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PPP1R2 stimulates protein phosphatase-1
through stabilisation of dynamic subunit
interactions

Sarah Lemaire 1,5, Mónica Ferreira 1,5, Zander Claes 1,5, Rita Derua 2,
Madryn Lake1, Gerd Van der Hoeven1, Fabienne Withof1, Xinyu Cao1,
Elora C. Greiner3,4, Arminja N. Kettenbach 3,4, Aleyde Van Eynde 1 &
Mathieu Bollen 1

Protein Ser/Thr phosphatase PP1 is always associated with one or two reg-
ulatory subunits or RIPPOs. One of the earliest evolved RIPPOs is PPP1R2, also
knownas Inhibitor-2. Since its discovery nearly 5 decades ago, PPP1R2has been
variously described as an inhibitor, activator or (metal) chaperoneof PP1, but it
is still unknown how PPP1R2 affects the function of PP1 in intact cells. Here,
using specific research tools, we demonstrate that PPP1R2 stabilises a sub-
group of PP1 holoenzymes, exemplified by PP1:RepoMan, thereby promoting
the dephosphorylation of their substrates. Mechanistically, the recruitment of
PPP1R2 disrupts an inhibitory, fuzzy interaction between the C-terminal tail
and catalytic domain of PP1, and generates an additional C-terminal RepoMan-
interaction site. The resulting holoenzyme is further stabilized by a direct
PPP1R2:RepoMan interaction, which renders it refractory to competitive dis-
ruption by RIPPOs that do not interactwith PPP1R2. Our data demonstrate that
PPP1R2 modulates the function of PP1 by altering the balance between
holoenzymes through stabilisation of specific subunit interactions.

Protein phosphatase-1 (PP1) belongs to the PPP-family of protein Ser/
Thr phosphatases1. It is present in all eukaryotic cells and depho-
sphorylates a large variety of phosphoproteins. PP1 has a globular
catalytic domain with two metals (Zn2+ and Fe2+) in its active site that
are essential for catalysis2,3. The catalytic domain is also characterized
by C-terminal, hydrophobic and acidic surface grooves that emanate
from the active site and function as docking sites for substrates and
inhibitors. PP1 is regulated by a huge diversity (≈200 in mammals) of
structurally unrelated Regulatory-Interactors-of-Protein-Phosphatase-
One (RIPPOs)1,4,5. RIPPOs control PP1 through occlusion of the active
site, interference with substrate selection, and/or targeting to a spe-
cific subcellular location. Conversely, PP1 often regulates associated
RIPPOs through dephosphorylation of key regulatory Ser/Thr

residues5. Most RIPPOs have a disordered PP1-binding domain with
several short linear motifs (SLiMs) that create a large interaction
interface for the catalytic domain of PP1. Widespread PP1-anchoring
SLiMs include the so-called RVxF and SILK motifs. Some RIPPOs, such
as the MYPT and ASSP proteins, have an additional, structured PP1-
binding domain that interacts with the disordered C-terminal tail of
PP16,7. RIPPOs are globally much more abundant than PP1 and they
dynamically compete with each other for binding with PP1 via their
shared RVxF motif4. Hence, the set of PP1:RIPPO complexes that
accumulates in cells is, at least partially, determined by the relative
concentration of RIPPOs and their (regulated) affinity for PP1.

PPP1R2 (R2), also known as Inhibitor 2, IPP2 or PP1-modulator
protein, is an early evolved RIPPO that is expressed in all plants,
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animals, fungi and photosynthesizing algae8,9, hinting at a conserved
function in the regulation of PP1. Yet, nearly 50 years after its
discovery10, it is still an enigma how R2 actually regulates PP1, as a
broad array of structural, biochemical, and deletion/overexpression
studies yielded conflicting results (reviewed by Lemaire and Bollen9).
R2 has little stable secondary structure in its unbound form and does
not alter the conformation of the catalytic domain of associatedPP111,12.
In addition, the C-terminal tail of PP1 is invisible in PP1:R2 crystal
structures, indicating that it remains disordered12. In the PP1:R2 com-
plex, R2 binds to PP1 via RVxF and SILK motifs as well as a unique
helical IDoHA motif that binds to the hydrophobic and acidic grooves
of PP1. Within this IDoHAmotif, a conserved HYNE-sequence occludes
the active site. R2 can also form ternary complexes with PP1 and a
second RIPPO, such as Neurabin13,14. In the ternary R2:PP1:Neurabin
complex, the binding of R2 to PP1 via its degenerate RVxFmotif is out-
competed by the canonical RVxF-motif of Neurabin, leaving only the
SILK and IDoHAmotifs for interactionwith PP1. The crystal structureof
PP1:R2 suggests that R2 is inhibitory for PP1 as the active site is
occluded by the HYNE sequence12. Purified and transiently over-
expressed R2 indeed functions as a potent (competitive) PP1 inhibitor
(Kd1 ≈ 5 nM). However, R2 is only inhibitory for a subset of substrates
and is still inhibitory after deletion of the IDoHA motif15,16, indicating
that it does not (solely) inhibit PP1 by blocking access to the active site.
Moreover, at non-inhibitory concentrations (Kd2 ≈ 0.5 nM), R2 still
forms a heterodimeric complex with PP1 that is fully active, arguing
against constitutive obstruction of the active site by the IDoHA motif
(reviewed by Lemaire and Bollen9). Nevertheless, this active PP1:R2
complex gradually loses its activity upon further incubation. The
resulting inactive complex is often referred to as the MgATP-
dependent phosphatase because it can be re-activated by transient
phosphorylation of R2 at Thr73 by a proline-directed kinase. R2-
inactivated PP1 can alsobe re-activated bymetal addition following the
removal of R2, indicating that R2 functions as a PP1 chaperone for
metal (un)loading. Consistent with this notion, bacterially expressed
PP1, which has two active-site metals (Mn2+) and a substrate specificity
that differs from that of native PP1, can be converted to a native-like
enzyme by a cycle of R2-mediated inactivation and re-activation15. At
present, there is no conclusive evidence for the existence of a pool of
R2-inactivated PP1 in intact cells17–20. The available data rather suggest
that the MgATP-dependent PP1:R2 heterodimer is only formed after
cell lysis (reviewed by Lemaire and Bollen9). Finally, R2-depletion stu-
dies indicate that R2 functions as a PP1 activator, as its removal results
in the hyper-phosphorylation of established PP1 substrates21,22. The
mechanism underlying this putative PP1-activatory function of R2 is
not known. A further complication in understanding the biological
function of R2 is that it also acts, at least in vitro, as an allosteric
regulator of protein kinase Aurora A and prolyl isomerase Pin1 23,24.

Here, using specific cell lines and protein-interaction assays, we
demonstrate thatR2 stimulates a subset of PP1 holoenzymes, including
PP1:RepoMan, by a mechanism that is strictly dependent on its direct
interaction with PP1. Structural analysis shows that R2 binding remo-
dels the RVxF-docking site on PP1, thereby creating an extended
RIPPO-interaction surface formed by R2 and the C-terminal tail of PP1.
We furthermore demonstrate that PP1:RepoMan is stabilized by R2
recruitment, which renders the complex refractory to competitive
disruption by RIPPOs that do not interact with R2 and the C-terminal
tail of PP1. Our data provide keymolecular insights in the regulation of
PP1 by R2 and offer a rationale for explaining discrepancies in the R2
literature.

Results
The depletion of R2 results in reduced cell proliferation
To explore the role of R2 in mammalian cells, we used CRISPR/Cas9 to
edit the PPP1R2 alleles in the human HCT116 colorectal carcinoma-cell
line to encode for a R2-mAID-mClover fusion, enabling its inducible

proteolytic degradation by the addition of doxycyclin (Dox) and Indol-
3-Acetic Acid (IAA) (Fig. 1a)25. The R2-mAID-mClover fusion showed a
strong nuclear enrichment in interphase cells (Fig. 1b), in accordance
with published data on the subcellular distribution of endogenous
R226. In mitotic cells, the R2 fusion was slightly enriched at the spindle
and kinetochores during (pro)metaphase. Despite identical transcript
levels for R2-WT (parental cells) and R2-mAID-mClover (R2-degron
cells) (Supplementary Fig. 1a), the R2-mAID-mClover protein expres-
sion level in the non-induced cells appeared to be much higher than
that of R2-WT, as detected by immunoblotting with R2-specific anti-
bodies (Fig. 1c). However, this increased immunodetection of the R2
fusion was caused by its enhanced adherence to the PVDF membrane,
as TEV-cleavage of transiently expressed R2-mAID-mClover with a TEV-
cleavage site between R2 and mAID-mClover reduced immunode-
tected R2 to normal levels (Supplementary Fig. 1b).

The degradation of R2-mAID-mClover, induced by Dox/IAA
addition (Fig. 1a), was maximal 48 h after Dox/IAA addition, as shown
by both immunoblotting (Fig. 1c and Supplementary Fig. 1c) and
mClover-fluorescence imaging (Supplementary Fig. 1d). Dox/IAA
addition did not affect the R2 level in the parental cell line (Fig. 1c). A
washout of Dox/IAA in the R2-depleted degron cell line resulted in the
re-appearance of R2-mAID-mClover after 24 h (Fig. 1c), attesting to the
reversibility of R2 depletion. Following Dox/IAA-induced degradation
of R2-mAID-mClover, the cell-proliferation rate in SRB assays was
reduced by half (Fig. 1d). This accords with data from genome-wide
CRISPR deletion screens, showing that R2 is essential for the pro-
liferation of 837 out of 1150 examined cancer-cell lines27. Dox/IAA
addition only had a minor effect on the proliferation of the parental
cell line. The decreased proliferation of R2-depleted cells was not
associated with a specific cell-cycle arrest, as indicated by flow-
cytometry analysis of unsynchronized cells (Supplementary Fig. 1e) or
cells that were released from a thymidine arrest (Supplementary
Fig. 1f and 1g). Neither did time-lapse video imaging disclose an
abnormal mitotic progression of R2-depleted cells (Supplementary
Fig. 1h). Hence, our data demonstrated that R2 is a determinant of cell
proliferation but does not affect progression through a specific phase
of the cell cycle.

R2 depletion results in hyper-phosphorylation of a subset of
PP1 substrates
We subsequently examined the effects of R2 depletion on PP1 and the
phosphorylation status of its substrates. The expression levels of the
PP1α, PP1β and PP1γ were not affected by R2 depletion (Fig. 2a). To
assess the effect of R2 depletion on the activity of PP1, we partially
purified PP1 from cell lysates using a protocol that separates PP1 from
associated RIPPOs and other phosphatases (Supplementary
Fig. 2a and 2b)28. The activity of PP1 purified from parental and R2-
depleted cells, assayed with glycogen phosphorylase a as substrate,
was not significantly different (Fig. 2b), demonstrating that R2 deple-
tion did not affect the specific enzymatic activity of PP1 resulting, for
example, from metal loss at the active site. We verified that the
observed dephosphorylation stemmed from PP1, as it was completely
blocked by the addition of NIPP1, a selective PP1-inhibiting RIPPO29. A
global phosphoproteome analysis of the parental and R2-depleted
HCT116 cells led to the identification of 2450 hyper-phosphorylated
and 925 hypo-phosphorylated tryptic peptides in R2-depleted cells
(Fig. 2c and SupplementaryData 1), indicating that R2 depletionmainly
resulted in protein hyperphosphorylation. After implementation of an
FDR of 0.2, we also detected more hyperphosphorylated (775) than
hypophosphorylated (402) peptides after R2 depletion (Supplemen-
tary Fig. 2c; Supplementary data 1). Protein hyperphosphorylation in
R2-depleted cells was also more prevalent when the analysis was lim-
ited to established PP1 substrates, as derived from the DEPOD protein
dephosphorylation database (https://depod.bioss.uni-freiburg.de;
Supplementary Fig. 2d). A gene-ontology enrichment analysis revealed
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that R2 depletionmainly affected the phosphorylation of proteins that
regulate nuclear processes such as transcription, mRNA processing
and chromatin organization (Fig. 2d), consistent with the predominant
nuclear localization of R2 (Fig. 1b). We subsequently investigated the
effect of R2 depletion on specific PP1 substrates. In the first half of
mitosis, the C-terminal tail of PP1 is phosphorylated by CDK1 at a
conserved residue (Thr320 for PP1α) that is auto-dephosphorylated at
the mitotic exit30,31. We noted a severalfold increased phosphorylation
of PP1α at Thr320 in G2/M-arrested (RO3306 addition) R2-depleted
cells, and this increase was maintained for 2 h after RO3306-washout
(Fig. 2e, f). The phosphorylation of histone H3 at Thr3 (H3T3), a sub-
strate of PP1:RepoMan,was also increased after R2depletion (Fig. 2e, g,
Supplementary Fig. 2e and 2f, Supplementary note 1). However, other
established substrates of PP1, including Thr412 of RepoMan and
Ser780 of Retinoblastoma protein, did not show a differential phos-
phorylation (Supplementary Fig. 2g). To distinguish between an effect
of R2 depletion on the activity of PP1 or a counteracting kinase, we
performed a kinase shutoff assay in intact cells and monitored the
dephosphorylation rate of PP1α at Thr320 (Fig. 2h). PP1was first hyper-
phosphorylated following a treatment of HCT116 cells with calyculin A,
an inhibitor of PPP-type phosphatases. Thr320 was rapidly depho-
sphorylated after calyculin-A washout and addition of staurosporin, a
general kinase inhibitor. Importantly, PP1 dephosphorylation occurred
much more slowly in the absence of R2, indicating that the hyper-
phosphorylation of PP1 substrates was caused by a decrease in PP1
activity, rather than an increase in kinase activity. Together, these data
indicated that R2 is a positive regulatorof a subset of PP1 holoenzymes.

Knock-in of a PP1-binding mutant of R2 recapitulates the phe-
notype of R2 depletion
Toexplore themolecularmechanismunderlying the stimulation of PP1
holoenzymes by R2, we first examined to which extent this function of
R2wasdependent on its direct interactionwith PP1. R2 has several PP1-
bindingmotifs (Fig. 3a)12. To delineate the relative importance of these

motifs for PP1 binding, we generated single and combined mutations
of these motifs in an EGFP-R2 fusion. PP1 immunoblotting of EGFP-
traps of the transiently expressed R2 fusions showed that the single or
combined mutation of the SILK (GILK → GAAA) and RVxF motifs
(SQKW→ SAKA) only partially disrupted the PP1:R2 interaction (Fig. 3b,
c).However,mutation of theHYNE-sequence (HYNE→AAAA)within the
IDoHA motif completely abolished the PP1:R2 interaction. Next, we
obtainedHCT116 cell lines (2 independent clones)where thismutation
of the HYNE-sequence was introduced in both PPP1R2 alleles
(HYNE→AAAA; R2-HYNEm) (Fig. 3d). We verified that R2-WT and R2-
HYNEm were expressed at a similar level in the knock-in cell lines and
that R2-HYNEm, in contrast to R2-WT, was not associated with
immunoprecipitated PP1 (Supplementary Fig. 3a). Strikingly, the R2-
HYNEm knock-in cell lines showed essentially the same phenotype as
the R2-depleted degron cell line (Figs. 1 and 2) with respect to reduced
cell proliferation (Fig. 3e and Supplementary Fig. 3b, c) and hyper-
phosphorylation of PP1 (Fig. 3f, g) and H3T3 (Fig. 3f, h). However, the
phenotype of the R2-HYNEm knockin cell line was generally somewhat
less severe than that of the R2-depleted degron cells (Figs. 1 and 2).
These data demonstrated that the stimulation of PP1 holoenzymes by
R2 is critically dependent on its direct interaction with PP1.

R2 is a component of a subgroup of PP1 holoenzymes
To identify the PP1 holoenzymes that are regulated by R2 in HCT116
cells, we determined the interactome of trapped R2-mAID-mClover by
mass spectrometry. R2-mAID-mClover expressing HCT116 cells were
either synchronized in prometaphase (nocodazole addition) or in early
interphase (nocodazole washout for 4 h) (Fig. 4a). We identified 117
and 53 protein interactors of R2-mAID-mClover in mitosis and inter-
phase, respectively (Supplementary Data 2). These interactors inclu-
ded 3 PP1 isoforms, 11 RIPPOs and 11 established RIPPO-interacting
proteins (Fig. 4b, c). The RIPPOs interacting with R2 in prometaphase
and early interphase were remarkably similar, except for RIF1 and
eIF2β, which only interacted with R2 in interphase and mitosis,
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Fig. 1 | Reduced proliferation of HCT116-degron cells after R2 depletion.
a Scheme of Dox/IAA-induced degradation of R2 in the HCT116-degron cell line.
b Localization of R2-mAID-mClover in untreated R2-degron cells. Fixed cells were
analysed for mClover-fluorescence and stained with DAPI. Scale bars are 10 µm.
c Parental (PTN) and R2-degron cells were incubated for the indicated time points
with 2 µg/ml Doxycycline (Dox) and/or 500 µM IAA. The panel shows the time-
dependent degradation of R2-mAID-mClover in the R2-degron cell line and the re-

appearance of R2-mAID-mClover after drug washout. Tubulin and PP1were used as
loading controls. This is a representative experiment of three biological repeats.
d Cell-proliferation rate of PTN and R2-degron cells, before and after Dox/IAA
treatment, as derived from sulforhodamine B (SRB) assays. A non-linear regression
analysis was conducted to compare proliferation curves between untreated and
treated conditions overmultiple timepoints, the significance level is indicated (****,
P <0.0001). The data represents the mean values ± SD of 6 technical repeats.
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respectively. One of the identified R2-interacting RIPPOs was
Neurabin-2 (Spinophilin), which is already known to form a ternary
complex with PP1 and R213,14. A large fraction of R2 interactors in
HCT116 cells were established components of just a few macro-
molecular PP1 complexes, including the GCN2/eIF2β complex (eIF2α,
eIF2β, eiF2γ, GCN2, PP1), the PNUTS/PTWcomplex (PNUTS, PP1, TOX4,
WDR82), the RepoMan complex (PPP2R5/B56, PP1, RepoMan) and the
URI/PPP1R19 complex (ASDURF, PDRG1, PFDN2, PFDN6, POLR2E, PP1,
RPAP3, URI, UXT) (Fig. 4c). We confirmed the presence of PP1, URI,
PNUTS and RepoMan in EGFP-trapped R2 by immunoblot analysis
(Fig. 4d). Conversely, R2 was also present in a trap of transiently

expressed EGFP-RepoMan-WT (Fig. 4e). However, R2 was not detected
in traps of EGFP-RepoMan-RATA, in which the essential PP1-binding
RVxF-motif of RepoMan was inactivated (392RVTF395 → RATA). This
indicated that the interaction of R2 with RepoMan was (largely)
mediated by PP1, similar to its interactionmode in the R2:PP1:Neurabin
complex13,14. R2 depletion did not affect the level of RepoMan (Sup-
plementary Fig. 4a), whichvaries considerably during the cell cycle and
is maximal during mitosis32. This demonstrated that R2 did not sti-
mulate PP1:RepoMan by increasing the levels of RepoMan. Together,
these data identified a subset of PP1:RIPPO complexes that interact
with R2, but did not disclose how this interaction altered their activity.

Fig. 2 | Protein hyper-phosphorylation in R2-depleted HCT116 cells. a The
depletion of R2-mAID-mClover does not affect PP1 levels. GAPDH was used as
loading control. Representative of 2 biological repeats. b PP1, purified from PTN
and R2-degron cells, was assayed with phosphorylase a as substrate, with or with-
out 1.35 nM NIPP1. A Two-Way ANOVA with Sidak’s multiple comparisons did not
disclose significant differences (ns). The data represent the means ± SD for 3 bio-
logical repeats. c Volcano plot of the phosphoproteome of R2-depleted HCT116
cells as compared to Dox/IAA-treated parental cells. The colored dots show dif-
ferent values (P ≤0.05) in two-tailed Student’s t-test. d Gene-ontology pathway
analysis (DAVID) of the phosphoproteome in R2-depleted cells (the full human
proteome was used as a background in the analysis). e PTN and R2-degron cells,
treated −/+ Dox/IAA, were non-synchronized (NS) or synchronized at the G2/M
transition with RO3306. The time points indicate the washout from RO3306. Cell
lysates were prepared in the presence of phosphatase inhibitors and used for

immunoblotting. Tubulin was used as loading control. Representative image of 3
biological repeats. f Quantification of PP1T320ph (means ± SD; n = 3 biological
repeats) for the experiment shown in panel (e). Amultiple unpaired t-test was used
to compare differences between PTN and R2-degron cell lines: **, P ≤0.01; ***,
P ≤0.001; ****, P ≤0.0001. gQuantification of H3T3ph (means ± SD; n = 3 biological
repeats). A multiple unpaired t-test was used to compare differences between PTN
and R2-degron cell lines: **, P ≤0.01; ***, P ≤0.001; ****, P ≤0.0001. h Kinase-shutoff
assay in PTN and R2-degron cells. Cells were treated with Dox/IAA for 48h prior to
calyculin-A treatment (25 nM for 30min). Subsequently, the cells were released in
medium with 10 µM staurosporine to allow dephosphorylation by endogenous
phosphatases. At the indicated time points before and after calyculin-A washout,
cell lysates were probed for R2, PP1 and PP1T320ph. Representative image of 2
biological repeats.
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R2 displaces the C-terminus of PP1 from the active site
The conformation of the catalytic domain of PP1 is identical in crystal
structures of PP1 (PDB 4MOV) and PP1:R2 (PDB 2O8A, 2O8G), while the
C-terminus is not resolved, probably because it is intrinsically dis-
ordered. However, we noted that the C-terminus of PP1 docked near
the active site in PP1α models from various mammalian species in the
AlphaFold Protein Structure Database (EMBL-EBI) (Fig. 5a). We further
explored this notion in silico by simulating the behavior of the
C-terminus with all-atom molecular dynamics simulations of full-

length PP1α33, starting from a conformation where the C-terminus is
extended and not in contact with the catalytic domain. In all 6 simu-
lations, the C-terminus readily collapsed onto the catalytic domain and
remained associated through dynamic interactions (Supplementary
Fig. 5a, b and Supplementary Data 3). In the majority ( ~ 66%) of the
simulations, the C-terminus of PP1α bound to the active site region in a
conformation that occludes access to the catalytic site and/or
substrate-binding grooves (Fig. 5b, Supplementary Fig 5b). Interest-
ingly, hydrogen-bond analysis of the C-terminal tail over the course of

a

d

HYNEm

WT

Y ENL
147 148 149 150 151146

GH

c

b

f g h

R2 GILK SQKW HYNE

GAAA SAKA AAAA

13 16 44 47 147 150

210°
HYNE

SQKW

GILK

-65

(kDa)

-65Input

EGFP
Trap

EGFP

PP1

-40

-40

EGFP

PP1

EGFP-R2

HYNE AAAA

- -

- -
- -

-

+

+
+

+
+ -

+

+ +
+-

- +
+
+

✱✱✱✱

✱
✱✱✱

✱✱✱✱
✱✱✱✱

✱✱✱✱

HYNE AAAA
SQKW SAKA

GILK GAAA - -

- -
- -

-

+

+
+

+
+ -

+

+ +
+-

- +
+
+

0

50

100

150

PP
1 

bi
nd

in
g 

to
R

2 
(%

 o
f W

T)

e

PP1 R2

NS 0 30 60 90 120
WT

NS 0 30 60 90 120
RO3306 

release (min):
HYNEm

PP1T320ph -40

H3T3ph -15

H3 -15

CyclinB -50

R2 -30

(kDa)

Tubulin

PP1
-40

-50

0 30 60 90 120
0

2

4

6

8 WT
HYNEm

RO3306 release (min)

PP
1T

32
0p

h 
/ P

P1

✱✱ ✱✱
✱✱

0 30 60 90 120
0

5

10

15

RO3306 release (min)

H
3T

3p
h 

/ H
3

WT
HYNEm

0 20 40 60
0

20

40

60

80

100

Time (hours)

C
on

flu
en

ce
 (%

)

WT
HYNEm

✱✱✱✱

L AA A A G
147 148 149 150 151146

GILK GAAA
SQKW SAKA

-

- -

-

Fig. 3 | A R2-HYNEm knock-in recapitulates the phenotype of R2 depletion.
a Crystal structure of PP1:R2 (PDB 2O8A) with the known PP1-binding motifs
marked (upper panel). The position of the specific SILK (GILK) and RVxF (SQKW)
sequences of R2 are shown as well as the HYNE sequence within the IDoHA motif.
Also shown is the position of these motifs within R2 and the generated R2mutants
(m) (lower panel). b Traps of the indicated EGFP-tagged R2 variants, transiently
expressed inHEK293T cells, were analysed for the presence of PP1. cQuantification
of the data shown in panel (b). Results aremeans ± SD for n = 5 biological repeats. A
One-Way ANOVA with Dunnett’s multiple comparisons test was performed (*,
P ≤0.05; ***, P ≤0.001; ****, P ≤0.0001). d Validation of one of two generated
HYNEm HCT116 knock-in cell lines by DNA-sequence analysis of the PCR products
that amplified the indicated R2 fragment. eCell proliferationof theWT andHYNEm
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A non-linear regression analysis was conducted to compare proliferation curves
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knock-in cell lines: **, P <0.01. h Quantification of H3T3ph (means ± SD; n = 3 bio-
logical repeats).
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a representative simulation run indicated that most contacts with the
catalytic domain were mediated by a conserved stretch of residues in
theC-terminal tail (317RPITPPR323) (Supplementary Fig. 5c). The docking
of the C-terminus of PP1 to its active-site region precludes the simul-
taneous binding of R2 via its IDoHA helix, as there is limited access to
the acidic groove. An ensemble of 50 AlphaFold-Multimer models of
full-length PP1α:R2 indeed confirmed that the IDoHA helix of R2 pre-
cludes the interaction of theC-terminal tail of PP1with its catalytic core
(Fig. 5c and Supplementary Fig. 5d).

To validate these in silico results experimentally, we designed a
NanoBRET (Nanoluciferase Bioluminescence Resonance Energy

Transfer) sensor that reports on the position of the C-terminus relative
to the active site (Fig. 5d, Supplementary Fig. 5e). The BRET signal of
this sensor is dependent on the distance between the N-terminally
fused NanoLuc donor and the C-terminally fused HaloTag618 accep-
tor. The N-terminus of PP1 serves as a proxy for the active site as they
both have a fixed position at a relatively short distance from each
other. Displacement of the C-terminus from the active site increases
the distance between the N- and C-termini, resulting in a decrease of
BRET signal. We validated this principle using the PP1-binding domain
of ASPP1 (residues 867-1090), which sequesters the C-terminus of PP1
in an extended conformation, away from the N-terminus and active
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site7,34. Accordingly, addition of purified HIS-ASPP1-(867–1090)
decreased the BRET signal in a dose-dependent manner (Fig. 5e),
confirming that the sensor reports on the position of the C-terminus.
The addition of purified R2-WT also decreased the BRET signal in a
dose-dependent manner (Fig. 5f), in agreement with an R2-induced
displacement of the C-terminus of PP1 from the active site. This dis-
placement was dependent on the IDoHA helix, as indicated by the less
pronounced reduction of the BRET-signal by addition of R2-(1-129),
which lacks the IDoHA helix that includes the HYNE sequence (Fig. 3a).
In conclusion, both our in silico and in vitro approaches indicated that
the C-terminus of PP1 dynamically interacts with the catalytic domain
of PP1, and is displaced by the recruitment of R2.

Effects of R2 on the activity regulation of PP1 by its
C-terminal tail
To explore the functional consequence of the displacement of the
C-terminal tail of PP1 by R2, we first explored how the activity of PP1 is
affectedby its C-terminus. TheC-terminal tail of PP1 (residues 299–330
of human PP1α) is conserved from yeast to man (Fig. 6a). Most con-
served is a heptapeptide sequence, RPITPPR for human PP1α, which is
hydrogen-bonded to the catalytic domain in molecular dynamics
simulations (Supplementary Fig. 5c). We will further refer to this
sequence as the PR-motif. To delineate the contribution of the
C-terminus to the activity regulation of PP1, we first performed
phosphatase-activity assays with 4 bacterially expressed and purified

Fig. 5 | R2 disrupts the interaction between the C-terminus and catalytic
domain of PP1. a Model of PP1α from the indicated species, as present in the
AlphaFold Structural Database (EMBL-EBI), shows docking of the C-terminal tail in
the acidic and hydrophobic grooves, thereby occluding the active site. The
catalytic-sitemetals are shown as purple spheres in the enlarged inset. b Snapshots
of the conformationof theC-terminal tail of PP1αduring a 150-nanosecond all-atom
molecular dynamics simulation of the catalytic subunit of PP1α. The catalytic
domain of PP1α (residues 1–298) is represented as a gray surface, and the overlaid
conformations of PP1C-terminus (residues 299–330) at various intervals during the
simulation in color. cAlignment of 50AlphaFold-Multimer structuralmodels of the
complex between full-length PP1α andR2. The catalytic domain of PP1 is shown as a
light-gray surface. The C-terminus of PP1 (dark gray) and R2 (green) are shown as
ribbons for each individualmodel and are superimposedon the structureof human

PP1α (PDB: 4MOV). Residues with low confidence scores (pLDDT <35) are not
shown. d Illustration of the principle behind the nanoBRET sensor used tomeasure
the average distance between the N- and C-termini of PP1, and to differentiate
between a C-terminus that is unbound (low BRET) or docked at the active site (high
BRET). e Full-spectrummeasurement of the PP1-BRET sensor upon addition of the
indicated concentrations of HIS-ASPP1-(867–1090). The luminescence spectrum of
an unlabeled sensor lacking the NanoBRET 618 ligand is shown to indicate the
baseline. In the presence of NanoBRET 618 (labeled sensor), the sensor activity is
revealed. Also shown is the loss of BRET signal after addition of the indicated
concentration ofHIS-ASPP1-(867–1090), anestablished interactor of theC-terminal
tail of PP1. f Dose-response curve showing the BRET signal upon addition of
increasing concentrations of HIS-R2-WT or HIS-R2-(1–129). The results are depicted
as means ± SEM of 6 technical replicates from 2 independent experiments.
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GST-tagged variants of human PP1α (Fig. 6b and Supplementary
Fig. 6a). These PP1 variants werewildtype PP1 (PP1-WT), PP1 lacking the
C-terminal residues 299–330 (PP1-ΔC), PP1 with a deleted PR-motif
(PP1-ΔPR) and PP1 with a C-terminus that has three additional PR-
motifs, separated by flexible GGSGG-linkers (PP1-4xPR). The purified
fusions were assayed with 3 different substrates, i.e. a small-molecule
substrate that only contacts the active site (DiFMUP), a peptide

substrate (residues 1–10 of histone H3, phosphorylated at Thr3;
H3T3ph) and a protein substrate (glycogen phosphorylase a). With all
substrates, the phosphatase activity was increased severalfold by
deletion of the C-terminus (PP1-ΔC), and decreased up to 80% by
addition of 3 extra PR-motifs (PP1-4PR) (Fig. 6c). The selective deletion
of the PR-motif (PP1-ΔPR) increased the activity to a similar extent as
deletion of the entire C-terminus. These data demonstrated that the
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PR-motif is inhibitory for PP1 in a substrate-independent manner. We
also generated PP1α mutants where the PR-motif was relieved from
conformational restraint bymutation of proline to alanine (PP1-AR), or
from the ability to engage in hydrogenbondingbyeliminating (PP1-PA)
or reversing (PP1-PE) the charge of its arginine (Supplementary Fig. 6b,
c). These mutants were also more active than PP1-WT, but less active
than PP1-ΔC (Fig. 6e and Supplementary Fig. 6d), indicating that both
charge and conformation of the PR-motif contribute to decreasing the
catalytic efficiency of PP1. Kinetic studies with DiFMUP as substrate
revealed that the activity differences of the tested PP1 variants solely
stemmed from changes in the Vmax (Fig. 6d, e, and Supplementary
Fig. 6d). The absence of significant KM effects showed that the
C-terminus of PP1 does not interfere with the binding of substrates at
the active site. Finally, comparison of BRET sensors with PP1-WT and
PP1-ΔPR showed that the PP1-ΔPR sensor was less affected by ASPP1
addition (Supplementary Fig. 6e), indicating a reduced binding of its
C-terminal tail to the active site under basal conditions, which is in
agreement with the increased specific phosphatase activity of the PP1-
ΔPR variant.

In principle, the C-terminal tail of PP1 can reduce the Vmax by
lowering the rate of substrate to product conversion or by impairing
product release. There isnoobviousmechanism for interferenceof the
C-terminal tail with the rate of product formation by PP1, as the con-
formation of the catalytic core of PP1 is not affected by deletion of its
C-terminus (compare PDB 6GOI and PDB 4MOV). We envisaged that
the C-terminal tail may reduce the catalytic efficiency of PP1 by dyna-
mically altering the charge of residues that coordinate the active-site
metals or the incoming phosphate2,3. If so, the C-terminal tail is
expected to affect the pH-activity profile of PP1. However, the pH-
activity profiles of PP1-WT and PP1-ΔC were identical (Supplementary
Fig. 6f), arguing against an effect of the C-terminal tail on the rate of
product formation. To examine effects of the C-terminal tail on pro-
duct release, we compared the sensitivity of PP1-WT and PP1-ΔC to
inhibition by their product, Pi. Intriguingly, purified PP1 was nearly
completely inhibited by physiological concentrations of Pi
(0.5–1.5mM), but the inhibitory potency was decreased about 3-fold
by deletion of the C-terminus (Fig. 6f). These data are consistent with a
role for the C-terminal tail in hampering the release of Pi from the
active site.

R2 is a well-established inhibitor of purified PP1 (reviewed by
Lemaire and Bollen9), demonstrating that the displacement of the
C-terminal tail of PP1 by R2 does not result in its de-inhibition, likely
because the PP1-inhibitory C-terminus is replaced by a PP1-inhibitory
motif of R2. However, the inhibitory potency of R2 was reduced by the
addition of RepoMan, and was then not inhibitory at all at stoichio-
metric concentrations of PP1 and R2 (Fig. 6g and Supplementary
Fig. 6g). As expected, R2was also a less potent inhibitor aftermutation
of its PP1-binding RVxF (SQKW → SAKA), SILK (GILK → GAAA), or HYNE
(HYNE → AAAA) motifs, and in all conditions addition of RepoMan
further reduced its inhibitory potency (Supplementary Fig. 6h–j).

Consistent with a role for RepoMan in reducing the PP1-inhibitory
potency of R2, the specific enzymatic activity of PP1:RepoMan,
immunoprecipitated from the R2-degron cells, was not affected by the
depletion of R2 (Fig. 6h).

R2 and the C-terminal tail of PP1 interact with a common set
of RIPPOs
The previous data demonstrated that R2 is a positive regulator of PP1
holoenzymes (Figs. 2 and 3), including PP1:RepoMan, but does not
increase the specific phosphatase activity of purified or immunopre-
cipitated PP1:RepoMan (Fig. 6g, h). This led us to wonder whether R2
promoted dephosphorylation by PP1:RepoMan in intact cells through
stabilisation of subunit interactions, thereby opposing their competi-
tive disruption by other RIPPOs. We envisaged that R2 stabilized PP1
holoenzymes by providing an additional interaction site for RIPPOs via
the releasedC-terminal tail of PP1. To identify RIPPOs that interactwith
the C-terminal tail of PP1, we usedmass spectrometry to map proteins
that are differentially associated with EGFP-tagged and transiently
expressed PP1-WT, PP1-ΔC, and PP1-4xPR (Supplementary Data 4).
Many differentially associated proteins were RIPPOs and RIPPO-
interacting proteins, which were all retained much better by PP1-4PR
and PP1-WT than by PP1-ΔC, hinting at a contribution of the C-terminal
tail of PP1 to their binding. These proteins included iASPP and ASPP2,
which are already known to interact with the PR-motif of PP1 and,
therefore, served as validation of the experiment7. We noted a striking
overlapbetween theRIPPOs andRIPPO-interactingproteins associated
with R2-mAID-mClover (Fig. 4b, c) and the C-terminal tail of PP1
(Fig. 7a, b, Supplementary Fig. 7a, b), including various components of
the URI/PPP1R19 and PNUTS/PTW complexes. The differential inter-
action of PNUTSandURIwith PP1-4PR andPP1-ΔCwas confirmed in co-
immunoprecipitation experiments (Fig. 7c). It is also worth noting that
three proteins (UBL4A, GET4 and BAG6) were retainedmuch better by
PP1-ΔC and PP1-WT than by PP1-4PR (Fig. 7a, b, Supplementary Fig. 7a,
b). These proteins form a ternary complex that interacts with the
hydrophobic surface of (misfolded) polypeptides and targets them for
proteolytic degradation35,36. In conclusion, the above data indicated
that the RIPPOs that interact with R2 (Fig. 4b–d) and the C-terminal tail
of PP1 (Fig. 7a–c) are strikingly similar, hinting at a common recruit-
ment mechanism for these RIPPOs.

R2 stabilizes PP1:RIPPO complexes by extension of the RVxF-
docking site
Todelineate the contribution of R2 and the C-terminal tail of PP1 to the
PP1:RepoMan interaction, we performed NanoBiT split-luciferase
interaction assays with bacterially expressed and purified LgBiT-
PP1αWT, LgBiT-PP1αΔC and RepoMan-SmBiT (Fig. 8a, b, Supplementary
Fig. 8a), following an adapted protocol37,38. For RepoMan, SmBiT,
flanked by GSTSG flexible linkers, was inserted into an unstructured
region of RepoMan that is directly C-terminal to its PP1-binding region
and close to the LgBiT-tagged N-terminus of associated PP1

Fig. 6 | Inhibition of PP1 by its C-terminal tail. a Multiple protein-sequence
alignment of the PP1C-terminus. The sequenceswere obtained fromunifrop.org:H.
sapiens, P62136 (PP1CA), P62140 (PP1CB) and P36873 (PP1CC), A. thaliana,
A0A178V1Q1; D. melanogaster, A0A0B4KHS9; C. elegans, P48727 and S. pombe,
P13681. Sequences were aligned with ClustelOmega. Jalview (v2.11.3.2) was used to
generate the conservation code. b Cartoons of the generated PP1α variants.
c Phosphatase activities of GST-tagged PP1α-WT, PP1α-ΔC, PP1α-ΔPR and PP1α
−4xPR (1–1.25 nM), assayed with DiFMUP (750 µM), a histone H3 peptide (H3T3ph,
750 µM) and glycogen phosphorylase a (10 µM) as substrates. Results are shown as
means ± SD. The dots represent independent assays. P values were from Student’s
unpaired two-tailed t-test. d GST-PP1α variants (1.25 nM) were assayed with
DiFMUP. e Vmax and KM values were derived from kinetic curves, as shown in panel
(d), using GraphPad Software. Values of Vmax are nmol of Pi released (mg of pro-
tein)/min. KM values are represented in µM. The data in panels (d) and (e) are

represented asmeans ± SEMof independent assays (n is indicated in Fig. 6e). The P-
values in panel (e) were obtained using Student’s unpaired two-tailed t-test. f GST-
tagged PP1α-WT and PP1α-ΔC were assayed with DiFMUP (750 µM) and the indi-
cated concentrations of Na3PO4 (Pi). The curves were generated using a four-
parameter logistic equation. IC50 values were compared using Student’s unpaired
two-tailed t-test (***, P <0.001). Error bars and IC50 values are shown asmeans ± SD
of 3 independent assays. g Effect of RepoMan-(1–630) (50 nM) on the inhibition of
GST-PP1α-WT (1 nM) by GST-R2. Results are represented as means ± SEM of 6
independent assays. ****, P <0.0001 using Student’s unpaired t-test. h Activity of
PP1:RepoMan, immunoprecipitated from Dox/IAA-treated PTN and R2-degron cell
lines and assayed with H3T3ph (100 µM), in the absence and presence of 1 μM
microcystin. The results are expressed as a% of the activities in the parental cell line
and shown as means ± SD of 3 biological repeats (n = 3). A Student’s unpaired two-
tailed t-test did not show a significant difference in the absence ofmicrocystin (ns).
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(PDB:5IOH)38. Mixing of purified LgBiT-PP1αWT and RepoMan-SmBiT
resulted in a gradual rise in luciferase activity, reflecting holoenzyme
assembly (Fig. 8c). As RepoMan has an RVxF-motif that is essential for
PP1 binding39,40, the assembled PP1:RepoMan complex could be dis-
rupted by a molar excess of untagged RVxF-competing peptide,
derived from NIPP1. A complex formed with PP1 lacking its C-terminus
(LgBiT-PP1ΔC) was disrupted faster and at lower concentrations of RVxF
peptide, consistent with a RepoMan contact site in the C-terminal tail
that enhances its affinity for PP1. To delineate the contribution of R2,
we generated the trimeric LgBiT-PP1:R2:RepoMan-SmBiT complex by
including purified untagged R2WT during sensor assembly. R2WT

diminished the competitive disruption by RVxF peptide in a dose-
dependent manner (Fig. 8d). Importantly, stabilization by R2 was
retained in a sensor lacking theC-terminal tail of PP1, indicating thatR2
and the C-terminal tail stabilize the interaction between PP1 and
RepoMan independently (Fig. 8e). To investigate the underlying
mechanism, we modeled the structure of the R2:PP1:RepoMan-(341-
450) complex, using AlphaFold V2-Multimer (Fig. 8f and Supplemen-
tary Fig. 8c, d). An ensemble of 75 models was generated, which were
all in full agreement with the resolved regions from PP1:R2 and
PP1:RepoMan crystal structures (2O8A and 5INB). However, upon
analysis of the 15 top-ranked models, a deviation from the crystal
structure was observed that involves the RVxF motif of R2 and its
C-terminal flanking region (residues 48–70) (Fig. 8f), which were
bound at the intersection between PP1 and two PP1-binding SLiMs of
RepoMan, i.e. its RVxF and ΦΦ motifs41. R2 and RepoMan diverge at
the base of the C-terminal tail of PP1, where they engage in contacts
with a conserved lysine-rich region of the C-terminal tail (residues 301-
305). The residues of R2 and RepoMan that were predicted to make
contacts with PP1 or with each other are phylogenetically conserved
(Supplementary Fig. 8b), indicating that their interaction serves an
important function. We also produced Alphafold models for PP1:R2
bound to PNUTS, which was also identified as a common interactor of
R2 and the C-terminal tail of PP1 (Fig. 4b–d, Fig. 7a, b). In the model of
PP1:R2:PNUTS, weobserved anassembly between theC-terminal tail of
PP1, R2 and PNUTS that is similar to that of PP1:R2:RepoMan

(Supplementary Fig. 8e, f). In contrast, when we modeled the
PP1:R2:NIPP1 complex, no contacts between NIPP1 and R2 or the
C-terminal tail of PP1wereobserved, andkey interactionsof the central
domain of NIPP1 with the catalytic domain of PP1 were disrupted
(Supplementary Fig. 8g, h). These results are in line with our data
showing that NIPP1 is not associated with R2 (Figs. 4b, 7a).

To validate the AlphaFoldmodel, wemade an R2 construct where
the region (residues 48-70), predicted tomake contacts with RepoMan
and the C-terminal tail of PP1, was removed. Importantly, the deletion
mutant still contained all its PP1-interacting sequences that are
observed in crystal structures of PP1:R2 (PDB 2O8A, 2O8G), including
the RVxF-motif (residues 44-47). In accordance with our structural
model (Fig. 8f), deletion of this region from R2 eliminated its ability to
enhance the binding between PP1 and RepoMan (Fig. 8d, e). Finally, we
also validated the above data with trapping experiments of transiently
expressed EGFP-tagged PP1αWT or PP1αΔC in HCT116-WT and R2-
HYNEm knock-in cells. RepoMan was much less associated with EGFP-
PP1α following deletion of the C-terminal tail or expression of a PP1-
binding mutant of R2 (R2-HYNEm), confirming that both R2 and the
C-terminal tail of PP1 contribute to the stabilisation of the PP1:Repo-
Man complex (Fig. 8g).

Discussion
A coherent model of the biological function of PPP1R2 has not yet
emerged, despite extensive research by multiple research groups for
nearly 5 decades (reviewed by Lemaire and Bollen9). Depending on the
adopted researchmodels, R2was identified as an inhibitor, activator or
(metal) chaperone of PP1, or else as an allosteric regulator of Aurora A
and Pin1. Here, using R2-degron and R2-HYNEm knock-in cell lines, we
found that R2 regulates nuclear processes that contribute to cell
proliferation by a mechanism that critically depends on its direct
interaction with PP1 (Figs. 1–3). These data argue against an allosteric
regulation of Aurora A and Pin1 as the primary function of R223,24. The
depletion or functional inactivation of R2 caused the hyper-
phosphorylation of some but not all PP1 substrates (Figs. 2 and 3),
indicating that R2 stimulates a subset of PP1 holoenzymes.
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PP1α-ΔC. The plot is based on two parameters: fold-change (Log2 of the fold-change
(FC)) and statistical significance (Log10 of the P-value (threshold of P<0.05)). The
vertical gray lines indicate a fold change of 1.5. P values were determined using a
2-sided t-test of 3 biological repeats (n = 3). The corresponding P- and Q-values can

be found in Supplementary Data 4. b Heatmap depicting the quantitative proteome
differences in core proteins of the PNUTS/PTW and the URI/PPP1R19 complexes.
Each condition is represented by 3 biological repeats (each lane represents 1 repeat).
c HEK293 cells were transiently transfected with EGFP-tagged β-Galactosidase (β-
GAL), PP1α−4xPR and PP1α-ΔC for 24 h. EGFP-traps of the lysates were immuno-
blotted for EGFP, URI and PNUTS. GAPDH served as loading control, immunoblotted
in the same gel as for the EGFP (uncropped blots can be found in the Source Data).
Shown immunoblots are representative of 3 (PNUTS immunoblot) or 2 (URI immu-
noblot) biological repeats.
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Accordingly, we found that R2 stabilizes the interaction of some RIP-
POs with PP1 by providing an additional, composite RIPPO-interaction
site that extends the RVxF-docking site and is formed by an RVxF-
flanking sequence of R2 and the C-terminal tail of PP1 (Figs. 7 and 8).
Our findings indicate that only a subset of RIPPOs, including RepoMan,
have anRVxFmotif followedbycomplementary residues that candock
into this site, rendering them more resistant to competitive dissocia-
tion byRIPPOs that lack these complementary residues (Fig. 9). Hence,

R2 increases the level of a subset of PP1:RIPPO complexes by
strengthening their subunit interactions. The stabilisation of PP1
holoenzymes by R2 is reminiscent of the regulation of the
SDS22:PP1:Inhibitor-3 complex, which is stabilized by simultaneous
interactions of PP1 with both SDS22 and Inhibitor-3, as well as by a
direct SDS22:Inhibitor-3 interaction42. Our work disclosed an unex-
pected resemblance between the regulation of PP1 and PP2A holoen-
zymes by their C-termini. Indeed, the stabilisation of ternary PP2A
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Fig. 8 | Stabilisation of PP1:RepoMan by R2. aDiagrams of the recombinant split-
luciferase constructs and competitor proteins used in panels (c–e). L = 24-resisue
flexible GS linker. b Cartoon representation of the principle of split-luciferase
assays shown in panels (c–e). c Kinetic-trace experiments showing the gradual
association of the LgBit-PP1WT/ΔC:RepoMan-SmBit sensors and their dissociation by
addition of varying concentrations of RVxF competitor (NIPP1-(143-224) (0.64, 3.2,
16, 80, 400, 2000 or 10,000nM). Data is plotted as the average of 2 technical
repeats and normalized to the timepoint directly before competitor addition. For
the association phase, only the control condition is plotted. d Kinetic-trace
experiments showing the gradual association of LgBit-PP1WT:RepoMan-SmBit in the

presence of varying concentrations of untagged R2WT or R2Δ48-70 (0.32, 1.6, 8, 40,
200 or 1000nM), followed by dissociation with a fixed concentration of RVxF
peptide (1 µM). Data is plotted as in (c). e Same as (d) but for LgBit-PP1ΔC:RepoMan-
SmBit. f Structural model of PP1α:R2:RepoMan-(341-450), generated by AlphaFold-
multimer. The regions of R2 and RepoMan that are predicted to make direct con-
tacts with each other and with the C-terminal tail of PP1 are depicted as green and
pink cartoons, respectively. The RVxF-motifs of both proteins are highlighted.
g EGFP-tagged PP1-WT and PP1-ΔC were transiently (48h) expressed in HCT116
parental cells or R2-HYNEm knock-in cells. EGFP traps were probed for EGFP, R2
and RepoMan. Tubulin served as loading control.
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complexes also involves the C-terminal tail of the catalytic subunit,
which binds at the interface of A-type and B-type regulatory
subunits43–45, similar to the binding of the C-terminal tail of PP1 to both
R2 and a subset of RIPPOs.

RepoMan forms a ternary complex with PP1 and R2 but does not
have a structured domain that encapsulates the C-terminal tail of PP1,
such as the ankyrin repeats of MYPT1 or the SH3 domain of ASPP
proteins6,7. This indicates that RepoMan only interacts with a fragment
of the C-terminal tail, as also suggested by our AlphaFold-multimer
model (Fig. 8f). In addition, RepoMan also interacts directly with R2,
thereby further stabilizing the R2:PP1:RepoMan complex (Fig. 9). It will
be important to confirm our structural model of the interactions
within the R2:PP1:RepoMan complex, using complementary experi-
mental approaches for structural analysis, such as cryogenic electron
microscopy or X-ray crystallography. The needed insights can clearly
not be derived from the currently available, experimentally deter-
mined structures of the heterodimeric PP1:R2 and PP1:RepoMan
complexes12,41. Indeed, R2 is not inhibitory for the ternary R2:PP1:Re-
poMancomplex (Fig. 6g, h), arguing against occlusion of the active site
by the IDoHAmotif of R2 that is seen in the crystal structure of PP1:R2
(PDB: 2O8A)12. Also, our AlphaFoldmodel suggests that the degenerate

RVxF motif of R2 is displaced by the more canonical RVxF motif of
RepoMan, and relocates adjacent to the RVxF-binding groove, where it
interacts with residues of RepoMan (Figs. 8e and 9). It cannot be
excluded that the ternary R2:PP1:RepoMan complex is additionally
stabilized by fuzzy subunit interactions,whichmayonly be revealed by
tools of structure analysis that also detect dynamic interactions, such
as NMR, or small-angle X-ray scattering in combination with size
exclusion chromatography.

Our results are in accordance with many data in the R2 literature
and provide a rationale for explaining seemingly contradictory find-
ings. First, our results with the R2-degron and R2-HYNEm knock-in cell
lines accord with R2 knockdown or knockout data, which also dis-
closed hyper-phosphorylation of a subset of PP1 substrates, all hinting
at a PP1-stimulatory function of endogenous R221,22. Second, our data
confirm that R2 is an inhibitor of free PP1, but also revealed that R2 is
not inhibitory for associated PP1:RIPPO complexes (Fig. 6g). Free PP1
does normally not accumulate in cells because of the large molar
excess of RIPPOs, resulting in the rapid titration of free PP14. Third, our
findings shed light on why R2 is inhibitory to PP1 when it is over-
expressed (see Lemaire and Bollen for references9). On the one hand,
overexpressed R2 maximally stabilizes associated PP1 holoenzymes
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Fig. 9 | Model of the regulation of PP1 (holoenzymes) by PPP1R2. The figure
shows models of PP1, PP1:R2, PP1:RepoMan and R2:PP1:RepoMan, based on avail-
able crystal structures and the data reported in this study. The C-terminal tail of PP1
is inhibitory because it dynamically docks to the active site (Fig. 5). R2 recruitment
releases the C-terminal tail from the active site due to competition for an over-
lapping docking site on the catalytic domain. RepoMan does not interfere with the
docking of theC-terminal tail of PP1. However, in the R2:PP1:RepoMan complex, the

C-terminal tail of PP1 is displaced and associateswith both R2 andRepoMan (Fig. 8).
In addition, the degenerate RVxF motif of R2 is out-competed by the canonical
RVxF motif of RepoMan, and RVxF-flanking residues of R2 directly interact with
RepoMan. The additional, composite binding site for RepoMan created by R2
recruitmentmakes the complex resistant to dynamic exchangewith RIPPOs that do
not interact with R2.
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(this work), resulting in the hypo-phosphorylation of a (small) subset
of PP1 substrates. On the other hand, overexpressed R2 also compe-
titively disrupts (most) other PP1 holoenzymes containing RIPPOs that
do not interact with R246. This likely results in the accumulation of
inactive PP1:R2 heterodimers and the hyper-phosphorylation of most
PP1 substrates. Fourth, DNA-damage causes ATM-mediated phos-
phorylation of R2 at Ser44, resulting in its dissociation from PP147. Our
data suggest that this phosphorylation may actually serve to prevent
the stabilisation of PP1 holoenzymes that are important for cell pro-
liferation, thereby contributing to DNA-damage induced cell-cycle
arrest. Our studies on R2-degron and knock-in cell lines did not pro-
vide evidence for a role of R2 as a metal chaperone for PP1, as the
specific enzymic activity of purified PP1 was not affected by prior R2
depletion. However, it cannot be excluded that a metal-loading func-
tion of R2 was masked in our experiments by functional redundancy
with other RIPPO(s).

An unexpected finding of our study was that the Vmax of PP1 is
reduced severalfold by the PR-motif in its C-terminal tail, probably due
to hampered Pi product release through dynamic occlusion of the
active site (Fig. 6). In the context of PP1 holoenzymes, inhibition by the
C-terminal tail may be alleviated by the recruitment of RIPPOs such as
the MYPT and ASPP proteins. Remarkably, R2 did not increase the
specific activity of associated PP1:RepoMan, despite the displacement
of the C-terminal tail from the active site (Fig. 6). An enticing
hypothesis is that R2-associated PP1:RepoMan can be further activated
by an additional, hitherto unknown allosteric control mechanism
involving, for example, a covalent modification of one of its subunits.

SDS22 and Inhibitor-3 are the first evolved RIPPOs. They both
function as potent inhibitors of PP1 in vitro. However, in a cellular
context SDS22 and Inhibitor-3 form a ternary complex with newly
translated PP1, which is a substrate for p97/VCP-mediated transfer of
PP1 to canonical RIPPOs, thereby forming functional PP1
holoenzymes42,48. PPP1R2 is the third evolved RIPPO and is also a
potent inhibitor of PP1 in vitro. Here, we demonstrated that R2 is not
inhibitory for associated PP1 holoenzymes and actually enhances the
dephosphorylation of their substrates through stabilization of subunit
interactions, culminating in higher holoenzyme levels.

Targeting PP1 holoenzymes has a significant therapeutic
potential49,50, but is highly challenging due to a lack of specific
PP1:RIPPO interaction sites51. For example, targeting the RVxF-docking
site interferes with a majority of PP1 holoenzymes and, therefore,
affects numerous cellular processes. In contrast, the composite
R2:PP1:RIPPO interaction site describedhere ismoreunique and seems
druggable, as it constitutes a deeply buried groove suited for the
docking of small-molecule, drug-like compounds. More generally, our
study illustrates the importance of exploring (dynamic) subunit
interactions to elucidate the intricacies andmultifaceted nature of PP1
regulation, which has implications for the development of PP1
holoenzymes as therapeutic targets.

Methods
Materials
The sequencesof all newconstructs generated for this study are shown
in Supplementary Data 5. The source of all key materials (chemicals,
constructs, antibodies, cell lines) and used software is provided in
Supplementary data 6.

Protein expression and purification
Constructs for His- and GST-tagged proteins were cloned into the
pET16b or pGEX-2TK vector, respectively, and expressed in BL21 gold
cells at 37 °C in LB medium with 100 µg/ml ampicillin. The cells were
grown until an OD600 of ≈0.6, when protein expression was induced
for 20 h at 18 °C with 1mM isopropyl β-D-1-thiogalactopyranoside
(IPTG). Cell pellets with His-tagged proteins were lysed with 10
volumes of a buffer containing 20mMTris at pH 7.9, 0.5MNaCl, 5mM

imidazole, 0,5% Triton X-100, 0.5mg/ml lysozyme and a cocktail of
protease inhibitors (1mM PMSF, 1mM benzamidine, 5 ug/ml leu-
peptin). For the extraction of PPP1R2 variants, the cells were lysed in
6M urea, supplemented with 0.5M NaCl, 0.5% Triton X-100 and the
same cocktail of protease inhibitors. Cell lysis was completed with one
freeze-thawing cycle. Cells expressing GST-tagged proteins were lysed
in 10 volumes of a buffer containing 50mMTris at pH 7.5, 0.3M NaCl,
1mM DTT, 0.5% Triton X-100, 1mM MnCl2, 0.5mg/ml lysozyme and
protease inhibitors (0.5mM PMSF, 0.5mM benzamidine, 5 ug/ml leu-
peptin). Lysates containing His-tagged proteins were cleared by cen-
trifugation (20min at 15,000 x g) and the supernatant was loaded for
1 h at 4 °C onto HisPur™ Ni-NTA agarose. The Ni-NTA agarose beads
were first washedwith 20 volumes of a buffer containing 20mMTris at
pH 7.9, 0.5MNaCl, 50mM imidazole, and then elutedwith 20mMTris
at pH 7.9, 0.5M NaCl, and 400mM imidazole. The eluate was dialyzed
overnight against 20mM Tris at pH 7.4, 0.5M NaCl, 1mM DTT or
0.5mMTCEP. Glutathione agarose, equilibratedwith 50mMTris at pH
7.5, 0.15M NaCl, 1mM DTT, 1mM MnCl2, 0.5mM PMSF and 0.5mM
benzamidine, was used for the purification ofGST-PP1 variants (Fig. 6c,
d, f, g and Supplementary Fig. 6a–j). The loaded glutathione-agarose
beads were first washed, as described above, and eluted with four
column volumes of 0.1M Tris at pH 8.0, 1mM DTT, 1mM MnCl2 and
10mM reduced glutathione. The eluted fractions with a GST-tagged
protein were pooled and dialyzed overnight at 4 °C against 50mMTris
at pH 7.5, 0.1M NaCl, 1mM DTT and 60% glycerol, and stored at
−80 °C. GST-R2 was purified like GST-PP1α, but in the absence
of MnCl2.

The partial purification of PP1 from HCT116 parental and R2-
degron cells to a stage that it was free from contaminating phospha-
tases and RIPPOs, was based on a published protocol28. First, the cells
were lysed with modified RIPA buffer (20mM Tris at pH7,5, 150mM
NaCl, 1mM EDTA, 1mM EGTA, 1% NP40, 1% sodium deoxycholate).
Subsequently, proteins were precipitated by the gradual addition of
ammonium sulfate (313 g/liter) to the stirring lysates. After 30min, the
precipitated proteins were collected by centrifugation (30min at
30,000 x g). The pellet was resuspended in 20mM Tris at pH 7.5, 10%
glycerol, 1mMPMSF and 1mMDTT, and supplementedwith 5 volumes
of 95% ethanol. The precipitated proteins were collected by cen-
trifugation for 5min at 30,000 x g. The pellet was resuspended in
20mM Tris at pH 7.5, 1mM PMSF and 1mM DTT, and cleared by
centrifugation (5min at 30,000 x g). The supernatant was loaded onto
a column of heparin Sepharose. The column was washed with 20mM
Tris at pH 7.5, 1mMDTT and 0.1MNaCl, and subsequently eluted with
the same buffer but with 0.5M of NaCl. The eluate was dialyzed
overnight against 20mMTris at pH 7, 1mMDTT and 10% glycerol, and
stored at −80 °C.

Generation and treatment of cell lines
The R2-degron cell line was generated as detailed by Cao et al.42. A
guide RNA directed the Cas9 protein to a PAM site at the 5′-end of the
stop codon of the R2-encoding PPP1R2 alleles (Fig. 1a). The templates
for recombination-mediated repair of Cas9-induced double-strand
breaks hadhomology armsbordering consecutively aminiatureAuxin-
Inducible Degron (mAID), a mClover-encoding cassette, and a neo-
mycin- or hygromycin-resistance cassette. Themodified PPP1R2 alleles
encoded R2with a C-terminalmAID-mClover tag. The HCT116 parental
and R2-degron cell lines contained a transgene at the AAVS1 locus that
expresses the F-box protein TIR1 from Oryza sativa in a doxycycline
(Dox)-dependentmanner. Addition of Dox to induce the expression of
TIR1 and IAA (Indol-3-Acetic Acid, a synthetic analog of auxin) to
recruit the endogenous SCF-type E3 ubiquitin ligase to mAID leads to
the ubiquitination and proteasomal degradation of R2-mAID-mClover
in the R2-degron cell line. The degradation of R2 in the HCT116 degron
cell lines was induced with 2 µg/ml Dox and 500 µM IAA. Unless indi-
cated otherwise, the drug treatment was for 48 h.

Article https://doi.org/10.1038/s41467-024-54256-4

Nature Communications |         (2024) 15:9822 13

www.nature.com/naturecommunications


HCT116 knock-in cell lines were purchased from Synthego Cor-
poration (Redwood City, CA, US). In these cell lines, both alleles of
PPP1R2 were mutated (147HYNE150 → AAAA, HYNEm), using CRISPR/
Cas9. AGGAAGCUUCACUACAAUGA was used as guide RNA (guide
RNA cut location chr3:195,519,142). The PCR and sequencing primers
were AGGCATAGACCATTACAAAAGTCT (5′→3′; forward primer) and
TGGCTGGATATATTCTTGTTCTTCCA (5′→3′; reverse primer). The
donor sequence for generating the R2-HYNEm cell lines was
CTTTTGAAATTAATTGTCTGGCTAGTTTGATATTGAGTCCTGCAGCTG
CAGCAAGCTTTCTTTTCATTTCAAATTGTCGCTTTTTTTCTAT. Single-
cell dilution was used for clonal isolation. The isolated clones were
verified by Sanger sequencing.

The R2-degron and knock-in cell lines were cultured at 37 °C with
5%CO2. HCT116 parental and R2-degron cell lines were cultured in low-
glucose DMEM, while HCT116 parental and R2-knock-in cell lines were
cultured inMcCoy’s 5 Amedium. HEK293T cells were cultured in high-
glucose DMEM. All cell-culture media were supplemented with 10%
fetal calf serum, 100 units/ml penicillin and 100 µg/ml streptomycin.
Transfectionswere donewith JetPrime transfection reagent, according
to manufacturer’s instructions.

For IncuCyte live-cell assays, cells were plated in a 96-well plate at
6–8 ×103 cells per well. Confluency of the cultures wasmeasured every
3 h using an IncuCyte S3 (Sartorius). For Sulforhodamine B (SRB)
fluorogenic assays, cellswere plated in a 96-well plate at 2 ×103 cells per
well. At the indicated time points, cells were fixed with 10% tri-
chloroacetic acid and stained for 30min with SRB dye. Excess of dye
was removed by washing with 1% acetic acid. Plates were dried and the
remaining dye was solubilized in a 10mM Tris-base solution. The OD
was measured at 450 nm using a Tecan Spark plate reader. A prome-
taphase arrest was induced by consecutive treatments with 2mM
thymidine for 24 h, thymidine washout for 3 h and incubation with
100ng/ml nocodazole for 15 h. A G1/S-arrest was induced by a double
thymidine arrest, involving consecutively a treatment for 18 h with
2mM thymidine, a thymidine washout for 9 h, and a treatment for 15 h
with 2mM thymidine. To analyse mitotic phosphoproteins by immu-
noblotting, cells were synchronized at the G2/M transition by a con-
secutive treatmentwith 2mM thymidine for 24 h, a thymidinewashout
for 3 h, and incubation with 9 µM RO3306 for 15 h. The cells were
released for the indicated time points (Figs. 2e, 3f and Supplementary
Fig. 2g). For cell-cycle analysis with flow cytometry, cells were har-
vested by trypsinization, washed with PBS and fixed overnight with
70% ethanol at −20 °C. The cells were washed twice with PBS, resus-
pended in PBS with 0.05% Triton X-100 and 0.1mg/ml RNAse A, and
incubated for 30min at 37 °C. Propidium iodide was added to a final
concentration of 70 µg/ml. Analysis was performed using a BD Canto II
and quantification using FlowJo software. Single cells were gated by
plotting propidium iodide (PI)fluorescence signal height (PI-H) against
PI fluorescence signal area (PI-A), allowing for the exclusion of cell
doublets and aggregates. Cells falling along the diagonal line of the PI-
H versus PI-A plot were selected for further analysis, ensuring a
population of singlets. The gating strategy used for flow cytometry
analysis is shown in Supplementary Fig 1f. For live cell imaging, the
LeicaTCSSPE laser-scanning confocalmicroscopewasusedwith a live-
imaging chamber (37 °C and 5% CO2) and a monochrome digital
camera DFC365 FX from Leica. For time-lapse imaging, cells were
grown in a 24-well plate.

Phosphatase-activity assays
In vitrophosphatase activity assayswith thefluorogenic6,8-difluoro-4-
methylumbelliferyl phosphate (DiFMUP) substrate were conducted at
30 °C in 384-well plates in a final volume of 40–50 µl and at a final
substrate concentration of 0.5 µM − 1000 µM, as indicated in the cor-
responding figure legends. The assay buffer contained 50mM Tris at
pH 7.4, 100–150mM NaCl, 1-5mM DTT, 0.1–1mg/ml BSA and 0.05%
Tween 20. The pH-activity profiles of GST-PP1α variants were obtained

in an assay buffer containing 20mM Tris, 20mM acetic acid, 20mM
HEPES, 100mM NaCl, 5mM DTT, 1mg/ml BSA and 0.05% Tween 20,
and the pH was adjusted with HCl or NaOH, to obtain a pH range from
4.0–12.0. Phosphatase activities were measured at 30 °C within a
timeframe ranging from 7–10 cycles of 3–5min each, on a Tecan
Spark® reader at an excitation of 358nm and emission of 455 nm. The
GST-PP1 variants were assayed at a concentration of 0.5–1.25 nM, as
specified in the Fig. legends. GST-R2 (FL) and His-RepoMan-(1-630)
were used at a concentration of 0.5–62.5 nM and 50 nM, respectively.

Phosphatase activity assays with H3T3ph peptide (AR-pT-
KQTARKS) as substratewasperformedwith the colorimetric BIOMOL®
Green assay kit, and phosphate production was measured at 650nm
with a Tecan Spark® reader. The reactions were performed in 384-well
plates and started by incubation of the GST-PP1α variants with the
H3T3ph peptide for 30min at 30 °C in an assay buffer containing
30mM Tris at pH 7.4, 100mM NaCl, 1mg/ml BSA, 1.5mM DTT and
0.05% Tween 20. The final concentrations of recombinant PP1α and
H3T3ph in the assay were 1.25 nM and 750 µM, respectively. The
reaction was stopped by adding 40 µl BIOMOL® Green reagent to 20 µl
of assay mixture. The absorbance was measured after 30min incuba-
tion at room temperature. Phosphatase activity assays with radio-
actively labeled glycogen phosphorylase a as substrate were
performed as previously described29.

Immunoblotting and immunoprecipitation
Cells were lysed with a modified RIPA buffer (20mM Tris at pH7,5,
150mM NaCl, 1mM EDTA, 1mM EGTA, 1% NP40, 1% sodium deox-
ycholate), supplemented with protease inhibitors (1mM PMSF, 1mM
benzamidine, 5 ug/ml leupeptin) and phosphatase inhibitors (50mM
NaF, 10mM β-glycerophosphate, 1mM vanadate). The lysates were
cleared by centrifugation (10min at 21,000 x g), yielding supernatant 1
(S1) and a pellet. The pellet was incubated for 30min at 37 °C in the
presence of micrococcal nuclease (300 units/ml, Thermo Scientific).
After centrifugation for 10min at 1500 × g, supernatant 2 (S2) was
combined with S1, termed lysate, and the protein concentration was
determined using the Bradford assay. For immunoprecipitation of
endogenous proteins, the lysates were incubated with antibody for at
least 3 h. Subsequently, Protein-A Sepharose beads were added for 1 h
and the sedimented beads were washed with lysis buffer. SDS-PAGE
was performed with 4–12% or 10% Bis-Tris gels and the separated
proteins were transferred onto PVDF or nitrocellulose membranes for
minimal 2 h at 40 V in 50mMTris and 50mMboric acid. Subsequently,
themembraneswereblocked in 5%milk/TBSand0.05%Tween20, or in
5% BSA/TBS-Tween20 when phospho-epitope specific antibodies were
used. Primary antibodies were diluted in 5% milk/TBS-Tween20 or 5%
BSA/TBS-Tween20 for phospho-epitope specific antibodies, and
added overnight at 4 °C. Next, themembranes were washed twice with
TBS-Tween20 and incubated for 1 h at room temperature with the
HRP-coupled secondary antibody. Immunoblots were visualized using
ECL reagent (PerkinElmer) in an ImageQuant LAS4000. Quantifica-
tions were performed with ImageQuant TL using rolling-ball back-
ground subtraction.

Trapping of EGFP-tagged β-Galactosidase, PP1α-WT, PP1α-ΔC and
PP1α−4xPR for analysis of associated proteins (Fig. 7a–c) was per-
formed as described52. In brief, asynchronized HEK293T cells were
seeded in 15-cm plates and transfected for 24h with 8 μg of plasmids.
The cells were lysed for 20min on ice with modified RIPA lysis buffer
containing 50mM Tris at pH 7.5, 300mM NaCl, 1mM EGTA, 1mM
EDTA, 1% NP-40 and 1% sodium deoxycholate, and supplemented with
a cocktail of protease (cOmplete™ Protease Inhibitor Cocktail) and
phosphatase (PhosSTOP™) inhibitors. 500 µl of lysate were cleared by
centrifugation (10min at 3000 x g) and incubated for 1 hour at 4 °C
with 60 µl of nanobody EGFP beads (1:1 suspension). The beads were
washed 3 times with Tris-buffered saline, supplemented with 0.1%
Triton-X100 and 0.25% NP-40 and processed for proteomics analysis.
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Immunostainings
For confocal-microscopy analysis, cells were seeded on polylysine-
coated glass coverslips, fixed for 15min at 37 °C in 4% formaldehyde,
and washed with PBS. The cells were permeabilized in PBS for 5min at
room temperature with 0.5% of Triton X-100, and blocked for 30min
with 3% BSA (Sigma) in PBS. The permeabilized cells were incubated
overnight at 4 °C with the primary antibodies, diluted in 3% BSA/PBS.
Subsequently, the cells were incubated for 1 h at room temperature
with secondary antibodies diluted in 3% BSA/PBS. DNA was stained
with DAPI. Confocal images were acquired with a Leica TCS SPE laser-
scanning confocal systemmounted on a Leica DMI 4000Bmicroscope
and equipped with a Leica ACS APO 63×1.30NA oil DIC objective. All
immunofluorescence images of similarly stained experiments were
acquired with identical illumination settings. The brightness and con-
trast were adjusted using only linear operations applied to the
entire image.

qPCR
Total RNA was isolated from cells using the GenElute™ Mammalian
Total RNAMiniprep Kit from Sigma. Complementary DNA (cDNA) was
synthesized from total RNA using oligo (dT) primers, RevertAid Pre-
mium Reverse Transcriptase and RiboLock RNase inhibitor enzymes.
RT-qPCR reactions were performed using the Rotor-Gene Q instru-
ment and the SYBR Green qPCR Mix (Invitrogen). Values were nor-
malized against the housekeeping gene HPRT.

AlphaFold-Multimer modeling
The structural models of full-length PP1α from different species were
retrieved from theAlphaFold StructuralDatabase (EMBL-EBI) andwere
aligned to the crystal structure of PP1α (PDB: 4MOV). The structure of
PP1α:PP1R2 was modeled using the AlphaFold-Multimer V2 pipeline
that is implemented on the HPC-Ugent branch of the Flemish Super-
computing Center (VSC). The sequences of human PP1α, RepoMan
(residues 341–450) and PPP1R2 were retrieved from Uniprot, and were
submitted to the pipeline in two different chronological orders for
PP1:R2 (PP1α:R2 and R2:PP1α) and three different orders for
PP1:R2:RepoMan (R2:RepoMan:PP1; RepoMan:PP1:R2; PP1:R2:Repo-
Man). The multiple-sequence alignment was produced using the
MMseqs2 protocol and the UniRef100 sequence database. For each
submission, the multiple-sequence alignment was combined with 25
randomly-chosen seeds to produce 25 distinct structural models, for
the PP1:R2:RepoManmodel only the top fivemodel of each submission
were considered for evaluation. All models were energy-minimized
using Amber, and were processed and visualized in PyMol. Regions of
the structure that had low confidence (pLDDT <45) were omitted from
the visualization of the structure.

Molecular-dynamics simulation
A structural model of PP1α with extended C-terminus was subjected
to all-atom molecular dynamics simulation using the GROMACS
package (GROMACS/2024.2-foss-2023b-CUDA-12.5.0)53, installed on
theHPC-Ugent branch of the Flemish SupercomputingCenter (VSC).
The system was built using the AMBER99SB-ILDN force field, which
is well-suited for simulating the dynamics of protein sequences that
are intrinsically disordered, to generate the essential topology
records54. The simulation volume was defined as a cube where each
face was distanced >1 nm from the surface of PP1α. Solvation was
performed using the spc216 generic equilibrated 3-point solvent
model. Four sodium ions were added to neutralize the net charge of
the system. Inappropriate energy-minimization was performed to
negate any inappropriate geometries, and was completed when the
maximum force of the system dropped below 1000 kJ/mol/nm, at
which point the system had a potential energy of −6.87.106kJ/mol.
The system was equilibrated to ambient conditions by performing a
100-picosecond isothermal-isochoric simulation at 298 K, followed

by a 100-picosecond isothermal-isobaric simulation at 1 bar. The
equilibrated system was used as the starting point for six 150-
nanosecond production runs to evaluate the dynamics and binding
behavior of the C-terminus of PP1α. The conformations of the
C-terminus of one representative simulation were extracted at the
indicated timeframes using Visual Molecular Dynamics (VMD) soft-
ware (University of Illinois), and were overlaid with the crystal
structure of PP1α (4MOV) in PyMol. The trajectory of all simulations
was visualized and exported as a movie using PyMol. RMSF plots
were generated by analysis of trajectories with the ‘gmx rmsf’
command, and hydrogen bonding behavior of the RPITPPR
sequence was generated by analysis of trajectories with the ‘gmx
contact’ command.

NanoBRET assays
The purified His-tagged NanoLuc-PP1α-HaloTag sensors (1 nM) was
labeledwith theNanoBRET 618 ligand (5 nM) inTris-buffered saline for
30min at room temperature, after which aliquots were flash-frozen
and stored at −80 °C. Luminescence was measured in white 384-well
non-binding plates on a Tecan Spark plate reader, using the luciferase
substrate furimazine (25 µM). For assays, aliquotswere thawed inwater
at room temperature and the luminescent spectrum of the sensor was
recorded to confirm functionality of the sensor. For competition
assays with purified ASPP1 or R2 (WT and 1–129 mutant), the BRET
signal was quantified by making the ratio of the emission of the
NanoBRET618 ligand acceptor (595–700 nm)over that of theNanoLuc
donor (445–470 nm) at ~30 °C. Data was plotted as a percentage of the
BRET ratio of sensor treated with negative control. All assays were
performed in parallel on an unlabeled control sensor to detect non-
specific assay interference.

Split-luciferase assays
Split-luciferase assays were generally performed as described by Claes
et al.38. All assays were executed in an assay buffer consisting of 50mM
HEPES at pH 7.4, 10% glycerol, 150mM NaCl, 0.01% saponin, 0.005%
Tween-20, 1mM DTT, 0.5mM EDTA and 5 µg/ml leupeptin. Split-
luciferase components were purified from bacteria as described ear-
lier. Assays were performed in white non-binding 384-well plates by
dispensing 10 µl assay buffer solution containing 0.15 nMof LgBiTWT/ΔC-
tagged sensor construct, the indicated amounts of His-R2 and 50 µM
furimazine. To this mixture, 10 µl of SmBiT-RepoMan (0.025 nM toWT
fusion or 0.1 nM to the ΔC fusion) were added. Competition with RVxF
peptide was performed with the amounts indicated in the Fig. The
plate was incubated and measured at room temperature at regular
intervals (kineticmeasurements) on a TecanSpark plate reader, using a
PMT voltage of 900mV and an integration time of 500ms (Tecan,
Mannedorf, Switzerland). Assay interference was mitigated by
performing all assays in parallel on a control sensor, according to
Claes et al.38.

(Phospho-)proteomics
Traps (60 µl of EGFP beads) of EGFP-tagged PP1α-WT, PP1α-ΔC and
PP1α−4xPR from lysates of asynchronous HEK293T cells (n = 3 biolo-
gical repeats) were washed twice with 50mM Tris HCl at pH 8.5, once
with 50mM ammonium bicarbonate (AMBIC), twice with 50mM
AMBIC containing 0.0025% ProteaseMAX, and subjected to unbiased
interactomics as described by Cokelaere et al.55. Peptides were iden-
tified by Mascot (Matrix Science) through Proteome Discoverer (PD)
2.2 (Thermo Fisher) using the Uniprot Homo sapiens database. The
database (204,906 entries) was compiled with reviewed (Swiss-Prot)
and unreviewed (TrEMBL) hits obtained after filtering the complete
UniProtKB for ‘Homosapiens’ in thefields ‘ALL’ and ‘TAXONOMY’), and
was validated using the PD Percolator node (q <0.01). Progenesis
(Nonlinear Dynamics) was used for relative quantification of peptides
and only unique peptides were considered. Proteins were considered
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as PP1α interactors if their prevalence ( = protein abundance divided
by total feature abundance w/o bait) was significantly (2-sided t-test,
P <0.05) different in the PP1α-WT, PP1α−4xPR and PP1α-ΔC conditions
versus the β-Galactosidase control condition. Proteins were con-
sidered to be differential interactors between different PP1α-WT, PP1α
−4xPR and PP1α-ΔC conditions if their normalized abundance
( = protein abundance divided by PP1α abundance only considering
peptides that are common between PP1α-WT, PP1α−4xPR and PP1α-
ΔC) was significantly (2-sided t-test, p <0.05) different between the
conditions. The Q values were calculated according to Benjamini-
Hochberg (Supplementary Data 4). T-tests using log2 of described
metrics were executed by Qlucore software.

For R2 interactomics, proteins were considered as R2 interactors
if their prevalence ( = protein abundance divided by total feature
abundance w/o bait) displayed a fold-change higher than 2 versus the
PTN-control condition. The normalized abundance is the abundance
of the specific protein divided by the R2 abundance. Keratin proteins
were removed from the dataset before further analysis. Phosphopro-
teomics of the Dox/IAA-treated HCT116 parental and R2-degron cell
lines was performed as decribed by Cao et al.42 .

Phosphoproteomics of the Dox/IAA-treated HCT116 parental and
R2-degron cell lines was performed as described by Cao et al.42. Raw
data were searched using COMET56 against a target-decoy (reversed)
version57 of the human proteome sequence database (UniProt; down-
loaded 8/2020, 40704 entries of forward and reverse protein
sequences; only reviewed sequences andUniprot annotation isoform 1
were considered). Statistical analysis was carried out in Perseus58 by
two-tailed Student’s t-test. In Supplementary Fig. 2c, the P-values were
corrected for multiple hypotheses by permutation-based FDR correc-
tion (FDR <0.2).

Statistics
Replicates are derived from independent experiments, unless indi-
cated otherwise in the Fig. legends. Replicates are represented as
dots shown in the quantification graphs or mentioned in the Fig.
legend. To determine Vmax and KM values, the enzymatic kinetics
curves were fitted to theMichaelis-Menten equation using GraphPad
Software (version 9.3.1). The IC50 values for inhibition of PP1α-WT
and PP1α-ΔC by Pi were calculated using a four parameter logistic
equation. The statistical significance of differences between 2 data
sets was calculated using Student’s unpaired two-tailed t-test. For
the statistical analysis of more than 2 data sets, ANOVA tests were
performed and multiple comparisons test, as indicated in the Fig.
legends. All graphs were generated with the GraphPad Software
(version 9.3.1). The exact P values are shown in Supplementary note 1
and the Source Data.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper and were deposited at Fig-
share (Figshare (https://doi.org/10.6084/m9.figshare.25828345). The
AlphaFold models of PP1α are publicly available from the AlphaFold
Protein Structure Database (EMBL-EBI), the models of PP1:R2 (https://
www.modelarchive.org/doi/10.5452/ma-6trht) and R2:PP1:RepoMan
(https://www.modelarchive.org/doi/10.5452/ma-hm3cn) are available
in ModelArchive. Raw MS data for the phosphoproteomics of this
study are available at ProteomeXchange: PXD050733, MassIVE:
MSV000094347 [https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?
task=7fa2a943422148c19d91e017a0caf990]; access code: p211. The
mass spectrometry interactome proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD052317.
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