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Introduction

Integrated spatial and temporal control of numerous cellular 
components in mitosis is crucial to create functional daughter 
cells. This control is achieved through a combination of reg-
ulated proteolysis, phosphorylation, and dephosphorylation 
(Wurzenberger and Gerlich, 2011; Glover, 2012; Mochida and 
Hunt, 2012; Grallert et al., 2015). Although there has been 
considerable focus on understanding the regulatory networks 
controlling kinase and phosphatase activity (Novak et al., 
2010; Ferrell, 2013), how individual substrates for the same 
pathway are differentially regulated is still poorly understood. 
It has long been known that mitotic kinases, substrates of the 
anaphase-promoting complex/cyclosome, and many other reg-
ulatory enzymes have specific linear recognition motifs. How-
ever, these often fail to adequately describe the behavior seen 
in cells, where proteins sharing similar or sometimes identical 
recognition determinants are regulated at widely differing rates.

Previously, we have shown that dephosphorylation and 
hence activation of the conserved anaphase spindle protein 
PRC1 is controlled by a specific protein phosphatase 2A (PP2A) 
holoenzyme containing a B55-family regulatory subunit (B55; 
Cundell et al., 2013). In addition, B55 has been implicated in 
reassembly of the Golgi apparatus and nuclear envelope during 

mitotic exit (Schmitz et al., 2010). B55 is inhibited in mito-
sis by ENSA and ARPP19, two related proteins activated by 
phosphorylation of a serine within an inhibitory motif by the 
protein kinase Greatwall–MAS​TL (Gharbi-Ayachi et al., 2010; 
Mochida et al., 2010). Together, these components form the 
BEG (B55–ENSA–Greatwall) pathway controlling mitotic exit 
(Cundell et al., 2013). Because Cdk1/cyclin B activates Great-
wall–MAS​TL, B55 inhibition is maintained until cyclin B is 
degraded (Castilho et al., 2009; Gharbi-Ayachi et al., 2010; Mo-
chida et al., 2010; Rangone et al., 2011). Once all chromosomes 
have aligned and are under tension on the metaphase spindle, the 
anaphase-promoting complex triggers destruction of cyclin B 
and the separase inhibitor securin. Separase activation and chro-
mosome separation and segregation then rapidly follow. Great-
wall is inactivated by protein phosphatase 1 (PP1) reducing the 
production of phosphorylated ENSA (Heim et al., 2015). Ini-
tially, B55 remains inhibited because ENSA is present in excess 
and only slowly dephosphorylated (Williams et al., 2014). Be-
cause ENSA binds B55 tightly and shows apparent slow zero- 
order dephosphorylation kinetics, it has been referred to as an 
unfair substrate crowding out other substrate proteins (Wil-
liams et al., 2014). This creates a delay in dephosphorylation of 
PRC1 and, hence, anaphase spindle assembly and cytokinesis 
only commence once chromosomes have become segregated 

PP2A-B55 is one of the major phosphatases regulating cell division. Despite its importance for temporal control 
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(Cundell et al., 2013). Removal of the ENSA–Greatwall inhibi-
tory system results in constitutive B55 activity, causing mitotic 
catastrophe and a cut phenotype because of precocious cen-
tral spindle formation and cytokinesis (Manchado et al., 2010; 
Voets and Wolthuis, 2010; Cundell et al., 2013).

Despite this central role of the BEG pathway in mitotic 
exit, few substrates are known and the mode of substrate rec-
ognition by B55 is not well understood. The best understood 
B55 substrate in mitosis is GM130, a Golgi tethering protein 
and Cdk1/cyclin B substrate required for ER–Golgi traffic and 
Golgi structure (Lowe et al., 2000); however, the specific rec-
ognition sequences in GM130 were not defined. Analysis of the 
structure of B55 showed that an acidic substrate-binding groove 
on the regulatory subunit is important for dephosphorylation 
of the basic substrate protein tau (Xu et al., 2008); however, 
this has not been explored more generally. Here, we carry out 
a global identification of B55 substrates in mitosis, identify a 
general B55 substrate recognition determinant, and explain how 
its properties dictate the rate at which substrates are dephos-
phorylated by this pathway during mitotic exit.

Results

B55 substrates share a unique 
anaphase signature
To identify B55 substrates, the unique features of its Greatwall–
MAS​TL ENSA regulatory pathway were exploited. These sites 
should show delayed sigmoidal dephosphorylation kinetics, 
which are slowed when B55 activity is reduced, and are accel-
erated to an exponential decay when the B55 inhibitor path-
way is inactivated by removal or either Greatwall–MAS​TL or 
ENSA (Fig. 1 A; Cundell et al., 2013). In contrast, substrates of 
other phosphatases or sites that are not dephosphorylated will 
show different temporal profiles and be unaltered by these con-
ditions. Whole-cell extracts from phosphatase-active control, 
B55 depleted phosphatase-inactive, or Greatwall–MAS​TL de-
pleted inhibitor-inactive states were incubated for up to 45 min 
to allow substrate dephosphorylation. Western blotting con-
firmed efficient depletion of phosphatase subunits and Great-
wall–MAS​TL under these conditions (Fig. S1, A and B). The 
samples were then separated into soluble and chromatin frac-
tions and subjected to in-solution tryptic digestion followed by 
dimethyl labeling and phosphopeptide enrichment steps before 
reverse-phase online liquid chromatography (LC) mass spec-
trometry (Fig. S1 C). Phosphopeptides in the different con-
ditions were identified and filtered using MaxQuant software 
(Cox et al., 2011) to generate a dataset in which >23,000 phos-
phorylation sites are quantitated over time for each condition 
(Table S1). Comparison of Western blotting data (Fig. 1 B) with 
the mass spectrometry dataset shows that the known Cdk1 site 
on PRC1 at pT481 was identified and quantitated by this global 
temporal phosphoproteomics approach (Fig. 1 C).

Because B55 activity is not constant as a function of time 
in this system, it is not possible to accurately extract dephos-
phorylation rates directly from the kinetic data. To circumvent 
this issue, we developed a protein phosphatase simulation model 
(PPS​IM) for substrate dephosphorylation under control, B55, 
and Greatwall–MAS​TL–depleted conditions. In this model, 
substrate dephosphorylation can occur either by an ENSA-regu-
lated B55 component or by B55-independent activity (Fig. 1 D). 
Using the mass spectrometry data, the software calculated B55 

activity as a function of time from the amount of phosphorylated 
ENSA in the system and relative phosphopeptide abundance for 
the initial starting conditions (Fig. 1 E). This constrained model 
accurately describes dephosphorylation of the model B55 sub-
strate PRC1 pT481 kb55 = 0.121 min−1 (Fig. 1 F) and was able 
to fit B55-dependent and -independent dephosphorylation rates 
and calculate relative abundance for a further 7,390 phospho-
peptides (Table S2). Of these, 2,960 showed a B55-dependent 
rate constant >0 (Fig. S1 D). High-confidence B55 substrates 
were defined as the top 15th percentile in terms of rate where 
the mean square deviation between the model output and exper-
imental data were below 0.005 (Fig. 1 G and Table S3). This list 
includes the previously identified B55 substrates PRC1 pT481 
and Cdc20 pS41 (Mochida et al., 2010; Cundell et al., 2013; 
Williams et al., 2014). A further site on PRC1 at pT470 kb55 = 
0.214 min−1 (Fig. 1 H), in addition to sites on mitotic spindle 
proteins were identified, including the Aurora A regulator TPX2 
at pT369 kb55 = 0.208 min−1 (Fig. 1 I) and nuclear pore proteins 
(Fig. 1 G). Importantly, dephosphorylation kinetics showed the 
expected dependency on B55 and Greatwall–MAS​TL. Like-
wise, the top 15th percentile of the 3,000 phosphopeptides with 
a B55-independent rate constant >0 (Table S2) were defined as 
high-confidence B55-independent substrates (Fig. 1 J and Table 
S4). These include several mitotically regulated chromosome 
proteins, including the chromosome passenger protein borealin/
CDCA8 (Fig. 1 K) and the chromokinesin KIF4A (Fig. 1 L). 
For these substrates, dephosphorylation kinetics is unaltered by 
depletion of B55 or Greatwall–MAS​TL.

Identification of a bipartite polybasic 
recognition determinant for B55
To ask if there is a common feature shared by B55 substrates, 
enrichment or exclusion of the different amino acids relative 
to our total dataset of mitotic phosphopeptide sequences was 
calculated with IceLogo (Colaert et al., 2009). This revealed that 
B55 substrates share a bipartite positive-charged polybasic motif 
surrounding a central consensus Cdk site with an enrichment of 
phosphothreonine (Fig.  2  A). These features are absent from 
the experimentally determined conserved Cdk1-consensus 
motif (Alexander et al., 2011), supporting the idea that they 
relate to dephosphorylation by B55 rather than phosphorylation 
by Cdk1. For candidate B55 substrates, the phosphorylated 
amino acid frequency is 45% phosphothreonine (pT) and 55% 
phosphoserine (pS; Table S3) compared with 25% pT, 73% pS, 
and <2% phosphotyrosine (pY) for the total phosphoproteome 
(Table S1). Acidic residues aspartate and glutamate are excluded 
both within and downstream of the phosphorylation site. B55-
independent substrates show a different pattern with enrichment 
of two basic residues (BRs) upstream of the phosphorylated 
residue (Fig.  2  B), similar to the Aurora kinase consensus 
motif (Alexander et al., 2011;Kettenbach et al., 2011). Further 
examples can be visualized for both B55-dependent and 
-independent substrates online (http​://cellcycle​.org​.uk​/static​/
PPS​IM​/timecourse​.html).

Further analysis revealed that B55-dependent dephos-
phorylation rate for all peptides with kb55 > 0 exhibits a non-
linear relationship with net charge that can be fitted with a 
reciprocal exponential curve (Fig. 2 C). The most rapidly de-
phosphorylated substrates are most basic (1–200), and those 
in the slowest category the least basic (1,000–2,500; Fig. 2 C). 
In contrast, neither B55-dependent nor B55-independent de-
phosphorylation rates show any obvious relationship with  
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Figure 1.  B55 substrates share a unique temporal signature. (A) A schematic of the BEG pathway showing regulation of generic Cdk1 substrates at the 
metaphase to anaphase transition. Idealized temporal dephosphorylation profiles for B55 substrates in control (Control), B55 (-B55), and Greatwall–MAS​TL 
(-Gwl) inactivated conditions are shown in the graph. (B) Western blot analysis of PRC1 pT481 dephosphorylation in control (siControl), B55 (siB55)- 
depleted, and Greatwall–MAS​TL (siMAS​TL)–depleted cell extracts. PRC1 pT481 level as a function of time expressed as integrated signal (It)/integrated 
signal at t = 0 (I0), error bars indicate the SEM (n = 3 independent experiments). Time was measured from the point at which lysis buffer was added to cells 
to termination of phosphoprotein phosphatase–dependent dephosphorylation by addition of okadaic acid. (C) Heavy/light (H/L) ratios were extracted 
from whole-cell phosphoproteome mass spectrometry data for PRC1 pT481. (D) The wiring diagram used in the mathematical model to describe substrate 
dephosphorylation by B55-dependent and independent pathways is shown. PPS​IM software created for this study fits time-resolved mass spectrometry data 
to this kinetic model allowing for three states: control, B55 depletion, and MAS​TL–Greatwall depletion. Depletion levels and behavior of ENSA and PRC1 
pT481 as a model substrate for this pathway are used to parameterize and constrain the model. The key outputs for each substrate are B55-dependent (kb55) 
and independent (kind) rates, a quality-of-fit parameter (mean square deviation from the mean [msd]), and relative abundance at steady state extracted from 
cross-mixing of t = 0. A detailed description is provided in the online supplement. (E) ENSA dephosphorylation, H/L ratio, adjusted for relative abundance 
at t = 0 for control, B55-depleted, and MAS​TL-depleted conditions. Curves show the PPS​IM model output. Because ENSA has a unique place in the model 
as both a substrate and inhibitor of B55, the rate constant (kcat) is used to describe the pool of B55 activity available for all other substrates as a function 
of time. (F) PPS​IM output for PRC1 pT481 showing the rate of B55-dependent (blue) and independent (red) dephosphorylation and relative abundance for 
the same data in panel C. (G) High-confidence B55-dependent substrates ranked by kb55, kind for each substrate is also shown. Major classes of substrate 
protein involved in mitotic spindle regulation and nuclear pore/envelope formation, and the known B55 substrate Cdc20 pS41, are listed. The yellow bar 
marks the ranges in which these factors were found. (H and I) PPS​IM plots for two B55 substrates with high kb55 > 0.2, PRC1 pT470 (H) and TPX2 pT369 
(I), are shown. (J) High-confidence B55-independent substrates ranked by kind, kb55 for each substrate is also shown. Major classes of substrate protein 
involved in regulation of chromosomes in mitosis are listed. The yellow bar marks the ranges in which these factors were found. (K and L) PPS​IM plots for 
two B55-independent substrates with high kind, CDCA8 pT106 (K) and KIF4A pT799 (L), are shown. Error bars indicate the SEM (siControl n = 5, siB55  
n = 3, siMAS​TL n = 2) for all mass spectrometry data and PPS​IM outputs.
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protein abundance calculated from a total mitotic cell proteome 
(Fig.  2  D and Table S5). These findings suggested that B55 
may select substrates by electrostatic properties and that de-
phosphorylation rate may be encoded by net basic charge for 
substrates with widely differing abundance.

Dephosphorylation rate is encoded by a 
cooperative electrostatic signal
To evaluate this hypothesis, PRC1 was used as a model sub-
strate containing a B55 bipartite polybasic recognition de-
terminant (BPR; Fig.  3  A). A role for the conserved D- and 
KEN-boxes, which regulate PRC1 stability, in B55 recognition 
was excluded, because proteins with point mutations in these 
motifs behaved as the wild-type protein (Fig. S2, A–C) and 
showed normal anaphase spindle recruitment (Fig. S2 D). De-
letion mapping experiments confirmed that a region containing 
the B55 BPR and spectrin-fold domain has dephosphorylation 
kinetics similar to the full-length protein (Fig. S2, A–C) but 
fails to target to microtubules in anaphase (Fig. S2 D). Shorter 
truncations showed rapid unregulated dephosphorylation within 
2.5 min in cell extracts (Fig. S2, B and C). This indicates that 
phosphatases other than B55 can now act on these truncated 
substrates, which therefore can not be used for further analy-
sis of specificity or function. To directly test the role of charge 
in determining dephosphorylation rate, a graded series of full-
length PRC1 substrates with progressively less basic character 
was created by mutating the four patches comprising the B55 
BPR (Fig. 3 A). Progressive removal of BRs resulted in reduced 
dephosphorylation rate at T481 (Fig.  3, B and C) and T470 
(Fig.  3  D). The initial dephosphorylation rate (Vdp) of PRC1 

mutants is a sigmoid function of the number of BRs within the 
BPR (Fig. 3 E, observed rate) with a sharp threshold around a 
value of four. Ultrasensitive dependence of Vdp on the number 
of BRs is a hallmark of cooperative action by the salt bridges. 
To explain this, we propose that BRs increase the affinity of 
the substrate for the enzyme through electrostatic interactions 
(salt bridges). Such interactions extend the residence time of 
good substrates on the enzyme, increasing the probability of the 
dephosphorylation reaction. Formulating this idea within the 
framework of Michaelis–Menten enzyme kinetics generates a 
rate expression identical to the logistic equation that defines a 
sigmoid function (see analysis of electrostatic properties of B55 
substrates in Materials and methods). In this instance, coopera-
tivity among salt bridges mediating the enzyme–substrate inter-
action creates an exponential increase in the substrate residence 
time and sigmoid dependence of the initial rate on BR that fits 
well with experimental data (Fig. 3 E, theoretical, solid curve). 
This results in differential dephosphorylation kinetics as a func-
tion of BR (Fig. 3 F), a relationship that can explain the range 
of temporal control seen for B55 substrates during mitotic exit.

B55 BPR sets the time of PRC1 activation 
in mitotic exit
Timely anaphase spindle recruitment of PRC1 requires 
B55-mediated dephosphorylation of the two Cdk1 sites close 
to the microtubule-binding domain (Cundell et al., 2013). Mod-
ulation of the B55 BPR should thus alter this timing. To test 
this prediction, we studied two PRC1 BPR mutants, mutant 11, 
retaining two BRs, or mutant 12, lacking all BRs. Compared 
with wild-type PRC1, mutant 11 and 12 exhibited intermediate 

Figure 2.  B55 substrates contain a bipartite polybasic motif. (A) A 36–amino acid sequence centered on the phosphorylated residue for the high- 
confidence B55-dependent (203 peptides) and (B) -independent (153 peptides) substrates was compared against the experimentally determined total cell 
phosphoproteome data (23,131 peptides) using IceLogo with P = 0.05. Plots for substrate enriched and excluded amino acids and average isolectric point 
(pI, green dotted line) and the total cell phosphoproteome (blue dotted line) within this sequence window are shown. (C) Mean B55-dependent dephosphory- 
lation rates for the fastest (1–100) and progressively slower groups of ranked substrates as a function of the mean number of net basic residues. Error bars 
indicate the SEM (n = 100) for the different ranked groups of substrates. (D) Initial B55-dependent (blue, +) and independent (red, x) dephosphorylation 
rates for the top 2,960 peptides ranked by kb55 as a function of protein abundance calculated using intensity based absolute quantification (iBAQ) from a 
total mitotic cell proteome dataset.
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or greatly slowed dephosphorylation kinetics (Fig. 3, B and C), 
respectively. In G2 cells, wild-type PRC1 was nuclear, as ex-
pected, and recruitment to microtubules commenced by 4 min 
of anaphase (Fig. 4 A). PRC1 mutants 11 and 12 showed de-
layed and attenuated recruitment to the central spindle from 8 
and 14 min, respectively (Fig. 4, B–D), confirming that dephos-
phorylation underpins timely activation of PRC1. Importantly, 
all basic patch mutant PRC1 proteins localized to microtubules 
in interphase cells (Fig. S2 E), excluding the possibility that 
mutation within the polybasic region simply abolished micro-
tubule binding. These results also reveal an interesting relation-
ship between the PRC1 BPR and NLSs. Both mutants 11 and 
12 failed to localize to the nucleus in G2 cells since 474RR and 
486RK form part of the PRC1 NLS (Fig. S2 E). Other residues 
within the B55 BPR are not required for nuclear import (Fig. S2 
E), indicating that although the B55 BPR and NLS overlap, they 
are separable motifs with discrete functions.

To generalize the idea that modulation of a B55 BPR al-
ters the timing of substrate regulation in anaphase, the newly 
identified B55 substrate and spindle assembly factor TPX2 was 
investigated. TPX2 contains a BPR flanking a Cdk site at T369 

adjacent to an importin-α binding domain (Schatz et al., 2003; 
Fig. S3 A). Removal of the BRs within the TPX2 BPR reduced 
the rate of pT369 dephosphorylation >20-fold (Fig.  4 E) and 
also altered the regulation of TPX2 in anaphase. Instead of be-
coming recruited to the central spindle between 6 and 8 min of 
anaphase shortly after PRC1 (Figs. 4 F and S3 B), the TPX2 
BPR mutant was recruited directly into the nucleus in telophase, 
16–20 min after anaphase onset (Figs. 4 G and S3 C). Failure 
to dephosphorylate TPX2 in anaphase and release importin-α 
therefore leads to aberrant nuclear import rather than anaphase 
spindle and midbody targeting (Wittmann et al., 2000).

In summary, B55-mediated dephosphorylation rates 
of PRC1 and TPX2, and their timely recruitment to the 
anaphase spindle, are dependent on the properties of their 
respective BPR sequences.

Substrate selection by an acidic surface on 
the B55 regulatory subunit
Having delineated a key feature of substrates, we next turned to 
B55 to define the recognition determinant on the enzyme. Our 
previous biochemical data show this must lie within the unique 

Figure 3.  Dephosphorylation rate of B55 substrates is encoded by BPR. (A) A schematic of human PRC1 based on structural data (Subramanian et al., 
2010, 2013) with phosphorylation sites for Cdk1 and Plk1 (Neef et al., 2007), D- and KEN-box destruction motifs, and a putative NLS. Alanine-scanning 
mutations were introduced at basic residues (BRs) in B55 BPR and putative NLS region as marked in the sequence below the schematic. BRs within the 
consensus Cdk1-phosphorylation sites (red) were not mutated, since this compromises phosphorylation. To allow analysis of T470 dephosphorylation, the 
GS sequence (green) at position 465/466 was mutated to AA, creating a unique peptide that could be differentiated from the endogenous protein by 
mass spectrometry. (B) PRC1 pT481 Cdk1-site dephosphorylation of GFP-tagged wild-type PRC1 (1) and the series of single and combined basic patch 
mutants (2–12) was followed by Western blotting. (C) PRC1 pT481 dephosphorylation for all samples numbered as in B; error bars indicate SEM (n = 
3 independent experiments). (D) PRC1 pT470 dephosphorylation profiles for the endogenous wild-type and BPR/GS mutant PRC1 extracted from mass 
spectrometry data; error bars indicate SEM (n = 2). (E) The effect of BRs within the BPR on the dephosphorylation of PRC1 mutants described in B and 
C. Initial rate versus BR. Experimental data (observed rate, blue x) and kinetic equation (solid curve, red). (F) Numerical simulations of dephosphorylation 
kinetics with representative BR values.
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B55 regulatory subunit for substrates such as PRC1 (Cundell 
et al., 2013). B55 has 10 conserved acidic residues forming 
an extended surface on its seven-bladed β-propeller regulatory 
subunit, adjacent to the active site in the catalytic subunit (Fig. 
S4 A; Xu et al., 2008). Parts of this acidic surface contribute 
to recognition of the basic B55 substrate protein tau (Xu et al., 
2008). This agrees with the proposed electrostatic mechanism 
for substrate recognition, where the bipartite polybasic region 
in the substrate interacts with an acidic surface on the enzyme. 
To test if this acidic surface is important for specific substrate 

recognition, 10 acidic residues in the B55α phosphatase regula-
tory subunit were mutated to alanine to create the corresponding 
DE/A mutant. Incorporation of this mutant regulatory subunit 
into B55 holoenzyme complexes was unaltered (Fig. S4 B), 
and their activity toward model substrates was therefore tested. 
Comparison of DE/A mutant and wild-type enzymes revealed 
that loss of the B55α acidic surface greatly reduced activity to-
ward Cdk1/cyclin B–phosphorylated PRC1 pT481 (Fig. 5 A). 
As expected, a different subclass of PP2A, B56γ, was not able 
to dephosphorylate PRC1 pT481 (Fig. 5 A), showing enzyme 

Figure 4.  BPRs encode timely dephosphorylation of B55 substrates. (A) HeLa cells depleted of endogenous PRC1 using siRNA directed to the 3′ UTR 
were transfected with GFP-tagged wild-type, mutant 11 (B), and mutant 12 PRC1 (C) as indicated. These cells were imaged every minute passing from 
G2 through mitosis and into anaphase. A single image in G2 before mitotic entry is shown to demonstrate nuclear localization in the control condition. A 
series of maximum intensity projected images from 0 to 14 min taken every 2 min from anaphase onset (t = 0) is shown. Anaphase onset was defined using 
the brightfield images in which the aligned metaphase plate and initial time of chromosome segregation can be visualized. The onset of anaphase (t = 0 
min) was set as the time point preceding the first frame in which chromosome segregation was visible. Arrows indicate the initiation of PRC1 recruitment 
to the spindle midzone. (D) PRC1 levels at the spindle midzone expressed as integrated fluorescence (f)/integrated fluorescence at t = 0 (f0); error bars 
indicate the SEM (n = 6–8). Times of anaphase A, anaphase B, and cleavage furrow ingression for control cells are marked. Constructs are numbered as 
in Fig. 3 B. (E) TPX2 pT369 Cdk1-site dephosphorylation of GFP-tagged wild-type (WT) TPX2 and the B55 BPR mutant was followed by mass spectrometry. 
Mean heavy/light (H/L) ratios were extracted from mass spectrometry data. Error bars indicate the SEM (n = 3). (F and G) GFP-TPX2 (F) or the TPX2 BPR 
mutant (G) were imaged every minute passing from G2 through mitosis and into anaphase. A single image in G2 before mitotic and a series of maximum 
intensity projected images from 0 to 14 min taken every 2 min from anaphase onset (t = 0) are shown. Arrows indicate the initiation of TPX2 recruitment 
to the central spindle region and import of the TPX2 BPR mutant into the nucleus in telophase.
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specificity is maintained under these conditions. These data 
show that the extended acidic face of B55α is important for rec-
ognition of bipartite polybasic substrates.

The importance of the B55 acidic surface for temporal 
regulation of mitotic exit was investigated using the activation 
of PRC1 at the anaphase spindle. In mitotic cells expressing 
wild-type B55α, PRC1 recruitment to microtubules commenced 
by 4 min of anaphase (Fig. 5 B), as expected. In cells expressing 
the B55α DE/A mutant, PRC1 showed delayed and attenuated 
recruitment to the spindle midzone in anaphase (Fig. 5, C and 
D). The altered timing of anaphase recruitment and effect on de-
phosphorylation rate seen with the B55α DE/A mutant was com-
parable to that seen with PRC1 BPR mutant 12 (Fig. 3, A–C). 
The acidic, substrate-complementary surface of B55 is there-
fore important for timing PRC1 activation during mitotic exit.

The B55 inhibitor and unfair substrate 
ENSA has a BPR
We next sought to understand if these properties are relevant 
for the B55 regulator ENSA. ENSA occupies a unique position 
in the BEG pathway as both an inhibitor and a substrate for 
B55. It has a B55 BPR flanking the conserved ENSA motif 
containing the S67 residue phosphorylated by Greatwall–
MAS​TL (Fig. 6 A). Mutation of the conserved aromatic and 
acidic residues in this motif resulted in reduced or abolished 

phosphorylation by Greatwall (Fig. 6 B), defining a recognition 
motif for this kinase. Intriguingly, considering the enrichment 
of phosphothreonine in B55 substrates (Fig. 2 A), no detectable 
phosphorylation of the ENSA S67T mutant was seen (Fig. 6 B), 
suggesting that Greatwall was unable to phosphorylate it. Mu-
tations in the B55 BPR of ENSA did not reduce Greatwall phos-
phorylation, and these could be analyzed further. To directly 
test the role of charge in determining dephosphorylation rate, a 
graded series of full-length ENSA substrates with progressively 
less basic character was created by mutating the four patches 
comprising the B55 BPR. In addition, the conserved tyrosine 
64 in the ENSA motif was mutated. Progressive removal of 
BRs resulted in reduced dephosphorylation rate (Fig. 6, C and 
D). A further reduction in rate was observed when Y64 was 
mutated, suggesting this plays a role in binding to B55. This 
is in agreement with previous work showing that this residue 
can be cross-linked to the B55 catalytic and regulatory subunits 
(Mochida, 2014). The initial dephosphorylation rate (Vdp) of 
ENSA mutants is a sigmoid function of the number of BRs 
within the BPR with a sharp threshold around BR value of 6 
(Fig.  6  E, observed rate), compared with 4 for the substrate 
PRC1 (Fig. 3 E). This agrees with the idea that the electrostatic 
interactions would need to increase the residence time of an 
inhibitor, ENSA, on the enzyme above that of good substrates 
such as PRC1 or TPX2. As in the case of substrates, this can be 

Figure 5.  A complementary acidic surface on 
the B55 regulatory subunit is required for effi-
cient dephosphorylation and timely activation 
of PRC1. (A) Dephosphorylation of Cdk-phos-
phorylated PRC1 at pT481 by B55, B55α 
DE/A, or B56γ was followed by Western blot-
ting; error bars indicate the SEM (n = 3). (B) 
Hela cells depleted of endogenous B55 regu-
latory subunits using siRNA directed to the 3′ 
UTR were transfected with GFP-tagged B55α 
WT regulatory subunit or (C) the B55α DE/A 
mutant and mCherry-tagged wild-type PRC1. 
These cells were imaged every minute passing 
from G2 through mitosis and into anaphase. A 
single image of GFP-B55α in G2 before mitotic 
entry is shown to demonstrate expression of 
the phosphatase regulatory subunit. A series 
of maximum intensity projected images from 
0 to 14 min taken every 2 min from anaphase 
onset (t = 0) is shown for PRC1. Two represen-
tative sets of images are shown for the B55α 
DE/A mutant–expressing cells. (D) PRC1 levels 
at the spindle midzone. Error bars indicate the 
SEM (n = 3). Times of anaphase A, anaphase 
B, and cleavage furrow ingression for control 
cells are marked. WT, wild type.
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explained within the framework of classical enzyme kinetics, 
because cooperativity among salt bridges results in an exponen-
tial increase in inhibitor residence time and creates a sigmoid 
dependence of the initial rate (Fig. 6 E, theoretical, solid curve) 
and differential dephosphorylation kinetics on BRs (Fig. 6 F). 
This model provides a simple explanation unifying the behavior 
of both substrates and the inhibitor or unfair substrate ENSA, 
because both are governed by the same properties. ENSA occu-
pies a more extreme position in the system with respect to basic 
charge and has additional interactions with the catalytic subunit 
via aromatic residues in the ENSA motif.

Phospho–amino acid selectivity of B55
One feature of B55 substrates not obviously explained by 
the proposed electrostatic selection mechanism is the enrich-
ment for phosphothreonine versus phosphoserine when com-
pared with the total phosphoproteome (Fig. 2 A). To explore 
this further, the phosphorylated threonine residues in PRC1 
and TPX2 were converted to serine. Remarkably, these mu-
tant proteins although phosphorylated were dephosphory-
lated far less rapidly than the wild-type proteins (Fig.  7, A 

and B). An additional feature of substrates must therefore be 
important for efficient recognition of phosphoserine. Some 
B55 substrates, including ENSA, contain aromatic or bulky 
hydrophobic and acidic residues immediately upstream of 
the phosphorylation sites. Introduction of the upstream aro-
matic/acid motif from ENSA into PRC1 S470/481, but not 
the acidic residue alone, created a substrate with dephos-
phorylation kinetics indistinguishable from wild-type PRC1 
T470/481 (Fig. 7 C). It is intriguing that aromatic residues are 
important for phosphoserine containing substrate recognition 
in this assay because this is reminiscent of cyclic peptide–like 
inhibitors of PP2A, which interact directly with the PP2A 
catalytic subunit in part via an aromatic residue occupying a 
pocket close to the catalytic center (Xu et al., 2008). Although 
the precise mode of ENSA binding to B55 is not yet known, 
these findings provide a plausible mechanism involving the 
BPR and additional aromatic residues.

These results show that both charge and choice of serine 
or threonine can affect the B55-dependent dephosphorylation 
rate. Together, this may explain why the phosphoserine contain-
ing unfair substrate ENSA acts as a potent B55 inhibitor.

Figure 6.  A BPR directs dephosphorylation of the B55 inhibitor ENSA. (A) A schematic of the B55 inhibitory region of human ENSA with the Greatwall–
MAS​TL phosphorylated S67 highlighted in red. Alanine-scanning mutations were introduced at basic residues (BRs) in the three basic patches making up the 
B55 BPR and conserved residues in the ENSA motif as marked in the sequence. (B) Steady-state levels of ENSA phosphorylation in mitotic cells; error bars 
indicate the SEM (n ≥ 2). (C) ENSA pS67 Greatwall-site dephosphorylation of GFP-tagged wild-type (WT) ENSA (1) and the series of single and combined 
basic patch mutants (2–10) was followed by Western blotting of Phostag gels. (D) ENSA pS67 dephosphorylation, numbered as in C; error bars indicate 
the SEM (n ≥ 2). (E) The effect of BRs within the BPR on the dephosphorylation of ENSA mutants described in C and D. Initial rate versus BR. Experimental 
data (observed rate, blue x) and kinetic equation (solid curve, red). (F) Numerical simulations of dephosphorylation kinetics with representative BR values.
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B55 regulates timing of nuclear pore 
formation and function in mitotic exit
Finally, we asked if the combined action of the ENSA–Great-
wall regulatory system and BPR sequences in substrate proteins 
provides a general mechanism explaining the order of B55- 
dependent processes in mitotic exit. For cell division to suc-
ceed, it is crucial that nuclear pore formation and resumption 
of nuclear import occurs only after the chromosomes have been 
segregated (Wandke and Kutay, 2013). Our mass spectrometry 
dataset shows that B55-dependent dephosphorylation of mitotic 
and anaphase spindle proteins is followed by nuclear pore and 
envelope proteins in vitro (Fig. 1 G), fitting with the order of 
these processes in unperturbed cells exiting mitosis. To provide 
further evidence that the ENSA–Greatwall regulatory system 
and BPR sequences in substrate proteins explain the in vivo be-
havior, nuclear pore formation and function were followed using 
the candidate phosphoserine-containing B55 substrate NUP153.

Proteomic data show NUP153 dephosphorylation in vitro 
is ∼7.5 min later (Fig. 8 A, solid lines) than that of the fastest 
substrates such as TPX2 and PRC1 (Fig. 8 A, dotted line). Fit-
ting with these in vitro dephosphorylation kinetics, NUP153, 
phenylalanine-glycine (FG) repeat nucleoporins and RanBP2 
identified as candidate B55 substrates are only recruited to 
the forming nuclear membrane surrounding the chromatin 
in telophase (Fig. 8 B and Fig. S5 A). In agreement with this 
late timing kb55 is <0.1 for this class of substrate, under half 
the values seen for the fastest substrates such as PRC1 and 
TPX2 which become active in anaphase. The delayed recruit-
ment of NUP153, FG-repeat nucleoporins and RanBP2 was 
abolished in Greatwall–MAS​TL–depleted cells, which showed 
precocious localization of these factors to anaphase chromatin  
(Figs. 8 B and S5 A). Conversely, depletion of B55 delayed 
recruitment of these same factors so they were absent from 
the nuclear membrane surrounding the chromatin in telophase  
(Figs. 8 B and S5 A). Nuclear envelope proteins such as the 
lamin B receptor and AHC​TF/ELYS (AT-hook transcription 
factor), the most upstream component of the nuclear pore as-
sembly pathway, are already present in anaphase cells, and 
timing of their recruitment was not altered under the same 
conditions (Fig. S5, B and C), suggesting they are regulated by 
other phosphatases (Vagnarelli et al., 2011; Qian et al., 2015).

To test when nuclear import resumes if the B55 pathway 
is perturbed, cells expressing GFP-tagged NUP153 and the 
mCherry-tagged importin-β binding domain (IBB) of impor-
tin-α were imaged. In control cells, nuclear pore recruitment 
commences at 8–9min of anaphase onset (Fig. 8, C and D), and 
nuclear import resumes shortly thereafter at 12–13 min (Fig. 8, 
C and E). Depletion of Greatwall–MAS​TL accelerates both 
NUP153 recruitment and nuclear import by ∼5 min (Fig.  8, 
C–E). Conversely, depletion of B55 delayed recruitment of 
NUP153 by ∼5min, and nuclear import was only observed late 
in telophase at 18–21 min (Fig. 8, C–E). These results explain 
why removal of the ENSA–Greatwall inhibitory system causes 
mitotic catastrophe by altering the timing of nuclear pore ref-
ormation and function in addition to precocious central spindle 
formation and cytokinesis (Manchado et al., 2010; Voets and 
Wolthuis, 2010; Cundell et al., 2013).

The role of the candidate B55 site at S257 on GFP-
NUP153 recruitment was then examined. GFP-NUP153 was 
recruited to chromatin late in anaphase together with other 
FG-repeat nucleoporins, followed by RanBP2 (Fig.  9  A). An 
S257A mutant, which cannot be phosphorylated at the B55 site, 
showed premature recruitment in anaphase and lead to earlier 
recruitment of other FG-repeat nucleoporins (Fig. 9 B). In con-
trast, a GFP-NUP153 B55 BPR mutant showed reduced recruit-
ment in anaphase and telophase (Fig. 9 C). Time-lapse imaging 
showed GFP-NUP153 was recruited to chromatin 8–9 min after 
anaphase onset, whereas the BPR mutant showed delayed and 
attenuated recruitment (Fig.  9, D and E). The S257A mutant 
showed some enlarged punctate foci in interphase cells and ac-
celerated and increased recruitment at early times in anaphase B 
(Fig. 9, D and E). However, it was not accelerated to the extent 
seen in Greatwall–MAS​TL-depleted cells (Fig. 8 B), showing 
that there are additional B55 substrates acting earlier in nuclear 
envelope and pore formation. It was not possible to perform 
quantitative analysis of NUP153 BPR mutant dephosphoryla-
tion because attempts to produce a sufficiently sensitive phos-
phospecific antibody or a unique diagnostic tryptic peptide for 
mass spectrometry were not successful. These findings on nu-
clear pore regulation and function and the timing of NUP153 
recruitment extend results already obtained for PRC1 and TPX2 
to later B55 substrates.

Figure 7.  Phospho–amino acid selectivity of B55 has implication for substrates and the B55 inhibitor ENSA. (A) Dephosphorylation of wild-type PRC1 at 
T470 and T480 was compared with S470 and S481 mutants using mass spectrometry. Heavy/light (H/L) ratios were extracted from mass spectrometry 
data for all peptides; error bars show the SEM (n = 2). (B) Dephosphorylation of wild-type TPX2 at T369 was compared with a S369 mutant using mass 
spectrometry. H/L ratios were extracted from mass spectrometry data for all peptides; error bars show the SEM (n = 2). (C) Dephosphorylation of wild-type 
(WT) T470/T481 PRC1 was compared with inhibitor (ENSA-like) DS470/DS481 and YFDS470/YFDS481 mutants using mass spectrometry. H/L ratios 
were extracted from mass spectrometry data for all peptides; error bars show the SEM (n = 6 wild-type control and n = 3 mutants).
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Figure 8.  B55 regulates the timing of nuclear pore reassembly and nuclear transport during mitotic exit. (A) Nuclear pore proteins identified as candidate 
B55 substrates. PPS​IM plots for NUP153 pS257 and pS240 are shown; the dotted line indicates the profile for PRC1 pT470 and TPX2 pT369. PPS​IM 
kinetic profiles for TMPO pS362, LEMD2 pS166, NDC1 pT414 and NUP107 pT46 are displayed on the right. Error bars indicate the SEM (siControl, n = 
5; siB55, n = 3; siMAS​TL, n = 2). (B) The localization of NUP153 (red) and FG-repeat nucleoporins (mAb414; green) is shown in anaphase and telophase 
control cells (siControl) and cells depleted of Greatwall (siMAS​TL) or all B55 regulatory subunits (siB55 all). DNA was stained with DAPI (blue). (C) Reforma-
tion of nuclear pores and the resumption of nuclear import were followed by live-cell imaging of cells expressing GFP-NUP153 and the mCherry-Importin β 
binding domain (IBB), respectively. Images are shown every 3 min from the onset of anaphase (t = 0 min) until 21 min for control cells (siControl) and cells 
depleted of Greatwall (siMAS​TL) or all B55 regulatory subunits (siB55 all). (D and E) Nuclear pore reassembly was measured using the GFP-NUP153 signal 
surrounding the segregating chromatin (D), and nuclear import was defined as the mCherry-IBB signal within this region (E). Error bars indicate SEM (n = 6).
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Discussion

An electrostatic code for rate in BEG 
pathway substrates
In both yeast and mammalian cells, different proteins are de-
phosphorylated at discrete rates in anaphase. This is thought 
to be important for timing events during mitotic exit (Malik et 
al., 2009; Bouchoux and Uhlmann, 2011; McCloy et al., 2015). 

However, the mechanisms encoding the specific dephosphoryla-
tion rate and timing properties of different substrate proteins have 
not been elucidated until now. Here, we provide a mechanism 
that can explain this for the BEG pathway in mammalian cells. 
B55 substrates have a defined bipartite polybasic motif in which 
increased numbers of BRs play a cooperative role in determining 
dephosphorylation rate. This simply explains how a specific de-
phosphorylation rate can be encoded into a given substrate. As 

Figure 9.  A BPR in NUP153 promotes timely activation in anaphase. (A) The localization of wild-type, (B) S257A, and (C) BPR mutant (R214/K227/K228 
were mutated to alanine) GFP-NUP153 at different stages of mitosis is shown compared with FG-repeat nucleoporins (mAb414), RanBP2, and DNA.  
(D) HeLa cells expressing GFP-NUP153 wild-type, S257A, and BPR mutants were imaged every minute through mitosis. Images of G2 cells before mitotic 
entry, and at the times indicated from the onset of anaphase, are shown. (E) Nuclear pore reassembly was measured using the GFP-NUP153 signal sur-
rounding the segregating chromatin. Error bars indicate SEM (n = 6).
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B55 activity passes a series of thresholds during the transition 
into anaphase, it will act on progressively less basic substrates. 
Related mechanisms have been identified previously, most nota-
bly the myristoyl-electrostatic switch in which multiphosphoryla-
tion regulates membrane binding of MAR​CKS (McLaughlin and 
Aderem, 1995) and Ste5 (Serber and Ferrell, 2007; Strickfaden 
et al., 2007). In the best understood of these systems, phosphor-
ylation modulates a protein interaction with the charged surface 
of a lipid bilayer (Serber and Ferrell, 2007). Here, we propose 
that different levels of basic charge in the substrate protein can 
be used to determine the rate of dephosphorylation by increasing 
residence time of the substrate at an enzyme surface.

Phospho–amino acid selectivity of PP2A 
family phosphatases
Mass spectrometry analysis of Cdk1-site turnover in mitotic exit 
has found that phosphothreonine turns over more rapidly than 
phosphoserine (Malik et al., 2009; McCloy et al., 2015). In part, 
this can now be explained by the activity of B55, which shows a 
preference for phosphothreonine compared with phosphoserine 
containing substrates. For some substrates tested here (PRC1 
and TPX2), threonine appears to be an absolute requirement. 
Cdc20, previously reported as a B55 substrate and also found 
here, is phosphorylated at S41 but shows slow dephosphoryla-
tion kinetics compared with the threonine-containing substrates 
PRC1 and TPX2 despite containing a similar BPR sequence. 
Often overlooked older literature showed that the kcat of PP2A 
for short phosphothreonine-containing peptide substrates is at 
least 34-fold higher than for otherwise identical phosphoserine 
substrates (Deana et al., 1982; Deana and Pinna, 1988; Cohen, 
1989). Because these peptide substrates lacked the BPR de-
scribed here, these authors were measuring basal catalytic ac-
tivity conferred predominantly by the catalytic subunit. Indeed, 
these authors initially named this subpopulation of PP2A protein 
phosphatase-T to reflect its specificity for phosphothreonine.

In this context, it is also interesting to note that the B55 
inhibitors ENSA and ARPP19 have a phosphorylated serine in 
the inhibitory motif that is only very slowly dephosphorylated. 
The observed kcat is two or three orders of magnitude lower than 
Cdk-phosphorylated threonine-containing substrates (Williams 
et al., 2014). The high affinity of phosphorylated ENSA for B55 
(KM of ∼1 nM; Williams et al., 2014) can therefore be explained 
by a combination of two factors: the saturating number of BRs 
within the ENSA BPR and its serine phosphorylation by Great-
wall. Indeed, Greatwall appears to be highly selective for serine 
in the ENSA motif, suggesting properties selected for generat-
ing a slowly dephosphorylated inhibitor.

In summary, this work provides a unified mechanism for 
both substrate selection and the feedback control of B55 activity 
by the phosphoserine-containing substrate/inhibitor ENSA. This 
explains the complex temporal behavior of cells exiting mito-
sis, where proteins sharing similar recognition determinants are 
regulated at widely differing rates by a single pathway. Our data 
explain how temporal order is encoded by a combination of the 
B55–ENSA–Greatwall pathway and different strengths of B55 
recognition motifs in different classes of substrate protein. Fur-
thermore, we provide a method to define phosphatase substrates 
using mass spectrometry and identify the molecular motifs un-
derlying substrate recognition and temporal order of dephosphor-
ylation. Using the dataset accompanying this work and variations 
of the techniques outlined here, it should be possible in the future 
to dissect mitotic dephosphorylation in its entirety.

Materials and methods

Reagents and antibodies
Antibodies to PRC1, ENSA, KIF4A, and KIF4A pT799 were de-
scribed previously (Cundell et al., 2013; Nunes Bastos et al., 2013). 
The commercial antibodies used were PRC1 pT481 (2189–1; Epito-
mics), cyclin B1 (05–373; EMD Millipore), tubulin (T6199; Sigma- 
Aldrich), PPP2CA (610555; BD), PPP2R1A (sc-6112; Santa Cruz 
Biotechnology, Inc.), PPP2R2A (5689S; Cell Signaling Technology), 
PPP2R5A (A300-967A; Bethyl Laboratories, Inc.), PPP2R5C, (sc-
374380; Santa Cruz Biotechnology, Inc.), PPP2R5D (A301-100A; 
Bethyl Laboratories, Inc.), MAS​TL (A302-190A; Bethyl Labora-
tories, Inc.; or ab135637; Abcam), nucleoporin FG-repeat mAb414 
(ab24609; Abcam), lamin B receptor (1398–1; Epitomics), AHC​TF1 
(A300-166A; Bethyl Laboratories, Inc.), NUP153 (A301-788A; Bethyl 
Laboratories, Inc.), RanBP2 (A301-797A; Bethyl Laboratories, Inc.), 
FLAG epitope tag (F7425; Sigma-Aldrich). Affinity-purified primary 
and HRP-coupled secondary antibodies (Jackson ImmunoResearch 
Laboratories, Inc.) were used at 1 µg/ml final concentration. All West-
ern blots were revealed using ECL (GE Healthcare).

General laboratory chemicals and reagents were obtained from 
Sigma-Aldrich and Thermo Fisher Scientific unless specifically in-
dicated. Inhibitors were obtained from Sigma-Aldrich (flavopiridol; 
5 mM of 1,000× stock), Tocris Bioscience (AZ3146; 20 mM of 1,000× 
stock), Axon Medchem (BI2536; 1  mM of 1,000× stock), and Enzo 
Life Sciences (Microcystin-LR; 2 mM of 1,000× stock; Okadaic acid, 
500  µM of 250× stock). A benchtop microfuge (5417R; Eppendorf) 
was used for all centrifugations unless otherwise indicated. For West-
ern blotting, proteins were separated by SDS-PAGE and transferred to 
nitrocellulose using a Trans-blot Turbo system (Bio-Rad Laboratories). 
Protein concentrations were measured by Bradford assay using Protein 
Assay Dye Reagent Concentrate (Bio-Rad Laboratories).

Cell culture procedures
HeLa cells were cultured in growth medium (DMEM containing 10% 
[vol/vol] bovine calf serum; Invitrogen) at 37°C and 5% CO2. For syn-
chronization, cells were treated for 18–20 h with 2 mM thymidine, then 
washed three times in PBS and twice with growth medium. For plasmid 
and siRNA transfection, Mirus LT1 (Mirus Bio LLC) and Oligofectamine 
(Invitrogen), respectively, were used according to the manufacturer’s in-
structions. The siRNA duplexes were obtained from GE Healthcare or 
QIA​GEN and have been described already (Cundell et al., 2013).

Dephosphorylation time-course samples for phosphoproteomics
For each condition, 5 × 15–cm dishes were seeded at a density of 6 × 105 
cells in 20 ml growth medium, left to adhere for 24 h, and then trans-
fected with siRNA duplexes targeting luciferase (control), PPPR2A-D 
(B55 regulatory subunits) or MAS​TL for 54 h. After an additional 18-h 
treatment with 100 ng/µl nocodazole mitotic cells were washed twice in 
50 ml ice cold PBS and once in 1 ml PBS and then split into two 500 µl 
aliquots. All centrifugation was performed at 200 gav, 5 min at 4°C. One 
aliquot of cells was harvested and then incubated on ice at 1,500 cells/
µl of ice-cold mitotic lysis buffer (50 mM Tris-HCl, pH 7.35, 150 mM 
NaCl, 1% [vol/vol] IGE​PAL, 1 mM DTT, and protease inhibitor cock-
tail [P8340; Sigma-Aldrich]) supplemented with 2 µM okadaic acid. 
This represents the 0-min time point. The other aliquot was treated as 
before but incubated in the absence of phosphatase inhibitors. Samples 
were removed at 2.5, 5.0, 7.5, 10, 20, 30, and 45 min after addition of 
ice-cold mitotic lysis buffer and supplemented with 2 µM okadaic acid 
to stop reactions. After isolation of the last time point, extracts were 
clarified at 20,000 gav for 15 min at 4°C. Supernatant and chromatin 
pellet fractions were separated. Western blot samples were isolated and 

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/214/5/539/1603110/jcb_201606033.pdf by guest on 07 February 2026



Electrostatic encoding of dephosphorylation rate • Cundell et al. 551

protein concentrations measured from the supernatant fraction before 
snap freezing on liquid nitrogen and storage at −80°C.

Digestion of soluble supernatant and chromatin pellet fractions
Supernatant fractions were thawed on ice and protein precipitated using 
a final concentration of 12.6% (vol/vol) trichloroacetic acid on ice for 
1 h before centrifugation at 20,000 gav for 5 min. Precipitated proteins 
were washed three times with 1 ml acetone, dried for 15 min at room 
temperature, and then solubilized in 8 M urea. Chromatin pellet frac-
tions were removed from −80°C and resuspended in 50 mM ammo-
nium bicarbonate, 8 M urea buffer. Supernatant and chromatin pellet 
fractions were reduced using 4 mM DTT (Fluka) for 25 min at 56°C 
followed by alkylation using 8 mM iodoacetamide incubation in the 
dark for 30 min. Excess iodoacetamide was quenched by addition of 
DTT to a final concentration of 8 mM. Proteins were digested first with 
lysyl endopeptidase (Wako Pure Chemical Industries) for 4 h at 37°C in 
8 M urea, then, after dilution to 2 M urea, with 50 mM ammonium bi-
carbonate, with trypsin (Trypsin Gold; Promega) for 12 h at 37°C. Di-
gestions were quenched by acidification with 5% (vol/vol) formic acid.

Dimethyl labeling and titanium dioxide phosphopeptide enrichment
Tryptic peptides, equivalent to 0.35–2.5 mg of total supernatant pro-
tein, were bound to SepPak reverse-phase C18-columns (Waters) and 
subjected to on-column dimethyl labeling as previously described 
(Boersema et al., 2009). Peptides from all time points of the dephos-
phorylation assay were labeled with cyanoborohydride and deuterated 
formaldehyde to generate a mass increase of 32 D per primary amine, 
referred to as the heavy label. Additionally, one aliquot of the 0 min 
time point was labeled with formaldehyde and cyanoborohydride to 
generate a mass increase of 28 D per primary amine, referred to as the 
light label. After this, 200 µg light- and heavy-labeled peptides was 
mixed and then subjected to titanium dioxide enrichment.

Phosphopeptide enrichment was performed using microspin col-
umns packed with titanium dioxide (TopTip; Glygen). All spin steps 
were performed at 550 rpm, equivalent to 34 g, for 5 min at room tem-
perature. Columns were washed with 65 µl elution buffer (5% ammo-
nia solution in water), then three times with 65 µl loading buffer (5% 
[vol/vol] trifluoroacetic acid, 1M glycolic acid, 80% [vol/vol] aceto-
nitrile). An equal volume of loading buffer was added to the dimethyl 
labeled peptide mixtures and then phosphopeptides were bound 65 µl 
at a time. After binding, columns were washed once each with loading 
buffer, then with 0.2% (vol/vol) trifluoroacetic acid in 80% (vol/vol) 
acetonitrile, followed by 20% (vol/vol) acetonitrile. Isotopically coded 
phosphopeptides were eluted with three washes of 20 µl of elution buf-
fer into 20 µl of 10% (vol/vol) formic acid and 10% (vol/vol) DMSO.

Online nano-LC and tandem mass spectrometry
LC was performed using an EASY-nano-LC 1000 system (Proxeon) 
in which phosphopeptides were initially trapped on a 75 µm internal 
diameter guard column packed with Reprosil-Gold 120 C18, 3 µm, 120 
Å pores (Dr. Maisch GmbH) in solvent A (0.1% [vol/vol] formic acid in 
water) using a constant pressure of 500 bar. Peptides were then separated 
on a 45°C heated EASY-Spray column (50 cm × 75 µm ID, PepMap 
RSLC C18, 2 µm; Thermo Fisher Scientific) using a 3 h linear 8–30% 
(vol/vol) acetonitrile gradient and constant 200 nl/min flow rate. Pep-
tides were introduced via an EASY-Spray nano-electrospray ion source 
into an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific). 
Spectra were acquired with resolution 30,000, m/z range 350–1,500, 
AGC target 106, maximum injection time 250 ms. The 20 most abun-
dant peaks were fragmented using CID (AGC target 5 × 103, maximum 
injection time 100 ms) or ETD (AGC cation and anion target 5 × 103 
and 2 × 105, respectively, maximum injection time 100 ms, normalized 

collision energy 35%) in a data-dependent decision tree method. Pep-
tide identification and quantitation of heavy to light phosphopeptide 
ratios was then performed using MaxQuant (Cox et al., 2011).

PPS​IM analysis
The code used to perform data analysis and modeling is freely available 
at https​://github​.com​/novakgroupoxford​/2016​_Cundell​_et​_al. Time-
resolved data on the level of phosphorylation were extracted from 
MaxQuant data tables containing information on the normalized heavy/
light phosphopeptide ratio. Means and standard errors are calculated 
across the different experimental repeats. Furthermore, we extract 
the relevant cross-mixing data, information on the gene-name and 
protein ID of the peptide, as well as information on the position of the 
phosphosite in the sequence of the protein. To account for potential 
differences between the behavior of a peptide in the supernatant and in 
the pellet fraction, they are treated separately.

To reduce the extracted dataset to its fittable subset entries were 
discarded for: missing data at time point 0, fewer than four time points, 
missing cross-mixing data relative to control, normalized ratios larger 
than 10, missing gene name or protein-identifier information. Go-
Terms from the Panther database and information of the sequence of 
the whole protein were then added to the table.

Core model core describing B55 dephosphorylation activity
A wiring diagram for the regulation of B55 activity is shown in 
Fig. 1 D. Phosphorylated ENSA (ENSAp) in complex with B55 is de-
phosphorylated at a rate kcat. Complex formation is governed by the 
association and dissociation rate constants kass and kdiss. Phosphorylated 
substrates are dephosphorylated in a process independent of B55 (kind) 
and in a manner depending on free B55 (kb55). These are described by 
the following ordinary differential and algebraic equations:

	​​ 
dENS ​A​ p,total​​ _________ dt  ​  =  − ​k​ cat​​ ⋅ B55 : ENS ​A​ p​​,​

	​​ 
dB55 : ENS ​A​ p​​ __________ dt ​   = ​ k​ ass​​ ⋅ B ​55​ free​​ ⋅ ENS ​A​ p,free​​ − ​​(​​ ​k​ diss​​ + ​k​ cat​​​)​​​ ⋅ B55 : ENS ​A​ p​​,​

	​​ 
dSubstrat ​e​ p​​ ________ dt  ​  =  − ​​(​​ ​k​ ind​​ + ​k​ B55​​ ⋅ B ​55​ free​​​)​​​ ⋅ Substrat ​e​ p​​,​

	​ B ​55​ free​​  =  B ​55​ total​​ − B55 : ENS ​A​ p​​,​

and

	​ ENS ​A​ p,free​​  =  ENS ​A​ p,total​​ − B55 : ENS ​A​ p​​.​

The model allows for three distinct states (control, B55 depleted, and 
Gwl depleted) that are described by informed changes of parame-
ters and initial conditions using experimental data. Initial values for 
ENSAp,total and Substratep are set equal to the corresponding abundance 
at t = 0 in the experimental data, relative to the control condition. To 
describe the B55-depletion case, an additional parameter, depletion, is 
introduced to account for the reduced activity of B55total.

Time-resolved data for the relative abundance of ENSA phos-
phorylated on S67 are interpreted to reflect the total pool of phos-
phorylated ENSA in the system (both free and B55-bound ENSAp). 
Similarly, the relative abundance of PRC1 phosphorylated on T481 
reflect the abundance profile of a well-established substrate of B55. 
To estimate the activity profile of B55 toward its substrates in a robust 
manner, time courses for ENSA and PRC1 are considered jointly. Sim-
ulations of ENSAp,total and Substratep over time (t = [0, 2.5, 5.0, 7.5, 10, 
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20, 30, 45]) are compared with the corresponding experiment by cal-
culating the mean square deviation across all conditions (c = [Control, 
B55, GWL]) in both datasets (d = [ENSAp,total, Substratep]):

	​ o​​(​​P​)​​​  = ​ 
​∑​ c​​ ​∑​ t​​ ​∑​ d​​​​[​​​y​ c,t,d​ data​ − y ​​(​​P​)​​​ c,t,d​ model​​]​​​

  _________________  2 ⋅ ​∑​ c​​ ​∑​ t​​ ​∑​ d​​​​(​​1​)​​​ ​ .​

At the optimal parameter set P, the objective function o(P) becomes 
minimal. An interior-point algorithm for box-constrained minimization 
problems was used to find the optimal parameter set.

Modeling substrate dephosphorylation
B55 activity was then used to model substrate dephosphorylation as 
follows. Integrating the differential equation for Substratep, ​dSubstrat ​
e​ ​p ⁄ dp​​​  =  − ​​(​​ ​k​ ind​​ + ​k​ B55​​ ⋅ B ​55​ free​​​)​​​ ⋅ Substrat ​e​ p, gives an expression for the 
abundance of the phosphorylated substrate at a given point in time (t) 
that depends on t and the integral of B55 activity between t = 0 and t:

	​ Substrat ​e​ p​​​​(​​t​)​​​  =  exp​​[​​− ​k​ ind​​ ⋅ t − ​k​ B55​​ ⋅ ​ ∫​ 0​ 
t
 ​ B55​​(​​t​)​​​dt​]​​​.​

This integral can be approximated by the rectangle method:

	​​  ∫​ 
0
​ 

​t​ end​​

​ B55​​(​​t​)​​​dt  ≃ ​  ∑​ 
i=0

​ 
​t​ end​​−1

​​​(​​​t​ i+1​​ − ​t​ i​​​)​​​B55​​(​​​t​ i​​​)​​​.​

The expression for the abundance of a phosphorylated sub-
strate therefore becomes

	​ Substrat ​e​ p​​​​(​​t​)​​​  ≃  exp​​[​​− ​k​ ind​​ ⋅ t − ​k​ B55​​ ⋅ ​ ∑​ 
i=0

​ 
​t​ end​​−1

​​​(​​​t​ i+1​​ − ​t​ i​​​)​​​B55​​(​​​t​ i​​​)​​​​]​​​.​

Using this expression and an interior-point algorithm for box-con-
strained minimization problems, the dataset comprising thousands of 
temporal profiles for potential B55-dependent substrates can be fitted.

Substrate identification
Candidate B55 substrates were defined as peptides with a quality of 
fit <0.005 returned by the function o(kind, kB55) and B55-dependent de-
phosphorylation rate kB55 > 0, kB55 > B55-independent rate kind, and 
kB55 lie in the top 15th percentile. Likewise, for B55-independent sub-
strates, the quality of fit <0.005 and kind > 0, kind > kB55, and kind lie in 
the top 15th percentile.

Electrostatic properties of B55 substrates and dephosphorylation rate
The following form of the Michaelis–Menten equation gives the ini-
tial rate of dephosphorylation at one relative unit substrate concentra-
tion, where the values of both Vmax and KM are normalized to the initial 
substrate concentration:

	​​ V​ dp​​  = ​ 
​V​ max​​ _____ 1 + ​K​ M​​ ​.​

BRs in the substrate reduce the dissociation constant (kdis) of the 
B55–substrate complex in a cooperative fashion. This effect can be 
described by the Arrhenius equation, assuming that the activation 
energy of dissociation (Ea) is proportional to the number of BRs in 
the substrate. This assumption allows us to divide KM into a constant 
and a BR-dependent term:

	​​ V​ dp​​  = ​ k​ dp​ ‘ ​  +   ​ 
​V​ max​​ _______________  

1 + ​K​ M​ ‘ ​ + ​K​ D​ BR​ ⋅ ​e​​ ​ 
−​E​ a​​⋅BR

 ________ RT ​ ​
 ​.​� (1)

	​​ K​ M​ ‘ ​  = ​ 
​k​ cat​​ + ​k​ dis​ ‘ ​

 ______ ​k​ ass​​
 ​​

is determined by a BR-independent dissociation rate constant:  
(​​k​ dis​ ‘ ​ )​, whereas

	​​ K​ D​ BR​  = ​ 
​k​ dis​ BR​

 ___ ​k​ ass​​
 ​​

is the maximal equilibrium dissociation constant in the absence 
of any BRs. We also supplement the rate expression by a small and 
constant dephosphorylation rate independent from B55 ​​​(​​ ​k​ dp​ ‘ ​​ )​​​​. Eq. 1  
defines ​​V​ dp​​​ as a sigmoid function as a function of BRs. Eq. 1 was fit-
ted to the experimentally estimated initial dephosphorylation rates of 
PRC1 and ENSA using the Excel Solver package (Microsoft) with  
Ea = 2.5 kJ mol−1, R = 8.314 kJ mol−1 K−1 and T = 277 K (4°C). Es-
timated parameter values are PRC1 Vmax = 0.425 min−1, ​​K​ M​ ‘ ​​ = 4,​   ​K​ D​ BR​​ 
= 300, ​​k​ dp​ ‘ ​​  = 0.007 min−1, ENSA Vmax = 0.14 min−1, ​​K​ M​ ‘ ​​ = 0.01,​  ​K​ D​ BR​​ = 
1,000, and ​​k​ dp​ ‘ ​​  = 0.015 min−1.

The temporal pattern of PRC1 dephosphorylation (Fig. 3 F) was 
approximated by numerical integration, between relative concentra-
tions of one and zero, of

	​ − ​ d​​[​​PRC1​]​​​ _______ dt ​   = ​ k​ dp​ ‘ ​  ⋅ ​​[​​PRC1​]​​​ +   ​ 
​V​ max​​ ⋅ ​​[​​PRC1​]​​​

  ____________________  
​​[​​PRC1​]​​​ + ​K​ M​ ‘ ​ + ​K​ D​ BR​ ⋅ ​e​​ ​ 

−​E​ a​​⋅BR
 ________ RT ​ ​
 ​.​

Because of the tight binding of ENSA to B55, the total quasi–
steady-state approximation (Williams et al., 2014; Vinod and Novak, 
2015) is used to calculate pENSA dephosphorylation kinetics (Fig. 6 F):

	​ − ​ 
d  ​​[​​pENSA​]​​​ T​​ _________ dt ​   =   ​ 

​V​ max​​ _____ ​​[​​B55​]​​​ T​​
 ​ · ​ 
β − ​√ 

___________________
  ​β​​ 2​ − 4 ​​[​​pENSA​]​​​ T​​ ​​[​​B55​]​​​ T​​ ​  __________________  2 ​ ,​

where ​β  = ​​ [​​pENSA​]​​​ T​​ + ​​[​​B55​]​​​ T​​ + ​K​ M​ B55​​, [pENSA]T = 1, and [B55]T = 
0.25, and where pENSAT is the sum of free (pENSA) and PP2A-B55 
complexed (pENSA–B55) forms of phosphorylated ENSA.

Purification of PP2A holoenzymes for phosphatase assays
HEK293T cells were seeded onto 15-cm dishes (7.5 × 106 cells per dish) 
and grown for 24 h. Six dishes per condition were transiently trans-
fected with 2 µg pCDNA5-FLAG (empty vector control), pCDNA5- 
FLAG-PPP2R2A (B55α), pCDNA5-FLAG-PPP2R2A-DE/A mutant, 
or pCDNA5-FLAG-PPP2R5C (B56γ). After harvesting, cells were 
washed three times in 50 ml ice-cold PBS, centrifuged at 400 g, 3 min, 
4°C, and then pellets lysed in 2 ml ice-cold T-lysis buffer (20 mM Tris-
HCl, pH 7.35, 150 mM NaCl, 1% [vol/vol] Triton-X 100, and protease 
inhibitor cocktail; Sigma-Aldrich) on ice for 15 min. Extracts were 
clarified at 20,817 gav for 15 min at 4°C, supernatants were isolated, 
and 200 µl of FLAG M2-agarose beads (Sigma-Aldrich) prewashed in 
T-lysis buffer was added per condition. After 3 h at 4°C, beads were 
washed two times in T-lysis buffer, four times in TBS (20 mM Tris-
HCl, pH 7.35, and 150 mM NaCl) containing 0.1% (vol/vol) Triton-X 
100, one time in TBS, and one time in elution buffer (20  mM Tris-
HCl, pH 7.35, 150 mM NaCl, and 1 mM MnCl2). Bound proteins were 
eluted from beads in 200 µl elution buffer containing 200 µg/ml FLAG 
peptide (F3290; Sigma-Aldrich) at 4°C for 30 min. Glycerol and DTT 
were added to the eluate to final concentrations of 25% (vol/vol) and 
1 mM, respectively, before freezing.

Substrate dephosphorylation assays
Dephosphorylation reactions were set up on ice and performed in tubes 
treated with a blocking buffer (50 mM Tris, pH 7.35, 150 mM NaCl, 
0.1 mM MnCl2, 1 mM MgCl2, 1 mM DTT, 0.1% [vol/vol] IGE​PAL, 
and 2 mg/ml BSA) to limit nonspecific loss of protein components on 
tube walls. Cdk1-phosphorylated PRC1 was produced as described 
previously (Cundell et al., 2013; Bastos et al., 2014). Assays used 
100–180 ng B55α or B56γ holoenzyme and 600–1,333 ng substrate 
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protein in 175 µl reaction buffer (50 mM Tris, pH 7.35, 150 mM NaCl, 
0.1 mM MnCl2, 1 mM MgCl2, 1 mM DTT, 0.1% [vol/vol] IGE​PAL, 0.2 
mg/ml BSA, 5 µM flavopiridol, and 1 µM BI2536). An equal volume 
of undiluted eluate from the pCDNA5-FLAG (empty vector) control 
immunoprecipitate was used in mock reactions to ensure that nonspe-
cific phosphatase activity was not associated with the beads. Samples 
were taken at indicated time points and dephosphorylation was stopped 
by addition of 2 µM microcystin-LR. Samples were then processed 
for proteomic analysis or Western blotting. For specific detection of 
the MAS​TL phosphorylated form of ENSA, resolving gel buffer was 
supplemented with 12.5 µM Phos-tag (NARD Chemicals) and 100 µM 
MnCl2 as described previously (Cundell et al., 2013). ENSA phos-
phorylated at S67 can be resolved from other phosphorylated forms of 
ENSA by this procedure (Mochida, 2014).

Live- and fixed-cell microscopy
Fixed-cell microscopy was performed as described previously (Bas-
tos et al., 2014). Secondary antibodies conjugated to Alexa Fluor 
488, 555, and 647 were obtained from Invitrogen. DNA was stained 
with DAPI (Sigma-Aldrich). For live-cell imaging, cells were plated 
in 35-mm dishes with a 14-mm No. 1.5 thickness coverglass window 
(MatTek Corporation) then treated as described in the figure legends. 
The dishes were placed in a 37°C and 5% CO2 environment chamber 
(Tokai Hit) on an inverted microscope (IX81; Olympus) with a 60× 
1.42 NA oil-immersion objective coupled to an Ultraview Vox spinning 
disk confocal system running Volicity 6 (PerkinElmer). Images were 
captured with a EM-CCD camera (C9100-13; Hamamatsu Photon-
ics). Exposure times were 50 ms at 4% 488-nm laser power for GFP-
PRC1 constructs, 100 ms at 8% 488-nm laser power for GFP-NUP153, 
and 20 ms at 2% 561-nm laser power for mCherry-IBB. Image stacks 
of 16–18 planes spaced 0.6 µm apart were taken at one to four stage 
positions every minute as cells passed through mitosis. A brightfield 
reference image was taken to visualize cell shape using 100-ms expo-
sure. Volume-based quantitations of PRC1 levels at the spindle mid-
zone were measured by integrating the intensity at the cell equator and 
midbody region for the full four-dimensional dataset (xyz space, time) 
for 20 min after anaphase onset using the quantitation tools in Volocity 
6. The same approach was used to measure NUP153 and IBB levels 
over the nucleus. Images for figures and movies in 24-bit RGB or 8-bit 
grayscale TIFF format were created using maximum intensity projec-
tion of the fluorescent channels. Images were then placed into Adobe 
Illustrator and text labels added to produce the figures.

Online supplemental material
Fig. S1 shows a proteomic strategy for the identification of B55 
substrates. Fig. S2 shows mapping the B55 recognition determinant 
in PRC1. Fig. S3 shows BPRs control timing of PRC1 and TPX2 
localization to the anaphase spindle. Fig. S4 shows purification of wild-
type and acidic surface mutant B55α. Fig. S5 shows B55 regulates the 
timing of nuclear pore reassembly. Supplemental data tables contain 
the mass spectrometry dataset showing dephosphorylation kinetics, 
B55-dependent and independent substrates, and mitotic proteome. 
Online supplemental material is available at http​://www​.jcb​.org​/cgi​/
content​/full​/jcb​.201606033​/DC1.
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