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Phosphatase specificity principles uncovered by
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Abstract

Phosphoprotein phosphatases (PPPs) regulate major signaling
pathways, but the determinants of phosphatase specificity are
poorly understood. This is because methods to investigate this at
scale are lacking. Here, we develop a novel in vitro assay, MRBLE:
Dephos, that allows multiplexing of dephosphorylation reactions
to determine phosphatase preferences. Using MRBLE:Dephos, we
establish amino acid preferences of the residues surrounding the
dephosphorylation site for PP1 and PP2A-B55, which reveals com-
mon and unique preferences. To compare the MRBLE:Dephos
results to cellular substrates, we focused on mitotic exit that
requires extensive dephosphorylation by PP1 and PP2A-B55. We
use specific inhibition of PP1 and PP2A-B55 in mitotic exit lysates
coupled with phosphoproteomics to identify more than 2,000 reg-
ulated sites. Importantly, the sites dephosphorylated during
mitotic exit reveal key signatures that are consistent with MRBLE:
Dephos. Furthermore, integration of our phosphoproteomic data
with mitotic interactomes of PP1 and PP2A-B55 provides insight
into how binding of phosphatases to substrates shapes dephos-
phorylation. Collectively, we develop novel approaches to investi-
gate protein phosphatases that provide insight into mitotic exit
regulation.
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Introduction

Cellular signaling by dynamic phosphorylation constitutes a key reg-

ulatory mechanism and is vital for cellular function (Hunter, 2012).

To understand phosphorylation-dependent signaling, we need to

understand the principles of kinase and phosphatase specificity.

Recent progress has been made in the area of kinase specificity

through large-scale discovery of active-site preferences using pep-

tide arrays (Johnson et al, 2023). Furthermore, large-scale substrate

discovery for kinases has been greatly facilitated by the use of spe-

cific small-molecule inhibitors (Kettenbach et al, 2011; Petrone

et al, 2016). In contrast, methods that can address protein phospha-

tase specificity in vitro at scale as well as robust substrate identifica-

tion methods are limited. Establishing such methods is essential for

advancing our understanding of dynamic phosphorylation and how

this is regulated to control cellular signaling.

PP1 and PP2A are members of the phosphoprotein phosphatase

(PPP) family and are responsible for the majority of Ser/Thr dephos-

phorylation in eukaryotes (Shi, 2009; Nilsson, 2019; Kokot &

Kohn, 2022). PP1 is an evolutionarily conserved phosphatase with

three nearly identical isoforms of the catalytic subunit (PP1Cα-γ)
(Bollen et al, 2010; Heroes et al, 2013). PP1 functionally works as a

dimeric holoenzyme consisting of the catalytic subunit bound to

a regulatory subunit. Many PP1 regulatory subunits have been iden-

tified, and the PP1 catalytic subunit likely does not exist as a mono-

mer. These complexes confer phosphatase activity towards specific

substrates by influencing PP1 localization and changing its substrate

specificity due to modulation of the PP1 catalytic site (Bollen

et al, 2010). A key mechanism for PP1 holoenzyme formation and

substrate interaction is the binding of PP1 to short linear motifs

(SLiMs) in proteins. The RVxF motif is the most common SLiM, but

several other PP1 binding motifs have been identified (SILK,

MyPhone, KiR) (Bollen et al, 2010; Heroes et al, 2013). Two recent
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studies using either a synthetic peptide library approach coupled

with a mass spectrometry read-out (PLDMS), or time-resolved mass

spectrometry after PP1C depletion started to uncover dephosphory-

lation site selectivity (Hoermann et al, 2020; Holder et al, 2020).

These studies revealed a preference for pThr sites and that basic res-

idues surrounding the phosphorylation sites allow for rapid

dephosphorylation.

In contrast to PP1, PP2A is an obligatory trimeric holoenzyme

with a catalytic subunit (2 isoforms PP2CA/B), a scaffold (2

isoforms PPP2R1A/B), and a regulatory B regulatory subunit (B55,

B56, PR72, or striatin) (Shi, 2009; Nilsson, 2019). Insight into PP2A

substrates and specificity has come from different approaches,

including the PLDMS approach with PP2A catalytic subunit alone,

B55, or B56 depletion/inhibition in cells or mitotic lysates coupled

with quantitative mass spectrometry (Cundell et al, 2016; Hoermann

et al, 2020; Kruse et al, 2020).

Despite the recent insight into PP1 and PP2A specificity, a sys-

tematic in vitro and in vivo comparison of phosphorylation site

preference is lacking, making it difficult to interpret results

obtained from cells or lysates. Here, we develop a novel high-

throughput in vitro dephosphorylation assay, MRBLE:Dephos, to

provide novel insight into active-site preferences for these phos-

phatases. We establish thousands of PP1 and PP2A-B55 substrates

at mitotic exit which confirm several of the key findings from

MRBLE-Dephos and provide important insight into mitotic exit reg-

ulation by protein phosphatases. Collectively, our results provide

tools and resource for understanding signal regulation by protein

phosphatases and reveal that phosphatases like kinases have

active-site specificity.

Results

A novel high-throughput in vitro dephosphorylation assay

A systematic analysis of protein phosphatase preference requires the

development of a quantitative dephosphorylation assay allowing

measurement of multiple dephosphorylation reactions in one experi-

ment. To obtain data at a high-throughput scale, we developed a

novel multiplexed bead-based dephosphorylation assay (MRBLE:

Dephos) (Fig 1A). MRBLE:Dephos relies on microfluidically pro-

duced hydrogel beads containing ratiometric combinations of

lanthanide nanophosphors (MRBLEs), each of which forms a unique

spectral code that can be identified via imaging alone (Gerver

et al, 2012; Nguyen et al, 2017; Feng et al, 2020). In prior work, we

demonstrated that peptides can be chemically synthesized directly

on MRBLEs, making it possible to quantify binding of a fluores-

cently labeled protein to 96 bead-bound peptides in parallel, using

only small amounts of reagents (Nguyen et al, 2019; Hein

et al, 2021a). We have now extended this assay to quantify protein-

dependent dephosphorylation by synthesizing 94 phosphorylated

Ser or Thr containing peptides with basic, acidic, or hydrophobic

amino acids surrounding the phosphorylation site on MRBLEs with

a 1:1 linkage between the identity of the synthesized peptide and

the embedded spectral code (Fig 1A). In this set of 94 peptides,

we varied key positions (X) in a core sequence, LGAXXXpS/

pTXLXXVSA, to test the effect of acidic, basic, or hydrophobic resi-

dues on PP1γ and PP2A-B55α dephosphorylation kinetics (for sim-

plicity, referred to as PP1 and PP2A-B55). The peptide set covered

the same sequences with either a phosphorylated serine or threo-

nine and half of the peptides contained a proline residue right after

the phosphorylation site. After incubation with phosphatase for dif-

ferent amounts of time (15, 30, 60, 120, and 240 min), we incubated

MRBLE-bound peptides with the pIMAGO reagent (Iliuk et al, 2011,

2012) (which binds specifically to phosphorylated proteins and has

a biotin moiety) and DyLight 650-labeled streptavidin (which binds

the pIMAGO biotin moiety). After washing, imaging of MRBLEs in

both the lanthanide and fluorescence channels identifies embedded

codes (and thus the peptide associated with each bead) and quan-

tifies DyLight 650 fluorescence (and thus the amount of phosphate

remaining). Comparing observed fluorescence with negative control

samples not exposed to phosphatases makes it possible to follow

phosphatase-dependent dephosphorylation of 94 peptides over time

within a single small volume. To test the performance of the assay,

we used Lambda phosphatase to dephosphorylate all 94 peptides on

the mixed beads (Fig 1B). Fluorescence images of MRBLEs post-

phosphatase treatment showed a loss of DyLight 650 fluorescence,

confirming the ability to use this assay to detect dephosphorylation

(Fig 1B).

We next monitored dephosphorylation of the 94 peptides after

incubation with recombinant PP1 and PP2A-B55 affinity purified

from HeLa cells (Fig 1C–E). Each MRBLE:Dephos experiment

imaged approximately 5,000 beads with an average of � 55 beads

per code (Appendix Fig S1); each bead displays � 107 peptides,

▸Figure 1. MRBLE:Dephos—a novel multiplex in vitro dephosphorylation assay.

A Schematic of the MRBLE:Dephos assay workflow. Phosphorylated peptides are chemically synthesized on MRBLEs spectrally encoded beads with a 1:1 linkage
between peptide sequence and embedded code. After treatment with protein phosphatases, MRBLE-peptide libraries are incubated with biotinylated pIMAGO and
DyLight 650 streptavidin, washed, and imaged to identify embedded spectral codes and quantify bead-bound fluorescence.

B Example images of beads either untreated or treated with Lambda phosphatase via bright-field imaging, imaging in a lanthanide channel, and imaging in the DyLight
650 channels; DyLight 650 reports on the phosphorylation status of the peptides. Scale bar is 100 μm.

C Measured DyLight 650 fluorescence intensities after various incubation times for PP1 dephosphorylating four peptides. Marker values represent the median intensity
across all beads measured at each time point. Each marker shade indicates a different experimental replicate, dashed lines indicate single exponential fits, and the
annotation denotes the mean fitted rate across experiments (error is given as the standard deviation across the three fits).

D Dephosphorylation scores across 94 peptides for PP1 (left) and B55 (right); markers denote median values across three experimental replicates, and error bars denote
standard deviations. Heatmaps at right show mean dephosphorylation scores for PP1 and B55 and computed differences in scores between proteins.

E Scatter plots comparing per-peptide measured dephosphorylation scores across two replicate experiments for PP1 (left) and B55 (right); black dashed line indicates
1:1 line and red dashed line indicates linear regression with annotated Pearson correlation coefficient.

F Correlation between results of MRBLE:Dephos and phosphate release measurements using malachite green. Markers and error bars indicate mean and standard
deviation of Dephos score across three experiments, black dashed line indicates the identity line, and red dashed line indicates a linear regression. The malachite
green data are based on n = 3 (technical repeats).
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yielding effective per-sequence concentrations of 80 pM and total

peptide concentrations of 80 nM within each 100 μl assay. Consis-
tent with sequence-dependent differences in dephosphorylation,

DyLight 650 fluorescence signals exhibited a variety of behaviors

over time, from decreasing rapidly to remaining relatively constant;

for some peptides, observed time-dependent changes were well fit

by a single exponential function (Fig 1C, Appendix Fig S2–S4). For
each peptide sequence with starting pIMAGO intensities above a

threshold set by considering a negative control (see Methods and

Materials), we calculated a “dephosphorylation score” by: (i) divid-

ing the median ending fluorescence intensity for all beads (averaged

across the last three time points) by the median starting fluores-

cence intensity for all beads and then (ii) subtracting this normal-

ized quantity from 1 such that higher values correspond to more

dephosphorylation (Fig 1C). Although the PP1 preparation had

higher activity than the PP2A-B55 preparation, resulting in much

larger differences between initial and final peptide phosphorylation

levels for PP1 (Appendix Fig S2–S4), “dephosphorylation scores”

calculated in this manner were highly reproducible across

experimental replicates for both proteins (Fig 1E, Appendix Fig S5

and S6).

To test if sequence-specific dephosphorylation preferences

detected by MRBLE:Dephos are consistent with established phos-

phatase assays, we compared MRBLE:Dephos results to a standard

phosphate release assay with a panel of five phosphorylated

proline-directed Thr sites and found that MRBLE:Dephos results

gave comparable patterns of specificity (Fig 1F). More broadly,

MRBLE:Dephos scores for peptides containing identical sequences

outside of the phosphosite for both PP1 and PP2A-B55 revealed a

strong preference for phosphorylated threonines (Figs 1D and 2A).

Further classifying peptides by whether they contained a proline at

the +1 position shows that proline-directed sites are generally less

efficiently dephosphorylated than non-proline-directed sites, consis-

tent with previous reports (Figs 1C and D, and 2B) (Agostinis et al,

1987a).

Focusing on proline-directed sites, a common trait for both PP1

and PP2A-B55 is the negative impact of acidic residues C-terminal to

the phosphorylation site, in particular position +2 (Fig 2B–D). For
residues N-terminal to the phosphorylation site, PP1 overall pre-

ferred basic residues in pos �1 and �2 while an acidic or glycine

residue at �1 was not well tolerated (Fig 2C). For PP1, N-terminal

basic residues could compensate for the negative impact of an acidic

residue in pos +2 (Fig 2C). By contrast, PP2A-B55 prefers aspartic

acid and glycine residues in �1 while basic residues at �1 and �2

are disliked. However, the presence of an aspartic acid or glycine

residue could not compensate efficiently for an acidic residue in pos

+2 (Fig 2C). Relative to PP2A-B55, PP1 displays higher activity

toward peptides with positive residues before and acidic residues

after the phosphorylation sites (Fig 2D).

In conclusion, we develop a generally applicable high-throughput

dephosphorylation assay that allows quantitative mapping of pro-

tein phosphatase dephosphorylation motifs using only very small

amounts of material. We use this to show the existence of optimal

dephosphorylation site signatures for PP1 and PP2A-B55, providing

a set of rules for accessing whether a phosphorylation site is optimal

for one of these phosphatases. In vivo these rules will be further

shaped by the PP1 holoenzyme composition as well as substrate

interactions.

PP1- and PP2A-B55-regulated sites during mitotic exit

To compare our in vitro data with in vivo substrates, we set out to

establish phosphorylation sites regulated by PP1 and PP2A-B55. We

focused on mitotic exit as this cellular transition requires massive

dephosphorylation of mitotic kinase sites by PP1 and PP2A-B55. We

recently developed an assay for unbiased identification of phospha-

tase substrates in mitotic cell lysates (Appendix Fig S7) (Kruse

et al, 2020; Hein et al, 2021b). Nocodazole-arrested cells were lysed

in the presence of specific PP1 or PP2A-B55 phosphatase inhibitors.

As ATP is quickly depleted in the extract, this effectively stops all

kinase activity and thus resembles a state of mitotic exit where phos-

phatases are reversing the action of mitotic kinases. We used the

central domain of Nipp1 and thiophosphorylated Arpp19 (thio-

Arpp19) as specific natural inhibitors of PP1 and PP2A-B55, respec-

tively (Gharbi-Ayachi et al, 2010; Mochida et al, 2010; Winkler

et al, 2015). Nipp1 prevents binding of RVxF-containing proteins to

PP1, in this way preventing a large subset of PP1 holoenzymes from

forming and thus blocking PP1 dephosphorylation. In contrast, thio-

Arpp19 blocks the active site of PP2A-B55, effectively blocking activ-

ity. It is important to keep in mind that the inhibitors used here act

by distinct mechanisms but at present no specific inhibitors of the

PP1 active site exists. As controls, we used Nipp1 with a mutated

RVxF motif preventing PP1 binding and Arpp19 S62A that cannot

inhibit PP2A-B55. An antibody detecting all proline-directed threo-

nine phosphorylation (pTP) as well as H3S10 confirmed the specific

inhibition of phosphatases upon addition of inhibitors (Appendix

Fig S7). We do not know the extent of inhibition but the relative

comparison to appropriate controls allows us to identify regulated

sites. We used this setup for unbiased identification of phosphoryla-

tion sites that are stabilized after treatment with inhibitors for 5 min

using TMT labeling and phosphopeptide enrichment followed by

mass spectrometry. This resulted in the identification of 38,173

▸Figure 2. Mitotic exit dephosphorylomes for PP1 and PP2A-B55.

A Comparison of dephosphorylation scores for peptides containing identical sequences around phosphothreonine versus phosphoserine sites for PP1 (top) and B55
(bottom); dashed black line indicates 1:1 line.

B Dephosphorylation scores for PP1- and B55-mediated dephosphorylation of peptides containing either phosphothreonine (left) or phosphoserine (right) with either a
proline (dark red) or other residue (light red) in the +1 position. WebLogos for peptides with higher (top) or lower (bottom) dephosphorylation scores show differential
effects of A, R, E, and P in the +2 position; Z denote either phosphothreonine or phosphoserine.

C Heatmaps showing dephosphorylation scores for PP1 (top) and B55 (bottom) for phosphothreonine peptides with a +1 proline and different combinations of N-
terminal (rows) and C-terminal (columns) sequences.

D Scatter plot comparing B55 versus PP1 dephosphorylation for peptides with the same sequence. WebLogo for sequences that are preferentially dephosphorylated by
PP1 shows a strong enrichment for D and E at the +4 and +5 positions and a K at the �1 position. Mean and standard deviation are shown.

E icelogos for PP1 and PP2A-B55 based on single fully localized phosphorylation sites detected in the screen.
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phosphorylation sites of which 2,116 and 751 were significantly

increased in phosphorylation by 1.5-fold or more after PP2A-B55 or

PP1 inhibition, respectively (Dataset EV1). Only 152 sites (5.6%)

showed an increase in both conditions attesting to high specificity of

the phosphatases. We identified known B55-regulated sites on the

B55 inhibitor ENSA S67 and Arpp19 S62 (Williams et al, 2014),

confirming that PP2A-B55 is active in our assay conditions and

inhibited when adding thio-Arpp19. Furthermore, the reported PP1-

regulated site H3S28 was stabilized specifically by adding Nipp1

(Qian et al, 2011). Collectively, these data validated our approach.

Comparison to previous screens of PP2A-B55 substrates revealed

an overlap of 124 of 203 phosphorylation sites on 95 proteins identi-

fied by Cundell et al (2016) as high-confidence B55 substrates using

siRNA depletion of B55 or MASTL. This 61% overlap between two

independently performed phosphoproteomic studies using different

approaches is very high, strongly supporting the notion that these

are high-confidence PP2A-B55 substrates. Surprisingly, for our PP1-

dependent phosphorylation sites, we only identified a few sites that

were previously shown to be PP1 dependent in MS analysis of

mitotic cells depleted of PP1 (Holder et al, 2020) (13 of 302) or in

phosphatases inhibited cell lysates after the addition of PP1 catalytic

subunit (Hoermann et al, 2020) (10 of 777). Our short-term inhibi-

tion of PP1 using Nipp1 is quite distinct from a more long-term inhi-

bition using RNAi of PP1 potentially explaining the limited overlap.

In contrast, asynchronous cell lysate experiments with purified PP1

addition are different from a mitotic lysate where we inhibit RVxF

binding, and it is not surprising that this will unravel different sub-

strates. As shown later, we see a good overlap between PP1 mitotic

interactors and PP1 substrates giving us confidence in our ability to

identify PP1-regulated sites.

Closer examination of the increased phosphorylation sites

revealed that 1,185 of the 2,116 sites significantly increased upon

Arpp19 addition were detected in the Nipp1-treated sample, and

conversely, 548 of the 751 phosphorylation sites significantly

increased upon Nipp1 addition were detected in the Arpp19-treated

samples. It is likely that not all sites are detected to the same extent

because upon inhibition of PP2A-B55 or PP1, phosphorylation site

occupancy dramatically increases, thereby enabling the detection of

low-abundant sites that are otherwise undetectable via LC–MS anal-

ysis. Interestingly, proteins like PRC1 were dephosphorylated by

both PP1 and PP2A-B55 but at distinct sites, showing that the two

phosphatases can act on the same protein potentially to regulate dif-

ferent functional aspects.

For further analyses of phosphorylation preferences of PP2A-B55

and PP1 in mitotic cell lysates, we focused on single, fully localized

phosphorylation sites that were identified in both datasets and

uniquely matched one protein. Sites were clustered based on their

changes in abundance upon PP2A-B55 and PP1 inhibition, and clus-

ters were assigned as PP2A-B55 or PP1 specific if the sites were sig-

nificantly regulated by only one of the phosphatases, or ambiguous

if they were significantly changed in abundance in both datasets.

This yielded a phosphoacceptor distribution of Ser:Thr of 65%:35%

and 58%:42% for PP2A-B55 and PP1, respectively. Amino acid

sequences corresponding to regulated phosphorylation sites and

their surrounding residues were entered into iceLogo using non-

regulated phosphorylation sites as background (Fig 2E). This

revealed a strong preference for PP2A-B55 for proline-directed Ser

and Thr phosphorylation sites. For PP1, we identified a preference

for basic amino acids in the �2 and �3 positions and a deselection

of prolines in the +1 position of Ser phosphorylation site. Interest-

ingly, PP1 dephosphorylated Thr phosphorylation sites with any

amino acids in the +1 position. PP1-regulated TP sites frequently

had an enrichment of basic residues before and acidic residues after

the phosphorylation site which contrasted the TP sites regulated by

PP2A-B55 that showed deselection of these residues. Importantly,

our cell lysate data are in overall good agreement with our MRBLE:

Dephos data on PP1 in terms of a preference for upstream basic resi-

dues as well as in the +2 position and deselection of Pro residues in

+1. In addition, PP2A-B55 dephosphorylation motifs with glycine or

aspartic acid residues in �1 were enriched in our lysate data while

we detected deselection of acidic amino acids in +2 for PP2A-B55 in

line with the MRBLE:Dephos data. In contrast, the lysate data

revealed a strong enrichment of a Pro residue in +1 for PP2A-B55,

which our MRBLE:Dephos data showed had a negative impact on

dephosphorylation. The exact reason for this is unclear but could

suggest that additional factors such as the cis/trans configuration of

the +1 Pro residue, which we do not control in MRBLE:Dephos

assay, might facilitate efficient PP2A-B55 dephosphorylation in vivo.

Furthermore, binding of PP2A-B55 to specific interactors resulting

in local high concentrations could facilitate dephosphorylation of TP

and SP sites or that the +1 Pro acts to dampen dephosphorylation

kinetics to provide proper signaling kinetics.

Collectively our two distinct experimental approaches establish

overall consistent results regarding PP1 and PP2A-B55 preferences

for dephosphorylation sites and our dephosphorylome provides

novel insights into mitotic exit coordination by PP1 and PP2A-B55.

Phosphorylation site preference influences dephosphorylation
and cell division

To investigate if the uncovered preferences for phosphatases are

biologically relevant for mitotic exit, we used INCENP T59 dephos-

phorylation by PP2A-B55 as a model (Hein et al, 2017). During ana-

phase, the chromosomal passenger complex (CPC) translocates

from chromatin to the central spindle. The CPC is composed of

Aurora B, borealin, survivin, and INCENP and binding to Mklp2

allows translocation of the complex to the central spindle at ana-

phase hereby facilitating cytokinesis. INCENP T59, a Cdk1 phos-

phorylation site, must be dephosphorylated to allow binding to

Mklp2 and timely translocation (Fig 3A) (van der Horst &

Lens, 2014). Based on the rules we had established for PP2A-B55,

we predicted that changing the residues surrounding T59 would

affect dephosphorylation in cells. Our results suggested that

substituting the +2 position to glutamic acid (S61E) should have a

profound effect on PP2A-B55 dephosphorylation. Entirely consistent

with this, PP2A-B55’s ability to dephosphorylate an INCENP53-67

S61E peptide was severely impaired, while this mutation only had a

small effect on PP1 dephosphorylation likely because of the com-

pensation from the K in �1 (Fig 3B). Importantly, the ability of

Cdk1 to phosphorylate T59 was not affected by the S61E mutation

(Fig 3C). Using live-cell microscopy, we followed the translocation

of Venus-tagged INCENP WT or S61E. In contrast to INCENP WT,

S61E did not translocate to the central spindle during anaphase in

agreement with a lack of T59 dephosphorylation (Fig 3D). We next

depleted endogenous INCENP by RNAi and complemented cells

with RNAi resistant Venus-INCENP WT or S61E and followed

6 of 17 Molecular Systems Biology 19: e11782 | 2023 � 2023 The Authors

Molecular Systems Biology Jamin B Hein et al



0

0.5

1
PP2A B55

Ph
os

ph
at

e 
re

le
as

e

KT(p
)PSQK

0

0.5

1
PP1

Ctrl WT S61E
0

50

100

Coomassie

P32

30kDa

1 0.5 0.25 0.125 1 0.5 0.25 0.125CDK1:CyclinB (�L)
WT S61EGST-INCENP

A

B

C

E

INCENP
H. sapiens   43
G. gallus   42
X. tropicalis 42
D. rerio 43

75
74
73
75

T59p

S61E

%
 o

f b
in

uc
le

at
ed

 c
el

ls

KT(p
)PEQK

KT(p
)PSQK

KT(p
)PEQK

INCENP RNAi
W

T
S61E

T59V S61E
0

20

40

60

80

100

%
 IN

CE
N

P 
on

 c
en

tr
al

 sp
in

dl
e

YFP-INCENP:

0.0 0.5 1.0 1.5
0.0

5.0 106

1.0 107

1.5 107

CDK1:Cyclin B (μl)

P
32

in
te

ns
ity

WT

S61E

INCENP WT INCENP S61E

DIC

YFP

D

W
T

S6
1EYF

P-
IN

CE
N

P

Figure 3. Engineering PP2A-B55 dephosphorylation of INCENP T59.

A Sequence conservation around INCENP T59.
B In vitro dephosphorylation assays of the indicated peptides with PP2A-B55 and PP1. Data points from three technical repeats are shown and line shows mean.
C In vitro kinase assays with Cyclin B1-Cdk1 and GST-INCENP 45–75 proteins. Data points from four technical repeats are shown.
D Representative images of YFP-INCENP proteins at anaphase and quantification of central spindle. Representative experiment from two independent experiments.

Each point represents a single cell analyzed and red line indicates median. Scale bar is 10 μm.
E Cells depleted of endogenous INCENP by RNAi and expressing the indicated YFP-INCENP constructs where recorded by time lapse and mitotic progression followed.

The percentage of cells becoming binucleated is indicated. Data from three independent experiments and a percentage score of binucleation are calculated per exper-
iment and shown by the black dot. Fischer exact test used to compare the samples and ****P < 0.0001. Median with range shown. Scale bar is 10 μm.
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mitotic progression. Consistent with the inability of INCENP S61E to

translocate at mitotic exit, we observed around 60% of binucleated

cells in INCENP S61E-complemented cells (Fig 3E). To determine if

the cellular effects of the S61E mutation were purely attributed to a

lack of T59 dephosphorylation, we investigated if the T59V muta-

tion could rescue the S61E phenotype. However, the INCENP T59V

S61E mutant was unable to translocate to the central spindle

(Fig 3D). This suggests that the S61E mutation both affect T59

dephosphorylation and possibly Mklp2 binding. We note that S61

might constitute a phosphorylation site although it has not been

reported in phosphoproteomic screens.

Our results argue that INCENP T59 dephosphorylation kinetics

are affected by the surrounding sequence and that this could con-

tribute to timely INCENP translocation.

Mitotic phosphatase holoenzymes and orchestration
of dephosphorylation

In addition to active-site preferences, binding of protein phospha-

tases to specific regulatory proteins contributes to site-specific

dephosphorylation. In the case of PP1, this phosphatase is always in

complex with additional proteins and never acts as a free catalytic

subunit. To explore this concept in more detail in the context of our

mitotic dephosphorylomes, we focused first on defining mitotic

interactors for PP1 and PP2A-B55.

We defined interactomes of PP1γ and B55α during mitosis using

affinity purification of YFP-tagged subunits and also proximity-

dependent ligation using miniTurbo to capture interactions at

mitotic exit (Appendix Fig S8) (Branon et al, 2018; Sears et al, 2019).

This resulted in the identification of 923 PP1 interactors and 141 B55

interactors (Dataset EV2). These identified proteins can constitute

both regulators and substrates. Comparing this to the phosphopro-

teomic data revealed that there were 319 PP1-regulated sites in the

PP1 interactome and 100 PP2A-B55-regulated sites in the B55 inter-

actome (Fig 4A and B). To understand how these protein interac-

tions might shape dephosphorylation, we first aimed at generating

interactome networks and overlay regulated sites. We integrated

interactomes and information from the STRING database

(Szklarczyk et al, 2023) with our regulated phosphorylation sites to

generate a network of complexes and dephosphorylation sites

(Fig 4C and Appendix Fig S9A). For PP1, we also integrated informa-

tion on known and predicted RVxF motifs (Smith et al, 2019). Our

networks revealed that both PP1 and PP2A-B55 dephosphorylate a

diverse set of proteins regulating core biological processes involved

in mitotic exit as well as interphase functions. Several known RVxF-

containing proteins such as KNL1 (CASC5), RIF1, and RepoMan

(CDCA2) were substrates of PP1 as expected but our network analy-

sis also suggested that these proteins coordinate dephosphorylation

of associated proteins. As an example, CASC5 (KNL1) could scaffold

PP1 dephosphorylation of CENPC S261, a phosphorylation site in a

nuclear localization sequence. In agreement with previous work,

PP2A-B55 regulated dephosphorylation of several nucleoporins at

mitotic exit consistent with Nup153 and TPR being present in the

interactomes (Cundell et al, 2016). These networks will be useful to

dissect PP1 and PP2A-B55 regulation of signaling in the future.

Our integration of interactors and regulated sites then allowed us

to explore how the binding of phosphatases to proteins might affect

dephosphorylation preferences. We first focused on PP1, as RVxF

motifs were present in many of our interactors and this allowed us

to position PP1 binding precisely in relation to regulated sites in the

primary structure of substrates. We used the RVxF-containing pro-

tein KI67 as a model since we identified 195 phosphorylation sites

on KI67, more than 116 of which exhibited a fold-change > 1.5 after

PP1 inhibition. KI67 is largely unstructured and spans 3,256 amino

acids with one RVxF motif positioned at 504–508, and we mapped

regulated sites throughout the protein. We generated dephosphory-

lation motifs for all localized, single phosphorylation sites around

the RVxF motif (aa 1–1,000) and further away (aa > 1,000). Sites

were clustered into PP1-regulated sites (fold change of 2) or

sites that were not stabilized after PP1 inhibition (Fig 4D). PP1-

regulated phosphorylation sites close to the RVxF motif were domi-

nated by phosphorylated serine (pSer) residues surrounded by basic

residues, while more distant sites were enriched for phosphorylated

threonine. This was not due to an uneven occurrence of Ser sites

surrounded by basic residues around RVxF motifs. A higher local

concentration of PP1 around the RVxF motif might allow for effi-

cient dephosphorylation of pSer, while pThr can be efficiently

dephosphorylated by lower concentrations of PP1. Analyzing the

phosphorylation sites on proteins with or without predicted RVxF

motifs showed a similar pattern as in KI67: dephosphorylation sites

on proteins without RVxF were more basophilic and pSer sites were

less frequent (Appendix Fig S10). A similar tendency was observed

when we compared regulated sites in PP2A-B55 interactors to regu-

lated sites in proteins not directly bound to PP2A-B55 (Appendix

Fig S9B).

Collectively, our integrated data establish a resource for under-

standing PP1 and PP2A-B55 dependent dephosphorylation and pro-

vide evidence that the inherent dephosphorylation preferences of

phosphatases is further shaped by binding to interactors.

Regulation of PP1 RVxF interactions during mitotic exit

Our network analysis revealed a central role of RVxF motifs in medi-

ating PP1 dephosphorylation activity and specificity. To determine

how PP1 interaction with RVxF motifs is regulated during mitosis to

influence dephosphorylation, we first obtained a more detailed

quantitative characterization of the motif. The RVxF architecture is

best described as Rx0-1VxF and we characterized this motif by

▸Figure 4. A mitotic exit PP1 dephosphorylation network.

A Sites being dephosphorylated by PP1 and proteins identified in PP1 interactome indicated in blue.
B Sites being dephosphorylated by PP2A-B55 and proteins identified in PP2A-B55 interactome in blue.
C Network of PP1 dephosphorylations indicating proteins containing RVxF motifs and sites regulated in our lysate screen (generated with Cytoscape, Legeay et al, 2020).
D Analysis of PP1-regulated sites in Ki67 and the role of the RVxF motif. This is based on 17 regulated sites (12 S, 5 T of which 2 SP and 5 TP) and 7 non-regulated sites

(5 S, 2 T of which 4 SP and 1 TP) in 1–1,000, and 51 regulated sites (15 S, 36 T of which 0 SP and 33 TP) and 42 non-regulated sites (31 S, 11 T of which 16 SP and 6
TP) in 1001-end.
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synthesizing a library of peptides directly on amine-functionalized

MRBLEs prepared using a simplified process, again with a 1:1 link-

age between synthesized peptide identity and embedded spectral

code (Heroes et al, 2013; Feng et al, 2020; Hein et al, 2020, 2021a).

After incubating bead-bound peptide libraries with PP1, an unla-

beled anti-PP1 primary antibody, and an Alexa 647-labeled second-

ary antibody, we washed beads and imaged again in both

lanthanide and fluorescence channels to identify peptides and quan-

tify the amount of PP1 bound (Fig 5A). Repeating these experiments

over eight different PP1 concentrations enabled acquisition of

concentration-dependent binding curves; fitting the mean intensity

of all beads with a given code at different concentrations of PP1γ
and fitting to a Langmuir isotherm made it possible to quantify

absolute affinities (Figs 5B and Appendix Fig S11). We synthesized

two different sets of peptides derived from the Nipp1 peptide, either

AKNSRVTFSEDDEII (RVxF) or AKNRAVTFSEDDEII (RxVxF), and

systematically changed amino acids at specific positions in

and around the motif (Fig 5B–D). In addition, we studied the effect

of phosphorylation at different positions, as this has been shown to

regulate PP1 binding (Fig 5D, phosphosites indicated with blue

squares) (Bollen et al, 2010; Bajaj et al, 2018). Measured affinities

identified substitutions that both enhanced and ablated binding

(Fig 5B) and were highly reproducible across experimental repli-

cates over three orders of magnitude (Fig 5C).

It has previously been established that the presence of an addi-

tional amino acid between the 0 and +1 position is tolerated and our

data confirm that there are only small changes in binding energy

between RVxF and RxVxF peptide variants (Fig 5D and E). MRBLE-

pep data confirm that single-amino-acid substitutions at the �1 posi-

tion relative to RVxF have similar impacts as the same substitutions

at the first x position within the RxVxF motif, although RxVxF pep-

tides are consistently bound with slightly lower affinities (Fig 5D

and E). Most amino acids in the �1 position (in the context of

RVxF) are tolerated with a notable preference for basic residues (K,

R, or H) (reduced ΔΔG), while a loss of binding occurs for acidic

residues (E) (Fig 5F); phosphorylation of the +1 position reduces

binding and most substitutions away from the E at the +2 position

lead to a small loss of binding (Fig 5E). While the valine can be

substituted by a leucine or isoleucine, the binding affinity is sub-

stantially weaker (Fig 5D). Most substitutions at the first x position

within the RxVxF motif have little impact on binding with the excep-

tion of a lysine residue; prolines inside the core RVxF or RxVxF are

strongly disfavored (Fig 5D–F). All phosphorylation sites negatively

regulated PP1 binding with increases in binding energy at positions

from �1 to +2 and +4 (Fig 5F) consistent with previous work (Kim

et al, 2003; Nasa et al, 2018). We validated this by ITC using a num-

ber of model peptides (Appendix Fig S12A and B).

Given the strong negative impact on PP1 binding to RVxF motifs

by phosphorylation, we analyzed our PP1 dephosphorylome for reg-

ulated sites in RVxF motifs. This revealed 15 RVxF motifs that were

dephosphorylated by PP1 (Appendix Fig S12C). Using several phos-

phopeptides, we confirmed that PP1 could indeed dephosphorylate

RVxF motifs (Appendix Fig S12D). The dephosphorylation of a

Nipp1 peptide with a mutated RVxF motif (RVpTF to RApTA) was

still efficiently dephosphorylated by PP1, suggesting that dephos-

phorylation of RVxF motifs is independent of PP1 binding to the

motif (Appendix Fig S12D).

Collectively, this suggests that PP1 can stimulate its own associa-

tion with RVxF motifs at mitotic exit, potentially to amplify PP1

activity on specific substrates.

Discussion

Our understanding of phosphatases in the control of cellular signal-

ing pathways is still limited, partly due to technical limitations. Here,

we describe novel approaches to study phosphatases and use these

to get new insight into mitotic exit regulation by PP1 and PP2A-B55.

Our analysis integrates, for the first time, phosphatase dephosphory-

lation site motif preferences on a global scale on endogenous sub-

strates with high-throughput in vitro dephosphorylation data.

We extended the use of our MRBLE assay from protein–peptide
binding experiments to multiplexed peptide dephosphorylation

assays. The ability to detect the phosphorylation status of peptides

attached to encoded beads greatly increases the use of the MRBLE

technology and should easily be adaptable to kinase assays. The

small reaction volume allows the use of difficult to produce recom-

binant holoenzymes, and the bead technology offers an advantage

compared to microarrays in terms of limited protein amounts

needed and kinetic information. The systematic MRBLE:Dephos

measurements allowed us for the first time to observe crosstalk

between N-terminal and C-terminal residues surrounding the phos-

phorylation site. The effect of negative dephosphorylation determi-

nants can be alleviated by positive determinants elsewhere in the

peptide sequence, underscoring the complexity of dephosphoryla-

tion determinants.

Our analysis of PP1 and PP2A-B55 supports that protein phos-

phatases, like protein kinases (Johnson et al, 2023), prefer specific

▸Figure 5. RVxF motif analysis.

A Overview of MRBLE-Pep experiments to quantify PP1 binding via incubation of bead-bound peptide libraries with different concentrations of PP1 pre-incubated with
an anti-PP1 primary antibody and Alexa 647-labeled secondary antibody.

B Examples of MRBLE-Pep concentration-dependent binding measurements (markers) and Langmuir isotherm fits (dashed lines). Different marker and line shades indi-
cated different experimental replicates; annotated Kds indicate the median and standard deviation of returned fit values across experimental replicates.

C Comparison of log-transformed fitted Kd values between experimental replicates (n = 3). Black dashed line indicates the identity line, red dashed line indicates the
best fit linear regression of log-transformed values, and annotation denotes linear regression results.

D MRBLE-pep affinities (Kds) for each peptide sequence. Gray markers indicate Kds returned from individual experiments; red markers indicate median values across
experiments. The position of the core RVxF motif is indicated above the peptide sequences and red squares denote phosphorylated residues.

E Impacts of the same residue substitution at either the first x position within the RxVxF motif (y axis) or the �1 position within the RVxF motif (x axis). Black dashed
line indicates identity line; markers denote mean; and error bars denote standard deviation across three experimental replicates.

F Heatmaps showing impacts of different single-amino-acid substitutions at positions within and immediately surrounding the RVxF motif. Differences in binding affin-
ities (ΔΔGs) are computed relative to the “AKNSRVTFSEDDEII” reference sequence; gray boxes denote mutations not measured in this experiment.

G Impacts of phosphorylation at specific sites on binding affinities (again computed relative to the “AKNSRVTFSEDDEII” reference sequence).
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phosphoacceptors and amino acid motifs around the phosphoryla-

tion site. Our work expands on earlier observations on PP1 and

PP2A complexes using a limited number of synthetic model peptides

(Pinna et al, 1976; Deana et al, 1982; Agostinis et al, 1987a,b, 1990,

1992; Deana & Pinna, 1988). We find that PP1 and PP2A-B55 prefer-

entially dephosphorylate phosphothreonine over phosphoserine res-

idues and that a Pro residue at +1 reduces dephosphorylation

kinetics across a large panel of peptides, consistent with recent and

AKNSRVTFSEDDEII

AKNSRVTFSEDDEII

RVXF

SRVTFSE
A
E
F
G
H
I
K
L
P
Q
R
V
Y
Sp
Tp

AKNSRVTFSEDDEII AKNKRVTFSEDDEII AKNSRFTFSEDDEII

AKNSRATASEDDEII
AKNSRVTASEDDEII
AKNSAVTFSEDDEII
AKNSRATFSEDDEII
AKNARVTFSEDDEII
AKNERVTFSEDDEII
AKNFRVTFSEDDEII
AKNGRVTFSEDDEII
AKNHRVTFSEDDEII
AKNIRVTFSEDDEII
AKNKRVTFSEDDEII
AKNLRVTFSEDDEII
AKNPRVTFSEDDEII
AKNQRVTFSEDDEII
AKNRRVTFSEDDEII
AKNVRVTFSEDDEII
AKNYRVTFSEDDEII
AKNRAVTFSEDDEII
AKNREVTFSEDDEII
AKNRFVTFSEDDEII
AKNRGVTFSEDDEII
AKNRHVTFSEDDEII
AKNRIVTFSEDDEII
AKNRKVTFSEDDEII
AKNRLVTFSEDDEII
AKNRPVTFSEDDEII
AKNRQVTFSEDDEII
AKNRTVTFSEDDEII
AKNRVVTFSEDDEII
AKNRYVTFSEDDEII
AKNSRITFSEDDEII
AKNSRLTFSEDDEII
AKNSRFTFSEDDEII
AKNSRQTFSEDDEII
AKNSRETFSEDDEII
AKNSRVTISEDDEII
AKNSRVTLSEDDEII
AKNSRVTVSEDDEII
AKNSRVTYSEDDEII
AKNSRVTQSEDDEII
AKNSRVTESEDDEII
AKNSRVTFSADAEII
AKNSRVTFSEQDQII
AKNSRVTFSAQAQII
AKNSRVTFSEDDEII
AKNSRVTFSEDDEII
AKNSRVTFSEDDEII
AKNSRVTFSEDDEII
AKNRRVTFSEDDEII
AKNSRATASEDDEII
AKNSRVAFSEDDEII
AKNSRVFFSEDDEII

AKNSRVIFSEDDEII
AKNSRVKFSEDDEII
AKNSRVPFSEDDEII
AKNSRVQFSEDDEII
AKNSRVVFSEDDEII
AKNSRVYFSEDDEII
AKNSRVTFSFDDEII
AKNSRVTFSGDDEII
AKNSRVTFSIDDEII
AKNSRVTFSKDDEII
AKNSRVTFSPDDEII
AKNSRVTFSQDDEII
AKNSRVTFSVDDEII
AKNSRVTFSYDDEII
AKNSRVTFSTDDEII
AKNSRVTFSAQAQII
AKNSRVFFSAQAQII
AKNSRVLFSAQAQII
AKNSRVNFSAQAQII
AKNSRVEFSAQAQII
AKNSRVTFSLQAQII
AKNSRVTFSPQAQII
AKNSRVTFSSQAQII
AKNSRVTFSSQAQII
AKNRSVTFSEDDEII
AKNRSVTFSEDDEIIAKNRSVTFSEDDEII

AKNSRVGFSEDDEII

MRBLE-pep library
AKNSRVTFSEDDEII
AKNSRITFSEDDEII
AKNSRLTFSEDDEII
AKNSRATFSEDDEII
AKNSRATASEDDEII

AKNSKVTFSEDDEII

A D

E F

G

B

C

In
te

ns
ity

 (x
1,

00
0,

 a
rb

.) 30

20

10

0

Kd = 3.4 ± 0.7 µM Kd = 47 ± 13 µMKd = 0.35 ± 0.14 µM

Kd (µM)
1 10

2.0

1.5

1.0

0.5

0.0

–0.5

[PP1] (nM)

r2 = 0.94
m = 0.94
b = 0.44

r2 = 0.92
m = 0.95
b = 0.30

r2 = 0.96
m = 1.00
b = -0.11

PP1

0 1,0000 1,0000 1,000

10(Kd) (nM)

expt #2  #1 expt #3  #1 expt #3  #2

2
2

3

3

4

4

5

5

10(Kd) (nM)
2 3 4 5

10(Kd) (nM)
2

0.0 0.5 1.0 1.5

3 4

10(Kd) (nM), AKNXRVXF
2

2
3

3

4

4

5

10
(K

d) 
(n

M
)

PP1

SQ
AKNSRVTFSSQAQIISQ

T

AKNSRVTFSTDDEIIT

VT
FSE

NSR

AKNSRVTFSEDDEIIVT
AKNSRVTFSEDDEIIFSE
AKNSRVTFSEDDEIINSR

10
(K

d) 
(n

M
), 
A
K
N
R
X
V
X
F

vs.

Phosphosite

PhosphositeNot measured

vs. vs.

Figure 5.

� 2023 The Authors Molecular Systems Biology 19: e11782 | 2023 11 of 17

Jamin B Hein et al Molecular Systems Biology



earlier data (Agostinis et al, 1987a; Hein et al, 2017). Interestingly,

our integration of interactomes and regulated sites reveals that

direct binding of a phosphatase allows it to dephosphorylate subop-

timal sites such as SP sites close to the RVxF motif in KI67.

In addition, we identified preferences of PP1 and PP2A-B55 for

specific amino acid motifs surrounding the phosphoacceptor with

PP1 preferring basic residues at �1 and �2 positions while this is

not a preference displayed by PP2A-B55. In contrast, PP2A-B55 pre-

fers an acidic residue or glycine residue at �1 while acidic residues

C-terminal to the phosphorylation site was deselected against. The

difference in the stimulation of dephosphorylation by basic amino

acids at �1 and �2 could stem from differences in the acidic

grooves on the surface of the catalytic subunits. While conserved in

PP1 and PP2A, the PP1 acidic groove is more extensive, promoting

interactions with basophilic phosphorylation site motifs (Egloff

et al, 1995; Xu et al, 2008).

Dephosphorylation motif preferences of PPPs have implications

for understanding disease mutations around phosphorylation sites,

which might affect not only phosphorylation but also dephosphory-

lation. Future efforts in establishing dephosphorylation signatures

for all phosphatases will be important and complement the current

knowledge we have of kinase consensus sites (Johnson et al, 2023),

allowing better interpretation of phosphorylation site data. How-

ever, ultimately understanding of phospho-dependent signaling will

require a full understanding of phosphorylation/dephosphorylation

motif signatures and docking sites for kinases and phosphatases.

The assays described here will enable such discoveries on a global

scale.

Methods and Materials

MRBLE production and peptide synthesis

We generated PEG-DA hydrogel beads with 96 different lanthanide

nanoparticle (LNP)-based codes as described previously. We

premixed a solution to generate droplets containing ratios of LNP to

generate a code. 21% PEG-DA 575, 3% LAP (39.2 mg/ml), and

Pent-4-enylamine were mixed with the appropriate amount of Eu

(5% v/v YVO4:Ln, 50 mg/ml), Dy, Sm, or Tm master mix (16.3% v/v

YVO4:Ln, 50 mg/ml). Pent-4-enylamine (0.09% v/v) was added to

HFE7500 oil supplemented with custom-made ionic Krytox (2.2 wt

%). A microfluidic PDMS parallel flow focusser with two syringe

pumps was used to generated water-in-oil emulsions that were col-

lected in wells containing HFE7500 oil. The polymerization of the

PEG-DA was induced with UV light (IntelliRay, UV0338) for 2 min at

100% amplitude (700 away from the lamp, power = � 50–60 mW/cm2).

The beads were then washed with 2 ml DMF, 2 ml DCM, 2 ml

MeOH, 2 ml H2O, and 2 ml PBS-T. Prior to peptide synthesis,

� 10,000 beads were washed with 3 ml MeOH, 3 ml DCM, and

3 ml DMF. The beads were sonicated for 20 min in a water bath

sonicator and mixed overnight. Prior to HT-SPPS, the first amino

acid was attached to the amino group on the beads. To each vial

containing beads (� 1 mg, 0.32 mmol/g loading capacity) with a

given code, 400 μL DMF with 5 eq Fmoc-Glycine, 5 eq DIC, and

5 eq DIPEA was added. The reaction was mixed overnight

and repeated. After extensive washing with DMF, MeOH, and

DMF, free amine groups were capped with a mixture of acetic

anhydride and 25% pyridine for 15 min. Fmoc glycine was depro-

tected using 20% 4-methylpiperidine before peptides were synthe-

sized on a HT-SPPS (Microsyntech Syro II) using double coupling

for 20 min and 10 eq amino acid, 9.8 eq HCTU, and 20 eq NMM.

At difficult coupling steps (e.g., for phosphorylated serine or threo-

nine), an additional capping step was introduced. The peptides

were Fmoc deprotected using 4-methylpiperidin and sidechain

deprotected using freshly prepared Reagent B (95% TFA, 2.5%

TIPS, and 2.5% H2O).

MRBLE:Dephos

We synthesized 95 peptides (15 amino acids) on encoded beads as

described above. The beads from each code were mixed and incu-

bated with PMP buffer (50 mM HEPES, 100 mM NaCl, 2 mM DTT,

and 0.01% Brij 35, pH 7.5) supplemented with 1 mM MnCl2 and

0.2% BSA for 10 min at 30°C and 800 rpm. The mixed beads were

divided into tubes and PMP buffer with 1 mM MnCl was added

along with PP1 (final concentration of 16 μM), PP2A-B55 (final con-

centration of 300 nM), or Lambda phosphatase. The reaction was

stopped by adding 1 μl calyculin A (Cell Signaling). The buffer

was removed, 100 μl TBS-T supplemented with calyculin A was

added, and the beads were then transferred to a 1.5 ml Eppendorf

tube. The beads were sonicated for 10 min in a water bath soni-

cator, the TBS-T was exchanged with 500 μl pIMAGO blocking

buffer, and beads were incubated for 30 min at RT at 1,450 rpm

with a 15 s on/off interval. The beads were washed once with

pIMAGO buffer, and 500 μl fresh pIMAGO buffer containing 20 μl
pIMAGO was added and incubated for 1 h at RT at 1,450 rpm 15 s

on/off. Wash beads three times with 500 μL washing buffer (2, 5,

and 2 min) at 1,450 rpm with a 15 s on/off and one time with TBS-

T. Beads were then incubated with DyLight 650-labeled streptavidin

for 30 min at 1,450 rpm with a 15 s on/off interval. The beads were

washed three times with TBS-T prior to imaging as described previ-

ously (Harink et al, 2019). MRBLE:Dephos experiments measured

per-bead Cy5 intensities at the following time points: 0 min (initial

intensity prior to dephosphorylation), 15, 30, 60, 120, and 240 min.

MRBLE:Dephos analysis

To analyze MRBLE:Dephos data, we first computed the mean Cy5

intensity for all beads of a given code/peptide sequence at each time

point. To identify beads for which phosphopeptide synthesis was

not successful, we compared starting intensity distributions after

pImago incubation between each code and a negative control pep-

tide synthesized without phosphoresidues; codes for which median

starting intensities were less than the median + 1.5 standard devia-

tions of the negative control distribution were filtered out and elimi-

nated from downstream analysis. To quantify the degree to which

each peptide was dephosphorylated in a given experiment, we then:

(i) computed a per-code final value by averaging over the last three

time points (over which signals were typically relatively constant),

(ii) computed the fraction of phosphate groups remaining by divid-

ing this final value by the mean Cy5 intensity of each code prior to

adding phosphatases (at time point 0) (“ratio”), and then (iii)

subtracting this ratio from 1 such that larger scores indicated more

phosphorylation (“dephosphorylation score”). To report a final per-

peptide dephosphorylation score, we computed the mean and
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standard deviation of dephosphorylation scores across three inde-

pendent replicates. All raw data for all experiments and code used

to process these data are available in an OSF repository associated

with the paper (https://osf.io/gys5d/).

MRBLE:Pep

We synthesized 70 peptides (15 amino acids) on encoded beads as

described above. PP1 concentration-dependent binding to peptides

on MRBLEs was done as described previously (Hein et al, 2021a). In

short, � 700 beads per code were mixed in and blocked in 700 μL
PBS-T with 5% BSA. PP1 (2 μM) was preincubated in binding buffer

(50 mM Tris pH = 7.5, 150 mM NaCl, and 0.1% TWEEN 20) with

1 μM primary (a-PPP1CC rabbit polyclonal, Bethyl A300-906A) and

1 μM goat anti-rabbit IgG Alexa Fluor 647 (Thermo Fischer,

A-21245). The beads were divided into seven tubes and the appro-

priate concentration of PP1 antibody mixture was added at a final

volume of 100 μl. After 24 h incubation time at 4°C, the buffer was

exchanged once and the beads were resuspended in 20 μl PBS-T

prior to imaging. Bead imaging has been performed as described

previously. Each MRBLE:Pep experiment quantified Cy5 intensities

for PP1 incubated with beads at 0, 15, 31, 62, 125, 250, 500, 1,000,

and 2,000 nM concentrations. In the first experiment, the two sets

of beads (codes 1–48 and 49–96) were done separately with above-

described conditions. For the second and third experiment, the two

sets were pooled and the volume was increased to 200 μl with the

same concentration as in the first experiment.

MRBLE:Pep analysis

To begin MRBLE:Pep analysis, we first computed the median Cy5

intensity for all beads with a given code/peptide sequence for each

PP1 concentration. To allow global fitting of Langmuir isotherms to

determine Kd values even for peptides that do not saturate, we

assume that all peptides would bind PP1 at the same stoichiometry

such that they would all saturate at the same final value. To quan-

tify this value, we identified all peptides that exhibited saturation at

high PP1 concentrations (i.e., had final Cy5 intensities > 12,000)

and locally fit concentration-dependent binding behavior to the

Langmuir isotherm equation:

y ¼ ymax � PP1½ �
PP1½ � þ Kd

:

We then computed the mean ymax value across all of these

peptides and refit concentration-dependent binding curves for all

peptide sequences to the Langmuir isotherm equation using this

experimentally determined ymax value for all peptide sequences and

fitting only the Kd term.

To determine a final reported Kd, we then averaged these fitted

Kd values across all three experiments.

Phosphorylation of GST-Arpp19 with MASTL and INCENP
with Cdk1

Thiophosphorylated GST-Arpp19 was generated as described previ-

ously (Hein et al, 2017). In short, purified GST, GST-Arpp19wt, or

GST-Arpp19S62A was incubated with purified 3xFLAG-MASTL

kinase in protein kinase buffer (50 mM Tris–Hcl pH 7.5, 10 mM

MgCl2, 0.1 mM EDTA, 2 mM DTT, and 0.01% Brij 35) with

500 μM ATP and 1 μCi [γ-32P] ATP at 30°C for 30 min, or with

500 μM ATPγS at 30°C for 60 min for pulldown experiments.

Kinase reactions were carried out in non-stick 1.5 ml tubes. Fif-

teen milligram of GST-INCENP wt or S61E was incubated with the

indicated amounts of CDK1-CyclinB1 (Sigma #SRP5009) in 50 μl
reactions in kinase buffer (50 mM Tris–HCl pH 7.5, 10 mM MgCl2,

0.1 mM EDTA, 2 mM DTT, and 0.01% Brij 35) with 500 μM ATP

and 1 μCi (γ-32P)-ATP (Perkin Elmer) at 30°C for 60 min. Reactions

were stopped by the addition of 10 μM RO-3306 (Calbiochem). Sam-

ples of � 2 μg were separated by SDS–PAGE. Gels were dried,

exposed for 3 days, and imaged on Typhoon FL 950 (GE Health-

care). Analyses and quantifications were carried out in ImageJ. The

INCENP S61E mutation was introduced by quick-change PCR using

the following primers: CCCAAAACACCTGAGCAGAAGAACCG and

CGGTTCTTCTGCTCAGGTGTTTTGGG.

Lysate assay

Phosphatase inhibition in cell lysates was performed as described

previously. Double thymidine synchronized HeLa (ATCC, RRID

CVCL_0030) cells were arrested in nocodazole for 14 h. Cells were

collected by mitotic shake off and washed with PBS. Room-

temperature lysis buffer (150 mmol NaCl, 25 mmol Tris, 0.1%

NP40, and complete protease INHIBITOR) with 50 μg of GST-tagged

thiophosphorylated Arppt19 or Nipp1 central domain was used to

resuspend cell pellets and immediately transferred to a thermomixer

at 600 rpm for 5 min. The reaction was stopped by adding the same

amount of lysis buffer with 2× concentration of PhosStop inhibitor

tablets. The lysate was cleared for 15 min at 20,000 g at 4°C and the

supernatant was snap frozen.

Protein purification

His-PP1γ, GST-Arpp19, GST-INCENP, and His-Nipp1 (a kind gift

from Mathieu Bollen) were expressed in BL21(DE3) overnight at 18

degrees. Cells where lysed and following lysis, the supernatant was

clarified by centrifugation and loaded on an affinity column. Follow-

ing washing, the samples were eluted and fractions analyzed by

SDS–PAGE. Peak fractions where pooled and concentrated and fur-

ther purified using size exclusion chromatography. Proteins were

validated by mass spectrometry.

PP2A-B55α holoenzymes were purified from HeLa cells stably

expressing FLAG-tagged B55α as previously described (Kruse et al,

2020).

RNAi and plasmid transfection

RNAi Max (Life Technologies) was used to deplete endogenous pro-

teins in HeLa cells (ATCC, RRID CVCL_0030). The frozen stocks of

these cells were screen for mycoplasma but not during culturing.

The cell lines have not been recently authenticated. INCENP (50-
AGUCCUUUAUUAAGCGCAA-30) silencer-select siRNA was obtained

from Thermo Fischer. For each well in a six-well dishes, 250 μl
Opti-MEM with 3 μl RNAiMax and 250 μl Opti-MEM with 2.5 μl
siRNA were mixed after 5 min and after 20 min added to 1 ml Opti-

MEM. The reverse transfection into IBIDI dishes was performed as
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follows: 10% of the cells from each six-well dish were resuspended

in 200 μl Opti-MEM and a transfection mix containing 1 μl siRNA
Max and 0.25 μl siRNA in 50 μl Opti-Mem was added. 200 ng

pcDNA5 FRT/TO YFP or YFP-INCENP WT (Hein et al, 2017), YFP-

INCENP S61E or YFP-INCENP T59V S61E was added to 200 μl
jetOptimus buffer mixed and supplemented with 1 μl jetOptimus

transfection reagent. After 10 min, the transfection mix was added

to 1.8 ml DMEM with 10% FBS. The INCENP T59V S61E construct

was generated by quick-change PCR using the following primers:

GCTGATGCCCAAAGTACCTGAGCAGAAGAACC and GGTTCTTCT

GCTCAGGTACTTTGGGCATCAGC.

Live cell

HeLa cells (ATCC, RRID CVCL_0030) were seeded in a six-well

cell culture dish in complete DMEM and synchronized using a double

thymidine block. Before the first addition of thymidine, cells were

transfected with plasmids using jetOptimus and subsequently with

siRNA Max. The transfection mix was supplemented with DMEM,

FBS, and thymidine. The following day, after release from thymidine,

cells were reverse transfected with siRNA using siRNAMax and

seeded into eight-well Ibidi microscopy slides. Eight hours after

release, the transfection mix was supplemented with DMEM, FBS

(final concentration 10%), and thymidine. The following day, the

cells were released from thymidine into complete DMEM media.

After 4 h, the medium was changed to L15 supplemented with 10%

FBS and the slide was mounted on a Delta Vision Elite microscope.

The cells were imaged for 18–22 h in an 8 min interval using a 40×,
1.35 NA, and working distance 0.10 objective at 37°C. The data were

analyzed using softWoRx and Image J. Statistical analysis was

performed using the Mann–Whitney test in Prism.

Quantitative Western blot

Cell lysates were analyzed using infrared Western blot technology

(Li-Cor Bioscience). After SDS–PAGE separation and western blot

onto Immobilion FL membrane, proteins were detected using indi-

cated primary antibody and IRDye 800 or 680 secondary antibodies.

The Odyssey CLx imaging system was used to scan the membranes.

Phosphate release assay

In vitro phosphatase assays were performed with E. coli–expressed
PP1γ or PP2A-B55α purified from HeLa cell (ATCC, RRID

CVCL_0030) extracts as described previously. Phosphorylated pep-

tides (Peptide 2.0) at a concentration of 120 μM were incubated with

80 ng PP1 or PP2A-B55 for 20 min at 30°C in phosphatase buffer

(50 mM Tris pH 7.4, 1 mM MnCl2, and 150 mM NaCl). The PiColor-

Lock inorganic phosphate detection kit (abcam) was used to detect

the amount of phosphate released from the phosphorylated peptides.

Proximity-dependent ligation and affinity purification of
phosphatases

PP1 and B55 cDNAs were cloned into modified versions of

pcDNA5/FRT/TO (Invitrogen) to make N-terminal fusions to YFP,

BioID, or TurboID. Stable cell lines were generated into HeLa/FRT/

TRex cells (kind gift from S. Taylor), and for YFP affinity,

purification cells were synchronized with thymidine and released

into nocodazole-containing media to arrest them in mitosis. Cells

were resuspended in lysis buffer (50 mM NaCl, 50 mM Tris 7,4,

1 mM EDTA, 0.1% NP40, 1 mM DTT, and protease inhibitor cock-

tail), and following sonication, the lysate was clarified by centrifuga-

tion. Cell lysate was incubated with GFP-Trap beads (Chromotek)

for 1 h, washed 3 × 1 ml with lysis buffer, and resuspended in

SDS–PAGE loading buffer.

For proximity-dependent ligation using BioID, cells were syn-

chronized as above, biotin was added overnight to the medium, and

biotinylated proteins were purified as described in Zhang et al

(2017). As control we used samples not treated with biotin. For

TurboID analysis, cells were synchronized in S-phase using thymi-

dine and aphidicolin, and cells were released from this block by

washing with fresh media. Five hours after release biotin was added

for 1 h and cells harvested and processed as for BioID samples.

Quantitative TMT phosphoproteomics analysis

Biological triplicate, thiophosphoryalted GST-Arpp19wt or GST-

Arpp19S62A and NIPP- or NIPPmut-treated cell lysates were snap fro-

zen and proteins were acetone precipitated (Kruse et al, 2020). The

precipitated proteins were digested overnight with trypsin (1:100 w/w)

at 37°C. Digests were desalted using C18 solid-phase extraction

cartridges (ThermoFischer Scientific) and dried by vacuum centrifu-

gation. Phosphopeptides were enriched in these samples using High-

Select™ Fe-NTA Phosphopeptide Enrichment Kit according to manu-

facturer’s protocol (ThermoFisher Scientific). Phosphopeptides were

resuspended in 133 mM HEPES (SIGMA) pH 8.5, and TMT reagent

(ThermoFisher Scientific) stored in dry acetonitrile (ACN) (Burdick &

Jackson) was added followed by vortexing to mix reagent and pep-

tides. After 1 h at room temperature, an aliquot was withdrawn to

check for labeling efficiency while the remaining reaction was stored

at �80°C. Once labeling efficiency was confirmed to be at least 95%,

each reaction was quenched with ammonium bicarbonate for

10 min, mixed, acidified with 20% TFA, and desalted. The desalted

multiplex was dried by vacuum centrifugation and separated by

offline pentafluorophenyl (PFP)-based reversed-phase HPLC frac-

tionation as previously described (Grassetti et al, 2017). TMT-labeled

samples were analyzed on an Orbitrap fusion (Senko et al, 2013)

mass spectrometer (ThermoScientific) equipped with an Easy-nLC

1000 (ThermoScientific). Peptides were resuspended in 8% metha-

nol/1% formic acid across a column (45 cm length, 100 μm inner

diameter, ReproSil, C18 AQ 1.8 μm 120 �A pore) pulled in-house

across a 2 h gradient from 3% acetonitrile/0.0625% formic acid to

37% acetonitrile/0.0625% formic acid. The Orbitrap fusion was

operated in data-dependent, SPS-MS3 quantification mode (Ting

et al, 2011; McAlister et al, 2014) wherein an Orbitrap MS1 scan was

taken (scan range = 350–1,200 m/z, R = 120 K, AGC target = 3e5,

and max ion injection time = 100 ms). Followed by data-dependent

Orbitrap trap MS2 scans on the most abundant precursors for 3 s.

Ion selection; charge state = 2: minimum intensity 2e5, precursor

selection range 650–1,200 m/z; charge state 3: minimum intensity

3e5, precursor selection range 525–1,200 m/z; and charge states 4

and 5: minimum intensity 5e5. Quadrupole isolation = 0.7 m/z,

R = 30 K, AGC target = 5e4, max ion injection time = 80 ms, and

CID collision energy = 32%. Orbitrap MS3 scans for quantification:

R = 50 K, AGC target = 5e4, max ion injection time = 100 ms, HCD
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collision energy = 65%, scan range = 110–750 m/z, and synchro-

nous precursors selected = 5. The raw data files were searched using

COMET (release version 2014.01) (Eng et al, 2013) against a target-

decoy (reversed) (Elias & Gygi, 2007) version of the human proteome

sequence database (UniProt; downloaded 2/2020, 40,704 entries of

forward and reverse protein sequences) with a static mass of

229.162932 on peptide N termini and lysines and 57.02146 Da on

cysteines, a variable mass of 15.99491 Da on methionines and

79.96633 Da on serines, threonines, and tyrosines, and filtered to a

< 1% FDR at the peptide level. Quantification of LC–MS/MS spectra

was performed using in-house developed software (Kruse

et al, 2020). Phosphopeptide intensities were adjusted based on total

TMT reporter ion intensity in each channel and log2 transformed.

Note, one of the GST-Arpp19S62A analysis failed and was excluded

from the analysis. P-values were calculated using a two-tailed

Student’s t-test assuming unequal variance. For a phosphorylation

sites to be considered regulated, the following cut-offs were applied:

P-value < 0.05 and log2 ratio > 0.58 (1.5-fold).

Label-free LC–MS/MS analysis

Biological triplicates of pulldowns or proximity labeled samples

were analyzed on a Q-Exactive Plus quadrupole Orbitrap mass spec-

trometer (ThermoScientific) equipped with an Easy-nLC 1000 (Ther-

moScientific) and nanospray source (ThermoScientific). Peptides

were resuspended in 5% methanol/1% formic acid and loaded on

to a trap column (1 cm length, 100 μm inner diameter, ReproSil, C18

AQ 5 μm 120 �A pore [Dr. Maisch, Ammerbuch, Germany]) vented

to waste via a micro-tee and eluted across a fritless analytical resolv-

ing column (35 cm length, 100 μm inner diameter, ReproSil, C18 AQ

3 μm 120 �A pore) pulled in-house (Sutter P-2000, Sutter Instru-

ments, San Francisco, CA) with a 45 min gradient of 5–30% LC–MS

buffer B (LC–MS buffer A: 0.0625% formic acid, 3% ACN; LC–
MS buffer B: 0.0625% formic acid, 95% ACN).

The Q-Exactive Plus was set to perform an Orbitrap MS1 scan

(R = 70 K; AGC target = 1e6) from 350 to 1,500 m/z, followed by

HCD MS2 spectra on the 10 most abundant precursor ions detected

by Orbitrap scanning (R = 17.5 K; AGC target = 1e5; max ion

time = 50 ms) before repeating the cycle. Precursor ions were iso-

lated for HCD by quadrupole isolation at width = 1 m/z and HCD

fragmentation at 26 normalized collision energy (NCE). Charge state

2, 3, and 4 ions were selected for MS2. Precursor ions were added to

a dynamic exclusion list � 20 ppm for 15 s. Raw data were

searched using COMET (release version 2014.01) in high-resolution

mode (Eng et al, 2013) against a target-decoy (reversed) (Elias &

Gygi, 2007) version of the human proteome sequence database

(UniProt; downloaded 2/2020, 40,704 entries of forward and reverse

protein sequences) with a precursor mass tolerance of � 1 Da and a

fragment ion mass tolerance of 0.02 Da, and requiring fully tryptic

peptides (K, R; not preceding P) with up to three mis-cleavages.

Static modifications included carbamidomethylcysteine and variable

modifications included oxidized methionine. Searches were filtered

using orthogonal measures including mass measurement accuracy

(� 3 ppm), Xcorr for charges from +2 through +4, and dCn

targeting a < 1% FDR at the peptide level. Quantification of LC–
MS/MS spectra was performed using MassChroQ (Valot et al, 2011)

and the iBAQ method (Schwanhausser et al, 2011). Missing values

were imputed from a normal distribution in Perseus to enable

statistical analysis and visualization by volcano plot (Tyanova

et al, 2016). Statistical analysis was carried out in Perseus by

two-tailed Student’s t-test. In the proximity labeling experiment, a

protein was specified as a PP1- or B55-specific interactor if it was

identified as enriched in either PP1 or B55 proximity labeling experi-

ment by at least twofold enrichment and a P-value < 0.05. In the

interactor analysis, a protein was specified as a PP1- or B55-specific

interactor if it was enriched in either PP1 or B55 pulldown com-

pared to control by at least twofold and a P-value < 0.05.

iceLogo and WebLogo

The iceLogo and WebLogo were generated using the centered

sequences of singly phosphorylated sites that were significantly reg-

ulated (P-value < 0.05; log2 ratio > 0.58 (1.5-fold)) by PP1 and B55

(Dataset EV1). WebLogo web server: www.weblogo.threeplusone.

com (Crooks et al, 2004). iceLogo software is downloadable at

www.github.com/compomics/icelogo (Colaert et al, 2009).

Antibodies

The following antibodies were used: GAPDH–rabbit—1:1,000 (Santa

Cruz; sc-25778), H3S10p–rabbit—1:1,000 (Millipore #06-570), and

pan T(phos)P–mouse—1:500 (Cell signaling #9391).

ITC

Peptides were purchased from Peptide 2.0 Inc (Chantilly. VA,

USA). The purity obtained in the synthesis was 95–98% as deter-

mined by high-performance liquid chromatography (HPLC) and

subsequent analysis by mass spectrometry. Prior to ITC experi-

ments, both the protein and the peptides were extensively dialyzed

against 50 mM sodium phosphate, 150 mM NaCl, and 0.5 mM

TCEP, pH 7.5. All ITC experiments were performed on an Auto-

iTC200 instrument (Microcal, Malvern Instruments Ltd.) at 25°C.
Both peptide and PP1γ concentrations were determined using a

spectrometer by measuring the absorbance at 280 nm and applying

values for the extinction coefficients computed from the corre-

sponding sequences by the ProtParam program (http://web.

expasy.org/protparam/). The peptides at approximately 450 μM
concentration were loaded into the syringe and titrated into the

calorimetric cell containing the PP1γ at � 35 μM. The reference

cell was filled with distilled water. In all assays, the titration

sequence consisted of a single 0.4 μl injection followed by 19

injections, 2 μl each, with 150 s spacing between injections to

ensure that the thermal power returns to the baseline before the

next injection. The stirring speed was 750 rpm. Control experi-

ments with the peptides injected in the sample cell filled with

buffer were carried out under the same experimental conditions.

These control experiments showed heats of dilution negligible in

all cases. The heats per injection normalized per mole of injectant

versus the molar ratio [peptide]/[PP1γ] were fitted to a single-site

model. Data were analyzed with MicroCal PEAQ-ITC (version

1.1.0.1262) analysis software (Malvern Instruments Ltd.).

Sample size estimate

No statistical method was used to predetermine sample size.
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Blinding and exclusion of experiments

Experiments were not blinded. We only excluded experiments

where the controls did not perform as expected.

Data availability

All raw data and Jupyter notebooks for the analysis are provided in

the OSF repository associated with the paper (https://osf.io/gys5d/).

The proteomics data are deposited at MassIVE (MSV000091928,

https://massive.ucsd.edu/ProteoSAFe/FindDatasets?query=MSV0000

91928) and ProteomExchange (PXD042194, https://proteomece

ntral.proteomexchange.org/cgi/GetDataset?ID=PXD042194).

Expanded View for this article is available online.
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