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SUMMARY

The serine/threonine protein phosphatase 1 (PP1) dephosphorylates hundreds of substrates by 

associating with >200 regulatory proteins to form specific holoenzymes. The major PP1 targeting 

protein in the nucleolus is RRP1B (ribosomal RNA processing 1B). In addition to selectively 

recruiting PP1β/PP1γ to the nucleolus, RRP1B also has a key role in ribosome biogenesis, among 

other functions. How RRP1B binds PP1 and regulates nucleolar phosphorylation signaling is 

not yet known. Here, we show that RRP1B recruits PP1 via established (RVxF/SILK/ΦΦ) and 

non-canonical motifs. These atypical interaction sites, the PP1β/γ specificity, and N-terminal 

AF-binding pockets rely on hydrophobic interactions that contribute to binding and, via 
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phosphorylation, regulate complex formation. This work advances our understanding of PP1 

isoform selectivity, reveals key roles of N-terminal PP1 residues in regulator binding, and suggests 

that additional PP1 interaction sites have yet to be identified, all of which are necessary for a 

systems biology understanding of PP1 function.

In brief

Srivistava et al. determine the structure of the RRP1B:PP1 holoenzyme complex. In addition to 

identifying the molecular basis of PP1 isoform selectivity, they show how phosphorylation outside 

the RRP1B RVxF motif regulates holoenzyme assembly. This work advances our understanding of 

the PP1 regulatory code, essential for Ser/Thr dephosphorylation signaling.

Graphical Abstract

INTRODUCTION

Protein phosphatase 1 (PP1) is one of the most widely expressed and abundant serine/

threonine phosphatases.1 Highly conserved from fungi to humans, dephosphorylation events 

mediated by PP1 regulate processes as diverse as cell-cycle progression to neuronal 

signaling, with PP1 dysregulation resulting in disease, such as drug addiction and cancer.2 

PP1 achieves specificity by interacting with >200 known regulatory proteins.3,4 These 

regulators target PP1 to distinct cellular compartments and direct its activity toward specific 

substrates.5 Although it was discovered more than 30 years ago that most regulators bind 
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PP1 via the RVxF short linear motif (SLiM),6,7 many studies have shown that regulator 

binding is typically much more complex, with regulators using additional motifs beyond 

the RVxF SLiM for PP1 holoenzyme formation.8–13 While the extent and complexity of 

these interactions are providing insights into PP1 biology, many open questions remain. For 

example, are there additional interaction sites to be identified, how do regulators distinguish 

between the highly conserved PP1 isoforms (PP1α, PP1β, and PP1γ), how are regulator-

PP1 interactions regulated by post-translational modification, and how do these interactions 

impact PP1-regulated biological processes?

One cellular compartment that is selectively populated by specific PP1 isoforms is the 

nucleolus.14,15 While the most established function of the nucleolus is ribosome biogenesis, 

recent studies have demonstrated that it plays critical roles in other cellular processes, 

including the stress response, ribonucleoprotein complex assembly, RNA processing, and 

mitosis, among others.16,17 These nucleolar functions are regulated by phosphorylation 

events catalyzed by nucleolar-specific kinases and phosphatases.18 Our previous effort to 

define the nucleolar phosphatome showed that PP1 accounts for ~80% of the Ser/Thr 

phosphatase activity in the nucleolus and that this activity is due to the selective nucleolar 

localization of only two of the three mammalian PP1 isoforms, PP1β and PP1γ.19 We also 

determined, by quantitative affinity purification-mass spectrometry, that the PP1 regulatory 

subunit most enriched in a pull-down of the catalytic subunit is the ribosomal RNA 

processing 1 homolog b protein (RRP1B; KIAA0179; 758 amino acids; 84.4 kDa).15 It 

is the selective interaction of RRP1B with PP1β and PP1γ that results in the accumulation 

of only these PP1 isoforms, but not PP1α, in the nucleolus.

RRP1B is the second human isoform of the yeast Rrp1p protein, a component of the 

yeast 66S pre-ribosome that precedes the production of the yeast 60S ribosomal subunit.20 

While both human homologs of Rrp1p (RRP1 and RRP1B) contain the N-terminal nucleolar 

protein 52 kDa (NOP52/RRP1/NNP-1) domain that mediates pre-ribosome binding, the 

intrinsically disordered C termini (IDRs) of both homologs differ considerably, with that 

of RRP1B being ~300 amino acids longer. Thus, although it had been assumed that 

RRP1B was the functional ortholog of Rrp1p, the emerging view is that this role is 

primarily fulfilled by RRP1 with RRP1B largely performing other functions due mainly 

to its extensive, dynamic C terminus. Consistent with this view, RRP1B was recently 

identified as a metastasis modifier gene in breast cancer, with differential RRP1B expression 

predicting breast cancer-specific survival.21,22 Subsequent studies revealed that RRP1B also 

plays a role in cellular proliferation, transcription regulation, mRNA splicing, chromatin 

modulation, ribosome biogenesis, and, via PP1 binding, phosphorylation signaling.15,22–24 

However, how RRP1B binds and recruits PP1, how this recruitment is isoform specific, and 

if and how these interactions direct PP1 activity toward specific substrates in the nucleolus 

remain open questions.

Here, we combine structural, biochemical, and cellular studies to define how RRP1B 

recruits PP1 to the nucleolus. We show that the PP1-binding domain of RRP1B extends 

beyond its RVxF motif, spanning >50 amino acids. Specifically, RRP1B binds PP1 via 

multiple regulator binding pockets, including sites not previously shown to bind to any 

PP1 regulator. This led to the identification of an atypical regulator interaction pocket on 
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PP1, which we have named the AF-binding pocket. We also discovered that RRP1B uses a 

non-canonical SILK motif to bind the PP1 SILK interaction pocket. This not only expands 

the experimental definition of the SILK SLiM, but also shows that the SILK interaction is 

clearly much more prominent in the regulation of PP1 than previously assumed. Finally, 

we also show why RRP1B selectively binds and recruits only the β and γ isoforms of PP1 

and how the RRP1B-mediated recruitment of PP1 is likely regulated by phosphorylation. 

Together, these data show how the discovery of additional regulatory interaction sites on 

PP1 not only provides key insights into the mechanisms by which regulators direct the 

subcellular distribution and activity of PP1 but also offers additional targets for the selective 

disruption of distinct PP1 holoenzymes.

RESULTS

The isoform selectivity of RRP1B for PP1β and PP1γ is determined by a single amino acid

In cells, RRP1B binds to the β and γ isoforms (PP1β, PP1γ), but not the α isoform, of 

PP1 (PP1α) to exclusively form PP1β:RRP1B and PP1γ:RRP1B holoenzymes (constructs 

used in this study are illustrated in Figures 1A and 1B).15 We confirmed this in vitro using 

isothermal calorimetry (ITC), which showed that the binding affinity of RRP1B657–758 for 

PP1α is more than 22-fold weaker than that of PP1γ (KD = 888 ± 113 nM versus 40 ± 8 nM 

for PP1α and PP1γ, respectively; Figures 2A and 2B; Table S1). To determine the molecular 

basis of isoform specificity of RRP1B for PP1γ, we first tested the role of the PP1α and 

PP1γ C-terminal residues (most of the primary sequence differences between PP1α and 

PP1γ are in the C-terminal ~25-amino-acid disordered tail, while only seven residues differ 

in the folded, PP1 catalytic domain [Figure 1B]). Deleting the PP1γ C-terminal tail did 

not impact RRP1B binding in vitro (KD = 17.6 ± 1 nM; Figure S1 and Table S1). We 

confirmed this result in cells using fluorescence imaging and pull-down assays. As expected, 

when GFP is fused to PP1γ, a pool accumulates in the nucleolus (Figure 2C, top panels). 

However, neither deleting the PP1γ C-terminal residues (PP1γ-ΔC, Figures 1B and 2C 

[bottom left panel]) nor replacing them with the C-terminal tail from PP1α (PP1γ-αC, 

Figures 1B and 2C [bottom right panel]) altered this nucleolar localization. Consistent with 

this, GFP-trap pull-down assays show that RRP1B binds equally well to PP1γ, PP1γ-ΔC, 

and PP1γ-αC (Figure 2D; compare with apoptosis-stimulating protein of p53 [ASPP2], a 

PP1-specific regulator that we and others previously showed to require the PP1 C-terminal 

tail for binding12,25).

Together, these data demonstrate that the observed isoform specificity of RRP1B for PP1γ 
is not due to the C-terminal tail but instead is due to one or more of the seven amino 

acids that differ in the catalytic domains of PP1α and PP1γ (Figure 1B). This suggested 

that RRP1B may bind PP1γ in a manner leveraged by two other PP1γ-specific regulators: 

RepoMan and Ki-67.11 This is because while the sequence of RRP1B differs significantly 

from that of RepoMan and Ki-67, like RRP1B, RepoMan and Ki-67 do not require the 

C-terminal residues of PP1γ for binding and selectivity. Previously, we showed that the 

isoform specificity of RepoMan and Ki-67 is due to a single amino acid difference in PP1 

at position 20, which is an Arg residue in PP1γ/β and a Gln residue in PP1α. To determine 

whether PP1 residue 20 also defines the isoform selectivity of RRP1B, we measured the 
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binding affinity of RRP1B for a mutant of PP1α in which residue 20 was changed to that 

present in PP1γ, PP1α Q20R (Figure 2E). This single amino acid change resulted in a 

~14-fold increase in affinity, resulting in a KD nearly identical to that of wild-type (WT) 

PP1γ (PP1α Q20R, 64 nM versus PP1γ, 40 nM), confirming the key role of PP1 residue 

20 for RRP1B binding. We confirmed this result in live cells expressing GFP-tagged WT 

and mutant constructs. While the WT PP1α is distributed throughout the cytoplasm and 

nucleoplasm (Figure 2F, upper left panel), the PP1α Q20R mutant shows an additional 

accumulation in nucleoli, similar to that observed for WT PP1γ (Figure 2F, upper right and 

lower left panels). Likewise, generating the reverse mutation in PP1γ (R20Q) significantly 

reduced its nucleolar localization (Figure 2G, lower right panel). This is consistent with 

a study, published several years prior to our identification of RRP1B as a PP1 regulatory 

subunit, which linked this residue to nucleolar recruitment.26 We have now confirmed by 

GFP-trap pull-down assays that the R20Q mutation in PP1γ abrogates RRP1B binding to 

an extent similar to that observed for RepoMan, while the Q20R mutation in PP1α confers 

the ability to bind both (Figure 2G). Together, these data show that a single amino acid in 

PP1γ, R20, is responsible for the enhanced affinity of RRP1B for PP1γ and, in turn, its 

RRP1B-mediated recruitment to the nucleolus.

The RRP1B PP1 interaction domain extends beyond the RVxF SLiM

Although the amino acid sequence of RRP1B differs significantly from that of RepoMan 

and Ki-67, the shared mechanism of isoform selectivity suggests they may share common 

elements of PP1 binding. We and others have shown that while most PP1 regulators contain 

RVxF SLiMs, they often interact with PP1 via additional residues.8,10,11 To identify the 

full RRP1B PP1-binding domain, we used biomolecular nuclear magnetic resonance (NMR) 

spectroscopy. In agreement with the prediction by IUPRED,27 a program that predicts 

the presence of intrinsically disordered proteins and regions (IDPs/IDRs) using primary 

sequence, the two-dimensional (2D) [1H,15N] heteronuclear single quantum coherence 

(HSQC) spectrum of 15N-labeled RRP1B657–758 exhibits all hallmarks of an IDP, including 

narrow chemical shift dispersion in the 1H dimension due to the lack of hydrogen bonds in 

secondary structure elements (Figure 3A). After completing the sequence-specific backbone 

assignment of RRP1B657–758, a secondary structure propensity (SSP28) analysis using 

Cα and Cβ chemical shifts confirmed that RRP1B657–758 does not have any significant 

preferred secondary structures (Figure S2). To define the full RRP1B PP1-binding domain, 

we measured a 2D [1H,15N] HSQC spectrum of 15N-labeled RRP1B bound to PP1γ7–308. 

In this experiment, the cross-peaks corresponding to residues that bind PP1 disappear due 

to the increased molecular weight of the RRP1B:PP1 complex (~45 kDa), while the peaks 

corresponding to residues that do not bind remain visible.10,11,29,30 Overlaying the free 

and PP1-bound spectra showed that the minimal RRP1B PP1-binding domain is contained 

within RRP1B residues 677–736, as the cross-peaks corresponding to the central residues 

disappeared upon complex formation while those at the boundaries (677–680, 732–736) 

showed significantly reduced intensities (Figures 3A and 3B). This was confirmed using 

ITC, which showed that the binding affinity of RRP1B677–736 with PP1γ7–308 (KD = 22.6 

± 6 nM) was essentially identical to that of RRP1B657–758 (Figure 3C and Table S1). These 

data show that RRP1B677–736 not only extends far beyond the 683KVTF686 PP1-specific 

SLiM but is also ~20 amino acids longer than the PP1 interaction domain of RepoMan/
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Ki-67, suggesting that while they likely both bind directly to PP1 R20, they likely engage 

PP1γ via distinct mechanisms.

The PP1 active site is fully accessible to substrates in the RRP1B:PP1 complex

To understand how the RRP1B PP1-binding domain binds PP1, we determined the crystal 

structure of the RRP1B682–727: PP1α7–300 Q20R holoenzyme (Figures 3D and 3E; Table 

S2) (1.8 Å resolution, hereafter referred to as RRP1B:PP1 complex; complexes with 

longer constructs of RRP1B crystallized but resulted in low-resolution, anisotropic data). 

Two complexes were present in the asymmetric unit and, for both complexes, strong, 

interpretable electron density was observed for all residues in PP1 and residues 682–727 of 

RRP1B. As expected, RRP1B 683KVTF686 binds PP1 via the PP1 RVxF binding pocket.15 

However, as anticipated on the basis of the NMR data, RRP1B residues beyond the RVxF 

motif also bind directly to PP1 in a manner not observed for any other PP1 regulator 

(Figures 3D and 3E). The interaction with PP1 involves all 45 amino acids of the RRP1B 

binding domain, extending from the RVxF binding pocket, toward the C terminus, down 

the back of PP1 and ending at the SILK binding pocket (Figure 4A). Consistent with 

the tight affinity between RRP1B and PP1, complex formation buries a total of ~4,500 

Å2 of solvent-accessible surface area (4,440 Å2, complex 1; 4,575 Å2, complex 2), one 

of the largest buried surface area values observed for any PP1 holoenzyme (Figure 4B). 

Because RRP1B binds only the top and back of PP1, the PP1 active site, as well as the 

C-terminal, the acidic, and the hydrophobic substrate binding grooves, is fully accessible for 

dephosphorylating RRP1B:PP1-specific substrates.

RRP1B binds PP1, in part, via RVxF and ΦΦF[xF] SLiMs

The RRP1B residues that become most buried upon complex formation define five key 

interaction sites in the RRP1B:PP1 complex (Figure 4B). The first sites are bound by 

the RVxF and ΦΦ SLiMs, with the RVxF SLiM being the most highly conserved SLiM 

in the RRP1B:PP1 binding domain (determined using the iterative profile-HMM search 

program JACKHMMER for identifying remote homologs, 319 distinct sequences; Figure 

4C). RRP1B residues 683KVTFGL688 bind the extended RVxF binding pocket, with the “L” 

residue defining the RVxF hydrophobic “lid” (Figure 4D).10 Residues 693TA694 bind the ΦΦ 
pocket, forming a short β strand that hydrogen bonds with PP1 β14, while RRP1BPhe696 

binds a hydrophobic pocket defined by PP1 residues PP1Pro270, PP1Leu296, and PP1Pro298 

(Figure 4E). This is the fifth regulator shown to bind this pocket using a Phe residue, 

establishing it as a bona fide SLiM interaction site on PP1 (Figure 4F). Thus, the ΦΦ SLiM 

is most accurately defined as either ΦΦ or ΦΦ[xF], where the square brackets indicate 

that the “xF” residues are present in that subset of regulators. Together, this structure 

firmly establishes that the majority of PP1-specific regulators bind PP1, in part, using a 

general RVxF and ΦΦ[xF] SLiMs (Figure 4F; RVxF/ΦΦ: NIPP1, KNL1; RVxF/ΦΦ[xF]: 

RRP1B, PNUTS, RepoMan, Ki-67, Phactr1, R15B/GADD34, spinophilin/neurabin, GM/

GL).8,10,11,29–35
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PP1γ isoform specificity residue arginine 20 stabilizes a pocket used exclusively by 
PP1β/PP1γ-specific regulators, the β/γ-specificity pocket

While the RRP1B:PP1 complex established that RRP1B binds PP1 via a general RVxF-

ΦΦ[xF] SLiM, the remaining interactions lead to a conformation unique to the RRP1B:PP1 

holoenzyme. First, RRP1B forms a sharp kink that directs the chain to the back side of PP1 

(i.e., opposite the PP1 active site). Beyond the kink, RRP1B interacts extensively with PP1 

via conserved and atypical mechanisms at three key sites (Figures 4G–4I; except for one 

loop—RRP1B 706SPTGPSR712, Figure 4J—all interactions between RRP1B and PP1 are 

identical between both RRP1B:PP1 complexes present in RRP1B:PP1 crystals).

RRP1B residues 702SILV705, especially RRP1BSer702, bind a deep, mostly hydrophobic 

pocket between the PP1 N-terminal loop and the core catalytic domain (Figure 5A, 

left). The N-terminal loop of PP1 includes residue 20 (β/γ, Arg; α, Gln), a residue 

we showed determines the isoform specificity of RRP1B (Figure 2). These data suggest 

that the interaction at this site is responsible for the isoform selectivity of RRP1B for 

PP1β/PP1γ. Unusually, PP1Αrg20 does not make direct contact with RRP1B as might be 

expected. Instead, the side chain of PP1Glu77, which in free PP1 blocks the N-terminal loop 

hydrophobic pocket, rotates to form a bidentate salt bridge with PP1Αrg20, exposing the 

pocket for regulator binding (Figure 5A, right). Regulator binding is further stabilized by a 

rotation of the PP1Αrg74 side chain, which stabilizes the sharp turn of the RRP1B chain via 

multiple hydrogen bonds (Figure 5A, right). Identical interactions are observed in both the 

Ki-67:PP1 and RepoMan:PP1 complexes, the only other regulators whose specificities for 

PP1β/PP1γ also depend on the identity of PP1 residue 20. Together, these data show that 

this PP1Αrg20 stabilized interaction site is used exclusively by regulators that are specific for 

PP1β and PP1γ, and thus we have renamed this PP1 pocket the β/γ-specificity pocket.

Discovery of an atypical regulator interaction pocket on PP1, the AF-binding pocket

The next major interaction between RRP1B and PP1 is mediated by RRP1B residues 
712RVAF715. These residues, especially 714AF715, bind a hydrophobic pocket defined largely 

by PP1 helix α1 (Figure 5B, left). This interaction is stabilized, in part, by multiple salt 

bridges between RRP1BArg712 and PP1Glu84 and PP1Glu77 and a hydrogen bond between 

the RRP1BArg712 carbonyl and PP1Αrg20 (Figure 5B, right; the latter interaction explains, 

in part, why the increased relative affinity of RRP1B for PP1γ versus PP1α is 22-fold 

compared with that observed for RepoMan, 4-fold, which makes no direct interactions with 

Arg20PP1). Like RRP1BSer702, both RRP1BAla714 and RRP1BPhe715 become almost fully 

buried upon complex formation, suggesting that they contribute significantly to binding 

(Figure 4B). Consistent with this, they are also highly conserved among RRP1B sequences 

(Figure 4C). To quantify the contribution of RRP1BPhe715 for PP1 binding, we measured the 

affinity ofWTRRP1B and the RRP1BF715A variant for PP1 using surface plasmon resonance 

(SPR). WT RRP1B682–727 binds PP1 (PP1α7–330 Q20R) with a KD of 22.5 nM (essentially 

identical to that determined using ITC; Figure 5C and Table S1). The single point mutation 

RRP1BF715A (AF → AA) weakens PP1 binding by 7-fold (KD = 157 ± 12 nM; Figure 5D 

and Table S3), confirming the importance of this interaction for RRP1B binding.
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RRP1B contains a non-canonical SILK motif

The last major interaction between RRP1B and PP1 is between RRP1B residues 
724GVLK727 and the PP1 SILK motif binding pocket.36 Although only G/SILK motifs 

have thus far been observed to bind the PP1 SILK binding pocket,31,36 our structure 

shows that GVLK sequences also bind effectively, with RRP1BVal725 binding the deep 

hydrophobic pocket typically occupied by the “Ile” residues of SILK SLiMs (Figure 4I). 

Thus, the RRP1B:PP1 complex expands the experimental definition of the SILK SLiM 

to G/S-I/V-L/V-K. To test the contribution of the SILK motif for PP1 binding, we again 

used SPR. Deleting the SILK motif (RRP1BΔSILK: RRP1B682–723) weakens PP1 binding 

5-fold, to 114 ± 7 nM (Figure 5E and Table S3). This is a modest reduction in affinity 

compared with the same deletion in other SILK-containing regulators7 and is consistent with 

the observation that the RRP1BVal725 side chain does insert as deeply into the SILK binding 

pocket as isoleucine side chains (this work) and that mutating the I2 SILK isoleucine to 

glycine, alanine, phenylalanine, or tryptophan reduces I2-mediated inhibition of PP1 up to 

>250-fold.37 Because of the extensive interactions of RRP1B beyond its RVxF motif, we 

reasoned that RRP1B may bind PP1 in the absence of a functional RVxF motif, a motif 

that for most regulators is strictly required for PP1 binding. To test this, we generated the 

RRP1BV684A/F686A- double mutant (RRP1BRAxA; RVxF → RAxA). While PP1 binding by 

RRP1BRAxA is severely impacted (435-fold reduction in affinity, KD = 9,800 nM), binding 

is not abolished, reflecting the importance of the interactions beyond the RRP1B RVxF 

motif for PP1 binding (Figure 5F and Table S3).

Regulating RRP1B:PP1 complex formation by phosphorylation

PP1 holoenzyme assembly is often inhibited by regulator phosphorylation. In particular, 

a comprehensive study established that phosphorylation of the “x” residue in regulator 

RVxF motifs (RV-S/T-F), including that of RRP1B, potently inhibits regulator binding.38 

However, the emerging view is that the phosphorylation of residues outside the RVxF can 

also regulate the assembly of PP1 holoenzymes.11,31,39 Of the six S/T residues in RRP1B 

outside the RVxF motif, three (RRP1BT693, RRP1BSer702, and RRP1BS706) have been 

identified in multiple high-throughput proteomic studies, with two having high probabilities 

for phosphorylation by protein kinase A (RRP1BSer702) or CDK5 (RRP1BS706) (Table 

S4).40,41 Only one of these residues, RRP1BSer702, makes extensive interactions with PP1, 

with the Ser702 side chain binding the outer edge of the β/γ-specificity pocket (the latter 

interaction is atypical for an IDP-folded protein interaction, as key anchoring interactions 

are often mediated by large hydrophobic residues, i.e., the “V” and “F” residues of RVxF 

motifs). Thus, we reasoned that RRP1B binding may be regulated by phosphorylation of 

S702. To test this, we first modeled RRP1BSer702 as an Asp (phosphomimetic, RRP1BS702D) 

or phosphorylated serine (RRP1BpSer702) into the RRP1B:PP1 structure. The model showed 

that an Asp and pSer side chain would sterically clash with PP1 (Figures 6A–6C), 

suggesting it would disrupt binding. We then measured the affinity of RRP1BS702D for PP1 

using SPR. As predicted by the modeling, the affinity of RRP1BS702D for PP1 weakened 

significantly compared with WT (15-fold; KD = 329 ± 16 nM, Figure 6D and Table S3).

We then used fluorescent cell imaging and pull-down assays to quantify the impact of 

S702 phosphorylation on PP1γ binding in cells. We generated the S702D mutant in the 

Srivastava et al. Page 8

Cell Rep. Author manuscript; available in PMC 2023 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pEGFP(C1)-RRP1B plasmid (pEGFP(C1)-RRP1BS702D) and used a fluorescent two-hybrid 

assay to monitor PP1γ and either RRP1B, RRP1BRAxA, or RRP1BS702D co-localization 

in cells. Specifically, HeLa/TetU2 cells with 256 Lac operator repeats stably integrated 

into the genome (256xLacO repeats) were transiently transfected to co-express mCherry-

LacRepressor-NLS-PP1γ plus either GFP alone, GFP-RRP1B (WT), GFP-RRP1BRAxA, 

or GFP-RRP1BS702D. Live cell imaging showed that while RRP1B binds the LacR-PP1γ 
tethered to the LacO repeats (Figure 6E), resulting in its accumulation at the gene locus, 

no accumulation of GFP (Figure 6E), RRP1BRAxA (Figure 6G), or RRP1BS702D (Figure 

6H) is observed in the majority of cells. These data demonstrate that the weakened affinity 

of RRP1BS702D for PP1 essentially abolishes its ability to bind PP1γ in vivo. GFP-trap 

pull-down assays are consistent with this result (Figure 6H). Namely, while GFP-RRP1B 

transiently expressed in U2OS cells readily binds and pulls down endogenous PP1γ, 

essentially no PP1γ is pulled down by either GFP-RRP1BRAxA or GFP-RRP1BS702D 

(2.1% ± 0.6% and 4.6% ± 2.0%, respectively, compared with WT; Figure 6J), even 

though both show the same nucleolar localization as the WT protein (Figure S3). Together, 

these data show that phosphorylation of RRP1BSer702 inhibits RRP1B:PP1 holoenzyme 

assembly and further demonstrates that PP1 holoenzyme formation can be regulated by the 

phosphorylation of residues outside the canonical RVxF motif.

DISCUSSION

The cellular localization and substrate specificity of PP1 is determined by its interaction 

with more than 200 regulatory proteins to form functional PP1 holoenzymes.3,4 While 

biochemical studies established that most regulators bind PP1 via an RVxF SLiM, structural 

studies over the last years revealed that most regulators bind PP1 via extended interaction 

domains and distinct mechanisms.2 This structural variation is possible because most 

regulators are IDPs typically containing multiple distinct SLiM sequences that bind the 

corresponding PP1 SLiM binding grooves in a modular manner.42,43 However, while the 

RVxF SLiM was identified in PP1 regulators using biochemical studies, the remainder of 

PP1-specific SLiMs, and their corresponding interaction site(s) on PP1, have only been 

able to be identified using experimental structural studies.10,11,30,36 This is because SLiMs 

are short (~4–6 amino acids) and often not strictly conserved, making their presence in a 

regulator, and their corresponding binding site on PP1, nearly impossible to predict.44,45 

Our structure of the RRP1B:PP1 holoenzyme complex reveals that RRP1B binds PP1 

via sequences that extend far beyond the canonical RVxF SLiM; however, it does so via 

interactions that, together, are atypical compared with any previously molecularly studied 

regulator. These interactions have not only expanded the definitions of the known PP1-

specific RVxF and SILK motifs but have also led to the discovery of two additional SLiM 

interaction sites on PP1 that are likely used by other regulators for PP1 binding.

First, our structure confirms that the ΦΦ SLiM is often extended by two amino acids to 

ΦΦ[xF], with a Phe residue binding a hydrophobic pocket near the C terminus. This is 

because when comparing the regulator:PP1 holoenzymes that have been determined to date 

(17 of the estimated 200), 90% bind PP1 using both the RVxF SLiM and an ΦΦ[xF] 

sequences. Because of the sequence variability in the ΦΦ sequence and the differences in the 

number of residues between the RVxF and ΦΦ sites, identifying these motifs in regulators 
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using sequence alone is nearly impossible.42 The RRP1B:PP1 holoenzyme structure also 

showed that RRP1B binds PP1 using a non-canonical SILK motif (724GVLK727; the SILK 

motif is the most prevalent SLiM after the RVxF and ΦΦ motifs) that binds the PP1 

SILK binding pocket. This expands the experimentally confirmed definition of the SILK 

motif (G/S-V/I-L-K)31,36 and highlights the likelihood that other PP1 regulators with less 

conventional SILK sequences also use the SILK site for PP1 binding.

Furthermore, the structure revealed the presence of an interaction site on PP1 not previously 

used by any other regulator whose holoenzyme structure is known, the AF-binding pocket. 

It also established how PP1γ isoform selectivity is achieved via an interaction at a PP1 

pocket we now term the β/γ-specificity pocket. Although the role of PP1 residue 20 was 

previously identified to play a role in PP1γ selectivity by its PP1γ-specific regulators,26 

how Arg20 mediated this selectivity was not fully understood until structural studies,11 

including this work. Both interactions expand the repertoire of PP1 SLiM binding sites 

available for regulator binding. The hydrophobic AF-binding pocket is located between the 

PP1 N terminus and the PP1 catalytic domain, engaging RRP1B residues 714AF715. Notably, 

these residues are part of a potential second RVxF motif (712RVAF715), giving rise to the 

possibility that RVxF motifs identified in other PP1 regulators might bind to this site and 

not the canonical RVxF binding pocket. As the short AF sequence does not yet allow for the 

description of a general binding motif (other than a second general ΦΦ-type motif), future 

studies of other PP1 regulators will be necessary to fully define the SLiM for this binding 

groove.

Finally, our work also demonstrates how PP1Αrg20 (β/γ) both reveals and stabilizes the 

hydrophobic β/γ-specificity pocket on PP1. Namely, PP1Glu77, which normally blocks 

access to this pocket, rotates to form a bidentate salt bridge with PP1Αrg20, an interaction 

not possible with PP1Gln20 (α; Figure 5A). This rigidifies the PP1Glu77 conformation and, 

in turn, renders the hydrophobic pocket fully accessible to regulators. IDP regulators that 

are PP1β/PP1γ specific, such as RRP1B, require this pocket for binding, which explains 

why mutating a single amino acid in PP1α, Q20R, renders it “PP1γ-like,” allowing it to 

bind PP1β/PP1γ-specific regulators. This mechanism is distinct from that described for 

iASPP/ASPP1/ASPP2,12,25 in which a folded SH2 domain immediately adjacent to the 

RVxF motif binds specifically to the PP1 C terminus and achieves isoform selectivity by 

distinguishing the largely divergent C-terminal PP1 sequences. Together, these data suggest 

that while PP1 isoform selectivity is achieved via one of two mechanisms—either through 

the interaction of a regulator folded domain with the PP1 C terminus (ASPP/PP1) or via 

binding of an IDP regulator via the PP1 β/γ-specificity pocket (RRP1B/PP1)—when the 

regulator is intrinsically disordered throughout its sequence, especially around the RVxF 

motif, it likely achieves specificity for PP1β/PP1γ by binding directly to the β/γ-specificity 

pocket.

In support of this model, the PP1 regulators Ki-67 and RepoMan also bind directly to the 

β/γ-specificity pocket.11 Like RRP1B, Ki-67 and RepoMan (RM) were predicted to be 

nearly exclusively disordered and shown to selectively recruit PP1β/PP1γ, a recruitment 

later demonstrated to require PP1 Arg20.11 A comparison of the Ki-67:PP1 and RM:PP1 

structures with that of RRP1B:PP1 shows that all three regulators bind the β/γ-specificity 
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pocket and do so via identical structural mechanisms (Figure 7A), despite having largely 

divergent sequences (Figure 7B). In particular, the bound conformations of the RVxF, 

ΦΦ[xF], and β/γ-specificity pocket binding residues that Ki-67, RepoMan, and RRP1B 

adopt are highly similar, with the loops connecting the ΦΦ[xF] motif Phe to the β/γ-

specificity pocket binding residue, adopting identical conformations owing to conserved 

hydrogen bonds between the regulator carbonyls and PP1Αrg74 (Figures 7C–7F). In contrast, 

the structures of their C-terminal PP1 interacting domains are highly divergent, with Ki-67 

and RepoMan extending back toward the RVxF binding pocket and RRP1B extending in the 

opposite direction toward the SILK binding pocket (Figure 7A).

Together, these results suggest that β/γ-specific IDP regulators bind PP1 similarly, 

namely, using an RVxF and ΦΦ[xF] motif followed immediately by the β/γ-specificity 

pocket binding residues; while the latter is not conserved in sequence, the near-identical 

conformations of this loop demonstrate that it is constrained by length. PP1 is responsible 

for 80% of the Ser/Thr dephosphorylation in the nucleolus, due largely to the RRP1B and 

Ki-67 targeting of these isoforms to the nucleolus.15 However, there are additional nucleolar 

PP1 regulators (Figure 7G). In particular, we previously identified MPP10, the U3 small 

nucleolar RNA-associated protein that binds the 90S pre-ribosome to be highly enriched in 

the nucleolus and bind specifically to PP1γ.15 Our data predict that, like RRP1B, MPP10 

also likely binds the β/γ-specificity pocket to achieve PP1β/PP1γ isoform selectivity. 

Confirming this will require experimental validation, as will determining whether residues 

beyond this motif also contribute to PP1 binding, owing to the highly divergent nature of the 

sequences that engage this pocket (Figure 7B).

Finally, we also show that a phosphomimetic mutation in RRP1B outside of the RRP1B 

RVxF motif, S702D, not only reduces its affinity for PP1 15-fold in vitro but also abolishes 

its ability to recruit PP1γ in cells (Figure 6), nearly to the same extent as mutating 

that canonical RVxF motif to RAxA. These data support the emerging view that PP1 

holoenzyme assembly is not only regulated by the phosphorylation status of the “x” residue 

in the RVxF motif but also via the phosphorylation of residues outside this motif that 

interact directly with PP1 (Figure 7H). Together, our data underscore the critical need 

for integrated molecular biophysical and structural studies to comprehensively define the 

mode(s) of interaction for all PP1 holoenzymes. These studies will fully define the PP1 

regulatory binding code through the discovery of all interaction sites that still need to be 

identified.

Limitations of the study

Our detailed structural and functional analysis of the RRP1B:PP1 holoenzyme defines the 

complex molecular protein-protein interactions necessary to achieve PP1 isoform specificity 

and holoenzyme function in the nucleolus. A potential limitation of the study is that while 

the bioinformatic, structural, biophysical, and cellular data show that S702 phosphorylation 

inhibits RRP1B:PP1 holoenzyme assembly, the kinase that phosphorylates S702 is not yet 

known, and our studies were limited to analysis of the effects of a phosphomimetic mutation 

(S702D). Thus, the signaling events that result in phosphorylation at this site, and its 

functional relevance, remain to be defined. For all the cell-based assays, exogenous tagged 
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RRP1B and PP1 constructs were overexpressed against a background of their endogenous 

counterparts. Introducing mutations directly into the endogenous proteins, e.g., by CRISPR-

Cas9-based genome editing, would provide additional information about the impact of the 

disruption of specific contact points on both the stability and the physiological function of 

the holoenzyme complex.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact Rebecca Page (rpage@uchc.edu).

Materials availability—Plasmids and all unique reagents generated in this study are 

available from the lead contact with a completed Materials Transfer agreement.

Data and code availability

• All NMR chemical shifts have been deposited in the BioMagResBank (BMRB 

51132). Atomic coordinates and structure factors have been deposited in the 

Protein DataBank (PDB: 7T0Y).

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact (rpage@uchc.edu) upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells—All cell work was carried out in human osteosarcoma epithelial cells (U2OS).

METHOD DETAILS

Protein expression—The coding sequence of human RRP1B657–758 containing an N-

terminal his6-tag followed by a TEV (tobacco etch virus) protease cleavage site was 

synthesized by DNA 2.0. The coding sequences of human RRP1B657–758, RRP1B677–736 

and RRP1B682–727 were subcloned into a pET-M30-MBP vector containing an N-terminal 

his6-tag followed by maltose binding protein (MBP) and a TEV (tobacco etch virus) 

protease cleavage site. Escherichia coli BL21 (DE3) cells (Agilent) were transformed with 

RRP1B expression vectors. Freshly transformed cells were grown at 37°C in LB broth 

containing kanamycin antibiotics (50 μg/ml) until they reached an optical density (OD600) of 

0.6–0.8. Protein expression was induced by addition of 1 mM β-D-thiogalactopyranoside 

(IPTG) to the culture medium, and cultures were allowed to grow overnight (18–20 

hours) at 18°C. Cells were harvested by centrifugation (6000 × g, 15 min, 4°C) and 

stored at −80°C until purification. Expression of uniformly 13C- and/or 15N-labeled protein 

was carried out by growing freshly transformed cells in M9 minimal media containing 

4 g/L [13C]-D-glucose and/or 1 g/L 15NH4Cl (Cambridge Isotopes Laboratories) as the 

sole carbon and nitrogen sources, respectively. RRP1B682–727 variants (RRP1BS702D: 

RRP1B682–727 S702D, RRP1BF715A: RRP1B682–727 F715A, RRP1BRAxA: RRP1B682–727 

V684A/F686A, RRP1BΔSILK: RRP1B682–723) were generated by site-directed mutagenesis, 
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sequence verified, and purified as described below. N-terminal cloning artifact GAMGYT 

was removed from RRP1B682–727 using GeneArt Gibson assembly according to the 

manufacturer protocol (Invitrogen) to generate the RRP1B682–727 construct that formed 

crystals that diffract to high resolution (see crystallization). Cloning and expression of 

PP1α7–300, PP1α7–300 Q20R, PP1α7–330 Q20R, PP1γ7–308 and PP1γ7–323 was performed 

as follows (see also10,11,51,52). Briefly, PP1 constructs were co-transformed with the pGRO7 

plasmid encoding the chaperone GroEL/GroES (Takara) into BL21 (DE3) cells (Agilent). 

The cells were grown in LB medium supplemented with 1 mM MnCl2 at 30°C to an OD600 

of ~ 0.5, then arabinose was added (2 g/L) to induce the expression of the GroEL/GroES 

chaperone. When OD600 was ~ 1, the temperature was lowered to 10°C (ice-bath) and the 

expression of PP1 was induced with 0.1 mM IPTG for ~ 20 h. The cells were harvested by 

centrifugation, suspended in fresh LB medium (again supplemented with 1 mM MnCl2 and 

200 μg/ml of Cam to eliminate all ribosome activity) and agitated for 2 h at 10°C. Harvested 

cells were frozen and stored at − 80°C.

Protein purification.: E. coli BL21(DE3) cell pellets expressing RRP1B (RRP1B657–758, 

RRP1B677–736, RRP1B682–727, RRP1BS702D, RRP1BF715A, RRP1BRAxA and RRP1BΔSILK) 

were resuspended in ice-cold lysis buffer (50 mM Tris pH 8.0, 500 mM NaCl, 5 mM 

imidazole, 0.1% Triton X-100 and an EDTA-free protease inhibitor tablet [Roche]) and 

lysed by high pressure homogenization (Avestin EmulsiFlex C3). Lysate was clarified by 

centrifugation (45,000 ×g, 45 min, 4°C) and the supernatant was loaded under gravity onto 

a Ni2+-NTA beads (GE Healthcare) pre-equilibrated with 50 mM Tris pH 8.0, 500 mM 

NaCl and 5 mM imidazole. Protein was eluted with 4 column volumes (20 ml) with 50 mM 

Tris pH 8.0, 500 mM NaCl and 500 mM imidazole. Fractions with RRP1B were pooled 

and dialyzed with tobacco etch virus (TEV) protease overnight at 4°C against 50 mM Tris 

pH 8.0, 500 mM NaCl, 0.5 mM TCEP to cleave the MBP-His6-tag. The cleaved protein 

was incubated with the Ni2+-NTA beads (GE Healthcare) to remove the TEV protease and 

cleaved MBP-His6-tag. The flow-through was collected, heat purified at 95°C (15 min), 

concentrated and further purified using size-exclusion chromatography (SEC; Superdex 75 

26/60 [GE Healthcare]) equilibrated in either NMR Buffer (20 mM Bis-Tris pH 6.8, 150 

mM NaCl, 0.5 mM TCEP) or SEC/SPR/ITC buffer (20 mM Tris pH 8.0, 500 mM NaCl, 0.5 

mM TCEP, 1 mM MnCl2). Fractions were pooled, concentrated and stored at −20°C.

PP1 was purified as described previously.10 In brief, PP1 (PP1α7–300, PP1α7–300 Q20R, 

PP1α7–330 Q20R, PP1γ7–308 and PP1γ7–323) was lysed in PP1 Lysis Buffer (25 mM Tris 

pH 8.0, 700 mM NaCl, 5 mM imidazole, 1 mM MnCl2, 0.01% Triton X-100), clarified 

by centrifugation (45,000 ×g, 45 min, 4°C) and immobilized on Ni2+-NTA resin. Bound 

His6-PP1 was washed with PP1 Buffer A (25 mM Tris pH 8.0, 700 mM NaCl, 5 mM 

imidazole, 1 mM MnCl2), followed with a stringent wash containing 6% PP1 Buffer B (25 

mM Tris pH 8.0, 700 mM NaCl, 250 mM imidazole, 1 mM MnCl2) at 4°C. The protein 

was eluted using PP1 Buffer B and His6-tagged PP1 was purified using SEC (Superdex 

200 26/60 [GE Healthcare]) pre-equilibrated in SEC Buffer (20 mM Tris pH 8, 500 mM 

NaCl, 0.5 mM TCEP, 1 mM MnCl2). Peak fractions were incubated overnight with TEV 

protease at 4°C. The cleaved protein was incubated with Ni2+-NTA beads (GE Healthcare), 
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PP1 without His6 in the flow-through was collected and immediately used for our study. All 

experiment were performed with freshly purified PP1.

RRP1B657–758:PP1γ7–308 (for NMR studies) and RRP1B682–727:PP1α7–300 Q20R 
complex formation (for crystallography studies).: To purify the RRP1B657–758:PP1γ7–308 

complex for NMR spectroscopy, purified PP17–308 without His6 from above step was 

combined with excess 15N- labeled RRP1B657–758, concentrated and purified using SEC 

(pre-equilibrated in NMR buffer). Fractions containing the holoenzyme complex was 

concentrated to 0.1 mM for NMR studies. To generate the RRP1B682–727:PP1α7–300 Q20R 

complex for crystallization, purified PP1 without His6 was incubated with 1.5x excess of 

purified RRP1B682–727 and the complex was purified using SEC in crystallization buffer (20 

mM Tris pH 8.0, 500 mM NaCl, 0.5 mM TCEP, 1 mM MnCl2). Final complex concentration 

was ~3 mg/mL for crystallization trials using vapor diffusion (sitting drop).

NMR spectroscopy—NMR experiments were acquired on a Bruker AvanceIIIHD 850 

MHz spectrometer, both equipped with a TCI HCN-z cryoprobe at 298 K. NMR spectra 

for the assignment of RRP1B657–758 were acquired using 15N,13C-labeled protein at a final 

concentration of 0.8 mM in 20 mM Bis-Tris pH 6.8, 150 mM NaCl, 0.5 mM TCEP 

and 90% H2O/10% D2O. The following spectra were used to complete the sequence 

specific backbone assignment: 2D [1H,15N] HSQC, 2D [1H,13C] HSQC, 3D HNCA, 3D 

HN(CO)CA, 3D CBCA(CO)NH, 3D (H)CC(CO)NH and 3D HNCACB. All spectra were 

processed using Topspin 2.1/3.0/3.1 (Bruker, Billerica, MA), and chemical shift assignments 

were achieved using Cara (http://cara.nmr.ch).

For RRP1B657–758 all residues but Arg 658, Asn689, Lys698, Thr699, Asp700 and two 

cloning artifacts (His2 and Met3) are assigned. The interaction between RRP1B657–758 with 

PP1γ7–308 was studied by direct comparison of the 2D [1H,15N] HSQC spectra of free 
15N-labeled RRP1B657–758 and in complex with PP1γ7–308. The final concentration was 0.1 

mM RRP1B657–758 in complex with PP1γ7–308 in NMR buffer and 90% H2O/10% D2O. 

The spectra were processed using Topspin 3.1 and analyzed using NMRFAM-Sparky.46

Crystallization and structure determination of the RRP1B682–727:PP1α7–300 

Q20R complex—Initial crystals of the RRP1B682–727:PP1α7–300 Q20R holoenzyme 

complex resulted in low resolution anisotropic data (AMX, NSLSII) with hierarchical 

cluster analysis of datasets collected from multiple crystals producing a dataset suitable 

for phasing using molecular replacement using PP1 as a search model (4MOV; a 

manuscript describing the heirarchical cluster analysis is in preparation). While density 

for RRP1B was clearly visible, RRP1B could not be accurately modeled. However, it 

was observed that N-termini of two RRP1B molecules were clashing at a 2-fold axis. 

Deletion of the RRP1B N-terminal cloning artifact GAMGYT resulted in a new crystal 

form of the RRP1B682–727:PP1α7–300 Q20R complex (0.1 M Na-HEPES, 0.1 M MOPS 

acid pH 7.5, 20% (v/v) ethylene glycol; 10% PEG8000 and halogens [0.09 M Sodium 

fluoride; 0.09 M Sodium bromide and 0.09 M Sodium iodide], condition 1–14 of the 

Morpheus Screen, Molecular Dimensions). Crystals were cryo-protected in 100% ethylene 

glycol overnight and then flash frozen in liquid N2. Diffraction data was collected at 

Beamline ID23B, GM/CA@APS and processed using gmcaproc pipeline.53 The structure 
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of RRP1B682–727:PP1α7–300 Q20R was determined by molecular replacement using Phaser 

as implemented in PHENIX.47 PP1 (4MOV) was used as the search model.10 A solution 

was obtained in space group P21212. The model was completed using iterative rounds of 

refinement in PHENIX and manual building using Coot.48

Isothermal titration calorimetry (ITC)—His6-tagged PP1 (PP1γ7–308, PP1γ7–323, 

PP1α7–330 and PP1α7–330 Q20R) were purified as described for ITC analysis.10,11 ITC 

experiments testing the interaction between RRP1B657–758 and RRP1B677–736 with His6-

tagged PP1γ (PP1γ7–323 and PP1γ7–308), and RRP1B657–758 with His6-tagged PP1α 
(PP1α7–330 and PP1α7–330 Q20R) were performed at 25°C using either VP-ITC (Malvern). 

Concentrations of PP1γ between 3 and 4 μM were used in the sample cell. RRP1B was 

titrated in 10 μL increments over 20 s at concentrations of 30 μM–40 μM (performed 

in duplicate). 25 injections were delivered during each experiment with a 250 s interval 

between titrations to allow for complete equilibration and baseline recovery, and the solution 

in the sample cell was stirred at 300 rpm to ensure rapid mixing. To determine the 

thermodynamic parameters (ΔH, ΔS, ΔG) and binding constant (Ka), data were analyzed 

with a one-site binding model assuming a binding stoichiometry of 1:1 using NITPIC,49 

SEDPHAT50 and GUSSI.50

Surface plasmon resonance (SPR)—SPR measurements were performed using a 

4-channel Reichert 4SPR instrument fitted with autosampler and a degassing pump 

(Reichert Technologies). SPR buffers containing 20 mM Tris pH 8.0, 500 mM NaCl, 1 

mM MnCl2, 0.5 mM TCEP, 0.05% Tween were prepared, sterile filtered, and degassed 

in autoclaved glassware prior to each experiment. Running buffer was used to prime 

and run both the sample and syringe pump reservoirs. Gold sensorchips modified with 

Ni-NTA-functionalized polycarboxylate (NiHC200M; XanTec bioanalytics GmbH) were 

installed and equilibrated under flow conditions (100 μL/min) for ≥60 min at 25°C. Surface 

contaminants were cleared from the chip surface by a pair of 120 μL injections of 2 

M NaCl and 10 mM NaOH during the equilibration step. Experiments were conducted 

at 25°C with a 5 Hz sampling rate and were initiated by injecting 120 μL of His6-PP1 

(Q20RPP1α7–330) constructs (40–80 nM) diluted in 20 mM Tris pH 8.0, 500 mM NaCl, 1 

mM MnCl2, 0.5 mM TCEP, 0.05% Tween onto channels 1 and 2 for 120 s at 50 μL/min 

which resulted in between 200 and 450 μRIU of surface loading (channel 3 and 4 were 

used as reference surfaces). The sensorchip was allowed to equilibrate for 5 min at 50 

μL/min prior to beginning the experiments. The concentrations of RRP1B682–727 and its 

variants (RRP1BS702D, RRP1BF715A, RRP1BRAxA and RRP1BΔSILK) were measured using 

AccuOrange Protein Quantification Kit (Biotium). For measurements, RRP1B682–727 and 

its variants (RRP1BS702D, RRP1BF715A, RRP1BRAxA and RRP1BΔSILK) were diluted into 

running buffer from concentrated stocks, and a series of injection at different concentration 

of RRP1B were applied. 60 μL sample of RRP1B were respectively injected for 60 s at 50 

μL/min followed by a dissociation step of 120 s–180 s; except for the experiment of the 

pair of Q20RPP1α7–330 and RRP1B682–727, for which 120 μL sample of RRP1B682–727 were 

injected for 120 s at 50 μL/min followed by a dissociation step of 600 s. For all experiments, 

buffer blank injections were included at an interval of two sample injections to achieve 

double referencing, if any. Technical replicates were obtained by utilizing two channels per 
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chip coupled with stripping of the sensorchip with 350 mM EDTA pH 8, reconditioning the 

surface with 10 mM NaOH to remove non-specifically bound PP1 aggregates, charging the 

surface with 40 mM NiSO4, and reloading fresh PP1 onto the surface. All replicates were 

generated with freshly diluted PP1 and RRP1B. Kinetic parameters were determined by 

curve-fitting using TraceDrawer software (Ridgeview Instruments AB) fit with a one-to-one 

model. Statistical analyses of SPR data were completed using Microsoft excel.

Plasmids and antibodies—The pEGFP(C1)-PP1α and pEGFP(C1)-PP1γ plasmids 

were previously described14 and are available through Addgene (plasmids #44224 and 

#44225). The C-terminal truncation mutant pEGFP(C1)-PP1γΔ299–323 was derived 

from the full-length construct by PCR-based insertion of a premature STOP codon. 

The C-terminal chimera pEGFP(C1)-PP1γ(1–298)PP1α(299–330) was derived by PCR-

based insertion of a SalI restriction site into the full-length construct at the relevant 

site, followed by digestion and ligation of the PP1α C-terminal coding sequence. 

The pEGFP(C1)-RRP1B and pEGFP(C1)-RRP1BRAxA (V684A/F686A) plasmids were 

previously described.15 PP1 and RRP1B point mutants were derived using Quickhange 

mutagenesis (Agilent Technologies) and sequence confirmed. Antibodies that recognize 

RRP1B, RepoMan and ASPP2 were obtained from Abcam, PP1g antibodies were from 

Santa Cruz and GFP-antibodies from proteintech®. HRP-conjugated secondary antibodies 

were from ThermoFisher.

Cell culture—U2OS cells were obtained from ATCC and grown in Dulbecco’s modified 

Eagles’ medium (DMEM; Wisent Bioproducts Inc.) supplemented with 10% fetal calf 

serum and 100 U/mL penicillin and streptomycin (Wisent Bioproducts Inc). For transient 

overexpression of GFP and GFP-tagged constructs, cells were transfected using 1 mg/mL 

polyethylenimine (PEI) transfection reagent. For Western blot and immunoprecipitation 

experiments, whole cell extracts were prepared by scraping cells into ice-cold RIPA buffer 

(50 mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, protease inhibitors), 

sonicating and clearing by centrifuging at 21000g for 10 min at 4°C. Total protein 

concentrations were measured using the Pierce BCA Protein Assay Kit (ThermoFisher).

Fluorescence imaging—For live imaging, cells were cultured in 35 μm optically clear 

polymer-bottom μ-dishes (ibidi) and transiently transfected for 18 hrs using PEI. Growth 

medium was replaced with Phenol Red-free CO2 independent medium (ThermoFisher) and 

DNA stained by incubating the cells for 20 min at 37°C in medium containing 0.25 μg/m 

Hoechst No. 33342 (Sigma-Aldrich). Images were acquired using a DeltaVision CORE 

widefield fluorescence system fitted with 40x NA 1.2 and 60× NA 1.4 PlanApochromat 

objectives (Olympus), CoolSNAP charge-coupled device (CCD) camera (Roper Scientific) 

and environmental chamber. The microscope was controlled and images processed by 

SoftWorX acquisition and deconvolution software (GE Healthcare). All images are single, 

deconvolved optical sections.

Immunoprecipitation and Western blot—GFP fusion proteins were captured from 

cell extracts by incubating equal amounts of total protein for each condition with GFP-

Trap_A beads (Chromotek) at 4°C for 1 hour,54 with equal amounts of total protein extract 
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for each condition incubated with GFP-Trap_A beads (Chromotek) at 4°C for 1 hour. 

Following 3 washes with RIPA buffer, bound proteins were eluted with 2% SDS, resolved 

by electrophoresis on a NuPAGE 4–12% BisTris gel (Thermo Fisher) and transferred to 

nitrocellulose for Western blot analysis.54 Chemiluminescent signals were captured using a 

ChemiDoc MP Imaging System (BioRad) and band intensities quantified using Image Lab 

software (BioRad).

Fluorescence two-hybrid (F2H) screens—A plasmid expressing mCherry-LacR-NLS-

PP1γ was co-transfected with plasmids expressing GFP-tagged RRP1B (wild type or 

mutant) in a HeLa cell line that contains an integrated lacO array.55 Negative controls 

included co-expression of mCherry-LacRNLS-PP1γ with free GFP, and co-expression of 

GFP-tagged regulatory proteins with mCherry-LacR-NLS. DNA was stained with Hoechst 

33342 and cells imaged live to monitor co-localization of mCherry and GFP signals. 120 

cells were scored for the accumulation of GFP and/or GFP-RRP1B variants at the gene locus 

and the percentage reported. Graphs report plot line profiles for red and green fluorescence 

over 2 μm at the gene locus.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all SPR experiments, kinetic parameters were determined by curve-fitting using 

TraceDrawer software (Ridgeview Instruments AB) fit with a one-to-one model. Statistical 

analyses (mean ± SEM; 4–6 replicates) of SPR data were completed using Microsoft excel. 

For ITC experiments, data were analyzed with a one-site binding model assuming a binding 

stoichiometry of 1:1 using NITPIC,49 SEDPHAT50 and GUSSI.50 Statistical analyses (mean 

± SEM; 2–4 replicates) of ITC data were completed using Microsoft excel. For fluorescent 

imaging, images were processes by SoftWorX acquisition and deconvolution software (GE 

Healthcare). All images are single, deconvolved optical sections. For fluorescent F2H 

screens, 120 cells were scored for the accumulation of GFP and/or GFP-RRP1B variants at 

the gene locus and the percentage reported. Graphs report plot line profiles for red and green 

fluorescence over 2 μm at the gene locus. For IP and Western Blots, Chemiluminescent 

signals were captured using a ChemiDoc MP Imaging System (BioRad) and band intensities 

quantified using Image Lab software (BioRad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The RRP1B:PP1 complex highlights an unusual PP1 holoenzyme structure

• RRP1B engages PP1 using both canonical and atypical SLiM interactions

• The isoform selectivity of RRP1B for PP1β/γ is determined by a single 

amino acid

• RRP1B phosphorylation outside the RVxF SLiM inhibits PP1 recruitment and 

binding
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Figure 1. RRP1B and PP1 constructs
(A) Domain structure of RRP1B. Folded RRP1 domain and PP1-specific RVxF SLiM 

(KVTF) are indicated. Constructs used in this study are illustrated.

(B) Isoform differences between PP1α and PP1γ. Constructs used for RRP1B:PP1 

holoenzyme crystal formation are boxed in gray.
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Figure 2. Interaction of RRP1B with PP1 isoforms
(A and B) ITC thermograms of RRP1B657–758 with PP1γ (A) or PP1α (B).

(C) Localization of GFP and GFP-PP1γ constructs in live U2OS cells counterstained 

with the permeable DNA dye Hoechst 33342 (representative images from three biological 

replicates). Scale bars, 5 μm.

(D) Western blot analysis of co-precipitation of ASPP2 and RRP1B with GFP and GFP-

PP1γ constructs captured on GFP-Trap_A beads.

(E) ITC thermogram of RRP1B657–758 with PP1α7–330 Q20R.

(F) Localization of GFP-PP1α, GFP-PP1γ, GFP-PP1α Q20R, and GFP-PP1γ R20Q 

constructs in live U2OS cells counterstained with the permeable DNA dye Hoechst 33342 

(representative images from three biological replicates). Scale bars, 5 μm.

(G) Western blot analysis of co-precipitation of RepoMan and RRP1B with GFP, GFP-

PP1α, GFP-PP1γ, GFP-PP1α Q20R, and GFP-PP1γ R20Q constructs captured on GFP-

Trap_A beads.

(H) Quantification of RRP1B co-precipitated by the indicated PP1 variants (D and G), 

relative to WT (mean ± SE, n ≥ 3). For each experiment, Image Lab software was used to 

quantify the RRP1B signal per GFP signal.

See also Table S1 and Figure S1.
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Figure 3. The RRP1B:PP1 holoenzyme
(A) Two-dimensional [1H,15N] HSQC spectrum of 15N-labeled RRP1B657–758 alone (black) 

and in complex with PP1γ7–308.

(B) Identification of all RRP1B residues that interact with PP1 to identify the core RRP1B 

PP1-binding domain.

(C) ITC thermograms of RRP1B677–736 with PP1γ7–308.

(D) Crystal structure of the RRP1B:PP1α7–300 Q20R holoenzyme. PP1 is in gray and 

RRP1B682–727 is in cyan with the 2mFo-DFc electron density map contoured at 1σ (1.8 Å); 

first and last RRP1B residues visible in the electron density map are indicated.

(E) Structure of RRP1B682–727 when bound to PP1.

See also Tables S1 and S2 and Figure S2.
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Figure 4. RRP1B binds PP1 via multiple interaction surfaces
(A) Crystal structure of the RRP1B682–727:Q20RPP1α7–300 complex. RRP1B is shown as 

yellow sticks with PP1 shown as a gray surface. PP1 SLiM binding pockets to which 

RRP1B binds (RVxF, ΦΦ[xF], SILV, AF, SILK) are colored from teal to coral. Dashed 

boxes correspond to the zoomed-in pockets shown in (D), (E), (G), (H), and (I).

(B) Upper: RRP1B sequence with secondary structure (top) and SLiM motifs (bottom) 

indicated. Lower: percentage of buried surface area plotted by residue for each RRP1B chain 

(two complexes were present in the asymmetric unit). Shaded areas correspond to RRP1B 

residues that bind in PP1 SLiM binding pockets and colored according to shaded pockets 

in (A). Gray shaded box highlights RRP1B residues that adopt distinct conformations in the 

two complexes.

(C) Sequence logo of RRP1B sequences from 319 distinct species; sequence crystallized is 

colored gray.

(D and E) Major binding interactions between RRP1B (yellow sticks) and PP1 (surface), 

colored as in (A). The well-established SLiM binding pockets (D, RVxF; E, ΦΦ[xF]) are 

shown.
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(F) Overlay of the RVxF and ΦΦ[xF] structures from nine PP1 holoenzymes, with residues 

binding RVxF, ΦΦ, and ΦΦ[xF] pockets shown as sticks.

(G–I) SILV (L704 sidechain not shown for clarity, G), AF (H), and SILK (I) binding pockets 

with RRP1B (yellow sticks) and PP1 (surface), colored as in (A).

(J) Both RRP1B:PP1 complexes present in the asymmetric unit overlaid using PP1; the 

distinct RRP1B chains are colored yellow and blue.
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Figure 5. Non-canonical regulator interaction sites on PP1
(A) The Arg20 β/γ-specificity pocket. Left; PP1α Q20R is shown as an electrostatic surface 

while RRP1B (yellow) is shown as a ribbon with a subset of side chains, including Ser702, 

shown as sticks. Arg20 β/γ-specificity pocket is highlighted by a dashed line (cyan). Right: 

same view, but with PP1 (white, RRP1B-bound PP1; magenta, free PP1) and RRP1B 

(yellow) shown as sticks. Hydrogen bonds/salt bridges are shown as black dashed lines. 

Arrows highlight the rotations of PP1 Arg74 and Glu77 that occur upon RRP1B binding. 

The location of the Arg20 β/γ-specificity pocket is indicated in gray with a cyan dashed 

line. PP1 residues underlined correspond to the PP1 N-terminal loop.

(B) The N-terminal binding groove. Left: PP1 is shown as an electrostatic surface while 

RRP1B (yellow) is shown as a ribbon with a subset of side chains, including Ser702, shown 

as sticks. The N-terminal groove is highlighted by a dashed line (cyan). Right: same view, 

but with PP1 (white) and RRP1B (yellow) shown as sticks. Hydrogen bonds/salt bridges are 

shown as black dashed lines. The location of the N-terminal binding groove is indicated in 

gray with a cyan dashed line. PP1 residues underlined correspond to the PP1 helix α1.

(C–E) SPR sensorgrams between RRP1B (WT and variants) and PP1α7–330 Q20R. 

(C) WT RRP1B682–727, (D) RRP1B682–727 F715A, (E) ΔSILK: RRP1B682–723, and (F) 

RRP1B682–727 KATA (RAxA mutant).

See also Table S3.
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Figure 6. RRP1B phosphorylation weakens PP1 binding
(A–C) The Arg20 β/γ-specificity pocket with the PP1 surface colored by electrostatics and 

RRP1B (A: Ser702) or modeled RRP1B variants (B: S702D; C: pSer702) shown as sticks 

(yellow); side-chain atoms are shown as dots to illustrate their space-filling volume.

(D) SPR sensorgram between RRP1BS702D and PP1α7–330 Q20R.

(E–H) HeLa/TetU2 cells with stably integrated 256xLacO repeats transiently transfected 

with pmCherry-LacR-NLS-PP1γ and either GFP-RRP1B WT (E), GFP alone (F), GFP-

RRP1BRAxA (G), or GFP-RRP1BS702D (H). In four biological replicates (representative 

images shown here), GFP-RRP1B WT accumulated at the gene locus in 98% ± 2% of 120 

cells scored, GFP alone and GFP-RRP1BRAxA in 0% of 120 cells scored, and GFP-RRP1B 

S702D in 7% ± 2% of 120 cells scored. Graphs illustrate plot line profiles for red and green 

fluorescence intensity over 2 μm at the gene locus. Scale bars, 5 μm.

(I) Western blot analysis of co-precipitation of PP1γ from U2OS cells with GFP-

RRP1B, GFP-RRP1BRAxA, and GFP-RRP1BS702D (representative blot from three biological 

replicates).

(J) Quantification of PP1γ co-precipitated by the indicated RRP1B variants (I), relative 

to WT GFP-RRP1B (mean ± SE; n ≥ 3). For each experiment, Image Lab software was 

used to quantify the PP1γ signal per GFP signal. The amount of PP1γ pulled down by 

GFP-RRP1BRAxA is 2.1% ± 0.6% and that of GFP-RRP1BS702D is 4.6% ± 2.0% compared 

with GFP-RRP1B WT.

See also Tables S3 and S4 and Figure S3.
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Figure 7. IDP regulators that are specific for PP1β/PP1γ bind the β/γ-specificity pocket
(A) Overlap of the RRP1B:PP1, Ki-67:PP1, and RepoMan (RM):PP1 complexes. RRP1B 

(yellow), Ki-67 (cyan), and RM (blue) are shown as ribbons with PP1 shown as a gray 

surface. The β/γ-specificity pocket is magenta. Side chains that bind the major interaction 

pockets are shown as sticks.

(B) Structure-based sequence alignment of the PP1 interaction domains of RRP1B, Ki-67, 

and RM, with PP1 interacting residues indicated. Underlined residues have identical 

conformations.

(C) Close-up view of the interactions stabilizing the loops between the [xF] Phe residue and 

the β/γ-specificity pocket binding residue. Regulators are colored as in (A) and shown as 

sticks. Side chains are shown for the Phe and β/γ-specificity pocket binding residue.

(D–F) Same view as (C), but on the RRP1B:PP1 (D), RM:PP1 (E), or Ki-67:PP1 (F) 

complexes. Hydrogen bonds are indicated by dashed lines, with the distances in angstroms.

(G) Cartoon highlighting the major regulators of PP1γ in the nucleolus.

(H) RRP1B:PP1 holoenzyme assembly is regulated by phosphorylation on a least two 

residues, Thr685 (the “x” residue in the RRP1B RVxF motif) and Ser702. Potential kinases 

are indicated (phosphosite3.1);40 the reversing phosphatases are unknown.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-RRP1b antibody Abcam Cat #ab224105

Anti-CDCA2 antibody Abcam Cat #ab45129, RRID AB_869084

Anti-53BP2/ASPP2/BBP antibody Abcam Cat #ab181377

GFP antibody [PABG1] Chromotek Cat #PABG1-100, RRID AB_274847

Goat anti-rabbit IgG (H + L), HRP-conjugated ThermoFisher Cat #31460, RRID AB_228341

Anti-PP1γ antibody Santa Cruz Cat# sc-515943, RRID AB_2909495

Bacterial and virus strains

E.coli BL21 (DE3) GOLD expression strain Agilent Cat #230132

E.coli GOLD alpha select competent cells Bioline Cat #BIO-85027

Chemicals, peptides, and recombinant proteins

pGro 7 Chaperone Takara Cat #3340

QuikChange site-directed mutagenesis kit Agilent Cat # 200524

GeneArt Gibson Assembly HiFi cloning kit ThermoFisher Cat #A46624

15N ammonium chloride 99% Cambridge Isotope 
Laboratories

Cat #NLM-465-25

D-Glucose (U-13 C6, 99%) Cambridge Isotope
Laboratories

Cat #CLM-1396-25

D2O Sigma Cat #B6891

β-D-thiogalactopyranoside (IPTG) Gold Bio Cat #367-93-1

Tween 20 Fisher Cat #BP337-500

Triton X-100 Fisher Cat #BP151-500

Complete Protease inhibitor tablets Roche Cat #14696200

Kanamycin Gold Bio Cat #K-120-100

Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) Gold Bio Cat #TCEP-25

Ni Sepharose 6 Fast flow 1000mL GE Healthcare Cat #17-5318-04

HiLoad 26/60 Superdex 75 pg GE Healthcare Cat #17-1070-01

HiLoad 26/60 Superdex 200 pg GE Healthcare Cat #28-9893-36

PEG 8000 Hampton Research Cat #HR2-535

Morpheus screen Molecular Dimensions Cat #MD1-46

Ni-NTA functionalized polycarboxylate (NiHC200M) 
SPR chip

XanTec Bioanalytics GmbH Cat #SCR NiHC200M

Dulbecco’s modified Eagles’ medium (DMEM) Wisent Bioproducts Inc Cat #319-062-CL

Pierce BCA Protein Assay kit ThermoFisher Cat #23225

AccuOrangeTM Protein Quantification Kit Biotium Cat #30071-T

Phenol Red-free CO2 independent medium ThermoFisher Cat #18045088

bisBenzimide H 33,342 trihydrochloride (Hoechst 33,342) Millipore Sigma Cat #B2261

PEI (Polyethylenimine) Polysciences Inc. Cat #23966
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REAGENT or RESOURCE SOURCE IDENTIFIER

GFP-Trap A beads Chromotek Cat #gta-100

NuPAGE 4–12% BisTris gel ThermoFisher Cat # NP0326BOX

Deposited data

BMRB (NMR assignment of RRP1b657–758) This study BMRB ID: 51132

PDB (Structure of PP1α7-300Q20R:RRP1b682–727) This study PDB ID: 7T0Y

Experimental models: Cell lines

U-2 OS cells (human osteosarcoma epithelial; female-
derived)

ATCC Cat #ATCC® HTB-96™ RRID:CVCL_0042

Recombinant DNA

pRP1B-Thio6-His6-TEV-PP1γ 7–323 Addgene ID 51770

pRP1B-Thio6-His6-TEV-PP1α 7–330 Addgene ID 51768

pRP1B-Thio6-His6-TEV-PP1α 7–300 Addgene ID 26566

pRP1B-Thio6-His6-TEV-PP1γ 7–308 Peti Laboratory Available on request

pRP1B-Thio6-His6-TEV-PP1α 7–330 Q20R Peti Laboratory Available on request

pRP1B-Thio6-His6-TEV-PP1α 7–300 Q20R This study Available on request

pJ411 Thio6-His6-TEV-RRP1b657–758 This study/DNA 2.0 Available on request

pET-M30-MBP-TEV-RRP1b677–736 This study Available on request

pET-M30-MBP-TEV-RRP1b682–727 This study Available on request

pET-M30-MBP-TEV-RRP1b682–727 S702D This study Available on request

pET-M30-MBP-TEV-RRP1b682–727 F715A This study Available on request

pET-M30-MBP-TEV-RRP1b682–727 KVTF-KATA This study Available on request

pET-M30-MBP-TEV-RRP1b682–723 ΔGVLK This study Available on request

pEGFP(C1)-PP1α Addgene ID 44224

pEGFP(C1)-PP1γ Addgene ID 44225

pEGFP(C1)-PP1γΔ299–323 This study Available on request

pEGFP(C1)-PP1γ(1–298)PP1α(299–330) This study Available on request

pEGFP(C1)-PP1α (Q20R) This study Available on request

pEGFP(C1)-PP1γ(R20Q) This study Available on request

pEGFP(C1)-RRP1B This study Available on request

pEGFP(V1)-RRP1B(V684A/F686A) This study Available on request

pEGFP(C1)-RRP1B(S702D) This study Available upon request

Software and algorithms

Topspin 2.0/3.0/3.1 Bruker https://www.bruker.com

CARA www.cara.nmr.ch www.cara.nmr.ch

NMRFAM-Sparky Lee, W et al. (2015)46 https://nmrfam.wisc.edu/nmrfam-sparky-
distribution/

PHENIX Zwart et al., (2008)47 https://www.phenix-online.org/
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REAGENT or RESOURCE SOURCE IDENTIFIER

COOT Emsley et al., (2010)48 https://www2.mrc-lmb.cam.ac.uk/personal/
pemsley/coot/

Pymol Schrodinger, LLC https://www.pymol.org

NITPIC Scheuermann et al., (2015)49 https://www.utsouthwestern.edu/labs/mbr/
software/

SEDPHAT Zhao et al., (2015)50 https://www.utsouthwestern.edu/labs/mbr/
software/

GUSSI Scheuermann et al., (2015)49 https://www.utsouthwestern.edu/labs/mbr/
software/

SoftWorX GE Healthcare https://www.directindustry.com/prod/applied-
precision/product-20760-405306.html

Image Lab software Biorad https://www.bio-rad.com/en-in/product/image-
lab-software?ID=KRE6P5E8Z

SPR Autolink 4 Channel Reichert https://www.reichertspr.com/

TraceDrawer Ridgeview Instruments https://tracedrawer.com/

Other

PDB Search model Choy et al., (2014)10 PDB ID: 4MOV
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