inhibition. The
results indicate that site selectivity of protein adduction should be a critical determinant of the ability of
electrophiles to affect cellular signaling processes.

Reversible phosphorylation of proteins is one of the most dephosphorylationd). Furthermore, reversible inhibitory
crucial chemical reactions carried out by living organisms modification of serinethreonine phosphatases by thiol
and plays a critical role in the regulation of cellular processes disulfide exchange and intermolecular disulfide formation
(2). This posttranslational modification alters properties of demonstrated that protein phosphatases are oxidant-sensitive
key regulatory proteins involved in specific pathways. (4) and may serve as sensors for cellular stress responses.
Changes in the state of protein phosphorylation are regulated The modification of serinethreonine phosphatases by
by protein kinases, which catalyze the formation of phosphate pxidants and electrophiles takes on broad significance when
monoesters, and protein phosphatases, which reverse phogonsidered in the context of oxidative stress and drug or
phorylation by hydrolysis3). Recent evidence suggests that chemical toxicity. Electrophilic products of xenobiotic

protein phosphorylation on either serifiireonine or ty-  metabolism and endogenous oxidative stress activate specific
rosine residues can be modulated by exogenously or intra-stress signaling network§+7). Although electrophiles may
cellularly produced reactive oxygen speci&. (Endoge-  modify many proteins at once, some of these reactions may

nously produced hydrogen peroxide, a mild oxidant that can pe particularly significant because they affect important
oxidize cysteine residues in proteins, is a potent and control points for regulatory networks. The challenge in
reversible inhibitor of protein tyrosine phosphatases that deciphering protein alkylation damage is in associating the
affects tyrosine kinase signaling by inhibiting protein tyrosine selectivity of adduction with selectivity of effects. Thus,

studies of specific proteins with significant roles in signaling
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and substrate selectivity. Within each seritlereonine
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napolis, IN), and PP2A catalytic subunit mouse monoclonal

phosphatase gene family, the catalytic domains are highly antibody was from BD Biosciences Pharmingen (San Diego,

conserved, with functional diversity conferred by regulatory
domains and subunit).
Protein subunits of the PP2A holoenzyme may be modified

CA). Okadaic acid was from Calbiochem (San Diego, CA),
and microcystin-LR was from Alexis Biochemicals (San
Diego, CA). The generation and characterization of affinity-

by electrophiles involved in cellular damage. Previous studies purified A- and Bx/o-specific antibodies were as reported

showed that chemical modification of sulfhydryl residues

previously (3). All other chemical reagents were purchased

within the catalytic subunits of protein phosphatases 1 and from commercial sources and were used without further

2A by thiol reactive reagents inactivated both enzynié€. (

purification. All solutions were prepared fresh before each

These two enzymes are structurally related, and their catalyticuse.

subunits share about 50% sequence iden8}y lowever,
the mechanisms by which cellular thiol-reactive electrophiles
inhibit the activity of the PP1 and PP2A enzymes, as well

In Vivo Treatment with Biotin-Linked ElectrophildsEK
293 cells were grown in DMEM supplemented with 10%
fetal bovine serum, 2 mM glutamine, 126 mL™* penicillin,

as the identities of target cysteine residue(s), remain unclearand 100ug mL™* streptomycin. Confluent cells plated in

To probe the effects of electrophiles on PP2A enzymes,
we employed two prototypical thiol-reactive electrophiles,
PEO-IAB and BMCC, which represent thiol-modifying

150 mm dishes were washed with cold phosphate-buffered
saline and incubated with 1QfM IAB, PEO-IAB, BMCC,
or an equal volume of vehicle delivered in 10 mL of DMEM

chemistries exhibited by a broad range of endogenoussupplemented with 5% fetal bovine serum. Vehicle was

electrophiles and by environmentally and pharmacologically
relevant agentss( 6, 11, 12). The iodoacetamide moiety in
PEO-IAB reacts with thiols by any\@ mechanism involving
displacement of the iodide leaving group by the thiol,
whereas the maleimide moiety of BMCC is a Michael
acceptor, in which thiols react with aa,-unsaturated
carbonyl system. We studied the modification of two purified
FLAG-tagged PP2A holoenzymes (AB acC and ABjr AcC)

by these electrophiles. Although both electrophiles labeled
all PP2A subunits for both holoenzymes, only the
alkylmaleimide BMCC decreased PP2A catalytic activity.
Adduct mapping by LC-MS-MS identified distinct modifica-
tion patterns for the catalytic subunit of PP2A by the
electrophiles. Differences in the adduction patterns provide
insights into functionally critical residues and underscore the
importance of site-specific reactions in determining the
consequences of protein damage by electrophiles.

EXPERIMENTAL PROCEDURES

Materials. DMEM and fetal bovine serum were purchased
from GIBCO (Rockville, MD). L-Glutamine, leupeptin,
aprotinin, pepstatin, iodoacetamide, anti-FLAG M2 agarose,
and anti-FLAG rabbit antibody were purchased from Sigma-
Aldrich (St. Louis, MO). TCEP, IAB, PEO-IAB, and BMCC
were from Pierce (Rockford, IL), and modified porcine
sequencing grade trypsin was from Promega (Madison, WI).
Penicillin, streptomycin, blasticidin, and hygromycin B were
from Invitrogen (Carlsbad, CA). AlexaFluor680 conjugated
fluorescent secondary antibodies were obtained from Mo-

dimethyl sulfoxide at 0.3% of total volume. Cells were
exposed to electrophilesrfd h at 37°C in an atmosphere
of 95% air/5% CQ, then washed twice with ice-cold
phosphate-buffered saline, and lysed in 1.5 mL of cold lysis
buffer (50 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1
mM DTT, and 1% NP-40, pH 7.0, supplemented with
protease inhibitor cocktail, 1.0 mM phenylmethanesulfonyl
fluoride, 1.0 mMN-ethylmaleimide, 1Q:g mL~* leupeptin,
10 ug mL™t aprotinin, and 1Qig mL~! pepstatin) for each
plate. The lysate was centrifuged at 109d6r 10 min to
remove cellular debris, and the total protein concentration
of the supernatant was determined by the BCA protein assay
(Pierce).

Immunoblot Analysis of Electrophile-Treated HEK 293
Cells. To determine whether PP2A holoenzymes were
alkylated by the biotinylated electrophiles in vivo, lysates
from treated cells (prepared as described above) were
incubated with streptavidinagarose beads-@ mg of protein
per 1 mL?! of bead slurry) fo 1 h with rotation at room
temperature. The bound proteins were washed three times
with the above lysis buffer contairgnl M NacCl, twice with
0.1 M ammonium bicarbonate, pH 8.0, and once with
deionized water. After each wash step, the beads were
centrifuged at 10009 for 1 min, and the supernatant was
discarded. The bound proteins were released from the beads
by eluting the beads three times with 1 mL of 25%
acetonitrile and 1.5 M formic acid for 20 min, while rotating
the reaction tube at room temperature. The eluted fractions
were pooled together and concentrated to 1400using

lecular Probes (Eugene, OR), and IRDye800 conjugated 10000 molecular weight cutoff Amicon Ultra concentrators

fluorescent secondary antibodies were obtained from Rock-

land Immunochemicals (Gilbertsville, PA). Anti-biotin mouse
monoclonal antibody was purchased from Roche (India-

! Abbreviations: ABRxracC, protein phosphatase 2A holoenzyme
containing A subunit, FLAG-tagged B subunit, and C subunit;
ABOracC, protein phosphatase 2A holoenzyme containing A subunit,
FLAG-tagged B subunit, and C subunit; BMCC, biotinamido-4-{4
(maleimidomethyl)cyclohexanecarboxamido]butane; DiIFMUP, 6,8-
difluoro-4-methylumbelliferyl phosphate; DMEM, Dulbecco’s modified
Eagle’s medium; DTT, dithiothreitol; ER, endoplasmic reticulum; IAB,
N-iodoacetyIN-biotinylhexylenediamine; LC-MS-MS, liquid chroma-
tography-tandem mass spectrometry; MS-MS, tandem mass spec-
trometry; PEO-IAB, biotinyl-iodoacetamidyl-3,6-dioxaoctanediamine;

PP1, protein phosphatase 1; PP2A, protein phosphatase 2A; TCEP, tris

(2-carboxyethyl)phosphine.

(Millipore, Bedford, MA), and the buffer was exchanged
using the concentrator with 2 mL of 0.1 M ammonium
bicarbonate, pH 8.0. Aliquots of the protein eluates42»
then were subjected to immunoblot analyses.

Both crude cellular lysate from treated cells and adducted
proteins purified by streptavidin capture as described above
were resolved by 10% SDSAGE using NUPAGE Bis-
Tris gels (Invitrogen). The proteins were electrophoretically
transferred to a nitrocellulose membrane (Invitrogen) and
probed with antibodies for A, &6, and C subunits or mouse
anti-biotin. AlexaFluor680-labeled goat anti-rabbit secondary
antibody was used to detect A andB subunits, and

AlexaFluor680-labeled goat anti-mouse antibody was used

to detect C subunit and biotinylated proteins. Immunoreactive
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proteins were visualized using the Odyssey infrared imaging was 200uL. All the assays were carried out at 3Z for 10
system and Odyssey software as described by the manufacmin. Fluorescence of the DiFMUP hydrolysis product was

turer (Li-Cor, Lincoln, NE).

Expression and Purification of PP2A ABAcC or
ABOracC HoloenzymesBoth FLAG-tagged B- or Bo-
containing PP2A holoenzymes were purified from HEK
T-Rex cells as previously describeti3( 14). Briefly, cell

measured at 10 s intervals using excitation and emission
wavelengths of 358 and 455 nm, respectively. Background
fluorescence (FLAG eluates of immunoprecipitation from

empty vector cells) was subtracted from the raw data.
Statistical analysis was performed using GraphPad Prism 4

lines stably expressing plasmids encoding FLAG-tagged B (GraphPad Software, San Diego, CA).

subunits (Birac and Bdriag) in a tetracycline-inducible
system were maintained in DMEM supplemented with 10%
FBS, 5ug mL™* blasticidin, and 17%g mL~* hygromycin

B. Cell extracts were prepared 48 h post-tetracycline induc-

tion of protein expression. A stable HEK T-Rex cell line

expressing the empty vector was used as control. FLAG-

tagged proteins were immunopurified using anti-FLAG M2

Competition Analysid-or competition experiments, puri-
fied PP2A holoenzymes were pretreated withM micro-
cystin or 1uM okadaic acid (concentrations that are known
to inhibit PP2A holoenzymes) for 30 min at 37C.
Subsequently, samples were incubated with BMCC for 30
min at 37°C at a final concentration of 26M. The adduct
formation reaction was quenched by the addition of DTT to

agarose and eluted from the beads with the FLAG peptide.a final concentration of 5 mM. The reaction mixture was

Aliquots of the purified holoenzymes were resolved by 10%
SDS-PAGE and analyzed by immunoblotting with specific

characterized by immunoblotting with anti-biotin mouse
monoclonal antibody, and the modifications were analyzed

antibodies recognizing the FLAG epitope and PP2A subunits by LC-MS-MS.

(A, Ba/o, or C).

Immunoblot Analysis of in Vitro Electrophile Treatment
of PP2A Holoenzymeg&qual amounts of FLAG eluates of
immunoprecipitation from an empty vector,aBag, Or
Borac expressing cells were incubated with increased
concentrations of electrophile for 30 min at 37 to generate
protein adducts. Due to their different reactivity toward

In-Gel Digestion of Adducted ProteinEqual amounts
(~500 uL) of FLAG eluates of immunoprecipitation from
an empty vector, Brag, Or Borac €Xxpressing cells were
incubated with either 2aM BMCC or 100uM PEO-IAB
for 30 min at 37°C to generate protein adducts. The adduct
formation reaction was quenched by the addition of DTT to
a final concentration of 5 mM, and the reaction mixture was

proteins, the electrophiles were used over a different concentrated to 50L using 10000 molecular weight cutoff

concentration range, with PEO-IAB varying between 0 and
100 uM and BMCC varying between 0 and 2BM. The

Amicon Microcon filters (Millipore). Unreacted DTT and
BMCC were washed out by buffer exchange with 0.1 M

adduct formation reaction was quenched by the addition of ammonium bicarbonate, pH 8.0, using the same technique.

DTT to a final concentration of 5 mM. Adduct formation
was characterized by immunoblotting with an anti-biotin
mouse monoclonal antibody.

Protein Phosphatase Aetty Measurements of Electro-
phile-Treated PP2A Holoenzymé&adiolabeled PKA-phos-

Adducted proteins were resolved by 10% SEFAGE using

NuPAGE Bis-Tris gels and stained with colloidal Coomassie
blue (Invitrogen). Bands corresponding to individual subunits
were excised from the gel and digested in-gel with trypsin

17.

phorylated histone H1 was prepared as described previously LC-MS-MS AnalysesLC-MS-MS analyses were per-

(15, 16). Electrophile-treated PP2A holoenzymes9(ng)
were assayed for phosphatase activity in auhOreaction
mixture containing phosphatase assay buffer®@Rdabeled
histone H1 {4). After 15 min incubation at 30C, the

formed with a Thermo LTQ instrument (Thermo Electron,
San Jose, CA) equipped with a Thermo Surveyor solvent
delivery system, autosampler, and a microelectrospray source.
Peptides were resolved on a 106 x 11 cm fused silica

reactions were terminated by the addition of trichloroacetic capillary column (Polymicro Technologies, LLC, Phoenix,
acid to a final concentration of 20%. The samples were AZ) packed with 5um, 300 A Jupiter C18 (Phenomenex,
incubated on ice for 30 min, and proteins were pelleted by Torrance, CA). Liquid chromatography was carried out at

centrifugation at 13009 for 10 min. Supernatants were
collected and quantified foJP]R release by liquid scintil-
lation counting. Less than 20% of total phosphorylated

ambient temperature at a flow rate of 6 min~! using a
gradient mixture of 0.1% (v/v) formic acid in water (solvent
A) and 0.1% (v/v) formic acid in acetonitrile (solvent B).

substrate was dephosphorylated during the assays, thu®eptides eluting from the capillary tip were introduced into
ensuring that substrate was not limiting. Statistical analysis the LTQ source with a capillary voltage of approximately
was performed using GraphPad Prism 4 (GraphPad Software2.4 kV. The heated capillary was operated at 16Gand 40

San Diego, CA).

V. MS-MS spectra were acquired in the data-dependent

For phosphatase assays using DIFMUP as a substratescanning mode consisting of a full scan obtained for eluting

electrophile-treated A& AcC or ABOracC holoenzymes
were diluted with phosphatase assay buffer (50 mM Tris-
HCI, pH 7.0, 0.1 mM CaGJ and 3.2 mg mL* bovine serum
albumin) to a final volume of 8@L. Phosphatase assays
were performed in a 96-well microplate using a FLEXstation
(Molecular Devices, Sunnyvale, CA) with Softmax Pro 4.3.1
DD software (Molecular Devices). The fluorogenic substrate,
DIFMUP (Molecular Probes, Eugene, OR) was diluted in
50 mM Tris-HCI, pH 7.0, and added by the FLEXstation
arm in a volume of 12QuL to each well (for a final
concentration of 10@M); the final volume for each reaction

peptides in the range of 35@2000 amu followed by four
data-dependent MS-MS scans. MS-MS spectra were recorded
using dynamic exclusion of previously analyzed precursors
for 30 s with a repeat duration of 2 min. MS-MS data were
analyzed using the SEQUEST algorithm8) to evaluate
protein coverage and to identify spectra of protein adducts.
Mass shifts of+533, +414, and+430 corresponding to
BMCC, PEO-IAB, and oxidized PEO-IAB were used as
variable modifications to identify spectra of adducts. The
P-Mod program was also used to identify MS-MS spectra
corresponding to alkylated PP2A peptide sequent@sAll
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adducts were characterized by mass shifts of the b- and

y-series ions that confirmed sequence localization. ol ol el
Molecular Modeling and Visualizatiof.o visualize sites =z 03 3 o3
of BMCC adduction within the PP2A catalytic subunit o o
protein structure, a preliminary molecular model of the PP2A Al Streptavidin
catalytic domain was constructed using chain A from the Lysate Capture

_CrySta' structure of the catalytic subunit of the RP_ﬂrotein Ficure 2: In vivo identification of the PP2A holoenzyme as a target
isoform (PDB ID 1S70) that featured two copies of the of alkylation-induced cellular stress. HEK 293 cells were incubated
protein in the crystallographic unit cell. EsyPred3D, a new with 100uM IAB, PEO-IAB, BMCC, or vehicle (DMSO) for 4 h

automated homology modeling webserva)( was utilized at 37°C. After cell lysis, the biotinylated proteins were precipitated
to obtain the initial model. The EsyPred3D alignment using immobilized streptavidin. An aliquot of the treated lysates

lorith K f i i and streptavidin-captured proteins was resolved by -SBSGE,
algorithm makes use of consensus multisequence alignmentggnserred to nitrocellulose membranes, and immunoblotted with

that are combined, weighted, and screened using artificial an anti-biotin antibody (upper panel) or antibodies recognizing A,
neural network pattern recognition algorithms. This approach Bo/d, or C subunits (lower panels).

produced enhanced sequence alignments and identified the

PP16 protein isoform (Figure S10, Supporting Information)
as the best template structure for modeling the catalytic
subunit of PP2A. The model-building algorithm in this
program makes use of the comparative modeling software
package Modeller to construct the coordinates of the PP2A
protein. The resulting initial model for PP2A was aligned to
the protein backbone structure of microcystin-adducted PP1
(PDB ID 1FJM) to obtain positions for coordinated Mn
ions in the PP2A catalytic subunit active site (Figure S11,
Supporting Information). Preliminary model building com-
e i sl Inpecton alded our Postoning of e The reate: degree of acuction was observed i 45
relative to important catalytic residues in the PP2A enzyme Whli)cl:h s thle _sma;llest and_dmost lipid 30|Uble. prc;be. Immu—d
active site. The UCSF Chimera software package was used© otanalysis of streptavidin-captured proteins from treate

for all molecular visualization and generation of Figures 7 cells with antibodies specific for individual A, &0, or C
) 0 g 9 ' subunits of PP2A indicated that all three were adducted by
8, and S11 (Supporting Information1).

the electrophiles.

were analyzed by immunoblotting with anti-biotin mouse
monoclonal antibody (Figure 2). Detection of the biotin-
adducted proteins in the streptavidin-purified samples by the
anti-biotin antibody demonstrated that all three thiol-reactive
electrophiles covalently bind to cellular proteins and that
adducts are stable in the presence of denaturants. We also
noticed that each compound exhibited a different pattern of
adduction, which suggested that different adduction chem-
istries can affect specificity for cellular targets. These
observations are consistent with other recent studiés (

RESULTS In Vitro Treatment of PP2A Ad&-1acC or ABdracC
Holoenzymes with BMCC Decreases Protein Phosphate
Reactve Electrophiles Alkylate PP2A in Intact CellEo Activity. Since there are many phosphatases present in the

investigate the effects of covalent adduction on the enzymaticintact cell and no assay to easily distinguish among them,
activity of PP2A and to evaluate the mechanism of inhibition we could not directly evaluate the effects of alkylation on
of this enzyme, we employed three thiol-reactive electro- PP2A enzymatic activity in vivo. To investigate the sites of
philes, 1AB, PEO-IAB, and BMCC, which display two adduction by different electrophiles and the effects on
distinct reactive chemistries (Figure 1). We have used theseenzymatic activity of adducted species, two PP2A holoen-
probes in other recent studies and have shown that theyzymes (ABxr acC or ABdracC) were incubated in vitro
penetrate cells, bind covalently to proteins, and activate with increasing concentrations of electrophiles. Due to their
specific stress response$l). We also have defined the different reactivities toward the proteins, the electrophiles
characteristics of covalent thiol adduction by these probeswere used over different concentration ranges, with PEO-
on a proteomic scalelp). IAB varying between 0 and 108M and BMCC varying

To determine whether PP2A subunits are alkylated by between 0 and 2xM. Electrophile concentrations were
electrophiles in vivo, both crude cellular lysate from treated maintained as low as possible for detection of adducts, yet
cells and adducted proteins purified by streptavidin capture were still those producing nonlethal signaling perturbations
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Ficure 3: In vitro electrophile treatment produced a dose-dependent increase in adduct formation of PP2A subunits. Equal amounts of
FLAG peptide eluates from FLAG immune complexes of cells expressing empty vector (EMad3 or Borac Were incubated for 30
min at 37°C with increasing concentrations of BMCC (panel A) or PEO-IAB (panel B) for 30 min. The adduct formation reaction was
guenched by adding DTT. Reaction mixtures were resolved by-SBE, and adduction of PP2A subunits was determined by
immunoblotting with a mouse anti-biotin monoclonal antibody (top panels). PP2A subunits were visualized by immunoblotting with antibodies
recognizing the A, B/OrLac, Or C subunits (bottom panels).

in intact cells {1). As shown in Figure 3, Western blotting electrophiles produced approximately equal levels of adduct
with the anti-biotin antibody revealed that in vitro treatment formation as determined by immunoblot analyses (Figure 3).
with both electrophiles, BMCC (panel A) and PEO-IAB Reactions were quenched with DTT and concentrated with
(panel B), produced a dose-dependent increase in adducspin filters, and the PP2A subunits were resolved by SDS
formation for each individual subunit and that both probes PAGE (Figure S3, Supporting Information). Bands contain-
labeled all three subunits. Although the degree of adduction ing individual subunits were excised from the gel and
by the two electrophiles was similar, adduction by BMCC, subjected to in-gel tryptic digestion. The peptide mixtures
but not by PEO-IAB, caused concentration-dependent per-were analyzed by LC-MS-MS, and adduction sites were
turbations in electrophoretic migration of the A and B identified by analyzing the data with the Sequest and P-Mod
subunits (see the middle panels in Figure 3). Immunoblots algorithms. Data from three independent experiments are
with antibodies to the A and B subunits indicate that the summarized in Table 1 and Table 2 (Supporting Information),
BMCC-adducted A and B subunits migrate differently than where empty cells indicate that the corresponding peptide
the unadducted proteins. This effect is not evident in the was detected only as th&carboxamidomethyl derivative
upper panel of Figure 3A, which only shows biotinylated formed by reduction and alkylation of unmodified cysteine
(adducted) proteins. The different effects of the electrophiles thiols with iodoacetamide during sample preparation. Elec-
on migration are apparently not due to differences in trophile-adducted cysteines are indicated as the number of
alkylation site selectivity (see below) but may reflect different times the adducted peptide was detected from the total
effects of the adducts themselves on protein folding or SDS number of replicate experiments. Certain cysteine-containing
binding. This interesting effect was not further investigated peptides were not detected (ND) in eittf&carboxamidom-
in this study. ethyl or electrophile-adducted forms, which indicated that
We next examined the ability of these reactive electro- these peptides either were not generated efficiently by tryptic
philes to inhibit the phosphatase activity of PP2A. We first digestion, displayed poor chromatographic properties, or
utilized the protein substratéP-labeled histone H1. Although ionized poorly in electrospray, thus making them difficult
both electrophiles labeled all PP2A subunits, only BMCC to detect.
caused a significant decreaser6%) in the catalytic activity For the structural subunit A, LC-MS-MS analyses gener-
for both holoenzymes (Figure S1, Supporting Information). ated MS-MS spectra corresponding to approximately 80%
The inhibition could reflect effects on substrate binding, of the protein sequence. In both the &8 or ABOC
catalysis, or both. Electrophile binding to reactive cysteine holoenzymes, eight peptides were adducted by PEO-IAB,
residues may interfere with binding of the relatively large accounting for 10 cysteine residues out of 14 present in the
histone substrate and block presentation of the phosphory-A subunit. Six peptides containing seven A subunit cysteines
lated residue to the active site for the dephosphorylation were adducted by BMCC. The conformation of the A subunit
reaction. Thus, we also assayed phosphatase activity usings defined by 15 tandemly repeated HEAT sequence motifs,
the small molecule substrate DiIFMUP (Figure 4). Consistent each consisting of a pair of antiparallel helices that
with the histone H1 assays, there was a significant decreaseassemble to form an elongated structure characterized by a
in DIFMUP phosphatase activity for the BMCC-adducted double layer ofx helices 22). All adducted cysteine residues
holoenzymes, whereas no inhibition was produced by PEO-in the A subunit were either within the flexible loops that
IAB. connect the helices or faced the intramolecular space between
Identification of Electrophile Adduction Sites on PP2A the structural motifs. These spaces allow for high solvent
ABor AcC or AB)racC HoloenzymesTo identify the sites accessibility and can be easily targeted by reactive electro-
of electrophile adduction on PP2A holoenzymes, we used philic species.
LC-MS-MS analyses. Equal amounts of &BacC or LC-MS-MS analyses of the regulatory subunit B generated
ABOr acC were incubated with 2aM BMCC or 100uM MS-MS spectra corresponding to approximately 80% of the
PEO-IAB for 30 min at 37°C. These concentrations of protein sequence. Four peptides adducted by both PEO-1AB
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Ficure 4: Electrophile treatment produced a dose-dependent decrease in PP2A catalytic activity. The purified PP2A holoenaymes§, AB

and ABOr AcC, were pretreated with increasing concentrations of BMCC (A and B) or PEO-IAB (C and D) and then assayed for activity
using the fluorogenic DiIFMUP substrate. Phosphatase activities (10 min incubation) of the treated samples are expressed as a percent of
the activities of vehicle-treated samples, which are set at 100%. Shown are thetr3&afor three independent experiments. Phosphatase
activity was significantly different in ABracC or ABdracC holoenzyme preparations treated with BMCC as compared to vehicle-
treated samples when analyzed by Studetat&st: *, p < 0.05.

Table 1: Sites of BMCC and PEO-IAB Modification of the Catalytic Subunit of PP2A HoloenZymes

ABaC ABaC ABoC ABOC
peptide sequenée Cys no. PEO-IAB BMCC PEO-IAB BMCC
ELDQWIEQLNEC*K C20 3/F 3/3
SLC*EK - C32
C*PVTVC*GDVHGQFHDLMELFR C50-C55 ND! ND ND ND
QITQVYGFYDEC*LR C133 2/3 2/3
YFTDLFDYLPLTALVDGQIFC*LHGGLSPSIDTLDHIR C165 ND ND ND ND
LQEVPHEGPMC*DLLWSDPDDR C196 2/3
AHQLVMEGYNWC*HDR C251 2/3 2/3
NVVTIFSAPNYC*YR C266 2/3 3/3 3/3 3/3
C*GNQAAIMELDDTLK C269 3/3 3/3 2/3 3/3

a Equal amounts of ABracC or ABdracC holoenzyme were incubated with 2M BMCC or 100uM PEO-IAB for 30 min at 37°C and then
guenched by DTT, concentrated by spin filters, and resolved by-$I*&E. Individual subunits were cut from the gel, followed by in-gel trypsin
digest, and the peptides were analyzed by LC-MS-RMEhe asterisk indicates adducted cysteine residueslicates the number of times an
adducted peptide was detected/number of experiments. Cys residues adducted by BMCC only are underlined and in 9060 iypieates
peptides not detected as either S-carboxamidomethylated or adducted. Empty cells indicate that the corresponding peptide was detected as an
S-carboxamidomethy! derivative as a result of reduction and alkylation with iodoacetamide.

and BMCC contained four of nine possible cysteine residues IAB. In contrast, BMCC adducted six peptides containing
in the Bo isoform and 10 possible cysteine residues fér B six cysteines, which included Cys 20, Cys 133, Cys 196,
The same pattern of B subunit adduction was observed forCys 251, Cys 266, and Cys 269. The only two cysteine
both enzyme isoforms with either PEO-IAB or BMCC residues adducted by both BMCC and PEO-IAB were Cys
treatment. The regulatory B subunit binds and interacts via 266 and Cys 296. Cys 196 adduction was only observed upon
the same or overlapping sites with the A subunit of the core BMCC treatment of the 8 isoform. Together with the LC-
dimer and serves to localize the phosphatase to specificMS-MS analyses of the A and B subunits which showed a
subcellular locations8]. The structures of the B subunits  similar number of peptides labeled with both compounds,
have not been reported. these results suggest that certain BMCC adducts on the

LC-MS-MS analyses of the catalytic subunit C generated catalytic subunit are responsible for the decrease in enzymatic
MS-MS spectra corresponding to approximately 70% of the activity of the PP2A holoenzymes. MS-MS spectra of all
protein sequence and showed a different pattern of adductionpeptides from the PP2A catalytic subunit adducted with either
for the two compounds. Only two peptides containing two BMCC or PEO-IAB are presented as Supporting Information
cysteine residues out of 10 total were adducted by PEO- (Figures S4-S9).
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BMCC: - + - + + + - + + + important implications for toxicity and disease mechanisms
that involve reactive intermediates.

To evaluate the effects of covalent adduction on enzymatic
OA: - - - - - o+ - . - % activity, we used purified FLAG-tagged PP2A holoenzymes
treated with two biotinylated, thiol-reactive electrophiles,
PEO-IAB and BMCC. The iodoacetamido moiety in PEO-
IAB reacts with thiols by an & mechanism involving

PBICR: = = = o ¥ » s o oo

250 _ r displacement of the iodide leaving group by the thiol, which
150 _ mimics nucleophilic displacement reactions of aliphatic
100 ~ I A epoxides, episulfonium ions, and alkyl halide@)( The

7 :Brﬂﬁme maleimido moiety of BMCC is a typical Michael acceptor,

which reacts with thiols via 1,4-addition to its/-unsatur-
. ated carbonyl system?24). The chemistry is common in
37 — - - == i- -4 e C qguinones, in many xenobiotic metabolites, and in many
e e endogenous electrophiles generated by lipid and DNA
oxidation @5). Thus, the chemistries of these probes mimic
— important thiol-reactive electrophiles generated in chemical
toxicity and in inflammatory diseases. These probes penetrate
37 = m}*c cells, bind to diverse proteins, and elicit specific effects.
Importantly, the biotin tag allows selective enrichment of
probe-adducted proteins for subsequent analysis. We have
EV ABorLacC ABBFLAGC recently demonstrated that PEO-IAB and BMCC selectively,
FIGURE 5: Phosphatase inhibitor pretreatment blocks adduction of yet reproducibly, modify over 500 proteins in subcellular
PfPianAmqunbc;‘“ri;Sé F%’ﬁ%ﬁ%b 'rfnqggl'lgrg)‘(’“r“et:s‘i’:]F;%theeéigt%ﬂ‘ée\‘}fs fractions in vitro @2). Analysis of the sites of adduction
o) , . .
Botgiac, OF %(SFLAF; were incubated wit?] IM mgijcrocF))/s),/tin (MCR) revealed only approximately a 20% overlap in BMCC_a_nd
or 1 uM okadaic acid (OA) for 30 min at 37C followed by a PEO-IAB targets. The PEO-IAB congener |AB also exhibits
second incubation with 26M BMCC for 30 min at 37°C. The selectivity in activating specific cellular stress responses.
adduct formation reaction was quenched by adding DTT, and the |AB, but not BMCC, activates electrophile stress via the
reaction mixtures were characterized by Western blotting with a yanscription factor Nrf2; the difference between these probes
mouse anti-biotin monaclonal antibody (top panel) and an antibody can be attributed to seléctive adduction patterns on the sensor
recognizing C subunit (bottom panel). : p =
protein Keap111). IAB and BMCC also exhibit differences
in induction of ER stress and apoptosis in HEK 293 cglls.

Competition AnalysisBecause BMCC shows a distinct In our previous work 11, 12, 26), LC-MS-MS proved to
pattern of adduction on the PP2A catalytic subunit as be a very sensitive and specific technique for the identifica-
compared to the adduction patterns of the A and B subunits,tion of individual residues as sites of chemical modification
we examined the effect on BMCC adduction produced by on proteins. Here we used LC-MS-MS to detect and identify
two phosphatase inhibitors, microcystin-LR and okadaic acid. the exact cysteine residues of PP2A that are modified by
Both inhibitors interact with the PP2A catalytic suburag). covalent adduction with thiol-reactive electrophiles, thus
The goal of these studies was to determine whether theresulting in inhibition of enzymatic activity. Two isoforms
electrophiles and phosphatase inhibitors share any commorof the PP2A holoenzymes, AR acC and ABYracC, were
binding sites. BMCC adduction was completely blocked by treated in vitro with BMCC and PEO-IAB. The two
microcystin-LR pretreatment and partially blocked by oka- compounds displayed strikingly different specificities for
diac acid pretreatment as shown by Western blot analysisalkylation of the PP2A catalytic subunit in vitro, and only
(Figure 5). Further analysis by LC-MS-MS showed that no BMCC produced a significant decrease in enzymatic activity.
Cys residues were adducted by BMCC after pretreatmentPEO-IAB alkylated PP2A only at Cys 266 and Cys 269,
with either inhibitor. This surprising result can be explained both of which are part of the loop domain betwg#? and
in part by the fact that microcystin binding overlaps with 313 that has been suggested as being critical for the inhibition
sites that are modified by BMCQ8). However, complete  of PP2A activity by the inhibitors microcystin-LR28) and
inhibition of BMCC adduction suggests that microcystin okadaic acid 27, 28). In contrast, BMCC modified six
binding produces a conformational change sufficient to block cysteine residues, Cys 20, Cys 133, Cys 196, Cys 251, Cys

50 —

access of BMCC to catalytic subunit cysteines. 266, and Cys 269, which include the two sites adducted by
PEO-IAB. These results are in agreement with previous
DISCUSSION studies, which revealed that maleimides are the most potent

: . - of several thiol-reactive electrophiles as inactivators of both
In this study, we identified PP2A holoenzymes as targets ppq and PP2A enzymes().

of alkylation by model thiol-reactive electrophiles in vivo

and in vitra We mapped sites of modification by both

electrophiles using LC-MS-MS and determined that site-
specific adduction inhibits enzymatic activity. Selective
alkylation of specific catalytic subunit cysteines is essentia
to enzyme inhibition. The susceptibility of these important
regulatory enzymes to selective damage by electrophiles has 2N. Y. Shin, H. L. Wong, and D. C. Liebler, unpublished results.

We used two different phosphatase activity assays, one
employing the protein substrate histone H1 and the other
using the small fluorogenic substrate DiFMUP, to show that
| the adduction of PEO-IAB to PP2A subunits has no effect
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1 50
PP1 MSDSEKLNLDSIIGRLLEVQGSRPGKNVQLTENEIRGLCLKSREIFLSQP
PP2A MDEKVFTKELDQWIEQLNEFKQLSESQVKSLCEKAKEILTKES
1 BMCC
51 om sm 100
PPl ILLELEAPLKIC GQYYDLLRLFEYGGFPPESNYLFL GKQS
PP2A NVQEVRCPVTVC GQFHDLMELFRIGGKSPDTNYLFM Y GYYS
44
101 1 150
PP1 LETICLLLAYKIKYPENFFLLRANHECAS INR[{GFYDECKRRY -NIKLW
PP2A VETVTLLVALKVRYRER ITILRGNHESRQI TQYYGF YDEFLRKYGNANVH
94 BMCC 143
151 200
PP1 KTFTDCFNCLPIAAIVDEKIFCCHGGLS PDLQSMEQTRR IMRPTDVPDOG
PP2A KYFTDLFDYLPLTALVDGQIFCL GLSPSIDTLDHIRALDRLQEVPHEG
144 193
201 50
PP1 LLCDLLWSHPDKDVQGWGENOHGVS FTFGAEVVAKF LHKHDLDL T
PP2A PMCDLIWSHPD - DRGGWG IS HRGAGYTFGODI SETFNHANGLTLVSHA
19 42
Mcc
251 300
PP1 VVEDGYEFFAKRQLVTLFSAPNYCGEFDNAGAMMSVDETLMCS FQILKPAD
PP2A LVMEGYNWCHDRNVVTI FSAPNYCYRCGNQAATMELDDTLKYSFLOFDRAP
243 BMCC PEO/BMCC PEO/BMCC 293
301 330
PP1 KNKGKYGQFSGLNPGGRPITPPRNSAKAKK
PP2A RRGEPHVTRRTPDYFL
294 300

Ficure 6: Sequence alignment of PP1 and PP2A catalytic subumiispforms. Comparison of the two sequences indicates that the
conserved part of the catalytic domain starts at residue 30 of PP1 and continues through residue 295. Six (red) out of 10 (green) Cys
residues present in PP2A have a direct correspondent Cys residue with the PP1 amino acid sequence. Every active site residue of PP1
involved in substrate binding (s), metal coordination (m), or catalysis (c) is strictly conserved between the two enzymes so that the fold of
the catalytic domain is expected to be closely preserved.

on enzymatic activity. Higher concentrations of PEO-IAB four cysteine residues that bind BMCC only: Cys 20, Cys
(up to 500uM) can modify some adduct sites, yet only 133, Cys 196, and Cys 251. Of these, Cys 20 and Cys 251
produced a very low~20%) decrease in activity (Figure are located close to the N-terminus and C-terminus, respec-
S2, Supporting Information). On the other hand, BMCC tively, and far from the active site of the enzyme. These sites
labeled three PP2A subunits and significantly decreaseddo not have a corresponding Cys residue in the PP1 sequence
enzyme activity at much lower concentrations. Previous and, based on previous studied?), do not appear to be
studies of the PP1 enzyme showed that the toxin microcystin-directly involved in either substrate binding or catalysis.
LR covalently adducted Cys 273 in the loop that connects Thus, Cys 133 and Cys 196 represent the most likely sites
p12 and 13 (corresponding to Cys 266 in PP2A) by a for electrophile-induced inhibition of PP2A activity.
Michael-type addition Z9). Both mutagenesis30) and The catalytic subunit of PP2A holoenzyme contains six
chemical modification 1) of Cys 273 failed to prevent conserved cysteine residues, two of which were adducted
inhibition by microcystin-LR. Thus, covalent adduction of by BMCC only (Cys 133 and Cys 196). While these residues
microcystin-LR is not essential for the inhibition of the are not thought to participate directly in catalysis, our
enzyme by the toxin. Other studies showed that Cys 269 in observation that PP2A enzymatic activity is inhibited by
PP2A, which is also part of the loop formed betweP thiol-reactive electrophiles indicates that modification of one
and (13, plays an important role in inhibitor binding. or both of these cysteine residues of the catalytic subunit is
Accordingly, okadaic acid binds to PP2A about 100 times sufficient to inhibit enzyme activity. A previous study of
more tightly than to PP1, which does not have a correspond-the kinetics of the inhibition of PP1 and PP2A by disulfides
ing cysteine residue at that positio28] (Figure S10, suggested that there is at least one residue whose integrity
Supporting Information). However, since both PEO-IAB and is essential for the enzymatic activity of both enzymes during
BMCC bind at these two sites and only BMCC decreases the reaction; however, the identity of this residue(s) was not
activity, we concluded that Cys 266 and Cys 269 are not establishedX0). In this context, we suggest that one or both
essential sites for catalysis. Binding of an electrophile at theseof the two cysteine residues of the PP2A holoenzyme that
positions might weaken substrate binding to the active site were modified only by BMCC and have a direct cor-

by disturbing the structural relationship between 12— respondent in the PP1 sequence are most likely responsible
B13 loop and the active sites, which may not be essential for the decrease in enzymatic activity when adducted. Careful
for enzymatic activity. This rationale suggests that modifica- analyses of the BMCC cysteine adduct maps for the two
tions on PP2A most likely to affect catalysis occur on the PP2A holoenzymes, Bor acC and ABoracC, revealed that
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Ficure 7: 3D view of a model of the catalytic subunit of PP2A
generated with the software package Modeller using the structure
of unlabeled PP1c (1S70) as a template. Cys residues adducted by
BMCC only are shown as space-filling models (C20, C133, C196,
C251) while the two Cys residues adducted by both PEO-IAB and
BMCC are shown as sticks (C266, C269). The N-terminal subdo-
main binds the two metal ions (cyan) by several ligands highlighted
as sticks. The figure was rendered with the program Chimiega (

Cys 133 in the catalytic subunit is modified by BMCC on
both, whereas Cys 196 is only modified in thé-Bontaining
holoenzyme. Although these results suggest that Cys 133 is
the sulfhydryl group whose modification by reactive elec-
trophilic species leads to inactivation of PP2A, they do not
exclude a role for Cys 196 adduction.

On the basis of the sequence alignment between PP1 anc
PP2A catalytic subunits, we observed that every active site
residue of PP1 involved in metal coordination, substrate Ficure 8: Enlarged 3D view of a model of the catalytic subunit
binding, or catalysis is strictly conserved in PP2A (Figure of PP2A. The top structure shows the C196 that is 12.2 A from
6). Moreover, the hydrophobic or hydrophilic nature of the D202, an active site residue conserved in all protein serine/threonine

; ; e : ; phosphatases, which is likely to help to maintain the conformation
buried side chains in PP1 is conserved at virtually every of R214 via a salt bridgel@). R214 was predicted to contribute to

position in PP2A, which further suggests that tertiary and posphosubstrate binding. The bottom structure shows the C133
quaternary structures of the two enzymes are very similar that is 12.0 A from H118, the residue predicted to be involved in
(29). Based on homology between the catalytic subunits of catalysis 12). The figures were rendered with the program Chimera
PP1 and PP2A, an initial model structure was generated for(12):
PP2A using EsyPred3D, a new automated homology model-
ing webserverZ0). In this model, the spatial orientations of nitrogen (Figure 8, upper pane83). Arg 214 was predicted
key active site residues are preserved with the only changeto contribute to phosphosubstrate binding as well as to
in this region being the substitution of Leu 243 in PP2A for stabilize the pentacoordinate transition st&8).(Covalent
valine in PP1 (Figures 6 and 7). Structural superimposition adduction with a BMCC molecule~33 A long) at Cys 196
of the initial PP2A model with that for microcystin-adducted could decrease enzymatic activity by disrupting the substrate
PP1 (PDB ID 1FJM) revealed that the only major backbone binding mode in the active site due to steric effects on
structural difference was the conformation of pE2—/13 important residues in this region of the enzyme (Figure 8).
loop (Figure S11, Supporting Information). We speculate that Cys 133 is located at a distance of 12.0 A from His 118, a
this difference might mimic a physically plausible confor- residue predicted to be directly involved in cataly&9s)( A
mational change in protein conformation upon BMCC and covalent adduction with a BMCC molecule-83 A long)
PEO-IAB binding at the Cys 266 and Cys 269 positions. at Cys 133 could potentially perturb the orientation of the
However, differences in reaction chemistries of the two His 118 catalytic residue toward the phosphosubstrate and
compounds might stabilize different adduct orientations in thereby decrease enzymatic activity.
different loop conformations with some affecting the enzy-  These studies build on previous work describing the ability
matic activity by decreasing substrate binding in the active of alkylating electrophiles to inhibit protein phosphatases
site (for BMCC). Other adducts may be oriented away from (10). Here we have applied model electrophile probes that
the enzyme active site. exhibit chemistries relevant to diverse biological reactive
Further analysis of the model structure indicates that Cys intermediates. The data indicate the importance of selective
196 is located at a distance of 12.2 Ad@ Cy distance) modification in determining the outcome of covalent adduc-
away from Asp 202, an active site residue conserved in all tion reactions involved in protein damage. The two probes
protein phosphatases that likely helps to maintain the studied represent generic thiol-reactive electrophile chem-
conformation of Arg 214 via a hydrogen bond with #s istries, yet the structures of the probes and the chemistry of
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the electrophiles translated to functionally important differ-
ences in the sites and consequences of adduction. The
identification of specific sites linked to PP2A inactivation
suggests that specific assays for adducted forms of these
sequences could provide a general means of screening PP2A
inhibitors. Evaluation of the utility of such an approach is
currently underway in our laboratories.
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SUPPORTING INFORMATION AVAILABLE

One table of the sites of BMCC and PEO-IAB modifica-
tion for the A and BJ/6 subunits of the PP2A holoenzyme,
the MS-MS spectra for all six BMCC-adducted peptides and
the two PEO-IAB-adducted peptides of the catalytic subunit
of PP2A holoenzyme, the sequence alignment of the catalytic
subunit of the PP1 isoform (used as a template for
modeling) and the catalytic subunit of PP2Asoform, and
an additional 3D view of the model of the catalytic subunit
of the PP2Aq isoform. This material is available free of
charge via the Internet at http://pubs.acs.org.
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