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Protein phosphatase 2A (PP2A) is a large enzyme family
responsible for most cellular Ser/Thr dephosphorylation events.
PP2A substrate specificity, localization, and regulation by sec-
ond messengers rely on more than a dozen regulatory subunits
(including B/R2, B’/R5, and B"/R3), which form the PP2A het-
erotrimeric holoenzyme by associating with a dimer comprising
scaffolding (A) and catalytic (C) subunits. Because of partial
redundancy and high endogenous expression of PP2A holo-
enzymes, traditional approaches of overexpressing, knocking
down, or knocking out PP2A regulatory subunits have yielded
only limited insights into their biological roles and substrates.
To this end, here we sought to reduce the complexity of cellular
PP2A holoenzymes. We used tetracycline-inducible expression
of pairs of scaffolding and regulatory subunits with complemen-
tary charge-reversal substitutions in their interaction interfaces.
For each of the three regulatory subunit families, we engineered
A/B charge—swap variants that could bind to one another, but
not to endogenous A and B subunits. Because endogenous A«
was targeted by a co-induced shRNA, endogenous B subunits
were rapidly degraded, resulting in expression of predominantly
a single PP2A heterotrimer composed of the A/B charge—swap
pair and the endogenous catalytic subunit. Using B'6/PPP2R5D,
we show that PP2A complexity reduction, but not PP2A overex-
pression, reveals a role of this holoenzyme in suppression of
extracellular signal-regulated kinase signaling and protein
kinase A substrate dephosphorylation. When combined with
global phosphoproteomics, the PP2A/B’d reduction approach
identified consensus dephosphorylation motifs in its substrates
and suggested that residues surrounding the phosphorylation
site play roles in PP2A substrate specificity.

Reversible protein phosphorylation is a ubiquitous post-
translational modification that allows cells and organisms to
rapidly adapt to environmental changes. Ser and Thr residues
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are by far the most commonly phosphorylated amino acids
(>99%), and most, if not all, proteins are thought to be phos-
phorylated on Ser/Thr atleast during part of their life cycle. The
>500 Ser/Thr kinases of the mammalian kinome are opposed
by a much smaller number of protein Ser/Thr phosphatase
(PSP)? catalytic subunits, which has led to the historic miscon-
ception of the latter as constitutively-active enzymes that will
target any phosphoprotein. However, with the discovery of
hundreds of PSP-interacting or -regulatory subunits, it is now
believed that PSP activity and substrate specificity is as finely
regulated as the enzymes whose action they oppose (1-3).
However, the existence of PSPs as multisubunit complexes has
made their characterization challenging, as it can be difficult to
interpret the effects of overexpressing or knocking out or down
a single subunit within the PSP complex.

In the case of PP2A, which together with PP1 contributes
>90% of the PSP activity in most cell types, the canonical
holoenzyme is a trimer of scaffolding (A), catalytic (C), and
regulatory (B) subunits. In mammals, PP2A regulatory subunits
are encoded by three gene families (B/PPP2R2, B'/PPP2R5, and
B"/PPP2R3) with four, five, and three members, respectively,
many of which are further diversified by alternative splicing.
Although atomic structures of representative members of each
of the three PP2A heterotrimer families are available (4), we do
not know the extent to which their substrates overlap. The
degree of functional redundancy within each PP2A regulatory
subunit family is also largely unknown.

We report here on a strategy that allows interrogation of
cellular functions, substrates, and consensus dephosphoryla-
tion motifs of individual PP2A holoenzymes. Implemented
here by stable transfection of human HEK293 cells with a mul-
ticistronic plasmid, PP2A complexity reduction uncovered
properties conferred by the B'6 regulatory subunits that
remained hidden when the regulatory subunit was simply
overexpressed.

2 The abbreviations used are: PSP, protein Ser/Thr phosphatase; PP2A, pro-
tein phosphatase 2A; RE, complexity reduction; OE, overexpression; Dox,
doxycycline; ANOVA, analysis of variance; ERK, extracellular signal-regu-
lated kinase; PKA, protein kinase A; SLIM, short-linear interaction motif;
MEK, mitogen-activated protein kinase/extracellular signal-regulated
kinase kinase; CAMK, Ca®*/calmodulin-dependent protein kinase; TMT,
tandem mass tag; HCD, high-energy collisional dissociation.
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Complexity reduction reveals PP2A holoenzyme functions
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Figure 1. Principle of PP2A complexity reduction. A, ribbon diagrams
showing heterotrimeric holoenzyme PP2A complexes containing the scaf-
fold (Aa) subunit (green), catalytic (Car) subunit (pink), and regulatory (B, B'y,
and B"B) subunits (turquoise). The zoomed-in panels highlight interacting res-
idues in A (red) and B regulatory (blue) subunits that maintain interactions
when swapped. The residue numbers apply to the regulatory subunit family
members characterized in this report, Ba, B, and B"a. B, left, PP2A complex-
ity reduction involves complementary charge-swap mutations in Ao and B
subunits. B, right, inducible PP2A reduction utilizes Dox-dependent expres-
sion of an A/B charge-swap pair together with shRNA-mediated knockdown
of endogenous Aa to replace the endogenous PP2A holoenzyme pool (with
4, 5, and 3 regulatory subunits per family) with one defined PP2A holoen-
zyme. C, schematic of the inducible PP2A reduction vector (see text for
details).

" AcShRNA

Results

Identification of complementary charge-reversal mutations in
Aa and B regulatory subunits

The principle of PP2A complexity reduction is illustrated
in Fig. 1. The strategy aims to replace the endogenous PP2A
holoenzyme pool with a single holoenzyme of interest, tak-
ing advantage of rapid proteasomal degradation of endoge-
nous regulatory subunits after RNAi-mediated silencing of
the scaffolding A subunit (5, 6). This approach requires
charge—swap versions of A and B subunits capable of inter-
acting with one another, but not the wildtype (WT) proteins.
We first identified potential salt-bridge contacts between A«
and B subunits in available crystal structures of PP2A het-
erotrimers containing Ba, B'y, and B"B (Fig. 14). Allowing
for some flexibility of the PP2A holoenzyme (7), we also
considered interfacing pairs of oppositely charged residues
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Table 1

Summary of Aa/B charge-swap mutations tested for complementa-
tion

Mutations with a check mark (##) disrupt binding to the wildtype binding partner.
A check mark in the complementation (Compl.) column indicates that mutant
subunits interact with one another and that mutant Aa does not interact with the
wildtype B regulatory subunit, which are the two prerequisites for PP2A complexity
reduction. Note Aar R183E impairs endogenous B'8 association, although overex-
pressed B'8 still binds (Fig. 3).

Aa

mutation B mutation Compl.
D57Kv Ba K129D
E50R Ba R153E
E50R,D57Ke~ Ba K129D,R153E~
EE100RR¥~ Ba RR169EEV I
D218R¥” Ba R257Dy”
R183Ex~ B'8 E290R~ v
D61Ky» B"a K251D” v
D177K B"a K331D
D61K,D177Kv” B"a K251D,K331Ds~ I
E100R~ B"a R361E»~ v

that were further apart than the minimal distance required
for salt bridge formation (4 A). All regulatory subunit resi-
dues that were considered are conserved within each gene
family. Site-directed mutagenesis was performed to generate
the charge—swap mutations listed in Table 1 in the context of
Ba, B'8, and B"«a regulatory subunits with C-terminal FLAG
and GFP tags and A« subunits with a C-terminal polyoma
(EE) epitope tag. We then immunoprecipitated WT and
mutant Aa-EE from transiently transfected COS-1 cells and
tested for association of endogenous and coexpressed B sub-
units. Those Aa-EE mutations capable of reducing WT reg-
ulatory subunit coimmunoprecipitation by =70% (8 out of
10, see Table 1) were then tested by coexpression with the
complementary B subunit charge—swap mutant for restored
PP2A holoenzyme formation. Five out of 10 charge—swap
pairs thus emerged as candidates for PP2A complexity
reduction (Fig. 14 and Table 1) as detailed below.

B/R2 family: B RR169EE-Aa EETO00RR

For the PPP2R2 or B family, we tested five charge-swaps in
the Ba and Aa subunit interface for complementation and suc-
ceeded with one pair, Ba RR169EE + Aa EE100RR (Table 1 and
Fig. 1A). Previously and prior to the availability of the PP2A/Ba
holoenzyme crystal structure, we had used this very charge-
reversal to identify interacting residues in the PP2A /B~y holoen-
zyme (8).

We found that pairing of Ba RR169EE with A EE100RR
subunits resulted in 22% coimmunoprecipitation in cotrans-
fected COS-1 cells compared with WT subunits (Fig. 2, A and
B). Pairing neither mutant with its WT counterpart resulted in
detectable interactions, indicating that electrostatic interac-
tions between these groups of residues are critical for assembly
of the PP2A/R2 holoenzyme. Blotting the same Aa-EE immu-
noprecipitates for endogenous B (pan-specific antibody recog-
nizing all B but not B’ or B” subunits), B'8, and B’e subunits
(specific antibodies) confirmed that A« Glu-100 and Glu-101
are required for PP2A heterotrimer assembly in general (Fig. 2,
A and C-E) (8, 9). In this set and in all later experiments, we
observed no effect of Aa mutations on catalytic (C) subunit
association. This is consistent with biochemical and structural
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Figure 2. Complementation between Ba RR169EE and A« EE100RR. GFP-tagged Ba wildtype (WT) or RR169EE was coexpressed with EE-tagged Aa WT or
EE100RR in COS-1 cells in the indicated combinations at 1:1 plasmid ratios, and PP2A holoenzyme formation was assessed by Ae immunoprecipitation (IP) via
the EE epitope tag and immunoblotting for the indicated PP2A subunits. A, Western blottings representative of four independent experiments. Molecular mass
marker positions are indicated on the right in kDa. B-E, quantification of transfected Ba-GFP (B), endogenous B (pan-specific antibody, ), endogenous B’ (D),
and B’e (E) in the immunoprecipitate. Signals are normalized to immunoprecipitated Aa-EE levels in the same lane and further normalized to the WT/WT
condition. Shown are means = S.E. as well as individual data points from four independent experiments. Significance levels are indicated as p values obtained

by one-way ANOVA followed by Dunnett’s post hoc test.

evidence indicating no overlap between B and C subunit inter-
faces on the A subunit (4).

B'/R5 family: B' 6 E290R-Ac R183E

For the B’ or PPP2R5 family, we tested complementation
between B’'6 E290R and A« R183E, achieving coimmunopre-
cipitation efficiency comparable with WT subunits (Fig. 3, A
and B). Although Aa WT precipitated little B’6 E290R, we
were surprised to find robust interactions between mutant
A« and cotransfected WT B’8 (Fig. 3, A and B). Whereas no
endogenous B (pan) and B’e subunits could be detected in
A« R183E immunoprecipitates, endogenous B’ 6 was detect-
able at ~30% of WT A« levels (Fig. 3, A and C-E). Finally, we
observed that WT Aa bound to 2.5-5-fold higher levels of
endogenous B and B’ regulatory subunits when coexpressed
with interface-mutant B’8 E290R, compared with WT B'8.
Similar effects on endogenous regulatory subunit coimmu-
noprecipitation with WT A« were observed when interac-
tion-competent versus -incompetent B"a mutants were
coexpressed (Figs. 4, C-E, and 6, C—E). This presumably
reflects competition between transfected and endogenous B
subunits for limiting levels of Aa.

B"/R3 family: B"at R36 1E-Aa ET00R

For the PPP2R3 or B” family, we tested four sets of charge—
swap mutations in A« and B"«, of which three had the desired
effect of complementing each other while impairing WT inter-
actions (Table 1 and Fig. 14). In the case of B’ R361E and A«
E100R, either mutation alone disrupted the holoenzyme
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formed by the cotransfected subunits, whereas combining
mutant subunits restored interactions to WT levels (Fig. 4, A
and B). The extent to which endogenous regulatory subunits
interacted with Aa E100R was variable, however. Whereas
endogenous B’ e was undetectable, and endogenous B (pan anti-
body) binding was reduced by ~60%, Aa E100R caused no sig-
nificant reduction of endogenous B’6 binding (Fig. 4, A and
C-E).

B"/R3 family: B"ae K251D-Aa: D6 1K and B"ae K251D,K331D- A«
D61K,D177K

The second pair of complementary charge—swap mutations
in B"a and A subunits is B"a K251D and Aa D61K. With these
mutations, we observed incomplete disruption of WT/mutant
interactions (to 10—20% of WT/WT) and incomplete comple-
mentation of mutant/mutant interaction (60% of WT/WT, Fig.
5, A and B). Interactions of Aa D61K with endogenous B and B’
subunits were largely maintained (Fig. 5, A and C—E). Assuming
that this mutation inhibits binding of endogenous B” to the
same extent as overexpressed B”« (not testable because suitable
antibodies are currently lacking), this particular charge-swap
could prove useful for isolating the effects of a specific PP2A/B”
holoenzyme without perturbing the cellular pool of PP2A/B
and PP2A/B’ holoenzymes.

We swapped an additional salt bridge in the Aa/B"a sub-
unit interface to increase discrimination of WT subunits. By
itself, the Aa D177K mutation had no effect (Table 1); how-
ever, the Aa D61K,D177K double mutant completely dis-
rupted the WT B"a subunit’s coimmunoprecipitation.

SASBMB
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Figure 3. Complementation between B’ 6 E290R and Aa R183E. GFP-tagged B’ d wildtype (WT) or E290R was coexpressed with EE-tagged Aa WT or R183Ein COS-1
cells in the indicated combinations at 1:1 plasmid ratios, and PP2A holoenzyme formation was assessed by A« immunoprecipitation (/P) via the EE epitope tag and
immunoblotting for the indicated PP2A subunits. A, Western blottings representative of five independent transfections. Molecular mass marker positions are indicated
on the right in kDa. B-E, quantification of transfected B'8-GFP (B), endogenous pan-B (C), B’ (D), and B'e (E) in the immunoprecipitate. Signals are normalized to
immunoprecipitated Aa-EE levels in the same lane and further normalized to the WT/WT condition. Shown are means * S.E.as well as individual data points from five
independent experiments. Significance levels are indicated as p values determined by one-way ANOVA followed by Dunnett’s post hoc test.
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Figure 4. Complementation between B« R361E and A« E100R. GFP-tagged B"« wildtype (WT) or R361E was coexpressed with EE-tagged Aa WT or E100R
at 3:1 plasmid ratios, and PP2A holoenzyme formation was assessed by Aa immunoprecipitation (/P) via the EE epitope tag and immunoblotting for the
indicated PP2A subunits. A, Western blottings representative of sixindependent transfections. Positions of molecular mass markers (in kDa) are indicated on the
right. In the B’ blots, the white line indicates the removal of the irrelevant lanes of the same blots. B-£, quantification of transfected B"a-GFP (B), endogenous
pan-B (C), B'6 (D), and B’e (E) in the immunoprecipitate. Signals are normalized to immunoprecipitated Aa-EE levels in the same lane and further normalized
to the WT/WT condition. Shown are means * S.E. as well as individual data points from six independent experiments. Significance levels are indicated as p
values determined by one-way ANOVA followed by Dunnett’s post hoc test.

Double-mutant A« incorporation into the PP2A/B"a holo- not associate with WT A« (Fig. 6, A and B). Therefore, this
enzyme was restored by the complementary double muta- double charge-swap confers about the same degree of
tion in B« (K251D,K331D), and the double mutant B"a did WT/mutant discrimination to Aa and B”a subunits as the
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Figure 5. Complementation between B"a K251D and Aa: D61K. Wildtype (WT) or mutant B"a-GFP was coexpressed with WT or mutant Aa-EE at 3:1 plasmid
ratios, and PP2A holoenzyme assembly was assessed by Aa-EE immunoprecipitation (/P) and immunoblotting for the indicated PP2A subunits. A, Western
blottings representative of four independent transfections. Positions of molecular mass markers (in kDa) are indicated on the right. B-E, quantification of
transfected B"a-GFP (B), endogenous pan-B (C), B'8 (D), and B’ e (E) in the immunoprecipitate. Signals are normalized to immunoprecipitated Aa-EE levels in the
same lane and to the WT/WT condition (means = S.E. and individual data points from four transfections). Significance levels are indicated as p values
determined by one-way ANOVA followed by Dunnett’s post hoc test.
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Figure 6. Complementation between B”K251D,K331D and Aa D61K,D177K. Wildtype (WT) or mutant B"«-GFP was coexpressed with WT or mutant Aa-EE
at 3:1 plasmid ratios, and PP2A holoenzyme assembly was assessed by Aa-EE immunoprecipitation (/P) and immunoblotting for the indicated PP2A subunits.
A, Western blottings representative of four independent transfections. Positions of molecular mass markers (in kDa) are indicated on the right. B-E, quantifica-
tion of transfected B"a-GFP (B), endogenous pan-B (C), B'8 (D), and B'e (E) in the immunoprecipitate. Signals are normalized to immunoprecipitated Aa-EE
levels in the same lane and to the WT/WT condition (means = S.E. and individual data points from four transfections). Significance levels are indicated as p
values determined by one-way ANOVA followed by Dunnett’s post hoc test.

E100R and R361E single charge-swap (Fig. 4, A and B). Pro- association (compare Fig. 4, D and E, with Fig. 6, D and E). In
files of endogenous B’ subunit binding to A« E100R and Aa  contrast, Aa D61K,D177K did not affect endogenous B (pan
D61K,D177K were similar, with both single and double antibody) binding, whereas the E100R mutation reduced it
mutations disrupting B'e, while largely maintaining B'6 by ~60% (compare Figs. 6C and 4C).
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Figure 7. Comparison of PP2A subunit expression in inducible PP2A/B’ 5 RE versus OE cell lines. Clonal HEK293 cell lines with either inducible PP2A/B’ 8 RE (Aa
R183E-B’8 E290R) or OE were treated for the indicated number of days with Dox before immunoblotting total lysates for the indicated proteins. A, Western blottings
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antibody, B), B’ (C), and B’e levels (D) normalized to ERK and day 0. Data shown are means = S.E. of four (RE) and eight (OE) clonal cell lines. Individual symbols are
means of two to three replicate analyses of each cell clone. Listed p values are based on one-way ANOVA followed by Dunnett’s post hoc test.

Effects of stable, inducible PP2A complexity reduction versus
overexpression on endogenous PP2A subunits

The purpose of the PP2A reduction approach is to reduce the
complexity of the cellular PP2A holoenzyme pool, such that
cellular functions and substrates of individual PP2A holoen-
zymes can be studied in quasi isolation (Fig. 1B). To this end, we
devised a single multicistronic plasmid that allows for concom-
itant expression of the charge—swap mutant A« and B regula-
tory subunit and knockdown of endogenous A« by shRNA (Fig.
1C). Because AP protein is expressed at very low levels in
HEK293 and other cell lines, Aa-directed shRNAs can deplete
total A-subunit levels by 80 -90% (6). Charge—swap mutant A«
was rendered RNAi-resistant, carries a C-terminal EE tag, and
is expressed from the same mRNA as the complementary B
subunit mutant (with C-terminal FLAG and GFP tags). For
equal stoichiometry, a ribosome-skipping 2A peptide separates
the A and B subunit polypeptides. Both the cytomegalovirus
promoter driving expression of A/B subunits and the H1 pro-
moter driving expression of the Aa shRNA include a TetO pal-
indrome providing tetracycline/doxycycline (Dox)-mediated
induction via the tetracycline repressor (TetR, T-Rex System,
Takara/Clontech) (Fig. 1C).

Starting with HEK293—-TRex cells stably expressing TetR
(Takara/Clontech), we generated clonal cell lines for induci-
ble PP2A overexpression with complexity reduction (RE) to
holoenzymes containing Aa R183E and B’6 E290R. For com-
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parison, we generated cell lines with Dox-inducible overexpres-
sion only (OE) of B'6—FLAG—GFP and analyzed several inde-
pendent clones of each in parallel.

As shown in Fig. 74, Dox induces B'6—GFP expression to
similar levels (2—3-fold over endogenous) and with a similar
time course in RE and OE cells. Despite endogenous Aa knock-
down, induction of Aa-EE in RE cells increases total A-subunit
levels. In contrast, A-subunit levels remain constant after
induction of B'8 OE cells. Dox treatment did not alter C-sub-
unit levels in either RE or OE cells. Significantly, endogenous B,
B’8, and B'e levels are also unchanged following B'6 OE, sug-
gesting that endogenous regulatory subunits remain holoen-
zyme-associated and that significant levels of B’ 6-GFP may be
monomeric when overexpressed. In marked contrast, B’'6—GFP
RE decreased endogenous B, B'S, and B’e protein levels to
~30% within 3-5 days of Dox treatment (Fig. 7, B-D). Thus,
PP2A reduction uniquely destabilizes endogenous regulatory
subunits, likely as a combined effect of silencing endogenous
A« and of sequestering the endogenous C subunit.

B’ & inhibits ERK signaling and dephosphorylates PKA
substrates following cAMP mobilization, as revealed by RE but
not OF

We next evaluated PP2A/B’ 6 reduction as a strategy to iden-
tify signaling functions and potential substrates of the phospha-
tase. Previous work indicated that PP2A/B’ 6 phosphatase activ-
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ity is positively regulated by protein kinase A (PKA)-mediated
phosphorylation of a residue in the C terminus of B’ (Ser-573
(10, 11)). To favor PP2A/B’8-mediated dephosphorylation
events, we treated serum-starved, inducible RE and OE cells
briefly (5 min) with the B-adrenergic receptor agonist isoprot-
erenol to elevate CAMP. Adrenergic signaling was terminated
by combined addition of the B-adrenergic antagonist propra-
nolol and the PKA inhibitor H89 at a concentration that likely
targets other kinases as well (50 um). SDS cell extracts prepared
before isoproterenol treatment and at O to 5 min post-propra-
nolol/H89 were then immunoblotted with phospho-specific
antibodies to track apparent dephosphorylation events. 3-Ad-
renergic stimulation of uninduced (—Dox) RE and OE cell lines
resulted in a similar 2—3-fold increase in ERK1/2 phosphoryla-
tion that slowly decayed over 5 min in propranolol/H89 (Fig. 8,
A and B). Inducible PP2A/B’6 OE appeared to attenuate
ERK1/2 phosphorylation, but trends did not reach statistical
significance at any time point. Inducible PP2A/B’8 RE, in con-
trast, obliterated ERK1/2 phosphorylation before and after
B-adrenergic stimulation (Fig. 8, A and B), suggesting that RE is
more sensitive than OE and that PP2A/B’8 is a potent negative
regulator of ERK1/2 signaling. It has been reported that
PP2A/B’ enzymes can dephosphorylate ERK1/2 directly (12).
To explore this possibility in our model system, we assessed
phosphorylation of MEK, the kinase immediately upstream of
ERK1/2 in the mitogen-activated protein kinase cascade. Iso-
proterenol-induced MEK1/2 phosphorylation and propra-
nolol/H89-induced dephosphorylation remained unaffected by
PP2A/B'6 RE and OE (Fig. S1), suggesting that this PP2A
holoenzyme targets ERK1/2 directly.

Because PKA is reported to activate PP2A/B’§, we also exam-
ined protein phosphorylation in the same extracts with a com-
mercial antibody that recognizes phosphorylated PKA motifs
(R(RK)X(ST)). Of note, this motif is shared with many other
Arg-directed kinases. Isoproterenol treatment followed by pro-
pranolol/H89 chase resulted in a complex pattern of PKA sub-
strate phosphorylation that was similar in uninduced (—Dox)
B'6 RE versus OE cells. Dox-induced B'8 OE had no effect on
phosphorylation levels of three bands detected by the phospho-
PKA substrate antibody that changed in response to the 8-ad-
renergic stimulation/inhibition regimen (labeled I-III in Fig.
8D). In contrast, Dox-induced B’8 RE resulted in significant
dephosphorylation of all three bands compared with the unin-
duced state (Fig. 8C). As a side note, only the group of proteins
labeled “II1” respond to the transient isoproterenol treatment as
expected for a direct PKA substrate. Taken together, these
results indicate that PP2A complexity reduction is uniquely
suited to identify phosphatase substrates.

PP2A complexity reduction identifies B' & dephosphorylation
motif in the global phosphoproteome

Emerging evidence indicates that PSPs, including PP2A, rely
on short docking motifs in their substrates for recognition and
dephosphorylation. Also referred to as short-linear interaction
motifs (SLIMs), these degenerate hydrophobic motifs are often
distant from targeted phospho-Ser/Thr residues (13-15). We
hypothesized that residues adjacent to sites targeted for dephos-
phorylation may also play a role in directing PP2A substrate
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selectivity (16). To identify such consensus dephosphorylation
motifs in an unbiased fashion, we interrogated the global phos-
phoproteome in inducible RE and OE cell lines. Three clonal
cell lines were mixed prior to analysis to minimize potential
selection artifacts. To again favor activity of the PP2A/B’8
holoenzyme (10, 11), serum-starved naive and Dox-induced
cells were challenged with isoproterenol for 5 min to activate
PKA. Cells were flash-frozen, and urea extracts were subjected
to tryptic digestion. Peptides were labeled with tandem mass
tag (TMT) isobaric mass tags and enriched for phosphopep-
tides using Ti-IMAC beads before quantitative analysis by LC-
MS/MS. Isoproterenol treatment led to the expected enrich-
ment of peptides with Arg and Lys residues N-terminal to the
phosphorylation sites (consensus motif in Fig. S2A) that are
predicted to be targets of basophilic kinases, such as PKA (Fig.
S2B and supporting Excel File S2). Isoproterenol also stimu-
lated phosphorylation of the PKA site in B'§, Ser-573 (3.96-fold
in RE and 3.98-fold in OE cell lines, see supporting Excel File
S1).

We identified 8235 phosphopeptides in 3786 proteins after
isoproterenol stimulation (supporting Excel File S1). Normal-
ization of phosphopeptide to protein abundance resulted in
5254 normalized phosphopeptides. To identify Dox-induced
changes in the phosphoproteome, we determined a Dox-in-
duced to naive (—Dox) ratio. Phosphopeptides more than 1.5-
fold depleted by Dox treatment (abundance ratio <0.67) were
considered as potential PP2A/B’5 substrates. We thus identi-
fied 339 and 212 dephosphorylated peptides in isoproterenol-
treated RE and OE cell lines, respectively (Fig. 94). Of these, 46
peptides were dephosphorylated by both PP2A/B’6 RE and OE
(Fig. 9B and supporting Excel File S2). Phosphopeptides were
derived from 238 (RE) and 116 (OE) proteins, with 34 potential
substrate proteins identified in both cell lines (Fig. 9C and sup-
porting Excel File S2). The limited overlap between substrates
identified by RE and OE approaches deserves comment. It has
recently been reported that B’ can associate with the Ser/Thr
phosphatase PPM1G (PP2Cvy) (17). It is therefore possible that
peptides/substrates selectively depleted by B’ overexpression,
when endogenous B subunits can effectively compete for PP2A
holoenzyme formation, are instead dephosphorylated by a
PP2C+y/B’8 complex.

Functional gene clustering of the 238 PP2A/B’ 6 RE substrate
proteins by STRING (18) revealed four major clusters (Fig. 9D).
Proteins within all four clusters have previously been linked to
PP2A. Specifically, PP2A is associated with the spliceosomal
complex (yellow spheres in Fig. 9D) (19, 20), kinetochore
complex (blue) (21-23), cell-cell adhesion complexes
(green) (24 -27), and epigenetic regulation (cyan) (28 —31). In
contrast, grouping of the 116 PP2A/B’6 OE substrates (data
not shown) revealed only a subset of two clusters (spliceo-
some and kinetochore complex), which are composed of
proteins within the overlap of the Venn diagram in Fig. 9C.
No clusters were detected among the 82 substrates identified
only by PP2A/B’8 OE.

Using the PANTHER classification system (32, 33), we fur-
ther analyzed the PP2A/B’6 RE substrates for gene ontology,
protein class, and pathway (Fig. S3 and supporting Excel File
S2). This analysis revealed parallels to functional gene cluster-
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Figure 8. PP2A complexity reduction, but not overexpression, detects B’ 5-mediated dephosphorylation events. PP2A/B’8 RE and OE cell lines were
treated * doxycycline for 3 days, serum-starved for 4-6 h, and then stimulated with isoproterenol (1 um, 5 min). B-Adrenergic signaling was terminated by
subsequent incubation with propranolol (prop, 10 um) and H89 (50 wm) for 0-5 min, after which SDS lysates were prepared and analyzed by immunoblotting
for the indicated total and phospho (p)-proteins. The top of each panel shows representative blots. Positions of molecular mass markers (in kDa) are indicated
on the right. The graphs at the bottom of each panel depict densitometry as means =+ S.E. of three clonal cell lines. A and B, pERK to total ERK ratios were
normalized to the basal (ba), no Dox condition. Cand D, p-PKA substrate signals were first normalized to total protein (Ponceau S stain). Signals of bands labeled
I'and /Il were then normalized to the basal, no Dox condition, whereas band Il signals were normalized to the no Dox, 5-min time point. Error bars smaller than
symbols are not shown. Asterisks denote significant differences between +Dox and —Dox groups based on two-way ANOVA analysis followed by Sidak’s
multiple comparison post hoc test. ¥, p < 0.05; **, p < 0.01; and ****, p < 0.0001.
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Figure 9. PP2A complexity reduction identifies putative B’ d substrates in the global phosphoproteome. Three clonal PP2A/B’ 8 RE and OE cell lines were
pooled and treated = Dox for 3 days, serum-starved for 4-6 h, and then stimulated with isoproterenol (1 um, 5 min). Urea lysates were digested with trypsin,
TMT-labeled, phospho-enriched, and subjected to quantitative LC-MS/MS analysis. After normalization to protein abundance, phosphorylation changes were
calculated as the ratio of +Dox to —Dox phosphopeptide levels. A, numbers of phospho-Ser, phospho-Thr, and phospho-Tyr- containing peptides that were
atleast 1.5-fold depleted by PP2A/B’ §RE and OE. Band C, Venn diagrams illustrating numbers of phosphopeptides (B) and proteins (C) that were either uniquely
depleted by RE and OE (numbers to the left and right) or depleted by both RE and OE (numbers in the intersections, see also supporting Excel File S2). Proteins
were counted as potential substrates if at least one phosphopeptide was depleted =1.5-fold. Because some proteins were identified as phosphopeptides only
(notin the total peptide pool), phosphopeptide ratios were calculated without normalization to total protein for Conly. D, STRING network analysis (18) shows
four major subnetworks and potential protein—protein interactions among the 238 potential PP2A/B’ 8 RE substrates. Node colors represent different subnet-

works based on k means clustering of 5. Substrates that are not connected within the network are not shown.

ing. For instance, 30% of substrates belong to the largest “nucle-
otide-binding” class, which contribute to the largest gene clus-
ter, the spliceosomal complex (Fig. 9D).

For validation as a PP2A/B’6 target, we selected ribosomal
protein S6 (RPS6), which was detected by both RE and OE as
several depleted phosphopeptides. Phosphorylation of clusters
of C-terminal Ser residues in RPS6 is a widely used marker for
enhanced protein synthesis and cell growth downstream of the
phosphatidylinositol 3-kinase/Akt/mechanistic target of rapa-
mycin kinase cascade (34). RPS6 phosphorylation was assessed
with antibodies specific for phospho-Ser-235/236 (Fig. 104)
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and phospho-Ser-240/244 (Fig. 10B). Both PP2A/B'6 RE
(+Dox) and isoproterenol treatment promoted dephosphor-
ylation of RPS6 at the two sets of Ser residues. Effects were
additive, with cAMP mobilization in PP2A/B’8 RE-express-
ing cells resulting in 50-60% dephosphorylation of RPS6
(Fig. 10, A and B).

To uncover consensus dephosphorylation motifs, =1.5-fold
depleted 15-mer peptides with centered phospho-Ser/Thr res-
idues were analyzed for motif enrichment using the pLogo web
tool, which assesses the statistical significance of motifs relative
to a species-specific background (35). This analysis identified
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Figure 10. RPS6 is a putative substrate of PKA-activated PP2A/B’. P2A/B’3 RE cells were treated *+ Dox for 3 days, serum-starved for 4-6 h, and then
stimulated = isoproterenol (1 um, 5 min). SDS lysates were analyzed by PAGE and immunoblotting for total and phospho (p)-ribosomal protein S6 (RPS6; A,
pSer-235/236; B, pSer-240/244). The top of each panel shows representative blots with molecular mass markers (in kDa) indicated on the right. The graphs at the
bottom of each panel depict pRPS6 to total RPS6 ratios of four clonal cells lines normalized to the basal/—Dox condition as individual data points and as
means * S.E. p values were obtained by one-way ANOVA with Tukey’s post hoc test.

45 motifs after PP2A/B’ 8 RE versus only six motifs after PP2A/
B’8 OE (supporting Excel File S2), with the latter displaying
significantly higher degeneracy (lower motif scores, Fig. 114).
Fig. 11, B and C, shows sequence logos for RE and OE, respec-
tively, separating phospho-Ser- (top panels) and phospho-Thr—
containing motifs (bottom panels) for clarity. Common to most
motifs is a Pro at the +1 position, consistent with previous
evidence that PP2A/B’ holoenzymes dephosphorylate sub-
strates of mitotic, proline-directed kinases (36, 37). PP2A/B’§
RE revealed phospho-Ser motifs with N-terminal Arg and
C-terminal Glu or Asp residues, with enrichments at 11 of 14
positions reaching significance (denoted by pink arrows, Fig.
11B, top). PP2A/B’'8 OE, however, yielded significant enrich-
ments at 4 of 14 positions only (Fig. 11C, top). Similarly, PP2A/
B’6 RE yielded phospho-Thr- containing motifs of higher def-
inition than PP2A/B’8 OE (Fig. 11, B and C, bottom panels, and
supporting Excel File S2). Further analysis of the phosphopep-
tides depleted by PP2A/B’5 RE using the phospho-NET kinase
predictor (38) indicates that the top three protein kinase groups
predicted to target these peptides are proline-directed
kinases (CMGC group, 48.5% of peptides) and arginine-di-
rected kinases (AGC group, 17.1%; CAMK group, 16.4%)
(Fig. S2C and supporting Excel File S2). These predictions
reflect the preference of PP2A/B’ 6 for Arg and Lys N-termi-
nal and Pro C-terminal to the phosphorylation site accord-
ing to motif analysis (Fig. 11B).

In conclusion, our approach of simplifying the PP2Aome
permits unbiased identification of cellular targets of individual
PP2A holoenzymes and suggests that, in addition to SLIMs,
residues vicinal to the phosphorylation site are important selec-
tivity determinants for PP2A.

Discussion

We describe here a strategy to replace the majority of endog-
enous PP2A holoenzymes with a defined holoenzyme that con-
sists of Aa and B subunits with complementary charge-rever-
sals complexed to the endogenous catalytic subunit. We
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identified complementary charge-swaps for all three regulatory
subunit families, allowing future characterization of each of the
12 regulatory subunits in a cellular context in near isolation. We
applied this PP2A reduction strategy to the PP2A/B’5 holoen-
zyme and uncovered substrates and dephosphorylation motifs
that were not apparent by overexpression of the B’ § regulatory
subunit. We therefore propose that PP2A complexity reduction
is superior to overexpression as a complement to classical loss-
of-function (knockout and knockdown) approaches. Unfortu-
nately, because of functional redundancy within, possibly even
across PP2A regulatory subunit families, silencing of individual
regulatory subunits often has only moderate effects on cellular
signaling (39, 40).

The incomplete removal of endogenous PP2A regulatory
subunits (~70% in the case of PP2A/B’$, see Fig. 7) is consid-
ered a feature rather than a weakness of PP2A complexity
reduction. We had previously shown (using a precursor of the
current approach) that all three PP2A regulatory subunit fam-
ilies are required for cellular viability (39). Hence, residual
endogenous PP2A holoenzymes ensure compatibility of the
PP2A reduction strategy with long-term studies, including
growth and proliferation experiments.

Even though B'8 and B’ e display near-perfect sequence con-
servation in their A subunit interfaces, the endogenous proteins
responded differently to Aa mutagenesis. Specifically, and
regardless of which A« interface mutant was immunoprecipi-
tated, interactions with B'e were more strongly impaired than
interactions with B’8. In addition, even though PP2A/B’8 RE
was accompanied by efficient degradation of endogenous B'8
(Fig. 7), the overexpressed protein was capable of interacting
with the interface-mutant Aa R183E (Fig. 3, A and B). Thus, B’
appears to bind more tightly to the A subunit than at least B'e.
Interestingly, compared with other B’ subunits, B’ features an
additional predicted anti-parallel a-helical repeat at its C ter-
minus, which could be involved in stabilizing interactions
within the PP2A holoenzyme.
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Figure 11. PP2A/B’ reduction identifies consensus dephosphorylation motifs in the global phosphoproteome. Phosphopeptides depleted =1.5-fold
by PP2A/B’ 8 RE and OE were subjected to motif analysis. A, motif scores (means = S.E.) of the 45 (RE) and 6 motifs (OE) identified by pLogo (see supporting Excel
File S2 for a list of motifs). The p value is based on Student’s t test. B and C, motif logos for phospho-Ser- (top) and phospho-Thr-containing peptides (bottom)
depleted by PP2A/B’ 8 RE (B) and OE (C). Pink down arrows indicate positions with significantly enriched residues, which are identified by heights exceeding the

significance threshold (red line at +3.75).

The quantitative phosphoproteomic data set presented here
indicates that PP2A is sensitive to residues flanking the phos-
phorylated Ser/Thr. In particular, PP2A/B’5 RE depletes phos-
phopeptides enriched in positive charges (largely Arg) at the
N-terminal 1-, 3-, 5-, and 7-positions relative to phospho-Ser.
In addition to a near-obligatory Pro at the +1-position, posi-
tions +2 through +6 display significant enrichments of acidic
residues (Glu and Asp, Fig. 11B). Consensus dephosphorylation
motifs centered on phospho-Thr show trends toward similar
enrichments, although, with the limited number of phospho-
Thr peptides in these data set, fewer positions reach statistical
significance. Even though only a few of the depleted phospho-
peptides have both N-terminal positive and C-terminal nega-
tive charges, the apparent polarity of the motifs suggests
that substrates align with the catalytic site in a defined orienta-
tion that is dictated by nearby residues on the surface of the
regulatory subunit. For B'6 and other B'-family subunits,
residues that engage N-terminal Arg residues in substrate pep-
tides include a string of highly-conserved acidic residues
(**EEDE*“°in B'8$), as we have previously shown in the context
of PPP2R2B/B’B (16). Intriguingly, recurrent de novo charge-
reversal mutations in human PPP2R5D/B’$, including E197K,
E198K, and E200K, cause autosomal-dominant mental retarda-
tion type 35 (MRD35, also known as Jordan’s syndrome (41—
43)), and PP2A reduction studies are underway to identify
novel, potentially pathogenic substrates of the mutant PP2A/
B’6 holoenzyme.

Experimental procedures
Antibodies

The following commercially-sourced antibodies and labels
were used: mouse anti-GFP (clone N86/8, 1:500, Neuromab
catalog no. 75-131); rabbit anti-Glu—Glu (1:1000, Cell Signaling
catalog no. 2448); mouse anti-PP2A—-Bpan (clone 2G9, 1:1000,
Upstate catalog no. 05-592);, rat anti-PP2A-A (clone 6G3,
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1:1000, Cell Signaling catalog no. 2260); mouse anti-PP2A-Ca
(1:1000, BD Biosciences catalog no. 610556); rabbit anti-PP2A/
B’6 (1:1000, Abcam catalog no. ab188323); rabbit anti-PP2A-
B’€(1:1000, Abcam catalog no. ab1985000); rabbit anti-ERK1/2
(1:500, Santa Cruz Biotechnology catalog no. sc-94); mouse
anti-ERK1/2 (1:500, Santa Cruz Biotechnology catalog no.
sc-514302); rabbit anti-phospho-ERK1/2 (Thr-202/Tyr-204)
(1:1000, Cell Signaling catalog no. 4370); rabbit anti-phospho-
PKA substrates (1:1000, Cell Signaling catalog no. 9624); mouse
anti-MEK1/2 (1:1000, Cell Signaling catalog no. 4694); rabbit
anti-phospho-MEK1/2 (Ser-217/Ser-221) (1:1000, Cell Signal-
ing catalog no. 9154); rabbit anti-phosphoribosomal protein S6
(Ser-235/Ser-236) (1:1000, Cell Signaling catalog no. 4858);
rabbit anti-phosphoribosomal protein S6 (Ser-240/Ser-244)
(1:1000, Cell Signaling catalog no. 5364); mouse anti-ribosomal
protein S6 (1:1000, Cell Signaling catalog no. 2317); goat anti-
mouse IRDye® 680RD (LiCOR, catalog no. 926-68070); goat
anti-rabbit IRDye® 800CW (LiCOR, catalog no. 926-32211);
goat anti-rat IRDye® 800CW (LiCOR, catalog no. 926-32219).

Cell culture conditions and plasmid construction

COS-1 cells and HEK293 cells were cultured in Dulbecco’s
modified Eagle’s medium (Gibco, catalog no. 11965092) sup-
plemented with 10% fetal bovine serum (Atlanta Biologicals,
catalog no. S11150) and 1% GlutaMAX (Gibco, catalog no.
35050061). pcDNA3 plasmids expressing Aa WT and mutants
harboring a C-terminal EE-epitope tag were described previ-
ously (6).

Generation of tetracycline-inducible HEK293 cell lines and
assessment of PP2A subunit protein expression

HEK293 T-REx cells (Takara/Clontech) were transfected
with 5 ug of the linearized vector pcDNA6/TR encoding the
tetracycline repressor protein and 10 ug of either the RE or OE
constructs encoding PP2A/B' 8. 48 colonies were selected using
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500 wg/ml hygromycin B (Thermo Fisher Scientific, catalog no.
10687010) and 5 pg/ml blasticidin S hydrochloride (MP Bio-
medicals, catalog no. 150477) and screened for overexpression
of GFP-tagged PP2A/B'S by fluorescence microscopy upon
doxycycline induction. The selected clonal cell lines were fur-
ther expanded and maintained in 100 ug/ml hygromycin B and
5 ug/ml blasticidin S hydrochloride. Subsequently, the protein
expression of PP2A subunits following a time-dependent
induction of doxycycline was assessed by immunoblotting.
Briefly, 15,000 cells/well were seeded in a collagen-coated
24-well plate, and one column of cells was treated with 1 ug/ml
doxycycline for 5 days. On the 6th day, the cells were washed
with ice-cold 1X Dulbecco’s PBS (Gibco, catalog no.
14190144), sonicated in 80 ul of 1X sample buffer, and sub-
jected to Western blotting.

Transfection and coimmunoprecipitation

COS-1 cells were seeded in collagen-coated 6-well plates at a
density of 4 X 10° cells/well. After 2—4 h, cells were transfected
with 4 ul/well Lipofectamine-2000 and 2 pg/well DNA (either 1
g of GFP-tagged Ba or B8 plasmid and 1 ug of EE-tagged Aa
plasmid or 1.5 ug of GFP-tagged B” plasmid and 0.5 ug of EE-
tagged A« plasmid). After 40 —48 h, cells were washed with 1X
Dulbecco’s PBS (DPBS) (Gibco, catalog no. 14190144) and har-
vested in 350 ul of immunoprecipitation (IP) lysis buffer (20
mM Tris, pH 7.5, 150 mm NaCl, 1% Triton X-100, 1 mm EDTA,
1 mm EGTA, 1 ug/ml leupeptin, 1 mm benzamidine, and 1 mm
phenylmethylsulfonyl fluoride). Lysates were then centrifuged
at 13,000 rpm at 4 °C for 15 min. 40 ul of supernatant was
collected as “input,” and 12.5 ul of 4X sample buffer (200 mm
Tris, pH 6.8, 40% glycerol, 8% SDS, 0.1% bromphenol blue,
20% B-mercaptoethanol) was added to it. The remaining su-
pernatant was incubated with goat anti-Glu—-Glu antibody—
conjugated agarose beads (Bethyl Laboratories, catalog no.
S$190-110) and rotated for 2 h at 4 °C. After 2 h, the immuno-
precipitates were centrifuged at 4000 rpm for 2 min at 4 °C. 40
wl of the supernatant was collected as the “flow-through,” and
12.5 pl of 4X sample buffer was added to it. The remaining
supernatant was aspirated, and the immunoprecipitates were
washed with IP lysis buffer, rotated for 5-10 min at 4 °C, and
centrifuged at 4000 rpm for 2 min. The immunoprecipitates
were washed three more times and extracted in 15 ul of 2X
sample buffer. The cell pellet was sonicated with 40 ul of 1X
sample buffer. All the samples collected were subjected to
Western blotting.

Substrate dephosphorylation assessment

HEK?293 stable cell lines expressing PP2A /B’ & were seeded in
collagen-coated 24-well plates at a density of 2.5 X 10* cells/
well and treated with 1 ug/ml doxycycline for 3 days followed
by serum starvation in Opti-MEM I reduced serum medium
(Gibco, catalog no. 31985070) for 4—6 h. To assess substrate
dephosphorylation activity, cells were pretreated with 1 um iso-
proterenol for 5 min followed by a time-dependent treatment of
inhibitor mixture containing 10 um propranolol and 50 um H89
(Tocris catalog no. 2910) for 0, 0.75, 1.5, 3, and 5 min. The plate
was then immediately flash-frozen in liquid nitrogen, and the
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cells were lysed in 80 ul of 1X sample buffer and subjected to
Western blotting.

Western blotting

Samples were heated at 95 °C, and an equal volume of pro-
teins was loaded onto 10% acrylamide gels and separated at a
constant voltage of 180 V for 45 min. The proteins were then
transferred onto nitrocellulose membrane at a constant current
of 1 A for 2 h. The membranes were then washed, stained with
Ponceau S, and blocked in 2% BSA supplemented with 0.05%
sodium azide for 30 min at 37 °C. The membranes were washed
with 1X TTBS (150 mm NaCl, 10 mm Tris, pH 7.5, 0.001%
Triton X-100) followed by incubation with appropriate primary
antibodies overnight at 4 °C. On the 2nd day, the membranes
were washed with 1X TTBS and incubated with 1:15,000-di-
luted fluorescent dye—conjugated species—specific secondary
antibodies (LI-COR) for 1 h at room temperature. Subse-
quently, the membranes were washed with 1 X TTBS and visu-
alized using the LI-COR Odyssey® IR imaging system. Densi-
tometry analysis was performed using Image]. All the primary
antibodies were prepared at the appropriate dilution in 1X
TTBS containing 1% PVP40 and 0.05% sodium azide.

Sample preparation for phosphoproteomic analyses

For phosphoproteomics, three representative clonal cell
lines expressing PP2A/B’'8 WT from each RE and OE model
were pooled and seeded in five 100-mm plates at a density of
2—-3 million cells per 100-mm plate. The cells were treated with
or without 1 ug/ml doxycycline for 3 days and then washed with
1X DPBS before serum starvation in Opti-MEM I reduced
serum medium (Gibco, catalog no. 31985070) for 4—6 h. The
cells were then pretreated with or without 1 pM isoproterenol
for 5 min and were immediately flash-frozen in liquid nitrogen.
The eight combinations of =Dox- and *isoproterenol-treated
PP2A/B’S RE or OE cells were individually harvested in urea
lysis buffer (8 M urea in 50 mm ammonium bicarbonate supple-
mented with 1X cOmplete, mini-EDTA—free protease inhibi-
tor mixture (Roche Applied Science, catalog no. 11836153001)
and 1X PhosSTOP phosphatase inhibitor (Roche Applied Sci-
ence, catalog no. 04906845001)), sonicated, and centrifuged at
13,000 X g for 15 min at 4 °C. Lysates were reduced with 5 mm
DTT, alkylated with 15 mm iodoacetamide, and then subjected
to digestion with trypsin (Promega) at a 1:50 enzyme/protein
ratio. The resulting peptide samples were acidified and desalted
using SepPak C18 SPE cartridges (Waters, 100 mg of sorbent).
Eluates were dried via vacuum centrifugation. Peptide concen-
tration was determined using Pierce Quantitative Colorimetric
Peptide Assay. 300 ug of each sample was reconstituted with
200 mM triethylammonium bicarbonate and then individually
labeled with a TMT 10-plex reagent (Thermo Fisher Scientific)
for 5 h at room temperature. Labeling efficiency and sample
ratios were evaluated by LC-MS/MS analysis of two test mix-
tures. Samples were quenched with 50% hydroxylamine to a
final concentration of 0.4%. Labeled peptide samples were
mixed at equal ratios (eight samples total), dried via vacuum
centrifugation, and then desalted using SepPak C18 SPE car-
tridges (Waters, 500 mg of sorbent). 100 ug of the mixed TMT
sample was fractionated into six “global proteome” fractions
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using high pH reverse-phase spin columns (Pierce). The
remaining mixed TMT sample (2.3 mg) was enriched for phos-
phopeptides using MagReSyn Ti-MAC beads (ReSyn Biosci-
ences), as described previously by Esnaut ez al. (44). The phos-
phopeptide-enriched samples were fractionated into three
“phosphoproteome” fractions using high-pH reverse-phase
spin columns (Pierce). The proteome and phosphoproteome
fractions were dried via vacuum centrifugation and stored at
—80 °C until further analysis.

LC-MS/MS analysis

The proteome and phosphoproteome fractions were ana-
lyzed by LC-MS/MS using an Easy nL.C 1200 coupled to a QEx-
active HF mass spectrometer (Thermo Fisher Scientific). Sam-
ples were injected onto an Easy Spray PepMap C18 column (75
pm inner diameter X 25 cm, 2-pum particle size) (Thermo
Fisher Scientific) and separated over a 90-min period. The gra-
dient for separation consisted of 5-50% mobile phase B at a 250
nl/min flow rate, where mobile phase A was 0.1% formic acid in
water and mobile phase B consisted of 0.1% formic acid in 80%
acetonitrile. The QExactive HF was operated in a data-depen-
dent mode where the 15 most intense precursors were selected
for subsequent high-energy collisional dissociation (HCD)
fragmentation. Mass tolerances were set to 4.5 and 20 ppm for
precursors and fragments, respectively. Resolution for the pre-
cursor scan (m/z 350-1600) was set to 60,000 with a target
value of 3 X 10° ions and a maximum injection time of 100 ms.
MS/MS scan resolution was set to 60,000 with a target value of
1 X 10° ions and a maximum injection time of 100 ms. Fixed
first mass was set to 110 m/z, and the normalized collision
energy was set to 32% for HCD. Dynamic exclusion was set to
30 s; peptide match was set to preferred; and precursors with
unknown charge or a charge state of 1 and =8 were excluded.

Proteome and phosphoproteome data analysis

For the proteome and phosphoproteome data, raw data
files were processed using MaxQuant version 1.6.1.0, set to
“reporter ion MS2” with “10plex TMT.” The isolation purity
was set to >0.7. Peak lists were searched against a reviewed
Uniprot human database (downloaded February, 2018, con-
taining 20,245 sequences) and appended with a common con-
taminants database, using Andromeda within MaxQuant. All
fractions were searched with up to two missed trypsin cleavage
sites, fixed Cys-carbamidomethylation modification, dynamic
Met-oxidation, and Ser/Thr/Tyr phospho-modifications. Pep-
tide false-discovery rate was set to 1%. Data were further ana-
lyzed and visualized in Perseus, Microsoft Excel, and R. Only
phosphopeptides identified in both TMT sets with a localiza-
tion probability score of >0.7 were reported.

Motif enrichment analysis

The phosphopeptide abundance was normalized to the pro-
tein abundance, and phosphopeptides with a normalized abun-
dance ratio (+ Dox/—Dox) of less than 0.67 were analyzed. The
motif enrichment analysis of the aligned 15-mer peptides with
phosphosite (serine or threonine) centered was performed
using the pLogo web tool (RRID:SCR_018185) (35). The phos-
phosite was fixed as the center residue to identify residues that
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are significantly enriched as indicated by the height of the res-
idue exceeding the statistically-significant red horizontal bar.
To identify the consensus motifs, the significantly-enriched
residues are independently fixed, and the motif score was cal-
culated by summing up the log-odds score of the residues.

STRING network analysis

Substrates depleted by PP2A/B’6 RE after isoproterenol
stimulation were analyzed for functional protein association
networks and clustering analysis using the STRING web server
(18). For this analysis, we focused on the substrates with abun-
dance ratio (+Dox/—Dox) of less than 0.67. The interaction
score was set at 0.9 with the highest confidence, and the cluster
analysis was based on the k-means clustering of 5.

Gene functional classification

Substrates depleted by PP2A/B’'6 RE after isoproterenol
stimulation were analyzed for gene functional classification
using the PANTHER classification system (32, 33). For this
analysis, we focused on the substrates with abundance ratio
(+Dox/—Dox) less than 0.67. The percent of genes that are
enriched in each category are analyzed for molecular function,
biological process, cellular component, protein class, and
pathway.

Kinase prediction analysis

We analyzed the phosphopeptides that are more than 1.5-
fold iso-enriched or iso-depleted for kinase groups that are
likely to phosphorylate these peptides. We used the Phospho-
NET Kinase Predictor web tool (38), which was developed by
Kinexus Bioinformatics Corp. For each phosphopeptide, we
analyzed the top five kinases that are likely to phosphorylate the
peptide based on the kinase predictor score. The top five pre-
dicted kinases were further classified into 10 canonical kinase
groups (AGC, CMGC, CAMK, TK, TKL, STE, CK1, RGC, atyp-
ical, and others) (45).

Statistical analysis

Statistical analyses were performed using GraphPad Prism.
Data are shown as means * S.E. of 3— 8 replicates as indicated in
the figure legends. A Student’s ¢ test was performed to assess
the significance between two groups, and one- or two-way
ANOVA followed by Dunnett’s, Tukey’s, or Sidak’s post-hoc
test were performed to assess the significance among more than
two groups. A p value less than 0.05 was considered as statisti-
cally significant.

Data availability

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD016809.
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