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Abstract

Dynamic protein phosphorylation and dephosphorylation are essential regulatory mechanisms that 

ensure proper cellular signaling and biological functions. Deregulation of either reaction has 

been implicated in several human diseases. Here, we focus on the mechanisms that govern the 

specificity of the dephosphorylation reaction. Most cellular serine/threonine dephosphorylation 

is catalyzed by 13 highly conserved Phosphoprotein Phosphatase (PPP) catalytic subunits, 

which form hundreds of holoenzymes by binding to regulatory and scaffolding subunits. PPP 

holoenzymes recognize phosphorylation site consensus motifs and interact with short linear motifs 

(SLiMs) or structural elements distal to the phosphorylation site. We review recent advances in 

understanding the mechanisms of PPP site-specific dephosphorylation preference and substrate 

recruitment and highlight examples of their interplay in the regulation of cell division.
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Protein Phosphorylation

Reversible post-translational modification (PTM) of proteins by phosphorylation is 

a critical regulatory event that controls most cellular processes by altering protein 

structure, stability, interactions, subcellular location, and/or activity. Deregulation of protein 

phosphorylation has been implicated in many human diseases, including cancer, diabetes, 

and neurodegenerative and cardiovascular diseases, among others.

Mass spectrometry-based proteomic and phosphoproteomic analyses have identified over 

300,000 phosphorylation sites [1], with more than 50,000 distinct phosphorylation sites 

detected in a single cell line [2]. Indeed, protein phosphorylation is considered the most 
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prevalent PTM, with at least 75% of detected proteins being phosphoproteins in a specific 

cell line and over 85% of detected proteins overall reported as phosphorylated [2,3]. 

Furthermore, many proteins are phosphorylated at more than one residue, allowing for signal 

integration, amplification, and scaled responses.

Phosphorylation is catalyzed by protein kinases that add a phosphoryl group to serine 

(S), threonine (T), and/or tyrosine (Y) residues and is removed by protein phosphatases 

that catalyze the hydrolysis of the phosphoester bond. There are 518 protein kinases 

encoded in the human genome, and about 400 are S/T kinases [4]. Conversely, 189 

protein phosphatase catalytic subunits have been identified, with the 13 members of the 

Phosphoprotein Phosphatase (PPP) family responsible for 90% of the S/T dephosphorylation 

[5]. The PPP family consists of the catalytic subunits of protein phosphatase 1 (PP1), which 

has three isoforms (PPP1CA, PPP1CB, and PPP1CC), PP2A with two isoforms (PPP2CA, 

PPP2CB), PP2B/PP3/calcineurin (CN) with three isoforms (PPP3CA, PPP3CB, PPP3CC), 

PP4 (PPP4C), PP5 (PPP5C), PP6 (PPP6C) and the two isoforms of PP7 (PPEF1, PPEF2) 

(Box 1, Figure IA).

The conserved nature of the PPP catalytic subunits and the imbalance in the numbers 

of protein S/T kinases and PPPs led to early doubts about the selectivity of the 

dephosphorylation reaction and the labeling of PPPs as constitutively active housekeeping 

enzymes [6]. However, recent insights into PPP substrate recruitment and specificity, 

partly achieved through new mass spectrometry-based proteomic and phosphoproteomic 

approaches, have corrected this notion [7–17]. Here, we focus on PP1, PP2A, and CN 

holoenzymes (see Glossary), describing both their respective phosphorylation site consensus 

motif preferences and the distal short linear motifs (SLiMs) (see Glossary) they recognize in 

substrates and scaffolds that may impart further substrate specificity (Figure 1). To highlight 

the interplay between active site specificity and SLiM interactions on PPP substrate 

selection, we discuss some roles of PPPs in mitosis.

Clues from the opponents: phosphorylation site consensus motif 

preferences of kinases

The frequency of S:T:Y residues is 2.5:1.8:1 in the human proteome. However, experiments 

employing labeling of cells with 32P-orthophosphate followed by acid hydrolysis determined 

a phospho-amino acid distribution of pS:pT:pY of 184:15:1 [18]. This ratio was validated by 

mass spectrometry-based phosphoproteomic analyses (pS:pT:pY distribution of 162:31:1) 

[2]. In part, this discrepancy in amino acid versus phospho-amino acid distribution might 

lie in the frequencies of S and T residues in phosphorylated regions of the protein. The 

majority (more than 90%) of S/T phosphorylation occurs in intrinsically disordered regions, 

which are enriched for S compared to ordered regions [19–22]. In contrast, Ts are equally 

distributed between disordered and ordered protein regions [19,22]. Furthermore, while 

most S/T kinases preferentially phosphorylate S over T or do not distinguish between 

either residue, several PPP holoenzymes have a dephosphorylation preference for phospho-T 

(pT) over phospho-S (pS), tipping the overall phosphorylation balance towards pS [23–25]. 

Turk and colleagues recently demonstrated that the preference of a specific kinase for S 
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or T phosphoacceptors is in part determined by the residue immediately downstream of 

the conserved Asp-Phe-Gly (DFG) motif, the DFG+1 residue. Large hydrophobic residues 

(phenylalanine, tryptophane, tyrosine) in the DFG+1 promote S phosphorylation, while 

smaller beta-branched residues (valine, isoleucine, threonine) promote T phosphorylation 

[25,26].

Phosphorylation site consensus motif preferences of PPPs

As noted above, several PPP holoenzymes preferentially dephosphorylate pT over pS 

(Figure 2A) [8,11,27–30]. For example, in vitro analysis of PP2A holoenzymes purified 

from rabbit skeletal muscle and the PP1 catalytic subunit purified from dog liver 

revealed a preference for the dephosphorylation of pT [31–35]. A comprehensive mass 

spectrometry-based analysis of dephosphorylation events of over 25,000 randomized 

synthetic phosphopeptides by purified PP1 and PP2A catalytic subunits confirmed their pT 

preference in vitro [9]. Further, depletion of PP2A substrate binding-regulatory subunit B55 

or inhibition of PP2A-B55 activity preferentially stabilized T over S phosphorylation sites 

in cell lysates (Figure 2B) [11,29]. However, inhibition of PP2A-B56 dephosphorylation 

through substrate competition in cells equally affects pT and pS [29], suggesting differences 

in PPP2C dephosphorylations based on regulatory subunit binding.

Beyond active site residues, an acidic, a hydrophobic, and a C-terminal groove on 

the surface of the PP1 and PP2A catalytic subunits promote interactions with residues 

surrounding the phosphorylation site [36–38]. Due to a more extensive acidic groove on 

the surface of PPP1C compared to PPP2C, PPP1C has a more pronounced preference for 

basophilic phosphorylation site consensus motifs than PPP2C [9].

For PP2A holoenzymes, acidic patches on the B55 and B56 regulatory subunits promote 

dephosphorylation of sites with basic residues amino (N)-terminal to the phosphorylation 

site [9,11,29,32,39]. In vitro, dephosphorylation of peptide substrates by PP2A-B55 could be 

increased by including N-terminal basic amino acids [32].

Peptides containing a pS and pT with proline in the +1 position (pSP/pTP) are generally 

poor substrates for PP1 [31,35] and PP2A [35], with PP2A-B55 dephosphorylating proline-

directed phosphorylation site with higher efficiency than PP2A-B56, PP2A-PR72, or PP1 

[29,31,35,40,41] (Figure 2A). In support of this, using siRNA-mediated depletion of B55 

pathway components, Cundell et al. [11] demonstrated a preference of PP2A-B55 for 

proline-directed sites, specifically pTP (Figure 2B). Furthermore, they identified a bipartite 

polybasic motif N (position −16 to −11) and carboxyl (C)-terminal (position +2 to +6) from 

the phosphorylation site enriched in candidate PP2A-B55 substrates and demonstrated that 

mutation of these basic amino acids to alanines reduced the dephosphorylation rates [11]. 

Intriguingly, dephosphorylation of pSP/pTP by PP2A-B55 is conformation specific and only 

occurs for the trans, not cis, isomer [42]. Isomerization of pSP/pTP is catalyzed by the prolyl 

isomerase Pin1, adding a layer of regulation to the dephosphorylation reaction [43,44].

Using protein-based inhibitors, Kruse et al. [29] confirmed the pTP/pSP preference of 

PP2A-B55, and found that PP2A-B56 preferentially dephosphorylated sites with basic 
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amino acids in the −2 and −3 position and deselected pTP/pSP (Figure 2B). Intriguingly, 

they found in mitotic cells a preference of PP2A-B56 for acidic residues in the −2 position 

N-terminal to the phosphorylation site, suggesting a potential role of PP2A-B56 in opposing 

Polo-like kinase 1 (Plk1) phosphorylation site in mitosis [20]. In vitro dephosphorylation 

assays confirmed these preferences and deselections of PP2A-B56α and revealed that acidic 

residues C-terminal to the phosphorylation site abrogated the ability of PP2A-B56α to 

dephosphorylate the site [29]. The differences in consensus motif preferences of PP2A-B55 

and PP2A-B56 are surprising as both enzymes share the same catalytic subunit and point 

to the role of the respective regulatory subunits in influencing active site selectivity. As 

these differences are seen in vitro in assays using short phosphopeptides as substrates [29], 

substrate recruitment through the regulatory subunits can most likely be excluded as the 

cause.

In contrast to PP1 and PP2A-B55, CN shows less of a preference for T over S and efficiently 

dephosphorylates proline-directed phosphorylation sites (Figure 2A) [45]. Specifically, a 

proline in the +3 position (pS/pTxxP) promotes rapid dephosphorylation [46]. Basic amino 

acids N-terminal to the phosphorylation site increase, and acidic residues C-terminal to 

the phosphorylation site decrease, CN dephosphorylation ability [45]. Intriguingly, in a 

comparison of 28 peptides, a sequence containing a PP2B short linear motif (LxVP) 

N-terminal to the phosphorylation site dramatically increased PP2Bs dephosphorylation 

efficiency [45,47].

These in vitro and in cell analyses demonstrate that the nature of phosphorylatable residues 

(T or S) and the consensus motif of amino acids surrounding the phosphorylation sites are 

essential determinants of PPP specificity and fine-tune dephosphorylation kinetics. However, 

as for kinases, while consensus motifs allow the delineation of PPP-substrate relationships 

and provide a degree of specificity at the active site, motif degeneracy and redundancy 

limit their impact. Thus, additional mechanisms are needed for PPPs to specifically select 

dephosphorylation sites and substrates.

Substrate selection mechanisms beyond the active site: recognition and 

binding through docking motifs

An emerging theme in PPP biology is the recruitment of substrates directly or indirectly 

through specific docking elements, either short linear motifs (SLiMs) or structural motifs 

distal to the phosphorylation site (Table 1). SLiMs are stretches of four to ten amino 

acids located in intrinsically disordered regions (IDRs) [48–50]. It remains an outstanding 

question how broadly docking motif strength and distance to the phosphorylation site affects 

substrate dephosphorylation and PPPs’ phosphoacceptor and phosphorylation site motif 

preferences.

Structural studies revealed a hydrophobic groove on the PP1 catalytic subunit that binds to 

over 200 regulatory proteins by recognizing a SLiM with the consensus sequence RVxF 

(Figure 2A) [51–55]. These regulatory proteins can be scaffolding proteins that target 

PPP1C to specific subcellular locations or recruit substrates to PPP1C, direct substrates, 

or competitive inhibitors [53,56–59]. RVxF motifs often co-occur with a second SLiM such 
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as the SILK, KiR, or ΦΦ motif, or the structural myosin phosphatase N-terminal element 

(MyPhoNE) motif (Figure 2A) [52,54,55,60–63]. Regulatory proteins are often unstructured 

in their free form, and binding to PPP1C induces folding. For instance, the PP1 regulatory 

subunit Spinophilin is unstructured in its unbound form, but upon interaction with the 

PPP1C folds and binds to a large surface of the catalytic subunit, including the RVxF and 

C-terminal binding grooves [64].

In the case of PP2A, the regulatory subunits of the holoenzymes recognize substrates 

through SLiMs. The first SLiM recognized by a PP2A holoenzyme was identified for 

the B56 regulatory subunits. A highly conserved binding pocket in a HEAT repeat helix 

found in all isoforms of B56 binds to a LxxIxE motif found in substrates (Figure 2A) 

[10,65–67]. In a subset of LxxIxE-containing proteins, the interaction is enhanced by a 

dynamic charge-charge interaction between a positively charged motif which interacts with a 

negatively charged groove on B56 [68].

For the PP2A-B55 holoenzyme, two substrate interaction motifs have been identified. A 

conserved acidic pocket on the B55 regulatory subunit binds to basic residues N-terminal of 

the phosphorylation sites [11,39]. Additionally, investigations into the mode of interaction 

of the PP2A-B55 substrates p107, Tau, and MAP2 identified a common sequence motif 

[RK]-[VIL]-x-x-[VILM]-[RK] (Figure 2A) [69]. A follow-up study on the interaction of 

PP2A-B55 and its substrate FAM122A revealed that this motif is not a SLiM but a structural 

motif in the form of a short α-helix that binds to the B55 regulatory subunit [70].

While no SLiM motif has been defined for the PR72 families of PP2A regulatory 

subunits, structural analysis has revealed specific binding sites for the recruitment of 

substrates. PR70, a member of the PR72 family, interacts with its substrate Cdc6 via a 

region near the PP2A holoenzyme active site with a specific peptide sequence in Cdc6 

(49KALPLSPRKRLGDDNLCNTPHLPPCSPPKQGKKENGPPHSHT90) [71].

CN recognizes two SLiMs: the PxIxIT motif, which binds to a binding pocket on CNA 

close to the active site, and the LxVP motif, which binds to a pocket at the interface of 

CNA and CNB (Table 1; Figure 2A) [47,72–75]. CN is inhibited by the fungal-derived 

immunosuppressants cyclosporin A (CSA) and FK506, which are employed to prevent 

rejection in post-organ transplantation. Intriguingly, both molecules in complex with their 

respective endogenous protein receptors (cyclophilin for CSA, FKBP for FK506) inhibit CN 

by blocking binding to the LxVP [47].

Regulation of SLiM-mediated interactions

The affinity of the PPP-substrate/scaffold interaction and dephosphorylation rate are 

determined by multiple factors and can be modulated. SLiMs are degenerate in their 

sequence, and the amino acid composition can strongly influence their affinity [10,54]. 

For instance, a proline at the fourth position in the RVxF motif greatly decreases its binding 

capability to PP1, whereas a tryptophan residue instead of phenylalanine in the fourth 

position enhances the binding affinity (Figure 2A) [55]. For the B56 SLiM LxxIxE, acidic 

residues C-terminal to the core motif increase its binding affinity to B56 (Figure 2A) [10]. 
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Surprisingly, for CN, the binding affinity is not correlated with the amino acid composition 

of the LxVP SLiM but with the on-rate, which can vary by ~100-fold between LxVP 

sequences [73]. Furthermore, the multiple SLiMs recognized by the PP1 catalytic subunit 

and the CN holoenzyme increase the specificity and affinity for their specific substrates 

through avidity (Figure 2A). The binding sites on the PP1 catalytic subunit can theoretically 

generate more than 4,000 unique combinations of binding motifs, explaining the broad 

range of biological functions, specific interactions, and catalytic activities connected to PP1 

[52,53,60,64,76,77]. Comparable to kinases, larger interaction surfaces through multiple 

SLiMs or structural motifs increase the stringency of the dephosphorylation reaction while 

reducing the number of substrates [78].

Besides composition, SLiM-based interactions are modulated by PTMs, specifically 

phosphorylation. For PP1, the x position in the PP1 RVxF motif is frequently an S or 

T (Figure 2A), and phosphorylation of this residue reduces the affinity of the interaction 

[62,79,80]. Conversely, phosphorylation of an S or T residue in any of the x positions of 

the PP2A-B56 LxxIxE motif or residues directly adjacent to it increases the interaction with 

B56 [10,65]. For example, Cdk1 phosphorylation of the Repo-man LxxIxE motif increases 

its binding to PP2A-B56, while the phosphorylation of its RVxF motif decreases its 

binding to PP1 to dynamically coordinate dephosphorylation of its substrates during mitotic 

progression [81]. Less is known about the phosphorylation-dependent modulation of the 

affinity of the CN recognized SLiMs PxIxIT and LxVP and the effects that phosphorylation 

may have on their interaction with CN. However, an overrepresentation of T residues at 

the sixth position of the PxIxIT motif points to phosphorylation as a potential regulatory 

mechanism (Figure 2A) [75].

In addition to the direct motif-dependent recruitment of substrates, proteins containing 

these docking motifs frequently function as scaffolds for indirect substrate recruitment 

(Figure 1) [9,11,29,80,82]. The LxxIxE SLiM-containing protein BubR1 recruits PP2A-B56 

to the kinetochore to dephosphorylate Aurora kinase B substrates [80], and the Ebola 

virus nucleoprotein recruits PP2A-B56 via a LxxIxE-motif to dephosphorylate the viral 

transcription factor VP30 [82]. Furthermore, a phosphoproteomic-based global analysis 

of the PP2A-B56 substrates revealed that only 5% of identified PP2A-B56-dependent 

phosphorylation sites are located on proteins with known or predicted LxxIxE-motif, while 

75% were found on proteins known to interact with LxxIxE-motif-containing proteins 

[29]. Thus, the indirect recruitment of substrates through SLiM-containing proteins as 

scaffolds appear to be an important regulatory mechanism for the recruitment of PP2A-B56 

substrates. It will be interesting to see as more PPP SLiM sequences are discovered, and 

the substrates of these phosphatase holoenzymes are identified if they share this indirect 

recruitment mechanism. With PPPs being responsible for most of the tens of thousands of 

S/T phosphorylation sites found in a cell, it seems plausible that indirect recruitment is 

necessary to accomplish this task.

The phosphorylation site consensus motif, the affinity of the PPP for the respective 

SLiM sequence or structural motif in the substrate or scaffold, the distance between 

the phosphorylation site and the SLiM motif, and direct/indirect recruitment mechanisms 

cooperatively contribute to the dephosphorylation reaction efficiency, resulting in specific 
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dephosphorylation kinetics depending on the combination of the contributing factors. For 

example, with increasing affinity of the LxxIxE SLiM in FoxO3, more PP2A-B56 is 

recruited, resulting in a proportional decrease in phosphorylation occupancy of two sites on 

FoxO3 [29]. Conversely, although proline-directed phosphorylation motifs are not preferred 

substrates of PP2A-B56, shortening the distance between the phosphorylation site and 

the SLiM motif can increase dephosphorylation efficiency, even for proline-containing 

phosphorylation motifs [29]. Indeed, the metalloprotease Adam17 contains a LxxIxE-motif 

at position 759–764 (MDTIQE) and is dephosphorylated at the proline-directed T735 and 

basophilic S808 by PP2A-B56 [29]. Intriguingly, decreasing the affinity of the SLiM results 

in ~2-fold and ~7-fold increase in the phosphorylation occupancy of pT735 and pS808, 

respectively, supporting the notion that SLiM affinity and phosphorylation site consensus 

motif combinatorially contribute to the dephosphorylation rate.

Regulation of mitotic progression through PPP phosphorylation site 

preferences and SLiMs

To illustrate the biological impact of the interplay of PPP phosphorylation site preferences 

and motif-based recruitment and its regulation, we will discuss examples of the 

collaboration and counteraction of PPP and kinase activities during cell division.

Entry into mitosis and early mitotic processes such as chromosome condensation, 

disassembly of organelles, formation of the mitotic spindle, and chromosome alignment 

are driven by dynamic phosphorylation [83–86]. Activation of mitotic kinases, most 

prominently Cyclin-dependent kinase 1 (Cdk1), Aurora kinases A and B, and Polo-like 

kinase 1 (Plk1) results in an overall increase in phosphorylation [83–86]. However, 

activation of kinases alone is not sufficient to achieve the phosphorylation occupancy 

necessary for mitotic progression but requires the inhibition of specific phosphatases (Figure 

3A) [86–88].

Cdk1 preferentially phosphorylates proline-directed motifs [21,23,89], and PP2A-B55 is 

the main PPP that dephosphorylates these motifs [11,29,31,35,40,41]. To achieve high 

phosphorylation occupancy of Cdk1 substrates, PP2A-B55 is inhibited from late G2 until 

the onset of anaphase [84,86,87,90]. Inhibition of PP2A-B55 is triggered by the Cdk1-

dependent phosphorylation of the PP2A catalytic subunit and the activation of Greatwall 

kinase, which in turn phosphorylates Arpp19 (cAMP regulated phosphoprotein 19) on 

S62 and Ensa (endosulfine alpha) on S67 at a conserved amino acid sequence FDSGD 

[87,88,90,91]. Phosphorylated Arpp19/Ensa inhibit PP2A-B55 through competition with 

PP2A-B55 substrates [87,88,91]. Arpp19/Ensa bind PP2A-B55 tightly, but the FDpSGD 

sequence is a poor consensus motif for PP2A-B55, and dephosphorylation occurs slowly 

with a Kcat of ~0.02s−1 compared to a Kcat of 21–25s−1 of proline-directed phosphorylation 

sites (Figure 3B) [92].

PP2A-B55 and PP2A-B56 share the same catalytic subunit. However, their distinct 

phosphorylation site consensus motif preferences are key for the differential regulation of 

their activities in mitosis [29]. While PP2A-B55 is inhibited, PP2A-B56 remains active 

throughout mitosis and dynamically opposes the kinases Aurora B on basophilic and Plk1 on 
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acidophilic phosphorylation sites to ensure proper chromosome alignment and segregation 

and progression through mitosis [10,29,83,84,86] (Figure 3A).

In mitotic exit, the dephosphorylation preference of PP2A-B55 for pT over pS sites is 

a crucial factor in the ordering of events. Exit from mitosis requires the activation of 

the Anaphase-Promoting Complex/Cyclosome (APC/C) through dephosphorylation and 

binding of its activators Cdc20 in metaphase and Cdh1 in late mitosis [93]. The order of 

APC/C activation is encoded in phosphorylation sites on Cdc20 and Cdh1. While Cdc20 is 

phosphorylated by Cdk1 on TP, Cdh1 is phosphorylated on SP [8]. Thus, the preference of 

PP2A-B55 for pTP over pSP results in the dephosphorylation of Cdc20 before Cdh1 [8]. 

Similarly, rapid dephosphorylation of a pTP site on the chromosomal passenger complex 

protein INCENP (Inner centromere protein) by PP2A-B55 is required for proper mitotic and 

meiotic transitions, and mutation to an SP impedes cell cycle progression (Figure 3C) [8,94].

PTMs of SLiM motifs further contribute to the regulation of substrate dephosphorylation 

throughout mitosis. In mitosis, PP2A-B56, several PP1 holoenzymes, Plk1, Cdk1, and 

Aurora kinase B are enriched at kinetochores and centromeres, and their coordinated 

actions regulate chromosome congression [84]. The PP2A-B56 SLiM LxxIxE can contain 

S/T residues at the x-position or adjacent to it, and the phosphorylation of these residues 

increases their affinity for PP2A-B56 [10,65]. PP2A-B56 is recruited to kinetochores by 

binding to the LxxIxE motif in the protein BUBR1 (Bub1-related 1), which has the 

sequence LSPIIE [80,95]. Cdk1 phosphorylates the S within the LSPIIE motif, while 

Plk1 phosphorylates an adjacent S, and both events result in increased PP2A-B56 binding 

[80,95]. One of the kinetochore substrates of PP2A-B56 is the protein KNL1, which 

recruits PP1 catalytic subunits via RVxF, SILK, and ΦΦ motifs [96,97]. Phosphorylation 

of the RVxF motif by Aurora kinase B on kinetochores not under tension due to lack 

of or incorrect microtubule attachments inhibits PP1 catalytic subunit binding [79,96,98]. 

PP2A-B56 opposes Aurora B and dephosphorylates the KNL1 RVxF motif, promoting 

PP1 catalytic subunit recruitment (Figure 3D). Thus, at the kinetochore, Cdk1, Plk1, PP2A-

B56, and PP1-Knl1 cooperate to counteract Aurora kinase B activity and ensure correct 

chromosome alignment [80,95].

These examples demonstrate how phosphorylation site preference of kinases and PPPs, 

and PPP binding motifs, are crucial to the regulation of complex biological processes 

such as cell division. Through these mechanisms, specificity of dephosphorylation reactions 

that coordinate mitotic events is achieved to ensure the faithful inheritance of genomic 

and cellular content. Furthermore, PPPs, their phosphorylation site preferences, and their 

motif-based recruitment mechanisms, are all highly conserved [6]. For instance, as in human 

cells, in the budding yeast Saccharomyces cerevisiae, PP2A-B55 (PP2ACdc55) preferentially 

dephosphorylates pTP over pSP sites to counteract Cdk activity and order cell cycle 

progression [28]. Similarly, in the sea star Patiria miniata, the preference of PP2A-B55 for 

pTP over pSP dephosphorylation is crucial for the proper coordination of meiosis I-meiosis 

II transition [94]. In Caenorhabditis elegans, Bub1 targets PP2A-B56 to chromosomes via 

an LxxIxE motif; phosphorylation of this motif increases its affinity for B56 [99]. Thus, 

it is likely that these mechanisms are broadly applied throughout evolution to control 

phosphorylation signaling in cell cycle control and beyond.

Nguyen and Kettenbach Page 8

Trends Biochem Sci. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Concluding Remarks

Our understanding of substrate targeting mechanisms utilized by PPPs has greatly increased 

since the days when PPPs were described as constitutively active housekeeping enzymes. 

Global mass spectrometry-based phosphoproteomic analyses of PPP substrates have lent 

support to the early observation of preferential consensus motif dephosphorylation based on 

the study of a limited number of peptides in vitro and greatly increased our knowledge of 

PPP substrates. The discovery of distinct SLiM recruitment mechanisms for several PPPs 

allows for the prediction and identification of direct substrates and scaffolds of indirect 

substrate recruitment and provides new insights into the complexity of PPP signaling. 

Combined, phosphorylation site census motif and SLiM-based recruitment mechanisms will 

enable the elucidation of intricate inter- and counteractions of protein kinases and PPPs in 

the regulation of cellular signaling (see Outstanding questions).
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Glossary

Holoenzyme
a biochemically active enzyme complex formed by a combination of an enzyme and its 

coenzyme

Centromere
a region of a chromosome where sister chromatids are held together, and the kinetochore 

assembles

Chromosome congression
a process of aligning chromosomes on the metaphase plate

Kinetochore
a large protein complex that assembles on the centromere and is the attachment site for 

spindle microtubules

Short linear motif (SLiM)
a stretch of four to ten amino acids with three to five residues that mediate protein-protein 

interactions. SLiMs are degenerate in sequence and often located in intrinsically disordered 

regions of the protein

Intrinsically disordered regions (IDR)
a stretch of amino acids in a protein not likely to support the formation of three-dimensional 

folded structures
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Text Box 1

The PPP catalytic subunits are metalloenzymes with two bivalent metal ions (Fe2+, 

Mn2+, or Zn2+) located in the active site that catalyze phosphoester hydrolysis. The 

nature of the metal ions present in the active site depends on the source from which the 

enzyme was purified, the expression (recombinant or exogenous), and the purification 

strategy. However, for most PPPs, the specific metal ion has not been determined. The 

amino acid residues that coordinate these metal ions are conserved in all members of 

the family (Figure IB) [100]. Other active site residues allow for differential specificity 

of natural toxins, such as microcystin, fostriencin, and tautomycetin for certain PPPs, 

suggesting potential preferences for amino acids surrounding the dephosphorylation site 

[36,101,102]. However, substrate interactions beyond the active site are needed to achieve 

sufficient specificity to differentiate between substrates.

Although there are only 13 PPP catalytic subunits (Figure IA), a large number of 

scaffolding and regulatory subunits allow for the formation of hundreds of unique 

multimeric holoenzymes that carry out the majority (>90%) of cellular dephosphorylation 

(Figure IC). For example, the catalytic subunits of PP1 and CN form heterodimeric 

complexes with regulatory subunits, while PP2A, PP4, and PP6 form heterotrimers 

consisting of catalytic, regulatory, and scaffolding subunits [6,103]. The three PP1 

catalytic subunits form holoenzymes with over 200 regulatory subunits to regulate 

a wide variety of cellular functions through subcellular localization, enzymatic 

regulation, and differential substrate dephosphorylation [53]. In contrast, CN is in an 

obligate heterodimer consisting of the catalytic calcineurin A subunit (CNA) and the 

regulatory calcineurin B (CNB) subunit. CN is the only calcium-dependent PPP [104]. 

CNA contains a calmodulin-binding domain through which it binds to Ca2+-bound 

calmodulin. Furthermore, CNB has two EF-hands, one with a high affinity for Ca2+, 

which constitutively binds one Ca2+ molecule, and another with a lower affinity, which is 

loaded with Ca2+ depending on the intracellular Ca2+ concentration [104]. PP2A forms 

heterotrimeric holoenzymes that consist of a scaffolding (A) subunit, a catalytic (C) 

subunit, and a regulatory (B) subunit [6,103]. There are four families of B subunits: 

B/B55/PPP2R2, B’/B56/PPP2R5, B’’/PR72/PPP2R3, and Striatins/STRN, each with 

several isoforms. Thus, through combinatorial assembly, there are over sixty unique 

PP2A holoenzymes, each likely to have unique functions and substrates.
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Outstanding Questions

• How specific are PPP-substrate relationships? Are phosphorylation sites 

exclusively dephosphorylated by a specific PPP, or is there redundancy?

• Do isoforms and splice variants of PPP subunits affect phosphorylation site 

preferences and substrate recruitment?

• Does phosphoacceptor preference influence which phosphorylation site 

consensus motifs are dephosphorylated?

• Does the location of the SLiM relative to the phosphorylation site determine 

dephosphorylation kinetics?

• Does the distance between the SLiM and phosphorylation sites on direct and 

indirect substrates or the affinity of SLiM for the PPP impact the type of 

phosphorylation site consensus motifs that are dephosphorylated?

• Are the mechanisms of substrate recognition through phosphorylation site 

preferences and SLiMs conserved in other PPP family members?

• Are SLiM affinities modified by post-translational modifications other than 

phosphorylation?

• What regulatory mechanisms govern the dephosphorylation of sites that 

are part of or directly adjacent to SLiMs? Is it autodephosphorylation or 

phosphatase crosstalk?

• How do regulatory subunits influence the phosphorylation site motif 

preferences of the catalytic subunit?
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Highlights

• Global mass spectrometry-based phosphoproteomic analyses have revealed 

preferences of PPPs for distinct phosphorylation site consensus motifs.

• Phosphoacceptor and phosphorylation site preferences determine 

dephosphorylation kinetics and provide temporal control of signaling events.

• Identification of a growing number of PPP holoenzyme-specific SLiMs has 

revealed specific PPP-substrate/scaffold interactions.

• SLiM-containing proteins are direct PPP substrates or function as scaffolds 

for indirect substrate recruitment.

• Phosphorylation site preferences, SLiM affinity, and distance between 

the phosphorylation site and SLiM combinatorially contribute to the 

dephosphorylation kinetics.

• Recent studies demonstrated PPP phosphorylation site preferences and 

modulation of SLiM affinity in biological contexts, specifically mitosis.
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Figure 1: PPP – substrate interactions.
PPPs achieve substrate specificity through (1) catalytic site interactions with the 

phosphoacceptor residue and proximal amino acids and (2) SLiMs or structural elements 

distal to the phosphorylation site. Substrates are recruited directly or indirectly by motif 

containing scaffold proteins.
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Figure 2: PPP phosphorylation site preferences and binding motifs.
(A) Active site dephosphorylation preferences and deselections for phosphoacceptor and 

surrounding amino acids and SLiMs determinants and degeneracy of PP1 [105,106], CN 

[107], PP2A-B55 [69], and PP2A-B56 [10]. (B) PP2A-B55 and -B56 preferences and 

deselections of phosphoacceptors and surrounding amino acids (modified from Kruse et al. 

[29]).
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Figure 3: Regulation of mitotic progression by dephosphorylation.
(A) Scheme of relative activities of mitotic kinases and PPPs between cell cycles (adapted 

from Nasa and Kettenbach [83]). (B) Mechanism of regulation of PP2A-B55 holoenzyme 

activity by Ensa/Arpp19 during mitotic entry and exit. (C) Orderly reactivation of APC/C 

by Cdc20 and Cdh1 upon mitotic exit based on PP2A-B55 holoenzyme phosphorylation site 

preference for pT over pS. (D) Phosphorylation-dependent regulation of PPP SLiM-based 

substrate recruitment by PP2A-B56 and PP1 and its effects on the regulation of microtubule 

attachment and spindle assembly checkpoint signaling at the kinetochore.
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Figure I: PPP conservation and structure.
A, PPP phylogenetic tree (Tree was created using www.phylogeny.fr [108]). B, PPP catalytic 

subunit active site. Conserved residues are shown (modified from PDB: 3V4Y [61]). C, PPP 

holoenzyme composition.
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Table 1:

SLiM and structural interaction motifs

PPP Motif Definition Ref

PP1 RVxFa [RK]-x(0|1)-[VI]-{FIMYDP}-[FW] [51–54]

SILK [GS]-I-L-[KR]-{DE} [54,60,63]

ΦΦ hydrophobic amino acids [61,62]

KiR F-D-x-x-L-P-[PA]-N-[ST]-P-L-[RK]-[RK]-G-x-[ST]-P [62]

MyPhoNE R{P}[DEQ]Q[VIL]([RK]{P}|{P}[RK])[YW] [52]

PP2A-B55 B55 motif [RK]-[VIL]-x-x-[VILM]-[RK] [69]

PP2A-B56 LxxIxE [LMFYWIC]-x-x-[IVLWC]-x- E [10,66,67,75]

CN PxIxIT P-x-[FILV]-x-[FILV] [72,74,75]

LxVP [NQDESRTH]-[YRTDFILV]-L-x-[VPL]-[PK] [47,73,75]

a
x is any residue, [ ] residues allowed, { } residues excluded, ( | ) either or
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