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Cellular function is based on protein—protein interactions. A large proportion of these inter-
actions involves the binding of short linear motifs (SLiMs) by folded globular domains.
These interactions are regulated by post-translational modifications, such as phosphoryl-
ation, that create and break motif binding sites or tune the affinity of the interactions. In
addition, motif-based interactions are involved in targeting serine/threonine kinases and
phosphatases to their substrate and contribute to the specificity of the enzymatic actions
regulating which sites are phosphorylated. Here, we review how SLiM-based interactions
assist in determining the specificity of serine/threonine kinases and phosphatases, and
how phosphorylation, in turn, affects motif-based interactions. We provide examples of
SLiM-based interactions that are turned on/off, or are tuned by serine/threonine phos-
phorylation and exemplify how this affects SLiM-based protein complex formation.

Introduction

Cellular function relies on interactions between globular domains and short linear motifs (SLiMs)
that are commonly found in the intrinsically disordered regions of the proteome [1]. SLiMs bury 3-4
residues in the binding pocket of their folded binding partners, and the affinities are typically in the
low-to-mid micromolar range. The affinity and specificity of these interactions may be increased by
avidity effects from arrays of motifs binding to multidomain proteins and by cellular localisation and
temporal regulation of expression [2]. Moreover, the interactions are frequently regulated by post-
translational modifications (PTMs) that may create or break motif binding sites or tune affinities [3].
Among the PTMs, protein phosphorylation is the most frequent modification, and is the focus of this
review.

Phosphorylation occurring on serine, threonine and tyrosine residues (the O-phospho-proteome)
has been most extensively studied. In addition, N-linked (histidine, lysine, arginine), A-linked (aspartic
and glutamic acid) and S-linked (cysteine) phosphorylation have also been reported and added to the
versatility of this PTM [4]. Mass spectrometry-based approaches have identified hundreds of thou-
sands of phosphosites [5,6]. Reports on phosphosites have been collected in resources such as
PhosphoSitePlus [7], PhosphoNET [8] and phospho.ELM [9]. Efforts have also been directed towards
deciphering the substrate specificity of kinases which catalyse phosphorylation, and several kinase-
phosphosite predictors have been developed [10-12]. Similarly, systematic attempts have been made
towards elucidating the substrates of human phosphatases, that catalyse the reverse reaction [13], and
available information has been gathered in the DEPOD database [14]. However, most phosphosites
remain orphan in terms of which kinase acts on them, and which phosphatase dephosphorylates
them. Another open question is which of the reported phosphosites are of functional relevance for the
regulation of cellular functions. Resources, such as phospho-ELM [9] and switches.ELM [3], give an
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overview of the reported modulation of SLiM-based interactions by phosphorylation. Nevertheless, our under-
standing of how phosphorylation affects those interactions remains fragmented, especially given that most of
them are likely yet unknown.

In this review, we highlight the roles of SLiMs in orchestrating serine/threonine phosphorylation and depho-
sphorylation, and how motif phosphorylation alters interactions between binding partners (Figure 1A,C). We
focus on the docking motifs that contribute to the targeting of serine/threonine kinases and phosphatases
(Figure 1B,D) to their substrates, and the effects of phosphorylation on SLiM-based interactions (Figure 1C).
We use the term docking interactions in a broader sense for SLiM-based interactions that contribute to target
the enzymes (kinases or phosphatases) to their substrates.

We do not attempt to cover the literature comprehensively but use representative examples and recent
studies as illustrations, as well as highlighting the functional consequences on different cellular processes.
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Figure 1. Overview of the system of readers, writers, and erasers of protein phosphorylation.
(A) Schematic of the phosphorylation event impacting PPls, either creating (blue phospho-binding domain) or breaking (red
non-phospho-binding domain) a given interaction. The writer of the phosphorylation code is the kinase (green) and the eraser
is the phosphatase (orange). (B) Kinase docking motifs can bind to binding sites on the kinase outside of the catalytic site, or
to auxiliary domains that are either linked to the kinase domain, or are independent regulatory protein moieties associated with
the catalytic domain (for example cyclins). (C) Phosphorylation on core motif residues can create (blue) or break (red)
interactions, whereas phosphorylation of flanking or interspersed residues of the motif may result in modulation of affinities.
(D) Serine/threonine phosphatase complexes are often composed of multiple subunits that can include a catalytic domain, a
regulatory domain, and a scaffolding domain. Docking motifs can bind directly to the catalytic domain, or to docking sites on
other domains of the complex.
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The writers — SLiM-based interactions that target kinases

to their substrates

More than 500 human kinases catalyse the transfer of a phosphoryl group from ATP onto a target protein.
Kinases are broadly categorised in serine/threonine and tyrosine kinases, with serine/threonine kinases repre-
senting the majority. Kinases can be divided into seven groups: the AGC (PKA, PKG and PKC family of
kinases), CAMK (calcium/calmodulin-dependent protein kinases), CK1 (casein kinase 1), CMGC (cyclin-
dependent kinases (CDKs); mitogen-activated protein kinases (MAPKs); glycogen synthase kinase 3 (GSK3);
CDK2 like kinases (CLKs)), STE (homologues of yeast Sterile 7, Sterile 11, and Sterile 20), TK (tyrosine
kinases), TKL (tyrosine kinase-like kinases) and atypical group of kinases [15]. Most kinases share a common
structure, with an N-terminal lobe that binds to ATP and a C-terminal lobe that binds to the substrate
(Figure 2A). The specificity for the residue to be phosphorylated is determined by the depth of the catalytic
cleft, and the specificity for the region is determined by the residues flanking the site of the catalytic activity
[16]. Kinase specificity and catalytic activity can be increased by establishing supplementary interactions that
tether the kinase to the substrate [17]. These interactions can be mediated either by docking to the kinase
domain itself or by binding to auxiliary modular domains [16,18] (Figures 1B-D and 2). As a variation, cyclins
act as distinct protein moieties to modulate the activity of cyclin-CDKs and to offer substrate binding sites
[19]. In the following section, we survey the different kinds of docking interactions, in which serine/threonine
kinases are reported to engage.

Docking motifs of MAPKs

MAPKSs play a central role in the transfer of extracellular signals to intracellular responses [20] and phosphoryl-
ate a wide range of substrates, with distinct specificities exhibited by different family members. Docking interac-
tions are commonly employed by MAPKs [18,21]. Briefly, the MAPKs harbour an acidic common docking site
outside of the catalytic site, which forms contacts with the kinase interacting motif on MAPK substrates [22,23].
The basic amino acid stretch of the docking motif is followed at varying linker length by a hydrophobic amino
acid stretch. Together, this reconstitutes the classical basic-hydrophobic motif bound by the MAPKs [24], as
exemplified here by the MAPKAP kinase 2 (MKK2) peptide (370-IKIKKIEDASNPLLLKRRKKARAL-343) bound
to p38 [25] (Figure 2B). MAPKs have also additional binding sites for docking motifs, such as the F-site of
MAPK1 (ERK2) that binds to peptides with the consensus motif Fx[F/Y]P [26-28]. More complex recognition
mechanisms may be in place in order to allow for co-regulation of substrates by different MAPKs, as exemplified
by conformation-dependent binding of the activating transcription factor 2 (ATF2) to either p38 or the Jun
N-terminal kinase 1 (JNK1) [29]. Several studies have been aimed at systematically defining and identifying
MAPK docking motifs [24,30]. In a recent study, candidate docking motifs in the human proteome were
screened for interaction with the MAPKs p38 and JNKI1 in a yeast-based approach. The screen confirmed
known motif-containing interactors and unravelled non-classical docking motifs [30].

Underlining the central role that docking interactions play in orchestrating MAPK activity, docking motifs
can be found in the upstream MAPK kinases (MKKs) and downstream MAPK phosphatase (MKPs) modula-
tors of MAPK signalling. In the case of the MKKs, the interaction paradigm is flipped as the kinase (the MKK)
harbours the motif and not the substrate (the MAPK). Examples include the binding of the JNK kinases to a
docking motif in MKK4 and MKK?7 [31,32], ERK1/2 binding to MKK1/2 [33], as well as the docking site in
MKP5 for p38 [34]. Together, this creates the notion of different MAPK interactors (kinases, phosphatase and
substrates) essentially competing for MAPK binding and hence fine-tuning MAPK signalling [35,36]. Lastly,
docking site interaction can also be subjected to phospho-regulation, as exemplified by the phosphorylation of
the p38 docking groove at T123 which impacts p38 ability to bind and phosphorylate its substrates [37].

Docking motifs of the PI3K-related (PIKK) family of kinases

Docking motifs have also been reported to be involved in the substrate targeting of the phosphatidylinositol-3
kinases-related (PIKK) family of atypical kinases that are involved in several stress responses, including DNA
damage, errors in mRNA splicing and availability of nutrients [38]. The PIKK kinase family is characterised by
N-terminal helical HEAT repeats, an intermediate FAT domain and a C-terminal kinase domain [39]. The
N-terminal HEAT repeats have been reported to engage in docking interactions. For instance, the kinase ATM
(ataxia telangiectasia mutated) is recruited to DNA double-stranded breaks by a C-terminal stretch in nibrin
(NBN; 734-AKEESLADDLFRYNPYLKRRR-75,) [40]. Similarly, the related kinases ATR (ataxia telangiectasia
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Figure 2. Strategies of kinases for substrate targeting by making contacts outside the catalytic cleft.

(A) Representative structure of a kinase, exemplified by the MAPK p38 and illustrating the N- (green) and C-lobe (grey), as well
as the activation loop and ATP binding site (PDB: 2Y80). (B) Structural examples for docking interactions. Peptides are
depicted in yellow, with key residues highlighted, and mapped on the surface of N- (green) or C-lobe (grey) of the various
kinases (PDBs: 20KR (p38); 50DT (Aurora A); 3BEG (SRF1); 5VLP (PDK1). (C) Axin peptide (yellow) binds to the GSK3p kinase
docking pocket and acts to recruit substrate proteins (PDB: 109U). (D) Domain representation of PLK1 and structure of PLK1
PBD bound to the phosphorylated peptide of the PLK1 substrate PBIP1 (Polo-box-interacting protein 1) (PDB: 3P37).

(E) Structure of CDK2 bound to cyclin A2 which interacts with a substrate peptide of cyclin-dependent kinase inhibitor p27
(PDB: 1H27).

and rad3-related protein) and DNA-PKcs (DNA-dependent protein kinase, catalytic subunit) are also targeted
to substrates by interactions with acidic C-terminal stretches [40-42].

In contrast, the mechanistic target of rapamycin (mTOR), another member of the PIKK family, uses an aux-
iliary domain for substrate recognition. The mTOR complex 1 (mTORCI) is centrally controlling cellular

4 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://creativecommons.org/licenses/by/4.0/

Biochemical Journal (2022) 479 1-22 ° PORTLAND
https://doi.org/10.1042/BCJ20200714 ... PRESS

growth by integrating extra- and intracellular signalling to coordinate synthesis and degradation of essential
biomolecules, such as nucleic acids, lipids and amino acids [43]. mTOR is a component of the mTORCI,
which contains, among other auxiliary proteins, the regulatory-associated protein of mTOR (raptor) [43]. As
regulatory subunit, raptor directs mTOR activity by binding to a TOR signalling (TOS) motif (Fx®D®; where
@ is a hydrophobic amino acid) found for example in the eukaryotic initiation factor 4E binding proteins
(4E-BP) 1, 2 and 3 and ribosomal S6 kinases (RSKs) [44-46]. Adding to the complexity, 4E-BP1 contains in
addition to the C-terminal TOS motif, a N-terminal RAIP motif which binds a discrete site on the raptor and
is required for the sequential phosphorylation of 4E-BP1 by mTORC1 [47,48]. Furthermore, the
FKBP12-rapamycin-binding domain on mTOR itself has been suggested to provide a secondary
substrate-recruitment site, which is contacted by RSKs and mTORCI inhibitors [46,49].

Examples of docking motifs binding to individual kinases

Several docking motifs have been proposed for specific kinases rather than kinase families, as exemplified here
with the docking motifs of the aurora A kinase, the SR protein kinase 1 (SRPK1) and the phosphoinositide-
dependent kinase-1 (PDK1) (Figure 2B).

The aurora A kinase is centrally involved in cell cycle regulation. It binds to hydrophobic docking
motifs. One of its targets (targeting protein for Xklp2; TPX2) was shown to bind the kinase using two distinct
hydrophobics motifs, with a , YSYDAPSDFINFSS ,; peptide interacting with the N-lobe and a ;4.
NIDSWFEEKANLEN ,4; stretch being accommodated between the N- and the C-lobe [50]. A hydrophobic
aurora A docking motif was also found in the transforming acidic coiled-coil-containing protein 3 (TACC3;
520 EESFRDPAEVLGTGA s36) with F525 being a critical determinant of binding (Figure 2B). Aurora
A-mediated phosphorylation of TACC3 (on S558) induces the transition of an intrinsically disordered region
to an a-helical state, which facilitates the concomitant binding of clathrin to yet another binding motif in
TACCS3 [51]. Thus, the effects of phosphorylation on SLiM binding, which will be discussed later, may be both
direct and indirect.

The kinase SPRK1 is involved in the regulation of splicing. It binds to a docking motif (5.
SYGRSRSRSR-,14) in its substrate the serine-arginine protein ASF/SF2 (Figure 2B). Kinase targeting further
requires an additional ASF/SF2 peptide (101 RVKVDGPR ,9g), which controls successive ASF/SF2 phosphoryl-
ation [52]. Proposedly, ASF/SF2 is first threaded through the docking site of the kinase for subsequent phos-
phorylation, allowing for the ;91 RVKVDGPR ;93 peptide to bind to the docking groove before
201-SYGRSRSRSR-,1¢ [53].

Finally, kinase docking interactions may themselves be phospho-dependent. For example, the
phosphoinositide-dependent kinase PDK1 is crucial for activating several members of the AGC family of
kinases. PDK1 is targeted to the AGC kinases by interactions with a hydrophobic PDK1-interacting fragment
(PIF) docking motif in the C-terminal lobe of the AGCs kinase domain [54-57]. The binding of the PIF motif
by PDK1 is in turn regulated by phosphorylation of the S/T residue in the motif (Fxx[F/W/Y][pS/pT][F/Y];
Figure 2B).

GSK-3p and docking interactions with the scaffold protein axin

Docking interactions can be made between kinases and scaffold proteins rather than directly with the substrate,
as shown for the glycogen synthase kinase 3 B (GSK-3B), which serves as a negatively regulator in the control
of glucose homeostasis. GSK-3B binds a 19 amino acid peptide (353-VEPQKFAEELIHRLEAV-340) in axin,
which folds into a single amphipathic helix accommodated in a hydrophobic binding pocket (Figure 2C). Axin
acts as a scaffolding protein in the B-catenin destruction complex, and brings together GSK3p and -catenin,
which enhances B-catenin phosphorylation and subsequent degradation [58]. Recently, it was shown that the
enhancement of the catalytic rate by the scaffolding interaction was fairly modest, but that the axin-mediated
scaffolding increases the specificity of GSK3p for B-catenin in a cellular setting with many competing substrates
[59]. The docking interactions between GSK-3B and axin thus follow a similar principle for specificity increase
as the docking interactions between the protein phosphatase 1 (PP1) and its different regulatory subunits dis-
cussed later.

Docking interactions of kinases with auxiliary SLiM-binding domains

Docking interactions may be mediated by auxiliary protein domains that are covalently linked to the kinase
domain. This is frequently observed for tyrosine kinases (e.g. using SH2 and SH3 domains for targeting) [16]
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but more rarely for serine/threonine kinases. However, there are some exceptions including the polo-box
domain (PBD) in polo-like kinases (PLKs), the CCT domain found in the ste20-related proline alanine-rich
kinase (SPAK) and oxidative stress response kinase (OXSR1).

PLKs have critical roles in regulating cell cycle progression. Among the PLK family members, PLK1 and
PLK4 have been most studied and they have well-established function as mitotic regulators [60,61]. PLKs are
characterised by the presence of a N-terminal kinase domain and a C-terminal PBD composed of two polo
boxes (Figure 2D), except for PLK4 which has a second cryptic PBD. The PBD is critical for the subcellular
localisation of the kinases [62] and mediates substrate targeting by engaging in phospho-dependent interactions
with docking motifs [63]. The consensus motif for the PLK1 PBD was shown to be [H/N/M/T]S(pT/pS)[P/x]
based on peptide library screening [63,64]. Crystal structures between a MGS(pT)PL peptide and the PLK1
PBD revealed that both polo boxes formed contacts with the phospho-peptide [64,65] (Figure 2D). Various
PBDs recognise similar sequences [64,65]. However, the PBD confer specificity among the PLK family suggest-
ing little redundancy in their functionality [66]. A recent report inferred the contribution of an additional
tyrosine-rich pocket close to the phospho-peptide binding pocket to their substrate specificity [67].

The closely related kinase SPAK and OXSRI are also targeted to their substrates by docking interactions
mediated by an auxiliary domain, in this case, a CTT domain. The CTT domain of SPAK and OXSR1 binds to
a RFx[I/V] motif found in the two substrates kinases WNK1 and WNK4 [68,69]. A proteomic peptide phage
display screen against the OXSR1 CCT domain recently confirmed the RFx[I/V] motif in WNKI1 and WNK4
and suggested additional ligands that may serve as substrates for the kinase, including the protein dedicator of
cytokinesis protein 1 (DOCK1) [70].

Docking motifs of cyclins

The CDKs need a separate subunit, called cyclins for targeting substrates to the catalytic units. Due to their cell
cycle stage-dependent accumulation and degradation, cyclins emerge as key for controlling cell cycle progres-
sion [19,71]. The interactions between substrates and cyclins involve SLiM-based interactions. Several cyclins
recognise a classical RxL docking motif and accommodate the motif in a hydrophobic pocket, as first identified
in the context of the cyclinA-CDK2-p27 complex [19,72] (Figure 2E). Cyclins have been found to bind to var-
iations of the RxL motif, or to alternative motifs, including the LxF motif (CLB2; mitotic cyclin in budding
yeast) [73], the PxxPxF motif (CLB3; G2 cyclin in budding yeast) [74], the NLxxxL motif (CLB5/6; S-phase
cyclin in budding yeast) [75] and a leucine and proline-rich motif (late G1 CDKs in budding yeast) [76]. The
latter was recently demonstrated to tolerate substantial residue variation at position p +4 and p + 6 of the PxxL
motif, which fine-tuned the affinity and resulted in time-dependent substrate phosphorylation in budding yeast [77].
The docking interactions between cyclins and the substrates may further involve a combination of SLiM-
binding sites as shown for the binding of the retinoblastoma protein Rb to cyclin D. The interaction between
the two proteins involves distinct SLiMs, including a classical cyclin RxL docking motif that dock the hydro-
phobic pocket of the cyclin, a LxCxE motif found in cyclin D that binds to a docking groove on Rb, and a
C-terminal helix of Rb that docks to cyclin D [78,79].

The readers of the phosphorylation code

As described, targeting of serine/threonine kinases to their substrates does at least for a subset of enzymes
involve SLiM-based interactions. This contributes to determining kinase substrate specificity in a time- and
space-dependent manner. The enzymes phosphorylate in turn sites in the intrinsically disordered regions of
their target proteins, potentially affecting the binding properties of their SLiMs in different ways.
Phosphorylation of SLiMs may turn on interactions with obligate phospho-binders, which are commonly
referred to as readers of the phosphorylation code (Figure 1C). Alternatively, phosphorylation of residues inter-
spersed or in the flanking regions of motifs may act to fine-tune affinities. In this review, we refer to the latter
as phospho-modulation and discriminate it from the obligate phospho-binding of domains.

Obligate phospho-binders

The obligate phospho-binders described here require a phosphorylated serine or threonine for binding. They
include for example the 14-3-3 proteins, the forkhead-associated (FHA) domains, the BRCA1 C-terminal
(BRCT) domains, the peptidyl-prolyl isomerase 1 (PIN1) WW domain, and several WD40 repeat proteins
[80,81]. These domains have crucial roles in governing cell function, including cell cycle progression and DNA
damage response [80]. Another obligate phospho-binder is the kinase-dead guanylate kinase (GUK) domain,
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which has a scaffolding role at the postsynaptic density [82]. A common mechanism of pS/pT recognition of
these phospho-binding domains is contacting the phosphate group either by positively charged amino acids
(H/K/R) or by hydrogen bonding, including the peptide backbone or residues with free hydroxyl groups (for
example S/T). In the following section, we provide some representative cases of the interactions of the readers
of the phosphorylation code and relate the interactions to cellular functions (Figure 3A).

14-3-3 Adaptor proteins bind to pS/T containing SLiMs

The 14-3-3 proteins represent the first discovered, and likely most well-studied, pS/T binding domains. The
seven 14-3-3 isoforms (B, &, 1, ¥, T, { and 6) commonly form hetero- and homodimers [83]. The proteins
adopt a W-shaped fold, with the monomers arranging in o-helices and each providing a positively charged
phospho-peptide binding pocket [83,84]. The 14-3-3 proteins bind similar ligands but with varying affinities
[85]. A canonical binding motif has been defined (Rxx[pS/pT]xP), where both pS and pT are accepted [86]
(Figure 3B). The 14-3-3 binding motif matches well with motifs modified by basophilic kinases (AGC and
CAMKSs) but with a unique preference for a proline at position p +2 [87]. However, variants of the 14-3-3
binding motif have been described [88], and the proline is absent in many known 14-3-3 ligands [87]. There
are also sporadic reports on phospho-independent 14-3-3 interactions, in which an acid residue mimics the
phosphorylated residue [70,89-91].

Due to their abundance and large number interaction partners, 14-3-3 proteins have been implicated in
numerous cellular processes, such as signal transduction, cell cycle progression, apoptosis and metabolism
[83,84,92] (Figure 3A). For instance, a recent study established the interaction between 14-3-3 adaptor proteins
and phosphorylated cardiac membrane protein phospholamban, protecting the latter from dephosphorylation
and possibly contributing to prolonged muscle contractility [93]. The 14-3-3 proteins emerge further as key
regulators of kinase activity by allosteric mechanisms [94]. As an example, 14-3-3 adaptor proteins have been
shown to retain the calcium/calmodulin-dependent protein kinase kinase-2 (CAMKK2) in an inactivated state
by binding to pS100 and pS511 on the kinase [95]. Furthermore, the constitutive dimerisation of the 14-3-3
proteins has been demonstrated a molecular tool for the regulation of kinase activity. For example, the serine/
threonine-protein kinase B-raf forms an asymmetric dimer, held together by the 14-3-3 adaptor proteins, in
which one kinase is active and one is inactive [96]. The formation of a heterodimer between MKK2 and B-raf
is also promoted by bridging of the 14-3-3 proteins in both the active and inactive state of the kinase
dimer [97].

MAGUK kinase-dead GUK domains have evolved to recognise pS/pT

Among the less recognised phospho-binding domains are the kinase-dead GUK domains of MAGUKs
(membrane-associated GUKs). MAGUKs are scaffolding proteins, which are abundantly present at cell-cell
junctions and pivotal for biological processes such as cell polarity, intercellular communication and cell adhe-
sion [82] (Figure 3A). They are characterised by the presence of a signature GUK domain, which has lost its
enzymatic activity but engages in phospho-dependent SLiM-based interactions [82]. Residues from the former
GMP binding site contact the phosphorylated moiety, as shown for the binding of a phosphorylated peptide
the GUK domain from DLGI (discs large homologue 1) [98] (Figure 3C). Phospho-dependent interactions
have also been found for the GUK domains of several other MAGUKSs [82]. For example the PSD95 (postsy-
naptic density protein-95) GUK domain was found to bind to the DLGAP (disks large-associated protein) in a
phospho-dependent manner, and the interaction was shown to be required for the maturation of postsynaptic
densities and synaptogenesis [99].

BRCT domains bind pS-containing SLiMs

Some phospho-binding domains distinguish between pS and pT. For example, the BRCT domain specifically
bind pS-containing SLiMs. The domain was, as the name suggests, originally identified in the tumour suppres-
sor gene BRCA1 (breast cancer type 1 susceptibility protein). The BRCA1 BRCT domain was found to bind to
the S990 phosphorylated transcription regulator protein BACHI1 in the context of the pSxxF motif [100,101]
(Figure 3C). The observation that primary contacts to the phospho-peptide are made by S1655 and K1702 is
considered the paradigm for BRCT-mediated phospho-recognition. Nonetheless, non-canonical phospho-
peptide recognition by a conserved basic surface has been reported for the interaction of phosphorylated
keratin (CYK4) with the BRCT domain of the protein ECT2 [102]. Numerous other phospho-binding BRCT
domains are found in proteins involved in DNA replication and repair, and in cell cycle checkpoint
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Figure 3. Overview of a select set of phospho-regulated SLiM-based interactions.

(A) Overview of the cellular functions governed by phosphorylation. (B) Phospho-switch mediated by T158 phosphorylation on
the HPV16 E6 oncoprotein binding either 14-3-3 domains (phosphorylated, PDB: 6WTZ) or PDZ domains (unphosphorylated,
PDB: 6HKS). (C) Representative structures of obligate pS/pT-binding domains (cyan) and phosphorylated peptides (yellow,
phosphate group in red). Interacting residues on the domain are highlighted (PDBs: S3UAT (DLG1 GUK domain), 1T15 (BRCA1
BRCT domain), 2PIE (RFN8 FHA domain), 1P22 (FBXW1A WD40 domain), 1F8A (PIN1 WW domain). (D) Representative
structures of peptide-binding domains, the binding of which is subjected to phospho-modulation in the vicinity of the core
binding motif. Peptides are depicted in yellow and interacting residues on the domains are highlighted (PDBs:) 7AA9
(GABARAPL1 ATG8 protein), 5SEM9 (SNX27 PDZ domain).
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maintenance and cytokinesis [80,102-105]. Recently, a modelling approach identified phospho-peptides from
DNA endonuclease RBBP8 (pS347) to bind to the FHA-BRCT1/2 domains from nibrin, a protein involved in
processing double-stranded DNA breaks [106]. Furthermore, some BRCT containing proteins harbour more
than one BRCT domain, with several domains contributing to substrate specificity [107]. Finally, BRCT
domains have also been reported to engage in phospho-independent interactions [108]. As an example, the
BRCT domains from BRCAl-associated RING domain protein 1 (BARD1) were shown to interact with
lysine-ubiquitinated histone H2A which resulted in its and concomitant BRCA1 recruitment to sites of double-
stranded DNA breaks [109].

FHA domains bind pT-containing SLiMs

The FHA domains represent a domain family that recognises phospho-peptides with a strict requirement for
pT [110,111]. The FHA domain-containing proteins are implicated in various cellular functions such as DNA
damage response, cell cycle regulation and signal transduction [80,112] (Figure 3A). The domain is composed
of about 100-120 residues that fold into a 11-stranded B-sandwich. Five conserved residues define two pockets
that recognise a conserved pT, with two different binding motifs reported in the ELM database (pTxx[I/L/V];
pTxx[E/D]) [88,111,112] (Figure 3C). Based on structural analysis, it was found that additional hydrogen
bonds and accommodation of the methyl group from threonine in a hydrophobic pocket are responsible for
the preference of the FHA domain for pT over pS [111,113]. Numerous examples for the pT-dependent inter-
actions of FHA domains have been reported [80,112]. For instance, the FHA domain of MDC1 (mediator of
DNA damage checkpoint protein 1) was found responsible for the recruitment of phosphorylated USP15 to
double-stranded DNA breaks [114]. Another recent example includes the recruitment of the E3 ubiquitin ligase
pellinol via its FHA domain to DNA damage sites by binding to T18 phosphorylated p53 [115]. Additional
recognition modes such as the binding of the FHA domain of PNKP (polynucleotide kinase 3’ phosphatase) to
the pS-pT di-phospho-peptide on the DNA repair protein XRCC1 have been elucidated [116]. Lastly, FHA
domains have also been reported to also mediate protein dimerisation and oligomerisation [95], as exemplified
by T9-phosphorylation induced oligomerisation of the protein TIFA (TRAF-interacting protein with an FHA
domain) [117].

WD40 domains and the paradigm of phosphodegron recognition
WD40 repeats are B-propeller domains that constitute one of the largest domain families in the human prote-
ome [118]. Several WD40 interactions have been found to be phospho-dependent, including binding of degrad-
ation motifs (or degrons) that promote the interactions with E3 ubiquitin ligases and consequently ubiquitin
conjugation [119,120] (Figure 3A). The paradigm of phospho-dependent WD40 degron recognition involves
the F-box proteins, which act as adaptor proteins in the Skp, Cullin, F-box containing ubiquitin complex
[121,122] The complex is involved in the degradative processes during the cell cycle and substrate recognition
[119,123]. In early studies, it was shown that the WD40 domains of the F-box protein F-box/WD repeat-
containing protein 1A (FBXW1A) and 7 (FBXW?7) engage in phosphodegron interactions with their double
phosphorylated substrates B-catenin (3o-YLDpSGIHpSGAT-g5) and cyclin E (374-LPSGLLpTPPQpSG-355),
respectively. Both phospho-peptides pack against the narrow side of the channel formed by the B-propeller of
the WD40 domains [124,125] (Figure 3C). More recently, it was shown that the turn-over of transcription
factors such as the krueppel factor 10 (KLF10) is regulated by phosphorylation (s-(pT)PPY(pS)P-ge) creating a
phosphodegron recognised by FBXW7 [126]. Notably, the phosphodegrons recognised by FBXW?7 are fre-
quently mediated by GSK-3B, that phosphorylates sites four residues upstream of an already phosphorylated
residue to create the double phosphorylated ligand [127,128]. In addition, FBXW1A has been reported to be
responsible for phospho-dependent interaction with and hence degradation of, for example, the weel-like
protein kinase (WEEL; pS53, pS123) [129], the M-phase inducer phosphatase 2 (CDC25B; pS101, pS103)
[130], and the eukaryotic elongation factor 2 kinase (EEF2K; pS499) [131].

There is thus a frequent cross-talk between phosphorylation and degradation as illustrated by the interactions
of the WD40 domains of FBXW1A and FBXW?7 that both serve as substrate recognition components of E3
ligase complexes.
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The PIN1T WW domain is an obligate phospho-binder, but not the rest of the WW

domain family

PIN1 is a peptidyl-prolyl cis-trans isomerase that specifically isomerises a phosphorylated p[S/T]P motif and
that has essential roles in regulating cell cycle progression [132,133]. It has a WW domain that engages in
phospho-dependent interactions with targets of PIN1 isomerase activity. For example, phosphorylation of two
conserved threonine residues in the M-phase inducer phosphatase 3 (CDC25C) is required for its binding to
the PIN1 WW domain [134]. The structural requirements for the recognition of the pS/pT-P containing pep-
tides have been exemplified using a phospho-peptide derived from the C-terminal domain of the RNA poly-
merase II [135] (Figure 3C). The pS-P recognition motif of PIN1 overlaps with sequences modified by CDKs,
which is of relevance for PIN1’s role in cell cycle progression. For example, the oncogenic transcription factor
myb-related protein B (MYBL2) is phosphorylated by CDKs, which creates a PIN1 WW domain binding motif
and results in PIN1-mediated conformational changes. As a consequence, sites in MYBL2 become available for
further phosphorylation allowing it to assume its regulatory role in gene transcription in a hierarchical manner
[136]. An unusual interaction sequence was reported for the binding of CPEB1 (cytoplasmic polyadenylation
element-binding protein) to PIN1 WW domain that occurs prior to, but is enhanced by, phosphorylation. The
conformational change induced on CPEB1 by PINI results in its subsequent ubiquitination and degradation
[137,138]. In contrast, PIN1-mediated isomerisation of the bromodomain-containing protein 4 (BRD4) protects
the protein from degradation, which was found to be dependent on PIN1 WW domain binding to the T204
phosphorylated substrate [139].

Importantly, there are about 100 human WW domains that are involved in a variety of cellular processes
including receptor signalling, protein trafficking and degradation, and RNA transcription and processing
[140,141]. The remainder of the WW family binds proline-rich peptides without requirement for phosphoryl-
ation, with the main motif classes being [L/P]PxY and PPPL [142,143]. Even though not compulsory for the
interaction, WW domain-mediated binding can be tuned by phosphorylation. For example, binding of the E3
ligase NEDD4’s WW domains was enhanced by phosphorylation on a serine preceding the PPxY motif found
in the C-terminus of connexin43 [144]. A complex interplay between the SMAD family members 1-5 phos-
phorylation and a set of ‘reader’” WW domains has been proposed to mediate transforming growth factor
(TGFBB) and bone morphogenic protein (BMP) signalling downstream of the receptor. Sequential phosphoryl-
ation allows for the binding of WW domains first of proteins involved in SMAD activation and then subse-
quently of proteins involved in its degradation [145]. In a follow-up study, it was demonstrated that the
interaction of the central regulatory SMAD7 with SMAD1-5 was independent of this phospho-code [146].

Many SLiM-based interactions are modulated by phosphorylation

In addition to the obligate phospho-binders, there is a vast amount of protein domains for which the binding
does not critically rely upon phosphorylation, but for which there is a fine-tuning of affinities. Phosphorylation
can occur within the motif or in its flanking regions, with varying effects on binding (Figure 1C). Further,
phosphorylation may block binding of one modular domain, and at the same time favour binding of another
binder thus resulting in interaction partner switching [3] (Figures 1A and 3B). Due to the ubiquity of phos-
phorylation as a regulatory mechanism, a comprehensive annotation exceeds the scope of this review. Instead,
we exemplify common themes by focussing on selected cases among binding domains involved in scaffolding
interactions or protein trafficking processes.

PDZ domain-mediated interactions

PSD-95, Disks large tumour suppressor and Zonula occludens 1 (PDZ) domains represent one of the largest
domain families with over 260 PDZ domains found in over human 150 proteins. PDZ proteins are ubiquitous
scaffolding modules involved, among many processes, in the organisation of signalling complexes at mem-
branes, and in the trafficking of receptors [147] (Figure 3A). The canonical PDZ binding motifs are divided
into three main classes: class I a [S/T]x¢d-coo-, class II ¢pxd-coo- and class III [E/D]x¢-coo- found at the
C-terminus of its interaction partners with various specificity classes [147]. Class I PDZ binding motifs
harbour a S/T residue at the p —2 position amenable to phosphorylation (with C-terminal residue indicated as
p0). Phosphorylation at this position typically abrogates PDZ binding (Figure 3B) [148,149]. However, there
are exceptions from the rule, such as the binding of the Na*/H" exchange regulatory cofactor NHE-RF1
(NHERF1) PDZ domain to the C-terminus of the P2-adrenergic receptor, which is enabled by serine
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phosphorylation at the p — 2 position [150]. Another example of PDZ binding being tuned by phosphorylation
of motif-flanking residues is the binding of sorting nexin-27 (SNX27) PDZ domain. In this case, phosphoryl-
ation at the p—3 and p — 5 positions enhances binding, whereas at p — 2 abrogates binding and likely impacts
transport by the SNX27-retromer complex [148] (Figure 3D). Such ligand phosphorylation events may also
contribute to regulating specificities among the large number of PDZ domain proteins with the potential to
bind class I ligands [151]. Along these lines, the effects of phosphorylation at the p — 3 position of the class I
PDZ binding motif found in the C-terminus of the RSK on PDZ domain binding was systematically investi-
gated. Using a high-throughput hold-up assay against a collection of almost all human PDZ domains it was
found that the p — 3 phosphorylation dramatically altered the PDZ domain binding landscape of RSK1 [152].
As a variation, PDZ switching following phosphorylation has been proposed to play a role in dendrite develop-
ment by orchestrating the association of delta-catenin with either of the PDZ proteins MAGI
(membrane-associated guanylate kinase inverted 1) or PDLIM5 (PDZ and Lim domain protein 5) [153].

Beyond mediating switching between PDZ domains, it was shown that p — 2 phosphorylation may simultan-
eously block PDZ binding while creating a 14-3-3 binding site, leading to switching between distinct types of
binding domains (Figure 3B). Along these lines, the C-terminus of the HPV16 E6 oncoprotein contains an
overlapping PDZ/14-3-3 binding site. Phosphorylation of the motif attenuates PDZ domain binding while con-
comitantly recruiting 14-3-3 proteins [154,155] (Figure 3B). The concept of 14-3-3/PDZ switching has been
extended to several other proteins that similarly harbour overlapping binding motifs [156]. In further support,
phosphorylation of the p—1 and p —2 position in the PDZ binding motifs of RSK was shown to promote
14-3-3 binding [149]. PDZ/14-3-3 interactor phospho-switching may thus be a common and biological regula-
tory paradigm. Overall it becomes evident that phosphorylation acts as a key mechanism to control and fine-
tune PDZ domain interactions.

VHS domains and targeting of cargo for endocytosis

Phosphorylation regulates the binding of the endocytic transport signals (Figure 3A). For example, the GGA
(Golgi-localised, y-ear-containing, ADP-ribosylation-factor-binding)-mediated sorting into the endosome has
been proposed to be regulated by phosphorylation. The GGA proteins (GGA1-3) share a VHS (Vsp27p/Hrs/
STAM) domain that binds to DxxLL containing sequences. It was shown that the association of the GGA3
VHS was enhanced by serine phosphorylation at the p — 1 position relative to the core DxxLL motif in the
cation-independent mannose 6-phosphate receptor (IGF2R) [157]. Similarly, serine phosphorylation at the p +
3 position in the DxxLL motif of B-secretase (BACE2) led to an increase in affinity for the VHS domains of the
GGA proteins [158].

ATGS8 proteins and targeting proteins for autophagy

During autophagy, cytoplasmic components are engulfed by autophagosomes. The autophagy-related protein 8
(ATGS8) proteins are central components of the autophagosome forming machinery and can act as membrane
scaffolds and cargo receptors [159]. The ATG8 proteins include the microtubule-associated proteins 1A/1B
light chain 3 (MAPILC3A,-B,-C) and gamma-aminobutyric acid receptor-associated proteins
(GABARAP,-L1,-L2). The ATGS proteins interact with selective autophagy receptors, which in turn bind ubi-
quitinated proteins targeted for degradation [160] (Figure 3A). The proteins recognise LC3-interacting region
(LIR) motifs with a general consensus [F/Y/W]xx¢, which was originally identified in sequestosome 1
(33s-GDDDWTHLSSK-3,,) and later found in a large number of other proteins [70,160-162].

The LC3-LIR interactions have been shown to be augmented by ligand phosphorylation at different posi-
tions. Several studies have reported that phosphorylation of the p — 1 position upstream of the motif enhances
the affinity of the interactions [163-166]. Phosphorylation at sites more upstream the LIR motif may also
increase the affinity of the interactions as shown for the LIR motif found in beclin-1 (p—1, p—3 and p—7)
and in PIK3C3 (phosphatidylinositol 3-kinase catalytic subunit type 3) (p — 1, p — 6) [167]. Additionally, it has
been shown that the LIR motif of SCOC (short coiled-coil protein), a positive regulator of starvation-induced
autophagy, is positively regulated by phosphorylation of positions both downstream and upstream of the LIR
motif (p—2, p+2 and p+5) [168] (Figure 3D). Similarly, a synergistic effect was observed between p — 1 and
p + 6 phosphorylation in the flanking regions of a dormant LIR motif in integrin B3 that transformed weak
interactions to low micromolar affinities [169]. Together these examples suggest that multiple residues in close
vicinity of the LIR motif are subjected to phosphorylation to fine-tune ATG8 domain binding and thereby
regulate the targeting of proteins for autophagy.
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Karyopherins binds nuclear localisation signals for nuclear import
Along the lines of regulation of targeting motifs by phosphorylation, there are also ample reports on how
nuclear localisation is phospho-regulated (Figure 3A). Karyopherin o (or importin o) family members bind to
nuclear localisation signals (NLSs) and transports cargo through the nuclear pore complex [170]. They have two
NLS binding pockets and bind basic bipartite NLSs that are about 17-19 amino acids long. They also bind basic
monopartite NLSs that have been divided into several different classes, of which some bind to either the major
or minor pocket, and others interact with both pockets [70,171]. The function of NLSs can be up or down-
regulated by phosphorylation upstream or downstream the motifs [172]. For instance, pS350 phosphorylation
upstream of the NLS was reported to attenuate nuclear shuttling of DAPK2 (death-associated protein
kinase-related apoptosis-inducing protein kinase 2; 345-DSSMVpSKRFREF-;54) [173]. In contrast, phosphoryl-
ation of S360 located downstream of the NLS (35,-ARKRKPSP-3¢;) in IRF2BP2 (interferon regulatory factor 2
binding protein 2) was found to be necessary for its nuclear localisation [174]. No specific karyopherin has been
reported for the here described phospho-modulated NLS, thus, there are no structural details of the interactions.
Taken together, the tuning of affinities of SLiM-based interactions may be an underappreciated aspect of the
functional consequences of phosphorylation due to the large number of proteins engaging in phospho-
modulated binding events.

The erasers — docking interactions of phosphatases

Finally, we focus on the SLiM-based docking interactions of the protein phosphatases that counteract the actions
of kinases and thereby contribute to controlling the specificity and length of phosphorylation events. In contrast
with the common structure of the kinases (Figure 2A), phosphatases have more diverse structures and different
mechanisms of hydrolysis [175]. The human serine/threonine phosphatases are encoded by about 40 genes [176].
There are three superfamilies of serine/threonine phosphatases: phosphoprotein phosphatases (PPPs; PP1, PP2A,
PP2B (calcineurin), PP4-PP7), metal-dependent protein phosphatases (PPMs; PP2C) and the aspartate-based
phosphatases [176] (Figure 4A). Here, we focus on the PPPs. PPPs rarely exist as free catalytic subunits, but form
holoenzymes together with regulatory subunits, resulting in a combinatorial assembly of phosphatase complexes.
For example, more than 200 regulatory subunits have been found for PP1 and over a dozen regulatory subunits
and isoforms have been found for PP2A [177]. All PPPs share a common catalytic core and catalytic mechanism.
Variations in the solvent-exposed residues surrounding the catalytic site provide some specificity for the depho-
sphorylation reaction, but there is so far no reliable consensus motifs for the sites of PPPs dephosphorylation
[177]. Docking interactions contribute to the substrate specificities, as exemplified below by PP1, PP2A, calci-
neurin and PP4. For other phosphatases, the potential docking motifs still remain to be established [177].

In addition to the serine/threonine phosphatases discussed here, there are also dual-specificity phosphatases
(DUSPs), which may also use motifs for substrate targeting as recently convincingly outlined for yeast CDC14 [178].
The phosphatase was further demonstrated to specifically dephosphorylate pSP-containing peptides [179]. We
consider diving into further mechanistic details of the DUSPs as beyond the scope of this review.

PP1

PP1 is responsible for catalysing a large proportion of eukaryotic protein dephosphorylation events [180].
There are three PP1 genes that encode three distinct catalytic subunits (PPP1CA, PPP1CB and PP1CC) which
have conserved catalytic cores and variable flanking regions. PPls interact with a wide range of proteins
through interactions with SLiMs, as reviewed in detail elsewhere [180]. In brief, the RVXF motif is the most
common PP1 docking motif [181]. It binds to a hydrophobic groove in the catalytic subunit (Figure 4C).
Several other PP1 docking motifs have been reported to enable the interactions including the SILK muotif, the
Rxx[Q/V/T/L K/R]x[Y/W] motif [182], the ®® motif [183] and KiR (Ki67-RepoMan) motifs [184]. Moreover,
the binding of RV[S/T]F containing ligands to PP1 during mitosis has been shown to be subjected to phos-
phorylation by aurora B, which blocks PP1 binding with the phosphorylated regulatory proteins [185]. The
phosphorylation by aurora kinases is driven by recognition of the arginine at the p —2 position [186,187]. The
SLiM-binding sites on the catalytic subunit are employed for substrate recognition, for targeting to subcellular
compartments and for binding to regulatory domains that in turn recruit substrates [180]. For example, the
PDZ protein sphinophilin binds to the PP1A via the RVXF and ®® motifs, which blocks binding of other
ligands. Substrates are then targeted to the PP1-sphinophilin complex by PDZ-mediated interactions with
C-terminal ligands of target proteins (Figure 4C) [188].
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Figure 4. Strategies of serine/threonine phosphatases for substrate targeting.

(A) Overview of the serine/threonine phosphatase classification. (B) Representative holoenzymes of PP1 (PDB: 60BP) and
PP2A (PDB: 2NPP). The catalytic subunit is depicted in grey, whereas the regulatory subunit is shown in orange and the
scaffolding subunit of PP2A in brown. (C) Docking interactions engaged by the different PPPs with either peptides of regulatory
subunits (orange) or substrates (yellow). An exception is the substrate peptide from BUB1B depicted for clarity in blue on the
orange regulatory subunit B56. Key residues on the peptides are highlighted (PDBs: 5ZQV (PP1 with PPP1R3A), 3EGG (PP1
with sphinophilin), 5JJA (B56 PP1 regulatory subunit), BNUC (PP2B), 6R8I (PP4)).

Specificity for PP1 catalytic units among the regulatory domains can be further obtained by auxiliary motif-
based interactions involving motifs in the tail regions flanking the catalytic core of the enzyme. Recently, it was
shown that TP53BP2 (apoptosis-stimulating of p53 protein 2) binds to the PP1 RVXF site and uses its SH3
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domain to discriminate between different PP1 isoforms based on the presence or absence of a PxxPxR motif in
the PP1 C-terminal tail [189].

PP2A

PP2A is a major phosphatase in human cells. It forms a heterotrimeric holoenzyme complex composed of a
catalytic subunit (2 subunits), a scaffolding subunit (2 subunits) and a regulatory subunit (15 different subunits
of four different classes) [190] (Figure 4B). The determinants of PP2A substrate specificity involves components
of subcellular targeting, the combinatorial assembly of the holoenzyme complex and specific interactions with the
substrates [190]. The regulatory subunit has a key role in substrate targeting. Compared with the well-defined
docking motifs of PP1, the information about the motif-based interactions that contribute to PP2A activity
remains scarce. Recently, a [RK]Vxx[VI]R docking motif was described for the B55 regulatory subunit [191].
This motif has been found closely downstream the site of dephosphorylation in substrates such as the
retinoblastoma-like protein 1 (RBLI, also called p107) and the microtubule-associated protein tau. Another
well-described PP2A docking interaction involves the B56 regulatory subunit. B56 binds to a LxxIxE docking
motifs found in the kinetochore protein mitotic checkpoint serine/threonine-protein kinase BUB1 [192], in the
nuclear scaffolding protein Repo-Man (cell division cycle-associated protein 2) [193], and in a large number of
other proteins as identified by proteomic peptide phage display and bioinformatics analysis [193,194]. The
B56-LxxIxE interaction is positively regulated by ligand phosphorylation [192]. Apart from the LxxIxE motif, a
subset of ligands have been found to also contain a basic stretch that augments the interaction with LxxIxE
containing ligands through interactions with an acidic patch on the B56 structure [195].

Calcineurin (PP3/PP2B)

Calcineurin is a ubiquitously occurring Ca**/calmodulin-activated serine/threonine phosphatase that links Ca*"
signalling to the phosphorylation state of a large number of proteins [196-199]. It is a heterodimer of a cata-
lytic PPP domain (CNA) and a Ca®'-binding regulatory domain (CNB). Calcineurin binds to two SLiMs,
PIXIXIT and LxVP, of which the PIXIXT motif is the main ligand [196]. It was first discovered in the transcrip-
tion factor NFAT2 (nuclear factor of activated T-cells, cytoplasmic 2) [197], and has later been found in a large
number of proteins. For example, a g-PQIIIT-o; motif was recently found in the protein
spermatogenesis-associated protein 33 [200]. The PIXIXIT motif binds to the catalytic subunit of the CNA
[201] and targets the enzyme to substrates and regulators [198]. The LxVP binds to a hydrophobic cleft at the
interface of the CNA and CNB subunits that is only available in the active conformation, and may contribute
to positioning the phosphorylated residues for dephosphorylation [202,203] (Figure 4C). The presence of both
motifs in a substrate may increase the affinity for the substrate through avidity effects, as shown for the calci-
neurin substrate Na™/H"-exchanger 1 [204]. Flanking residues and PTMs downstream of the motif also con-
tribute to PxIXIT-CN affinity, as shown by systematic affinity analysis of various ligands [199]. Recently,
information on motif-based interactions of calcineurin was largely expanded by a combination of phage-based
screening, in silico predictions and cell-based approaches [196]. Among the novel findings was that calcineurin
is targeted to the centrosomal and nuclear pore complex proteins, and regulates nuclear transport [196].

PP4

PP4 is a nuclear and chromatin-associated phosphatase [205]. Similar to PP2A, PP4 is often found as a hetero-
trimeric complex, with a catalytic subunit (PP4c) that forms a complex with a scaffolding subunit (PP4R2) and
a regulatory-3 subunit (PP4R3) [177]. The regulatory PP4R3 has an EVHI (drosophila enabled/vasodilator-
stimulated phosphoprotein homologue 1)-like domain that binds to FxxP containing peptides [205,206]. For
the drosophila PP4 (falafel) it was shown that the interaction with a FxxP containing motif in the centromeric
protein C recruits the enzyme to centromeres [206]. A resource of human PP4 binding motifs was established
through a combination of proteomic peptide phage display, bioinformatics and mass spectrometry-based inter-
actomics [205]. It was further shown that the PP4 interaction with a FKRPT stretch in the coiled-coil domain-
containing protein 6 (CCDC6) can be negatively regulated by phosphorylation of the p+5 position.
Modulation of phosphatase docking interactions by phosphorylation may thus be a common theme.

Outlook

We have here surveyed motif-based interactions that contribute to the specificity of the writer-reader—eraser
system of serine/threonine phosphorylation. It is a daunting topic, given the extent of literature. Nevertheless,
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we expect that the current literature only covers a fraction of all phospho-regulated SLiM-based interactions,
and only part of the docking interactions of kinases and phosphatases. Moreover, as showcased here, we would
expect that a large proportion of the SLiM-based interactions can be regulated by phosphorylation within the
motif or its flanking regions. Much effort will thus be needed to obtain a better understanding of the functional
roles of the hundreds and thousands of phosphosites in the proteome, the enzymes that act on them, and what
consequences the modification has on SLiM-based interactions. The effects on PTMs on SLiM-based interac-
tions are of course not restricted to phosphorylation, but can be expanded to other PTMs, such as methylation,
acetylation, ubiquitination and sumoylation. Along these lines, in the larger scale analysis performed in the
switches.elm compendium, it was suggested that more than half of the known validated SLiMs are pre- or post-
translationally modulated and regulated [3]. Hence an overall picture can be envisioned in which it is possible
that most SLiM-based PPIs are regulated by PTMs or by other means such as pre-translational processing or
competition with other proteins.

SLiM-based interactions have previously mostly been identified in low-throughput experiments, but with the
use of different display and array-based systems, SLiM-based interactions are now being uncovered on a larger
scale [207]. Such large-scale discovery of SLiM-based interactions and binding motifs paired with annotations
of known phosphosites allow the predictions of phospho-regulated interactions on a larger scale [70]. Attempts
are also being made to elucidate SLiM-based interactions tuned by novel phospho-regulated interactions by a
direct experimental approach and on a larger scale. We have for example tested the concept of phosphomimetic
proteomic peptide phage display in order to screen for phospho-regulated PDZ binding motifs [151]. In this
fashion, we could establish the phospho-regulation of various positions of the PDZ binding motifs relative to
the core motif and identify novel interactors [151]. Although useful, it is important to realise that phosphomi-
metics do not perfectly mimic phosphorylation, and results need to be confirmed using actual phosphorylated
peptides [149,151]. Various approaches for higher throughput affinity measurements, such as the hold-up
assay [208], FACS-based sorting of yeast-display ligands [209] and spectrally encoded beads [199], are also con-
tributing with information on affinities of SLiM-based interactions and their regulation. The larger scale-motif
discovery and paired with higher throughput characterisation will contribute towards a more detailed picture of
the SLiM-based molecular interactions that govern cell function, and the interplay between the writers, readers
and erasers of the phosphorylation code.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
This work was supported by the Swedish Research Council (YI: 2020-03380).

Abbreviations

BRCT, BRCA1 C-terminal; CAMKK2, calcium/calmodulin-dependent protein kinase kinase-2; CDKs,
cyclin-dependent kinases; DOCK1, dedicator of cytokinesis protein 1; DUSPs, dual-specificity phosphatases;
FHA, forkhead-associated; GUK, guanylate kinase; JNK1, Jun N-terminal kinase 1; MAGUKS,
membrane-associated guanylate kinases; MKKs, MAPK kinases; mTOR, mechanistic target of rapamycin;
mTORC1, mTOR complex 1; MYBL2, myb-related protein B; NLSs, nuclear localisation signals; OXSR1,
oxidative stress response kinase; PBD, polo-box domain; PDK1, phosphoinositide-dependent kinase-1; PIF,
PDK1-interacting fragment; PIN1, peptidyl-prolyl isomerase 1; PLKs, polo-like kinases; PP1, protein
phosphatase 1; PPMs, metal-dependent protein phosphatases; PPPs, phosphatases: phosphoprotein
phosphatases; PTMs, post-translational modifications; RBL1, retinoblastoma-like protein 1; RSKs, ribosomal S6
kinases; SLiMs, short linear motifs; SPAK, ste20-related proline alanine-rich kinase; TOS, TOR signalling.

References

1 Davey, N.E., Van Roey, K., Weatheritt, R.J., Toedt, G., Uyar, B., Altenberg, B. et al. (2012) Attributes of short linear motifs. Mol. Biosyst. 8, 268—281
https://doi.org/10.1039/c1mb05231d

2 Ivarsson, Y. and Jemth, P. (2019) Affinity and specificity of motif-based protein—protein interactions. Curr. Opin. Struct. Biol. 54, 26-33. https://doi.org/
10.1016/j.5hi.2018.09.009

3 Van Roey, K., Dinkel, H., Weatheritt, R.J., Gibson, T.J. and Davey, N.E. (2013) The switches.ELM resource: a compendium of conditional regulatory
interaction interfaces. Sci. Signal. 6, rs7 https://doi.org/10.1126/scisignal.2003345

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 15


https://doi.org/10.1039/c1mb05231d
https://doi.org/10.1016/j.sbi.2018.09.009
https://doi.org/10.1016/j.sbi.2018.09.009
https://doi.org/10.1126/scisignal.2003345
https://creativecommons.org/licenses/by/4.0/

.. 2 PORTLAND
00 Press

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

33

34

35

Biochemical Journal (2022) 479 1-22
https://doi.org/10.1042/BCJ20200714

Adam, K. and Hunter, T. (2018) Histidine kinases and the missing phosphoproteome from prokaryotes to eukaryotes. Lab. Invest. 98, 233-247
https://doi.org/10.1038/labinvest.2017.118

Mann, M., Ong, S.E., Granborg, M., Steen, H., Jensen, O.N. and Pandey, A. (2002) Analysis of protein phosphorylation using mass spectrometry:
deciphering the phosphoproteome. Trends Biotechnol. 20, 261-268 https://doi.org/10.1016/S0167-7799(02)01944-3

Sharma, K., D’Souza, R.C.J., Tyanova, S., Schaab, C., Wisniewski, J.R., Cox, J. et al. (2014) Ultradeep human phosphoproteome reveals a distinct
regulatory nature of Tyr and Ser/Thr-based signaling. Cell Rep. 8, 1583—1594 https://doi.org/10.1016/j.celrep.2014.07.036

Hornbeck, P.V., Zhang, B., Murray, B., Kornhauser, J.M., Latham, V. and Skrzypek, E. (2015) Phosphositeplus, 2014: mutations, PTMs and
recalibrations. Nucleic Acids Res. 43, D512-D520 https://doi.org/10.1093/nar/gku1267

Pelech, S. PhosphoNET [Internet]. Available from: http./www.phosphonet.ca/Credits.htm

Dinkel, H., Chica, C., Via, A., Gould, C.M., Jensen, L.J., Gibson, T.J. et al. (2011) Phospho.ELM: a database of phosphorylation sites—update 2011.
Nucleic Acids Res. 39, D261-D267 https://doi.org/10.1093/nar/gkq1104

Linding, R., Jensen, L.J., Ostheimer, G.J., van Vugt, M.A.T.M., Jargensen, C., Miron, .M. et al. (2007) Systematic discovery of in vivo phosphorylation
networks. Cell 129, 1415-1426 https://doi.org/10.1016/j.cell.2007.05.052

Wang, C., Xu, H., Lin, S., Deng, W., Zhou, J., Zhang, Y. et al. (2020) GPS 5.0: an update on the prediction of kinase-specific phosphorylation sites in
proteins. Genom. Proteom. Bioinform. 18, 72—80 https://doi.org/10.1016/).gpb.2020.01.001

Xue, B., Jordan, B., Rizvi, S. and Naegle, K.M. (2021) Kinpred: a unified and sustainable approach for harnessing proteome-level human
kinase-substrate predictions. PLoS Comput. Biol. 17, 1008681 https://doi.org/10.1371/journal.pcbi. 1008681

Li, X., Wilmanns, M., Thornton, J. and Kéhn, M. (2013) Elucidating human phosphatase-substrate networks. Sci. Signal. 6, rs10 https://doi.org/10.
1126/scisignal.2003203

Damle, N.P. and Kéhn, M. (2019) The human DEPhOsphorylation database DEPOD: 2019 update. Database (Oxford) 2019, baz133 https://doi.org/10.
1093/database/baz133

Manning, G., Whyte, D.B., Martinez, R., Hunter, T. and Sudarsanam, S. (2002) The protein kinase complement of the human genome. Science 298,
1912—1934 https://doi.org/10.1126/science. 1075762

Ubersax, J.A. and Ferrell, J.E. (2007) Mechanisms of specificity in protein phosphorylation. Nat. Rev. Mol. Cell Biol. 8, 530-541 https://doi.org/10.
1038/nrm2203

Dyla, M. and Kjaergaard, M. (2020) Intrinsically disordered linkers control tethered kinases via effective concentration. Proc. Natl Acad. Sci. U.S.A. 117,
21413-21419 https://doi.org/10.1073/pnas.2006382117

Biondi, R.M. and Nebreda, A.R. (2003) Signalling specificity of Ser/Thr protein kinases through docking-site-mediated interactions. Biochem. J. 372,
1-13 https://doi.org/10.1042/bj20021641

Tatum, N.J. and Endicott, J.A. (2020) Chatterboxes: the structural and functional diversity of cyclins. Semin. Cell Dev. Biol. 107, 4-20 https://doi.org/
10.1016/j.semcdb.2020.04.021

Cargnello, M. and Roux, P.P. (2011) Activation and function of the MAPKs and their substrates, the MAPK-activated protein kinases. Microbiol. Mol. Biol.
Rev. 75, 50-83 https://doi.org/10.1128/MMBR.00031-10

Tanoue, T., Adachi, M., Moriguchi, T. and Nishida, E. (2000) A conserved docking motif in MAP kinases common to substrates, activators and
regulators. Nat. Cell Biol. 2, 110116 https://doi.org/10.1038/35000065

Gaestel, M. (2015) MAPK-activated protein kinases (MKs): novel insights and challenges. Front. Cell Dev. Biol. 3, 88 https://doi.org/10.3389/fcell.2015.
00088

Garai, A., Zeke, A., Gogl, G., T6rG, |., Fordds, F., Blankenburg, H. et al. (2012) Specificity of linear motifs that bind to a common mitogen-activated
protein kinase docking groove. Sci. Signal. 5, ra74 https://doi.org/10.1126/scisignal.2003004

Zeke, A, Bastys, T, Alexa, A., Garai, A., Mészaros, B., Kirsch, K. et al. (2015) Systematic discovery of linear binding motifs targeting an ancient protein
interaction surface on MAP kinases. Mol. Syst. Biol. 11, 837 https://doi.org/10.15252/msh.20156269

Ter, H.E., Prabakhar, P., Liu, X. and Lepre, C. (2007) Crystal structure of the p38 alpha-MAPKAP kinase 2 heterodimer. J. Biol. Chem. 282,
9733-9739 https://doi.org/10.1074/jbc.M611165200

Jacabs, D., Beitel, G.J., Clark, S.G., Horvitz, H.R. and Kornfeld, K. (1998) Gain-of-function mutations in the Caenorhabditis elegans lin-1 ETS gene
identify a C-terminal regulatory domain phosphorylated by ERK MAP kinase. Genetics 149, 1809-1822 https://doi.org/10.1093/genetics/149.4.1809
Jacobs, D., Glossip, D., Xing, H., Muslin, A.J. and Kornfeld, K. (1999) Multiple docking sites on substrate proteins form a modular system that mediates
recognition by ERK MAP kinase. Genes Dev. 13, 163—175 https://doi.org/10.1101/gad.13.2.163

Piserchio, A., Ramakrishan, V., Wang, H., Kaoud, T.S., Arshava, B., Dutta, K. et al. (2015) Structural and dynamic features of F-recruitment site driven
substrate phosphorylation by ERK2. Sci. Rep. 5, 11127 https://doi.org/10.1038/srep11127

Kirsch, K., Zeke, A., Toke, 0., Sok, P., Sethi, A., Seb, A. et al. (2020) Co-regulation of the transcription controlling ATF2 phosphoswitch by JNK and
p38. Nat. Commun. 11, 5769 https://doi.org/10.1038/s41467-020-19582-3

Shi, G., Robles, J.T., Song, C., Salichos, L., Lou, H.J., Gerstein, M. et al. (2021) Proteome-wide screening for mitogen-activated protein kinase docking
motifs and interactors. bioRxiv [Internet]. Available from: https:/www.biorxiv.org/content/early/2021/08/20/2021.08.20.457142

Ho, D.T., Bardwell, A.J., Abdollahi, M. and Bardwell, L. (2003) A docking site in MKK4 mediates high affinity binding to JNK MAPKs and competes with
similar docking sites in JNK substrates. J. Biol. Chem. 278, 32662—-32672 https://doi.org/10.1074/jbc.M304229200

Kragelj, J., Palencia, A., Nanao, M.H., Maurin, D., Bouvignies, G., Blackledge, M. et al. (2015) Structure and dynamics of the MKK7-JNK signaling
complex. Proc. Natl Acad. Sci. U.S.A. 112, 3409-3414 https://doi.org/10.1073/pnas. 1419528112

Bardwell, A.J., Flatauer, L.J., Matsukuma, K., Thorner, J. and Bardwell, L. (2001) A conserved docking site in MEKs mediates high-affinity binding to
MAP kinases and cooperates with a scaffold protein to enhance signal transmission. J. Biol. Chem. 276, 10374—10386 https://doi.org/10.1074/jbc.
M010271200

Zhang, Y.-Y., Wu, J.-W. and Wang, Z.-X. (2011) A distinct interaction mode revealed by the crystal structure of the kinase p38c: with the MAPK binding
domain of the phosphatase MKP5. Sci. Signal. 4, ra88 https://doi.org/10.1126/scisignal.2002241

Tanoue, T., Yamamoto, T. and Nishida, E. (2002) Modular structure of a docking surface on MAPK phosphatases. J. Biol. Chem. 277, 22942—22949
https://doi.org/10.1074/jbc.M202096200

1 6 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://doi.org/10.1038/labinvest.2017.118
https://doi.org/10.1016/S0167-7799(02)01944-3
https://doi.org/10.1016/S0167-7799(02)01944-3
https://doi.org/10.1016/S0167-7799(02)01944-3
https://doi.org/10.1016/j.celrep.2014.07.036
https://doi.org/10.1093/nar/gku1267
https://doi.org/10.1093/nar/gkq1104
https://doi.org/10.1016/j.cell.2007.05.052
https://doi.org/10.1016/j.gpb.2020.01.001
https://doi.org/10.1371/journal.pcbi.1008681
https://doi.org/10.1126/scisignal.2003203
https://doi.org/10.1126/scisignal.2003203
https://doi.org/10.1093/database/baz133
https://doi.org/10.1093/database/baz133
https://doi.org/10.1126/science.1075762
https://doi.org/10.1038/nrm2203
https://doi.org/10.1038/nrm2203
https://doi.org/10.1073/pnas.2006382117
https://doi.org/10.1042/bj20021641
https://doi.org/10.1016/j.semcdb.2020.04.021
https://doi.org/10.1016/j.semcdb.2020.04.021
https://doi.org/10.1128/MMBR.00031-10
https://doi.org/10.1128/MMBR.00031-10
https://doi.org/10.1038/35000065
https://doi.org/10.3389/fcell.2015.00088
https://doi.org/10.3389/fcell.2015.00088
https://doi.org/10.1126/scisignal.2003004
https://doi.org/10.15252/msb.20156269
https://doi.org/10.1074/jbc.M611165200
https://doi.org/10.1093/genetics/149.4.1809
https://doi.org/10.1101/gad.13.2.163
https://doi.org/10.1038/srep11127
https://doi.org/10.1038/s41467-020-19582-3
https://doi.org/10.1038/s41467-020-19582-3
https://doi.org/10.1038/s41467-020-19582-3
https://doi.org/10.1038/s41467-020-19582-3
https://doi.org/10.1074/jbc.M304229200
https://doi.org/10.1073/pnas.1419528112
https://doi.org/10.1074/jbc.M010271200
https://doi.org/10.1074/jbc.M010271200
https://doi.org/10.1126/scisignal.2002241
https://doi.org/10.1074/jbc.M202096200
https://creativecommons.org/licenses/by/4.0/

Biochemical Journal (2022) 479 1-22 °
https://doi.org/10.1042/BCJ20200714 ... PRESS

36

37

38

39

40

41

42

43
44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

Bardwell, A.J., Abdollahi, M. and Bardwell, L. (2003) Docking sites on mitogen-activated protein kinase (MAPK) kinases, MAPK phosphatases and the
Elk-1 transcription factor compete for MAPK binding and are crucial for enzymic activity. Biochem. J. 370, 1077-1085 https://doi.org/10.1042/
bj20021806

Peregrin, S., Jurado-Pueyo, M., Campos, P.M., Sanz-Moreno, V., Ruiz-Gomez, A., Crespo, P. et al. (2006) Phosphorylation of p38 by GRK2 at the
docking groove unveils a novel mechanism for inactivating p38MAPK. Curr. Biol. 16, 2042—2047 https://doi.org/10.1016/).cub.2006.08.083
Lempidinen, H. and Halazonetis, T.D. (2009) Emerging common themes in regulation of PIKKs and PI3Ks. EMBO J. 28, 30673073 https://doi.org/10.
1038/emboj.2009.281

Baretic, D. and Williams, R.L. (2014) PIKKs—the solenoid nest where partners and kinases meet. Curr. Opin. Struct. Biol. 29, 134142 https://doi.org/
10.1016/j.sbi.2014.11.003

Falck, J., Coates, J. and Jackson, S.P. (2005) Conserved modes of recruitment of ATM, ATR and DNA-PKcs to sites of DNA damage. Nature 434,
605-611 https://doi.org/10.1038/nature03442

You, Z., Chahwan, C., Balilis, J., Hunter, T. and Russell, P. (2005) ATM activation and its recruitment to damaged DNA require binding to the C terminus
of Nbs1. Mol. Cell. Biol. 25, 5363-5379 https://doi.org/10.1128/MCB.25.13.5363-5379.2005

Andersen, K.R. (2017) Insights into Rad3 kinase recruitment from the crystal structure of the DNA damage checkpoint protein Rad26. J. Biol. Chem.
292, 8149-8157 https://doi.org/10.1074/jbc.M117.780189

Condon, K.J. and Sabatini, D.M. (2019) Nutrient regulation of mTORC1 at a glance. J. Cell Sci. 132, jcs222570 https://doi.org/10.1242/jcs.222570
Schalm, S.S. and Blenis, J. (2002) Identification of a conserved motif required for mTOR signaling. Curr. Biol. 12, 632—639 https://doi.org/10.1016/
S0960-9822(02)00762-5

Schalm, S.S., Fingar, D.C., Sabatini, D.M. and Blenis, J. (2003) TOS motif-mediated raptor binding regulates 4E-BP1 multisite phosphorylation and
function. Curr. Biol. 13, 797-806 https://doi.org/10.1016/S0960-9822(03)00329-4

Yang, H., Jiang, X., Li, B., Yang, H.J., Miller, M., Yang, A. et al. (2017) Mechanisms of mTORC1 activation by RHEB and inhibition by PRAS40. Nature
552, 368—373 https://doi.org/10.1038/nature25023

Beugnet, A., Wang, X. and Proud, C.G. (2003) Target of rapamycin (TOR)-signaling and RAIP motifs play distinct roles in the mammalian
TOR-dependent phosphorylation of initiation factor 4E-binding protein 1. J. Biol. Chem. 278, 40717-40722 https://doi.org/10.1074/jbc.M308573200
Bohm, R., Imseng, S., Jakob, R.P., Hall, M.N., Maier, T. and Hiller, S. (2021) The dynamic mechanism of 4E-BP1 recognition and phosphorylation by
mTORC1. Mol. Cell 81, 2403-2416.e5 https://doi.org/10.1016/j.molcel.2021.03.031

Yang, H., Rudge, D.G., Koos, J.D., Vaidialingam, B., Yang, H.J. and Pavletich, N.P. (2013) mTOR kinase structure, mechanism and regulation. Nature
497, 217-223 https://doi.org/10.1038/nature12122

Bayliss, R., Sardon, T., Vernos, I. and Conti, E. (2003) Structural basis of Aurora-A activation by TPX2 at the mitotic spindle. Mol. Cell 12, 851-862
https://doi.org/10.1016/51097-2765(03)00392-7

Burgess, S.G., Mukherjee, M., Sabir, S., Joseph, N., Gutiérrez-Caballero, C., Richards, M.W. et al. (2018) Mitotic spindle association of TACC3 requires
Aurora-A-dependent stabilization of a cryptic a--helix. EMBO J. 37, 97902 https://doi.org/10.15252/embj.201797902

Ngo, J.C.K., Chakrabarti, S., Ding, J.-H., Velazquez-Dones, A., Nolen, B., Aubol, B.E. et al. (2005) Interplay between SRPK and Clk/Sty kinases in
phosphorylation of the splicing factor ASF/SF2 is regulated by a docking motif in ASF/SF2. Mol. Cell 20, 77-89 https://doi.org/10.1016/j.molcel.2005.
08.025

Ngo, J.C.K., Giang, K., Chakrabarti, S., Ma, C.-T., Huynh, N., Hagopian, J.C. et al. (2008) A sliding docking interaction is essential for sequential and
processive phosphorylation of an SR protein by SRPK1. Mol. Cell 29, 563-576 https://doi.org/10.1016/j.molcel.2007.12.017

Balendran, A., Casamayor, A., Deak, M., Paterson, A., Gaffney, P., Currie, R. et al. (1999) PDK1 acquires PDK?2 activity in the presence of a synthetic
peptide derived from the carboxyl terminus of PRK2. Curr. Biol. 9, 393-404 https://doi.org/10.1016/S0960-9822(99)80186-9

Biondi, R.M., Cheung, P.C., Casamayor, A., Deak, M., Currie, R.A. and Alessi, D.R. (2000) Identification of a pocket in the PDK1 kinase domain that
interacts with PIF and the C-terminal residues of PKA. EMBO J. 19, 979-988 https://doi.org/10.1093/emboj/19.5.979

Pearce, L.R., Komander, D. and Alessi, D.R. (2010) The nuts and bolts of AGC protein kinases. Nat. Rev. Mol. Cell Biol. 11, 922 https://doi.org/10.
1038/nrm2822

Frodin, M., Antal, T.L., Dimmler, B.A., Jensen, C.J., Deak, M., Gammeltoft, S. et al. (2002) A phosphoserine/threonine-binding pocket in AGC kinases
and PDK1 mediates activation by hydrophobic motif phosphorylation. EMBO J. 21, 5396-5407 https://doi.org/10.1093/emboj/cdf551

Dajani, R., Fraser, E., Roe, S.M., Yeo, M., Good, V.M., Thompson, V. et al. (2003) Structural basis for recruitment of glycogen synthase kinase 3beta to
the axin-APC scaffold complex. EMBO J. 22, 494-501 https://doi.org/10.1093/emboj/cdg068

Gavagan, M., Fagnan, E., Speltz, E.B. and Zalatan, J.G. (2020) The scaffold protein axin promotes signaling specificity within the Wnt pathway by
suppressing competing kinase reactions. Cell Syst. 10, 515-525.e5 https://doi.org/10.1016/j.cels.2020.05.002

Park, J.-E., Soung, N.-K., Johmura, Y., Kang, Y.H., Liao, C., Lee, K.H. et al. (2010) Polo-box domain: a versatile mediator of polo-like kinase function.
Cell Mol. Life Sci. 67, 1957-1970 https://doi.org/10.1007/s00018-010-0279-9

Colicino, E.G. and Hehnly, H. (2018) Regulating a key mitotic regulator, polo-like kinase 1 (PLK1). Cytoskeleton (Hoboken) 75, 481-494 https://doi.org/
10.1002/cm.21504

Lee, K.S., Grenfell, T.Z., Yarm, F.R. and Erikson, R.L. (1998) Mutation of the polo-box disrupts localization and mitotic functions of the mammalian polo
kinase PIk. Proc. Natl Acad. Sci. U.S.A. 95, 9301-9306 https://doi.org/10.1073/pnas.95.16.9301

Elia, A.E.H., Cantley, L.C. and Yaffe, M.B. (2003) Proteomic screen finds pSer/pThr-binding domain localizing Plk1 to mitotic substrates. Science 299,
1228-1231 https://doi.org/10.1126/science. 1079079

Elia, A.E.H., Rellos, P., Haire, L.F., Chao, J.W., Ivins, F.J., Hoepker, K. et al. (2003) The molecular basis for phosphodependent substrate targeting and
regulation of Plks by the Polo-box domain. Cell 115, 83—95 https://doi.org/10.1016/S0092-8674(03)00725-6

Cheng, K.-Y., Lowe, E.D., Sinclair, J., Nigg, E.A. and Johnson, L.N. (2003) The crystal structure of the human polo-like kinase-1 polo box domain and
its phospho-peptide complex. EMBO J. 22, 5757-5768 https://doi.org/10.1093/emboj/cdg558

van de Weerdt, B.C.M., Littler, D.R., Klompmaker, R., Huseinovic, A., Fish, A., Perrakis, A. et al. (2008) Polo-box domains confer target specificity to
the Polo-like kinase family. Biochim. Biophys. Acta 1783, 1015-1022 https://doi.org/10.1016/j.bbamcr.2008.02.019

PORTLAND

17


https://doi.org/10.1042/bj20021806
https://doi.org/10.1042/bj20021806
https://doi.org/10.1016/j.cub.2006.08.083
https://doi.org/10.1038/emboj.2009.281
https://doi.org/10.1038/emboj.2009.281
https://doi.org/10.1016/j.sbi.2014.11.003
https://doi.org/10.1016/j.sbi.2014.11.003
https://doi.org/10.1038/nature03442
https://doi.org/10.1128/MCB.25.13.5363-5379.2005
https://doi.org/10.1128/MCB.25.13.5363-5379.2005
https://doi.org/10.1074/jbc.M117.780189
https://doi.org/10.1242/jcs.222570
https://doi.org/10.1016/S0960-9822(02)00762-5
https://doi.org/10.1016/S0960-9822(02)00762-5
https://doi.org/10.1016/S0960-9822(02)00762-5
https://doi.org/10.1016/S0960-9822(02)00762-5
https://doi.org/10.1016/S0960-9822(03)00329-4
https://doi.org/10.1016/S0960-9822(03)00329-4
https://doi.org/10.1016/S0960-9822(03)00329-4
https://doi.org/10.1038/nature25023
https://doi.org/10.1074/jbc.M308573200
https://doi.org/10.1016/j.molcel.2021.03.031
https://doi.org/10.1038/nature12122
https://doi.org/10.1016/S1097-2765(03)00392-7
https://doi.org/10.1016/S1097-2765(03)00392-7
https://doi.org/10.1016/S1097-2765(03)00392-7
https://doi.org/10.15252/embj.201797902
https://doi.org/10.1016/j.molcel.2005.08.025
https://doi.org/10.1016/j.molcel.2005.08.025
https://doi.org/10.1016/j.molcel.2007.12.017
https://doi.org/10.1016/S0960-9822(99)80186-9
https://doi.org/10.1016/S0960-9822(99)80186-9
https://doi.org/10.1016/S0960-9822(99)80186-9
https://doi.org/10.1093/emboj/19.5.979
https://doi.org/10.1038/nrm2822
https://doi.org/10.1038/nrm2822
https://doi.org/10.1093/emboj/cdf551
https://doi.org/10.1093/emboj/cdg068
https://doi.org/10.1016/j.cels.2020.05.002
https://doi.org/10.1007/s00018-010-0279-9
https://doi.org/10.1007/s00018-010-0279-9
https://doi.org/10.1007/s00018-010-0279-9
https://doi.org/10.1007/s00018-010-0279-9
https://doi.org/10.1002/cm.21504
https://doi.org/10.1002/cm.21504
https://doi.org/10.1073/pnas.95.16.9301
https://doi.org/10.1126/science.1079079
https://doi.org/10.1016/S0092-8674(03)00725-6
https://doi.org/10.1016/S0092-8674(03)00725-6
https://doi.org/10.1016/S0092-8674(03)00725-6
https://doi.org/10.1093/emboj/cdg558
https://doi.org/10.1016/j.bbamcr.2008.02.019
https://creativecommons.org/licenses/by/4.0/

18

PORTLAND
PRESS

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

Biochemical Journal (2022) 479 1-22
https://doi.org/10.1042/BCJ20200714

Sharma, P., Mahen, R., Rossmann, M., Stokes, J.E., Hardwick, B., Huggins, D.J. et al. (2019) A cryptic hydrophobic pocket in the polo-box domain of
the polo-like kinase PLK1 regulates substrate recognition and mitotic chromosome segregation. Sci. Rep. 9, 15930 https://doi.org/10.1038/
$41598-019-50702-2

Villa, F., Goebel, J., Rafigi, F.H., Deak, M., Thastrup, J., Alessi, D.R. et al. (2007) Structural insights into the recognition of substrates and activators by
the OSR1 kinase. EMBO Rep. 8, 839-845 https://doi.org/10.1038/sj.embor.7401048

Vitari, A.C., Thastrup, J., Rafigi, F.H., Deak, M., Morrice, N.A., Karlsson, H.K.R. et al. (2006) Functional interactions of the SPAK/OSR1 kinases with
their upstream activator WNK1 and downstream substrate NKCC1. Biochem. J. 397, 223-231 https://doi.org/10.1042/BJ20060220

Benz, C., Ali, M., Krystkowiak, 1., Simonetti, L., Sayadi, A., Mihalic, F. et al. (2021) Proteome-scale amino-acid resolution footprinting of protein-binding
sites in the intrinsically disordered regions of the human proteome. bioRxiv [Internet] 2021.04.13.439572. Available from: http:/biorxiv.org/content/early/
2021/04/13/2021.04.13.439572.abstract

Satyanarayana, A. and Kaldis, P. (2009) Mammalian cell-cycle regulation: several Cdks, numerous cyclins and diverse compensatory mechanisms.
Oncogene 28, 2925-2939 https://doi.org/10.1038/0nc.2009.170

Schulman, B.A., Lindstrom, D.L. and Harlow, E. (1998) Substrate recruitment to cyclin-dependent kinase 2 by a multipurpose docking site on cyclin A.
Proc. Natl Acad. Sci. U.S.A. 95, 10453-10458 https://doi.org/10.1073/pnas.95.18.10453

Ord, M., Venta, R., Mdll, K., Valk, E. and Loog, M. (2019) Cyclin-specific docking mechanisms reveal the complexity of M-CDK function in the cell
cycle. Mol. Cell 75, 76-89.e3 https://doi.org/10.1016/j.molcel.2019.04.026

Ord, M., Puss, K.K., Kivi, R., Méll, K., Ojala, T., Borovko, |. et al. (2020) Proline-rich motifs control G2-CDK target phosphorylation and priming an
anchoring protein for polo kinase localization. Cell Rep. 31, 107757 https://doi.org/10.1016/j.celrep.2020.107757

Faustova, |., Bulatovic, L., Matiyevskaya, F., Valk, E., Ord, M. and Loog, M. (2021) A new linear cyclin docking motif that mediates exclusively S-phase
CDK-specific signaling. EMBO J. 40, €105839 https://doi.org/10.15252/embj.2020105839

Bhaduri, S. and Pryciak, P.M. (2011) Cyclin-specific docking motifs promote phosphorylation of yeast signaling proteins by G1/S Cdk complexes. Curr.
Biol. 21, 1615-1623 https://doi.org/10.1016/j.cub.2011.08.033

Bandyopadhyay, S., Bhaduri, S., Ord, M., Davey, N.E., Loog, M. and Pryciak, P.M. (2020) Comprehensive analysis of G1 cyclin docking motif sequences
that control CDK regulatory potency in vivo. Curr. Biol. 30, 4454—4466.e5 https://doi.org/10.1016/j.cub.2020.08.099

Leng, X., Noble, M., Adams, P.D., Qin, J. and Harper, J.W. (2002) Reversal of growth suppression by p107 via direct phosphorylation by cyclin D1/
cyclin-dependent kinase 4. Mol. Cell. Biol. 22, 2242—2254 https://doi.org/10.1128/MCB.22.7.2242-2254.2002

Topacio, B.R., Zatulovskiy, E., Cristea, S., Xie, S., Tambo, C.S., Rubin, S.M. et al. (2019) Cyclin D-Cdk4,6 drives cell-cycle progression via the
retinoblastoma protein’s C-terminal helix. Mol. Cell 74, 758—770.e4 https://doi.org/10.1016/j.molcel.2019.03.020

Reinhardt, H.C. and Yaffe, M.B. (2013) Phospho-Ser/Thr-binding domains: navigating the cell cycle and DNA damage response. Nat. Rev. Mol. Cell Biol.
14, 563-580 https://doi.org/10.1038/nrm3640

Yaffe, M.B. and Elia, A.E. (2001) Phosphoserine/threonine-binding domains. Curr. Opin. Cell Biol. 13, 131-138 https://doi.org/10.1016/50955-0674
(00)00189-7

Ye, F., Zeng, M. and Zhang, M. (2018) Mechanisms of MAGUK-mediated cellular junctional complex organization. Curr. Opin. Struct. Biol. 48, 6-15
https://doi.org/10.1016/j.bi.2017.08.006

Obsil, T. and Obsilova, V. (2011) Structural basis of 14-3-3 protein functions. Semin. Cell Dev. Biol. 22, 663—672 https://doi.org/10.1016/j.semcdb.
2011.09.001

Sluchanko, N.N. and Bustos, D.M. (2019) Intrinsic disorder associated with 14-3-3 proteins and their partners. Prog. Mol. Biol. Trans! Sci. 166, 19-61
https://doi.org/10.1016/bs.pmbts.2019.03.007

Gogl, G., Tugaeva K, V., Eberling, P., Kostmann, C., Trave, G. and Sluchanko, N.N. (2021) Hierarchized phosphotarget binding by the seven human
14-3-3 isoforms. Nat. Commun. 12, 1677 https://doi.org/10.1038/s41467-021-21908-8

Yaffe, M.B., Rittinger, K., Volinia, S., Caron, P.R., Aitken, A., Leffers, H. et al. (1997) The structural basis for 14-3-3:phosphopeptide binding specificity.
Cell 91, 961-971 https://doi.org/10.1016/50092-8674(00)80487-0

Johnson, C., Crowther, S., Stafford, M.J., Campbell, D.G., Toth, R. and MacKintosh, C. (2010) Bioinformatic and experimental survey of 14-3-3-binding
sites. Biochem. J. 427, 69—78 https://doi.org/10.1042/BJ20091834

Kumar, M., Gouw, M., Michael, S., Sdmano-Séanchez, H., Pancsa, R., Glavina, J. et al. (2020) ELM-the eukaryotic linear motif resource in 2020.
Nucleic Acids Res. 48, D296-D306. https://doi.org/10.1093/nar/gkz1030

Petosa, C., Masters, S.C., Bankston, L.A., Pohl, J., Wang, B., Fu, H. et al. (1998) 14-3-3zeta binds a phosphorylated Raf peptide and an
unphosphorylated peptide via its conserved amphipathic groove. J. Biol. Chem. 273, 16305-16310 https://doi.org/10.1074/jbc.273.26.16305
Ottmann, C., Yasmin, L., Weyand, M., Veesenmeyer, J.L., Diaz, M.H., Palmer, R.H. et al. (2007) Phosphorylation-independent interaction between
14-3-3 and exoenzyme S: from structure to pathogenesis. EMBO J. 26, 902-913 https://doi.org/10.1038/sj.emboj.7601530

Teyra, J., Kelil, A., Jain, S., Helmy, M., Jajodia, R., Hooda, Y. et al. (2020) Large-scale survey and database of high affinity ligands for peptide
recognition modules. Mol. Syst. Biol. 16, €9310 https://doi.org/10.15252/msb.20199310

Stevers, L.M., Sijoesma, E., Botta, M., MacKintosh, C., Obsil, T., Landrieu, I. et al. (2018) Modulators of 14-3-3 protein-protein interactions. J. Med.
Chem. 61, 3755-3778 https://doi.org/10.1021/acs.jmedchem.7b00574

Menzel, J., Kownatzki-Danger, D., Tokar, S., Ballone, A., Unthan-Fechner, K., Kilisch, M. et al. (2020) 14-3-3 binding creates a memory of kinase
action by stabilizing the modified state of phospholamban. Sci. Signal. 13, eaaz1436 https://doi.org/10.1126/scisignal.aaz1436

Obsilova, V. and Obsil, T. (2020) The 14-3-3 proteins as important allosteric regulators of protein kinases. int. J. Mol. Sci. 21, 8824 https://doi.org/10.
3390/ijms21228824

Langendorf, C.G., O'Brien, M.T., Ngoei, K.R.W., McAloon, L.M., Dhagat, U., Hoque, A. et al. (2020) CaMKK2 is inactivated by cAMP-PKA signaling and
14-3-3 adaptor proteins. J. Biol. Chem. 295, 16239—16250 https://doi.org/10.1074/jbc.RA120.013756

Kondo, Y., Ognjenovi¢, J., Banerjee, S., Karandur, D., Merk, A., Kulhanek, K. et al. (2019) Cryo-EM structure of a dimeric B-Raf:14-3-3 complex reveals
asymmetry in the active sites of B-Raf kinases. Science 366, 109—115 https://doi.org/10.1126/science.aay0543

Park, E., Rawson, S., Li, K., Kim, B.-W., Ficarro, S.B., Pino, G.G.-D. et al. (2019) Architecture of autoinhibited and active BRAF-MEK1-14-3-3
complexes. Nature 575, 545-550 https://doi.org/10.1038/s41586-019-1660-y

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://doi.org/10.1038/s41598-019-50702-2
https://doi.org/10.1038/s41598-019-50702-2
https://doi.org/10.1038/s41598-019-50702-2
https://doi.org/10.1038/s41598-019-50702-2
https://doi.org/10.1038/s41598-019-50702-2
https://doi.org/10.1038/sj.embor.7401048
https://doi.org/10.1042/BJ20060220
https://doi.org/10.1038/onc.2009.170
https://doi.org/10.1073/pnas.95.18.10453
https://doi.org/10.1016/j.molcel.2019.04.026
https://doi.org/10.1016/j.celrep.2020.107757
https://doi.org/10.15252/embj.2020105839
https://doi.org/10.1016/j.cub.2011.08.033
https://doi.org/10.1016/j.cub.2020.08.099
https://doi.org/10.1128/MCB.22.7.2242-2254.2002
https://doi.org/10.1128/MCB.22.7.2242-2254.2002
https://doi.org/10.1016/j.molcel.2019.03.020
https://doi.org/10.1038/nrm3640
https://doi.org/10.1016/S0955-0674(00)00189-7
https://doi.org/10.1016/S0955-0674(00)00189-7
https://doi.org/10.1016/S0955-0674(00)00189-7
https://doi.org/10.1016/S0955-0674(00)00189-7
https://doi.org/10.1016/j.sbi.2017.08.006
https://doi.org/10.1016/j.semcdb.2011.09.001
https://doi.org/10.1016/j.semcdb.2011.09.001
https://doi.org/10.1016/bs.pmbts.2019.03.007
https://doi.org/10.1038/s41467-021-21908-8
https://doi.org/10.1038/s41467-021-21908-8
https://doi.org/10.1038/s41467-021-21908-8
https://doi.org/10.1038/s41467-021-21908-8
https://doi.org/10.1016/S0092-8674(00)80487-0
https://doi.org/10.1016/S0092-8674(00)80487-0
https://doi.org/10.1016/S0092-8674(00)80487-0
https://doi.org/10.1042/BJ20091834
https://doi.org/10.1093/nar/gkz1030
https://doi.org/10.1074/jbc.273.26.16305
https://doi.org/10.1038/sj.emboj.7601530
https://doi.org/10.15252/msb.20199310
https://doi.org/10.1021/acs.jmedchem.7b00574
https://doi.org/10.1126/scisignal.aaz1436
https://doi.org/10.3390/ijms21228824
https://doi.org/10.3390/ijms21228824
https://doi.org/10.1074/jbc.RA120.013756
https://doi.org/10.1126/science.aay0543
https://doi.org/10.1038/s41586-019-1660-y
https://doi.org/10.1038/s41586-019-1660-y
https://doi.org/10.1038/s41586-019-1660-y
https://doi.org/10.1038/s41586-019-1660-y
https://creativecommons.org/licenses/by/4.0/

Biochemical Journal (2022) 479 1-22 ° PORTLAND

https://doi.org/10.1042/BCJ20200714 ... PRESS

98  Zhu, J., Shang, Y., Xia, C., Wang, W., Wen, W. and Zhang, M. (2011) Guanylate kinase domains of the MAGUK family scaffold proteins as specific
phospho-protein-binding modules. EMBO J. 30, 4986-4997 https://doi.org/10.1038/emboj.2011.428

99  Zhu, J., Zhou, Q., Shang, Y., Li, H., Peng, M., Ke, X. et al. (2017) Synaptic targeting and function of SAPAPs mediated by phosphorylation-dependent
binding to PSD-95 MAGUKs. Cell Rep. 21, 3781-3793 https://doi.org/10.1016/j.celrep.2017.11.107

100 Clapperton, J.A., Manke, I.A., Lowery, D.M., Ho, T., Haire, L.F., Yaffe, M.B. et al. (2004) Structure and mechanism of BRCA1 BRCT domain recognition
of phosphorylated BACH1 with implications for cancer. Nat. Struct. Mol. Biol. 11, 512518 https://doi.org/10.1038/nsmb775

101 Yu, X, Chini, C.C.S., He, M., Mer, G. and Chen, J. (2003) The BRCT domain is a phospho-protein binding domain. Science 302, 639-642 https://doi.
org/10.1126/science. 1088753

102 Gomez-Cavazos, J.S., Lee, K.-Y., Lara-Gonzdlez, P., Li, Y., Desai, A., Shiau, A.K. et al. (2020) A non-canonical BRCT-phosphopeptide recognition
mechanism underlies RhoA activation in cytokinesis. Curr. Biol. 30, 3101-3115.e11 https://doi.org/10.1016/}.cub.2020.05.090

103 Manke, .A., Lowery, D.M., Nguyen, A. and Yaffe, M.B. (2003) BRCT repeats as phosphopeptide-binding modules involved in protein targeting. Science
302, 636639 https://doi.org/10.1126/science.1088877

104 Rappas, M., Oliver, A.W. and Pearl, L.H. (2011) Structure and function of the Rad9-binding region of the DNA-damage checkpoint adaptor TopBP1.
Nucleic Acids Res. 39, 313-324 https://doi.org/10.1093/nar/gkq743

105 Rodriguez, M., Yu, X., Chen, J. and Songyang, Z. (2003) Phosphopeptide binding specificities of BRCA1 COOH-terminal (BRCT) domains. J. Biol. Chem.
278, 52914-52918 https://doi.org/10.1074/jbc.C300407200

106 Kim, K., Kirby, TW., Perera, L. and London, R.E. (2021) Phosphopeptide interactions of the Nbs1 N-terminal FHA-BRCT1/2 domains. Sci. Rep. 11,
9046 https://doi.org/10.1038/s41598-021-88400-7

107 Wan, B., Hang, L.E. and Zhao, X. (2016) Multi-BRCT scaffolds use distinct strategies to support genome maintenance. Cell Cycle 15, 2561-2570
https://doi.org/10.1080/15384101.2016.1218102

108 Leung, C.C.Y. and Glover, J.N.M. (2011) BRCT domains: easy as one, two, three. Cell Cycle 10, 2461-2470 https://doi.org/10.4161/cc.10.15.16312

109 Becker, J.R., Clifford, G., Bonnet, C., Groth, A., Wilson, M.D. and Chapman, J.R. (2021) BARD1 reads H2A lysine 15 ubiquitination to direct
homologous recombination. Nature 596, 433—437 https://doi.org/10.1038/s41586-021-03776-w

110 Durocher, D., Henckel, J., Fersht, A.R. and Jackson, S.P. (1999) The FHA domain is a modular phosphopeptide recognition motif. Mol. Cell 4, 387-394
https://doi.org/10.1016/51097-2765(00)80340-8

111 Durocher, D., Taylor, .A., Sarbassova, D., Haire, L.F., Westcott, S.L., Jackson, S.P. et al. (2000) The molecular basis of FHA domain:phosphopeptide
binding specificity and implications for phospho-dependent signaling mechanisms. Mol. Cell 6, 1169—1182 https://doi.org/10.1016/51097-2765(00)
00114-3

112 Almawi, A.W., Matthews, L.A. and Guarné, A. (2017) FHA domains: phosphopeptide binding and beyond. Prog. Biophys. Mol. Biol. 127, 105-110
https://doi.org/10.1016/j.pbiomolbio.2016.12.003

113 Pennell, S., Westcott, S., Ortiz-Lombardia, M., Patel, D., Li, J., Nott, T.J. et al. (2010) Structural and functional analysis of phosphothreonine-dependent
FHA domain interactions. Structure 18, 1587-1595 https://doi.org/10.1016/).str.2010.09.014

114 Peng, Y., Liao, Q., Tan, W, Peng, C., Hu, Z., Chen, Y. et al. (2019) The deubiquitylating enzyme USP15 regulates homologous recombination repair and
cancer cell response to PARP inhibitors. Nat. Commun. 10, 1224 https://doi.org/10.1038/s41467-019-09232-8

115 Dai, L., Lin, J., Said, A.B., Yau, Y.H., Shochat, S.G., Ruiz-Carrillo, D. et al. (2019) Pellino1 specifically binds to phospho-Thr18 of p53 and is recruited
to sites of DNA damage. Biochem. Biophys. Res. Commun. 513, 714—720 https://doi.org/10.1016/j.bbrc.2019.03.095

116 Ali, AAE., Jukes, R.M., Pearl, L.H. and Oliver, A.W. (2009) Specific recognition of a multiply phosphorylated motif in the DNA repair scaffold XRCC1 by
the FHA domain of human PNK. Nucleic Acids Res. 37, 1701-1712 https://doi.org/10.1093/nar/gkn1086

117 Weng, J.-H., Hsieh, Y.-C., Huang, C.-C.F., Wei, T.-Y.W., Lim, L.-H., Chen, Y.-H. et al. (2015) Uncovering the mechanism of forkhead-associated
domain-mediated TIFA oligomerization that plays a central role in immune responses. Biochemistry 54, 6219-6229 https://doi.org/10.1021/acs.
biochem.5b00500

118 Schapira, M., Tyers, M., Torrent, M. and Arrowsmith, C.H. (2017) WD40 repeat domain proteins: a novel target class? Nat. Rev. Drug Discov. 16,
773-786 https://doi.org/10.1038/nrd.2017.179

119 Holt, L.J. (2012) Regulatory modules: coupling protein stability to phopshoregulation during cell division. FEBS Lett. 586, 2773—-2777 https://doi.org/10.
1016/j.febslet.2012.05.045

120 Zheng, N. and Shabek, N. (2017) Ubiquitin ligases: structure, function, and regulation. Annu. Rev. Biochem. 86, 129—157 https://doi.org/10.1146/
annurev-biochem-060815-014922

121 Skowyra, D., Craig, K.L., Tyers, M., Elledge, S.J. and Harper, J.W. (1997) F-box proteins are receptors that recruit phosphorylated substrates to the SCF
ubiquitin-ligase complex. Cell 91, 209-219 https://doi.org/10.1016/S0092-8674(00)80403-1

122 Feldman, R.M., Correll, C.C., Kaplan, K.B. and Deshaies, R.J. (1997) A complex of Cdc4p, Skp1p, and Cdc53p/cullin catalyzes ubiquitination of the
phosphorylated CDK inhibitor Sic1p. Cell 91, 221-230 https://doi.org/10.1016/50092-8674(00)80404-3

123 Skaar, J.R., Pagan, J.K. and Pagano, M. (2013) Mechanisms and function of substrate recruitment by F-box proteins. Nat. Rev. Mol. Cell Biol. 14,
369-381 https://doi.org/10.1038/nrm3582

124 Wu, G., Xu, G., Schulman, B.A., Jeffrey, P.D., Harper, J.W. and Pavletich, N.P. (2003) Structure of a beta-TrCP1-Skp1-beta-catenin complex:
destruction motif binding and lysine specificity of the SCF(beta-TrCP1) ubiquitin ligase. Mol. Cell 11, 1445-1456 https://doi.org/10.1016/S1097-2765
(03)00234-X

125 Hao, B., Oehlmann, S., Sowa, M.E., Harper, J.W. and Pavletich, N.P. (2007) Structure of a Fbw7-Skp1-cyclin E complex: multisite-phosphorylated
substrate recognition by SCF ubiquitin ligases. Mol. Cell 26, 131—143 https://doi.org/10.1016/j.molcel.2007.02.022

126 Yu, S., Wang, F., Tan, X., Gao, G.-L., Pan, W.-J., Luan, Y. et al. (2018) FBW7 targets KLF10 for ubiquitin-dependent degradation. Biochem. Biophys.
Res. Commun. 495, 2092—2097 https://doi.org/10.1016/j.bbrc.2017.11.187

127 Yeh, C.-H., Bellon, M. and Nicot, C. (2018) FBXW?7: a critical tumor suppressor of human cancers. Mol. Cancer 17, 115 https://doi.org/10.1186/
§12943-018-0857-2

128 Welcker, M., Orian, A., Jin, J., Grim, J.E., Harper, J.W., Eisenman, R.N. et al. (2004) The Fow7 tumor suppressor regulates glycogen synthase kinase 3
phosphorylation-dependent c-Myc protein degradation. Proc. Natl Acad. Sci. U.S.A. 101, 9085-9090 https://doi.org/10.1073/pnas.0402770101

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1 9


https://doi.org/10.1038/emboj.2011.428
https://doi.org/10.1016/j.celrep.2017.11.107
https://doi.org/10.1038/nsmb775
https://doi.org/10.1126/science.1088753
https://doi.org/10.1126/science.1088753
https://doi.org/10.1016/j.cub.2020.05.090
https://doi.org/10.1126/science.1088877
https://doi.org/10.1093/nar/gkq743
https://doi.org/10.1074/jbc.C300407200
https://doi.org/10.1038/s41598-021-88400-7
https://doi.org/10.1038/s41598-021-88400-7
https://doi.org/10.1038/s41598-021-88400-7
https://doi.org/10.1038/s41598-021-88400-7
https://doi.org/10.1080/15384101.2016.1218102
https://doi.org/10.4161/cc.10.15.16312
https://doi.org/10.1038/s41586-021-03776-w
https://doi.org/10.1038/s41586-021-03776-w
https://doi.org/10.1038/s41586-021-03776-w
https://doi.org/10.1038/s41586-021-03776-w
https://doi.org/10.1016/S1097-2765(00)80340-8
https://doi.org/10.1016/S1097-2765(00)80340-8
https://doi.org/10.1016/S1097-2765(00)80340-8
https://doi.org/10.1016/S1097-2765(00)00114-3
https://doi.org/10.1016/S1097-2765(00)00114-3
https://doi.org/10.1016/S1097-2765(00)00114-3
https://doi.org/10.1016/S1097-2765(00)00114-3
https://doi.org/10.1016/j.pbiomolbio.2016.12.003
https://doi.org/10.1016/j.str.2010.09.014
https://doi.org/10.1038/s41467-019-09232-8
https://doi.org/10.1038/s41467-019-09232-8
https://doi.org/10.1038/s41467-019-09232-8
https://doi.org/10.1038/s41467-019-09232-8
https://doi.org/10.1016/j.bbrc.2019.03.095
https://doi.org/10.1093/nar/gkn1086
https://doi.org/10.1021/acs.biochem.5b00500
https://doi.org/10.1021/acs.biochem.5b00500
https://doi.org/10.1038/nrd.2017.179
https://doi.org/10.1016/j.febslet.2012.05.045
https://doi.org/10.1016/j.febslet.2012.05.045
https://doi.org/10.1146/annurev-biochem-060815-014922
https://doi.org/10.1146/annurev-biochem-060815-014922
https://doi.org/10.1146/annurev-biochem-060815-014922
https://doi.org/10.1146/annurev-biochem-060815-014922
https://doi.org/10.1146/annurev-biochem-060815-014922
https://doi.org/10.1016/S0092-8674(00)80403-1
https://doi.org/10.1016/S0092-8674(00)80403-1
https://doi.org/10.1016/S0092-8674(00)80403-1
https://doi.org/10.1016/S0092-8674(00)80404-3
https://doi.org/10.1016/S0092-8674(00)80404-3
https://doi.org/10.1016/S0092-8674(00)80404-3
https://doi.org/10.1038/nrm3582
https://doi.org/10.1016/S1097-2765(03)00234-X
https://doi.org/10.1016/S1097-2765(03)00234-X
https://doi.org/10.1016/S1097-2765(03)00234-X
https://doi.org/10.1016/S1097-2765(03)00234-X
https://doi.org/10.1016/j.molcel.2007.02.022
https://doi.org/10.1016/j.bbrc.2017.11.187
https://doi.org/10.1186/s12943-018-0857-2
https://doi.org/10.1186/s12943-018-0857-2
https://doi.org/10.1186/s12943-018-0857-2
https://doi.org/10.1186/s12943-018-0857-2
https://doi.org/10.1186/s12943-018-0857-2
https://doi.org/10.1073/pnas.0402770101
https://creativecommons.org/licenses/by/4.0/

o6 pRmAe
129
130
131
132

133
134

135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158

159
160

161

Biochemical Journal (2022) 479 1-22
https://doi.org/10.1042/BCJ20200714

Watanabe, N., Arai, H., Nishihara, Y., Taniguchi, M., Watanabe, N., Hunter, T. et al. (2004) M-phase kinases induce phospho-dependent ubiquitination
of somatic Wee1 by SCFbeta-TrCP. Proc. Natl Acad. Sci. U.S.A. 101, 4419-4424 https://doi.org/10.1073/pnas.0307700101

Uchida, S., Watanabe, N., Kudo, Y., Yoshioka, K., Matsunaga, T., Ishizaka, Y. et al. (2011) SCFB(TrCP) mediates stress-activated MAPK-induced Cdc25B
degradation. J. Cell Sci. 124, 2816—2825 https://doi.org/10.1242/jcs.083931

Wiseman, S.L., Shimizu, Y., Palfrey, C. and Nairn, A.C. (2013) Proteasomal degradation of eukaryotic elongation factor-2 kinase (EF2K) is regulated by
CAMP-PKA signaling and the SCFRTRCP ubiquitin E3 ligase. J. Biol. Chem. 288, 1780317811 https://doi.org/10.1074/jbc.M113.477182

Shen, M., Stukenberg, P.T., Kirschner, M.W. and Lu, K.P. (1998) The essential mitotic peptidyl-prolyl isomerase Pin1 binds and regulates
mitosis-specific phosphoproteins. Genes Dev. 12, 706—720 https://doi.org/10.1101/gad.12.5.706

Yeh, E.S. and Means, A.R. (2007) PIN1, the cell cycle and cancer. Nat. Rev. Cancer 7, 381-388 https://doi.org/10.1038/nrc2107

Lu, P.J., Zhou, X.Z., Shen, M. and Lu, K.P. (1999) Function of WW domains as phosphoserine- or phosphothreonine-binding modules. Science 283,
1325-1328 https://doi.org/10.1126/science.283.5406.1325

Verdecia, M.A., Bowman, M.E., Lu, K.P., Hunter, T. and Noel, J.P. (2000) Structural basis for phosphoserine-proline recognition by group IV WW
domains. Nat. Struct. Biol. 7, 639-643 https://doi.org/10.1038/77929

Werwein, E., Cibis, H., Hess, D. and Klempnauer, K.-H. (2019) Activation of the oncogenic transcription factor B-Myb via multisite phosphorylation and
prolyl cis/trans isomerization. Nucleic Acids Res. 47, 103—121 https://doi.org/10.1093/nar/gky935

Schelhorn, C., Martin-Malpartida, P., Sufiol, D. and Macias, M.J. (2015) Structural analysis of the Pin1-CPEB1 interaction and its potential role in
CPEB1 degradation. Sci. Rep. 5, 14990 https://doi.org/10.1038/srep14990

Nechama, M., Lin, C.-L. and Richter, J.D. (2013) An unusual two-step control of CPEB destruction by Pin1. Mol. Cell. Biol. 33, 48-58 https://doi.org/
10.1128/MCB.00904-12

Hu, X., Dong, S.-H., Chen, J., Zhou, X.Z., Chen, R., Nair, S. et al. (2017) Prolyl isomerase PIN1 regulates the stability, transcriptional activity and
oncogenic potential of BRD4. Oncogene 36, 5177-5188 https://doi.org/10.1038/onc.2017.137

Salah, Z., Alian, A. and Ageilan, R.l. (2012) WW domain-containing proteins: retrospectives and the future. Front Biosci (Landmark Ed.) 17, 331-348
https://doi.org/10.2741/3930

Sudol, M., Sliwa, K. and Russo, T. (2001) Functions of WW domains in the nucleus. FEBS Lett. 490, 190—195 https://doi.org/10.1016/50014-5793
(01)02122-6

Sudol, M., Chen, H.l., Bougeret, C., Einbond, A. and Bork, P. (1995) Characterization of a novel protein-binding module-the WW domain. FEBS Lett.
369, 6771 https://doi.org/10.1016/0014-5793(95)00550-S

Kay, B.K., Williamson, M.P. and Sudol, M. (2000) The importance of being proline: the interaction of proline-rich motifs in signaling proteins with their
cognate domains. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 14, 231-241 PMID: 10657980

Spagnol, G., Kieken, F., Kopanic, J.L., Li, H., Zach, S., Stauch, K.L. et al. (2016) Structural studies of the Nedd4 WW domains and their selectivity for
the connexin43 (Cx43) carboxyl terminus. J. Biol. Chem. 291, 7637—7650 https://doi.org/10.1074/jbc.M115.701417

Aragon, E., Goerner, N., Zaromytidou, A.-l., Xi, Q., Escobedo, A., Massagué, J. et al. (2011) A Smad action turnover switch operated by WW domain
readers of a phosphoserine code. Genes Dev. 25, 1275-1288 https://doi.org/10.1101/gad.2060811

Aragon, E., Goerner, N., Xi, Q., Gomes, T., Gao, S., Massagué, J. et al. (2012) Structural basis for the versatile interactions of Smad7 with regulator
WW domains in TGF-B pathways. Structure 20, 1726—1736 https://doi.org/10.1016/j.str.2012.07.014

Ivarsson, Y. (2012) Plasticity of PDZ domains in ligand recognition and signaling. FEBS Lett. 586, 2638—2647 https://doi.org/10.1016/j.febslet.2012.
04.015

Clairfeuille, T., Mas, C., Chan, A.S.M., Yang, Z., Tello-Lafoz, M., Chandra, M. et al. (2016) A molecular code for endosomal recycling of phosphorylated
cargos by the SNX27-retromer complex. Nat. Struct. Mol. Biol. 23, 921-932 https://doi.org/10.1038/nsmb.3290

Gogl, G., Jane, P., Caillet-Saguy, C., Kostmann, C., Bich, G., Cousido-Siah, A. et al. (2020) Dual specificity PDZ- and 14-3-3-binding motifs: a
structural and interactomics study. Structure 28, 747—759.€3 https://doi.org/10.1016/).str.2020.03.010

Cao, T.T., Deacon, H.W., Reczek, D., Bretscher, A. and von Zastrow, M. (1999) A kinase-regulated PDZ-domain interaction controls endocytic sorting of
the beta2-adrenergic receptor. Nature 401, 286—290 https://doi.org/10.1038/45816

Sundell, G.N., Amold, R., Ali, M., Naksukpaiboon, P., Orts, J., Glntert, P. et al. (2018) Proteome-wide analysis of phospho-regulated PDZ domain
interactions. Mol. Syst. Biol. 14, 8129 https://doi.org/10.15252/msh.20178129

Gogl, G., Biri-Kovécs, B., Durbesson, F., Jane, P., Nomine, Y., Kostmann, C. et al. (2019) Rewiring of RSK-PDZ interactome by linear motif
phosphorylation. J. Mol. Biol. 431, 1234-1249 https://doi.org/10.1016/).jmb.2019.01.038

Baumert, R., Ji, H., Paulucci-Holthauzen, A., Wolfe, A., Sagum, C., Hodgson, L. et al. (2020) Novel phospho-switch function of delta-catenin in dendrite
development. J. Cell Biol. 219, €201909166 https://doi.org/10.1083/jcb.201909166

Kihne, C., Gardiol, D., Guarnaccia, C., Amenitsch, H. and Banks, L. (2000) Differential regulation of human papillomavirus E6 by protein kinase A:
conditional degradation of human discs large protein by oncogenic E6. Oncogene 19, 5884-5891 https://doi.org/10.1038/sj.0nc.1203988

Boon, S.S. and Banks, L. (2013) High-risk human papillomavirus E6 oncoproteins interact with 14-3-3¢ in a PDZ binding motif-dependent manner.

J. Virol. 87, 1586-1595 https://doi.org/10.1128/JV1.02074-12

Espejo, A.B., Gao, G., Black, K., Gayatri, S., Veland, N., Kim, J. et al. (2017) PRMT5 C-terminal phosphorylation modulates a 14-3-3/PDZ interaction
switch. J. Biol. Chem. 292, 2255-2265 https://doi.org/10.1074/jbc.M116.760330

Kato, Y., Misra, S., Puertollano, R., Hurley, J.H. and Bonifacino, J.S. (2002) Phosphoregulation of sorting signal-VHS domain interactions by a direct
electrostatic mechanism. Nat. Struct. Biol. 9, 532-536 https://doi.org/10.1038/nsh807

He, X., Zhu, G., Koelsch, G., Rodgers, K.K., Zhang, X.C. and Tang, J. (2003) Biochemical and structural characterization of the interaction of memapsin
2 (beta-secretase) cytosolic domain with the VHS domain of GGA proteins. Biochemistry 42, 12174-12180 https://doi.org/10.1021/bi035199h
Tanida, I., Ueno, T. and Kominami, E. (2008) LC3 and autophagy. Methods Mol. Biol. 445, 77-88 https://doi.org/10.1007/978-1-59745-157-4_4
Johansen, T. and Lamark, T. (2020) Selective autophagy: ATG8 family proteins, LIR motifs and cargo receptors. J. Mol. Biol. 432, 80—103 https://doi.
0rg/10.1016/j.jmb.2019.07.016

Pankiv, S., Clausen, T.H., Lamark, T., Brech, A., Bruun, J.-A., Outzen, H. et al. (2007) P62/SQSTM1 binds directly to Atg8/LC3 to facilitate degradation
of ubiquitinated protein aggregates by autophagy. J. Biol. Chem. 282, 24131-24145 https://doi.org/10.1074/jbc.M702824200

20 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://doi.org/10.1073/pnas.0307700101
https://doi.org/10.1242/jcs.083931
https://doi.org/10.1074/jbc.M113.477182
https://doi.org/10.1101/gad.12.5.706
https://doi.org/10.1038/nrc2107
https://doi.org/10.1126/science.283.5406.1325
https://doi.org/10.1038/77929
https://doi.org/10.1093/nar/gky935
https://doi.org/10.1038/srep14990
https://doi.org/10.1128/MCB.00904-12
https://doi.org/10.1128/MCB.00904-12
https://doi.org/10.1128/MCB.00904-12
https://doi.org/10.1038/onc.2017.137
https://doi.org/10.2741/3930
https://doi.org/10.1016/S0014-5793(01)02122-6
https://doi.org/10.1016/S0014-5793(01)02122-6
https://doi.org/10.1016/S0014-5793(01)02122-6
https://doi.org/10.1016/S0014-5793(01)02122-6
https://doi.org/10.1016/0014-5793(95)00550-S
https://doi.org/10.1016/0014-5793(95)00550-S
https://doi.org/10.1016/0014-5793(95)00550-S
http://www.ncbi.nlm.nih.gov/pubmed/10657980
https://doi.org/10.1074/jbc.M115.701417
https://doi.org/10.1101/gad.2060811
https://doi.org/10.1016/j.str.2012.07.014
https://doi.org/10.1016/j.febslet.2012.04.015
https://doi.org/10.1016/j.febslet.2012.04.015
https://doi.org/10.1038/nsmb.3290
https://doi.org/10.1016/j.str.2020.03.010
https://doi.org/10.1038/45816
https://doi.org/10.15252/msb.20178129
https://doi.org/10.1016/j.jmb.2019.01.038
https://doi.org/10.1083/jcb.201909166
https://doi.org/10.1038/sj.onc.1203988
https://doi.org/10.1128/JVI.02074-12
https://doi.org/10.1128/JVI.02074-12
https://doi.org/10.1074/jbc.M116.760330
https://doi.org/10.1038/nsb807
https://doi.org/10.1021/bi035199h
https://doi.org/10.1007/978-1-59745-157-4_4
https://doi.org/10.1007/978-1-59745-157-4_4
https://doi.org/10.1007/978-1-59745-157-4_4
https://doi.org/10.1007/978-1-59745-157-4_4
https://doi.org/10.1007/978-1-59745-157-4_4
https://doi.org/10.1016/j.jmb.2019.07.016
https://doi.org/10.1016/j.jmb.2019.07.016
https://doi.org/10.1074/jbc.M702824200
https://creativecommons.org/licenses/by/4.0/

Biochemical Journal (2022) 479 1-22 ° PORTLAND
https://doi.org/10.1042/BCJ20200714 ... PRESS

162 Ichimura, Y., Kumanomidou, T., Sou, Y., Mizushima, T., Ezaki, J., Ueno, T. et al. (2008) Structural basis for sorting mechanism of p62 in selective
autophagy. J. Biol. Chem. 283, 22847-22857 https://doi.org/10.1074/jbc.M802182200

163 Wild, P., Farhan, H., McEwan, D.G., Wagner, S., Rogov V, V., Brady, N.R. et al. (2011) Phosphorylation of the autophagy receptor optineurin restricts
Salmonella growth. Science 333, 228—233 https://doi.org/10.1126/science. 1205405

164 Wu, W., Tian, W., Hu, Z., Chen, G., Huang, L., Li, W. et al. (2014) ULK1 translocates to mitochondria and phosphorylates FUNDC1 to regulate
mitophagy. EMBO Rep. 15, 566-575 https://doi.org/10.1002/embr.201438501

165 Zhu, Y., Massen, S., Terenzio, M., Lang, V., Chen-Lindner, S., Eils, R. et al. (2013) Modulation of serines 17 and 24 in the LC3-interacting region of
Bnip3 determines pro-survival mitophagy versus apoptosis. J. Biol. Chem. 288, 1099-1113 https://doi.org/10.1074/jbc.M112.399345

166 Rogov V, V., Suzuki, H., Marinkovi¢, M., Lang, V., Kato, R., Kawasaki, M. et al. (2017) Phosphorylation of the mitochondrial autophagy receptor Nix
enhances its interaction with LC3 proteins. Sci. Rep. 7, 1131 https://doi.org/10.1038/541598-017-01258-6

167 Birgisdottir, A.B, Mouilleron, S., Bhujabal, Z., Wirth, M., Sjgttem, E., Evien, G. et al. (2019) Members of the autophagy class il phosphatidylinositol
3-kinase complex | interact with GABARAP and GABARAPL1 via LIR motifs. Autophagy 15, 1333—1355 https://doi.org/10.1080/15548627.2019.
1581009

168 Wirth, M., Mouilleron, S., Zhang, W., Sjgttem, E., Princely Abudu, Y., Jain, A. et al. (2021) Phosphorylation of the LIR domain of SCOC modulates ATG8
binding affinity and specificity. J. Mol. Biol. 433, 166987 https://doi.org/10.1016/j.jmb.2021.166987

169 Kliche, J., Kuss, H., Ali, M. and Ivarsson, Y. (2021) Cytoplasmic short linear motifs in ACE2 and integrin B(3) link SARS-CoV-2 host cell receptors to
mediators of endocytosis and autophagy. Sci. Signal. 14, eabf1117 https://doi.org/10.1126/scisignal.abf1117

170 Miyamoto, Y., Yamada, K. and Yoneda, Y. (2016) Importin o a key molecule in nuclear transport and non-transport functions. J. Biochem. 160, 69-75
https://doi.org/10.1093/jb/mvw036

171 Kosugi, S., Hasebe, M., Matsumura, N., Takashima, H., Miyamoto-Sato, E., Tomita, M. et al. (2009) Six classes of nuclear localization signals specific
to different binding grooves of importin alpha. J. Biol. Chem. 284, 478-485 https://doi.org/10.1074/jbc.M807017200

172 Nardozz, J.D., Lott, K. and Cingolani, G. (2010) Phosphorylation meets nuclear import: a review. Cell Commun. Signal. 8, 32 https://doi.org/10.1186/
1478-811X-8-32

173 Kuwahara, H., Nishizaki, M. and Kanazawa, H. (2008) Nuclear localization signal and phosphorylation of Serine350 specify intracellular localization of
DRAK2. J. Biochem. 143, 349-358 https://doi.org/10.1093/jb/mvm236

174 Teng, A.C.T., Al-Montashiri, N.A.M., Cheng, B.L.M., Lou, P., Ozmizrak, P., Chen, H.-H. et al. (2011) Identification of a phosphorylation-dependent
nuclear localization motif in interferon regulatory factor 2 binding protein 2. PLoS One 6, €24100 https://doi.org/10.1371/journal.pone.0024100

175 Brautigan, D.L. (2013) Protein Ser/Thr phosphatases—the ugly ducklings of cell signalling. FEBS J. 280, 324-345 https://doi.org/10.1111/j.1742-4658.
2012.08609.x

176 Shi, Y. (2009) Serine/threonine phosphatases: mechanism through structure. Cell 139, 468—484 https://doi.org/10.1016/j.cell.2009.10.006

177 Brautigan, D.L. and Shenolikar, S. (2018) Protein serine/threonine phosphatases: keys to unlocking regulators and substrates. Annu. Rev. Biochem. 81,
921-964 https://doi.org/10.1146/annurev-biochem-062917-012332

178 Kataria, M., Mouilleron, S., Seo, M.-H., Corbi-Verge, C., Kim, P.M. and Uhimann, F. (2018) A PxL motif promotes timely cell cycle substrate
dephosphorylation by the Cdc14 phosphatase. Nat. Struct. Mol. Biol. 25, 1093—1102 https://doi.org/10.1038/s41594-018-0152-3

179 Bremmer, S.C., Hall, H., Martinez, J.S., Eissler, C.L., Hinrichsen, T.H., Rossie, S. et al. (2012) Cdc14 phosphatases preferentially dephosphorylate a
subset of cyclin-dependent kinase (Cdk) sites containing phosphoserine. J. Biol. Chem. 287, 1662—1669 https://doi.org/10.1074/jbc.M111.281105

180 Bollen, M., Peti, W., Ragusa, M.J. and Beullens, M. (2010) The extended PP1 toolkit: designed to create specificity. Trends Biochem. Sci. 35, 450-458
https://doi.org/10.1016/j.tibs.2010.03.002

181 Egloff, M.P., Johnson, D.F., Moorhead, G., Cohen, P.T., Cohen, P. and Barford, D. (1997) Structural basis for the recognition of regulatory subunits by
the catalytic subunit of protein phosphatase 1. EMBO J. 16, 1876—1887 https://doi.org/10.1093/emboj/16.8.1876

182 Hendrickx, A., Beullens, M., Ceulemans, H., Den Abt, T., Van Eynde, A., Nicolaescu, E. et al. (2009) Docking motif-guided mapping of the interactome
of protein phosphatase-1. Chem. Biol. 16, 365371 https://doi.org/10.1016/j.chembiol.2009.02.012

183 0’Connell, N., Nichols, S.R., Heroes, E., Beullens, M., Bollen, M., Peti, W. et al. (2012) The molecular basis for substrate specificity of the nuclear
NIPP1:PP1 holoenzyme. Structure 20, 1746-1756 https://doi.org/10.1016/j.str.2012.08.003

184 Kumar, G.S., Gokhan, E., De Munter, S., Bollen, M., Vagnarelli, P., Peti, W. et al. (2016) The Ki-67 and RepoMan mitotic phosphatases assemble via an
identical, yet novel mechanism. eLife 5, e16539 https://doi.org/10.7554/eLife. 16539

185 Nasa, I., Rusin, S.F., Kettenbach, A.N. and Moorhead, G.B. (2018) Aurora B opposes PP1 function in mitosis by phosphorylating the conserved
PP1-binding RVXF motif in PP1 regulatory proteins. Sci. Signal. 11, eaai8669 https://doi.org/10.1126/scisignal.aai8669

186 Cheeseman, .M., Anderson, S., Jwa, M., Green, E.M., Seog, K.J., Yates, IIl J.R. et al. (2002) Phospho-regulation of kinetochore-microtubule
attachments by the Aurora kinase Ipl1p. Cell 111, 163—172 https://doi.org/10.1016/50092-8674(02)00973-x

187 Ferrari, S., Marin, O., Pagano, M.A., Meggio, F., Hess, D., EI-Shemerly, M. et al. (2005) Aurora-A site specificity: a study with synthetic peptide
substrates. Biochem. J. 390, 293-302 https://doi.org/10.1042/BJ20050343

188 Ragusa, M.J., Dancheck, B., Critton, D.A., Nairn, A.C., Page, R. and Peti, W. (2010) Spinophilin directs protein phosphatase 1 specificity by blocking
substrate binding sites. Nat. Struct. Mol. Biol. 17, 459-464 https://doi.org/10.1038/nsmb.1786

189 Bertran, M.T., Mouilleron, S., Zhou, Y., Bajaj, R., Uliana, F., Kumar, G.S. et al. (2019) ASPP proteins discriminate between PP1 catalytic subunits
through their SH3 domain and the PP1 C-tail. Nat. Commun. 10, 771 https://doi.org/10.1038/s41467-019-08686-0

190 Slupe, AM., Merrill, R.A. and Strack, S. (2011) Determinants for substrate specificity of protein phosphatase 2A. Enzyme Res. 2011, 398751
https://doi.org/10.4061/2011/398751

191 Fowle, H., Zhao, Z., Xu, Q., Wasserman, J.S., Wang, X., Adeyemi, M. et al. (2021) PP2A/B55¢. substrate recruitment as defined by the
retinoblastoma-related protein p107. eLife 10, e63181 https://doi.org/10.7554/eLife.63181

192 Hertz, EP.T., Kruse, T., Davey, N.E., Ldpez-Méndez, B., Sigurdsson, J.0., Montoya, G. et al. (2016) A conserved motif provides binding specificity to the
PP2A-B56 phosphatase. Mol. Cell 63, 686—695 https://doi.org/10.1016/j.molcel.2016.06.024

193 Wang, X., Bajaj, R., Bollen, M., Peti, W. and Page, R. (2016) Expanding the PP2A interactome by defining a B56-specific SLIM. Structure 24,
2174-2181 https://doi.org/10.1016/j.str.2016.09.010

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 21


https://doi.org/10.1074/jbc.M802182200
https://doi.org/10.1126/science.1205405
https://doi.org/10.1002/embr.201438501
https://doi.org/10.1074/jbc.M112.399345
https://doi.org/10.1038/s41598-017-01258-6
https://doi.org/10.1038/s41598-017-01258-6
https://doi.org/10.1038/s41598-017-01258-6
https://doi.org/10.1038/s41598-017-01258-6
https://doi.org/10.1080/15548627.2019.1581009
https://doi.org/10.1080/15548627.2019.1581009
https://doi.org/10.1016/j.jmb.2021.166987
https://doi.org/10.1126/scisignal.abf1117
https://doi.org/10.1093/jb/mvw036
https://doi.org/10.1074/jbc.M807017200
https://doi.org/10.1186/1478-811X-8-32
https://doi.org/10.1186/1478-811X-8-32
https://doi.org/10.1186/1478-811X-8-32
https://doi.org/10.1186/1478-811X-8-32
https://doi.org/10.1186/1478-811X-8-32
https://doi.org/10.1093/jb/mvm236
https://doi.org/10.1371/journal.pone.0024100
https://doi.org/10.1111/j.1742-4658.2012.08609.x
https://doi.org/10.1111/j.1742-4658.2012.08609.x
https://doi.org/10.1111/j.1742-4658.2012.08609.x
https://doi.org/10.1016/j.cell.2009.10.006
https://doi.org/10.1146/annurev-biochem-062917-012332
https://doi.org/10.1146/annurev-biochem-062917-012332
https://doi.org/10.1146/annurev-biochem-062917-012332
https://doi.org/10.1146/annurev-biochem-062917-012332
https://doi.org/10.1038/s41594-018-0152-3
https://doi.org/10.1038/s41594-018-0152-3
https://doi.org/10.1038/s41594-018-0152-3
https://doi.org/10.1038/s41594-018-0152-3
https://doi.org/10.1074/jbc.M111.281105
https://doi.org/10.1016/j.tibs.2010.03.002
https://doi.org/10.1093/emboj/16.8.1876
https://doi.org/10.1016/j.chembiol.2009.02.012
https://doi.org/10.1016/j.str.2012.08.003
https://doi.org/10.7554/eLife.16539
https://doi.org/10.1126/scisignal.aai8669
https://doi.org/10.1016/s0092-8674(02)00973-x
https://doi.org/10.1016/s0092-8674(02)00973-x
https://doi.org/10.1016/s0092-8674(02)00973-x
https://doi.org/10.1042/BJ20050343
https://doi.org/10.1038/nsmb.1786
https://doi.org/10.1038/s41467-019-08686-0
https://doi.org/10.1038/s41467-019-08686-0
https://doi.org/10.1038/s41467-019-08686-0
https://doi.org/10.1038/s41467-019-08686-0
https://doi.org/10.4061/2011/398751
https://doi.org/10.7554/eLife.63181
https://doi.org/10.1016/j.molcel.2016.06.024
https://doi.org/10.1016/j.str.2016.09.010
https://creativecommons.org/licenses/by/4.0/

22

PORTLAND
PRESS

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

Biochemical Journal (2022) 479 1-22
https://doi.org/10.1042/BCJ20200714

Wu, C.-G., Chen, H., Guo, F., Yadav, V.K., Mcilwain, S.J., Rowse, M. et al. (2017) PP2A-B’ holoenzyme substrate recognition, regulation and role in
cytokinesis. Cell Discov. 3, 17027 https://doi.org/10.1038/celldisc.2017.27

Wang, X., Garvanska, D.H., Nasa, I., Ueki, Y., Zhang, G., Kettenbach, A.N. et al. (2020) A dynamic charge-charge interaction modulates PP2A:B56
substrate recruitment. eLife 9, €55966 https://doi.org/10.7554/eLife.55966

Wigington, C.P., Roy, J., Damle, N.P., Yadav, V.K., Blikstad, C., Resch, E. et al. (2020) Systematic discovery of short linear motifs decodes calcineurin
phosphatase signaling. Mol. Cell 79, 342—358.e12 https://doi.org/10.1016/j.molcel.2020.06.029

Aramburu, J., Garcia-Cozar, F., Raghavan, A., Okamura, H., Rao, A. and Hogan, P.G. (1998) Selective inhibition of NFAT activation by a peptide
spanning the calcineurin targeting site of NFAT. Mol. Cell 1, 627-637 https://doi.org/10.1016/51097-2765(00)80063-5

Li, H., Rao, A. and Hogan, P.G. (2011) Interaction of calcineurin with substrates and targeting proteins. Trends Cell Biol. 21, 91-103 https://doi.org/10.
1016/j.tcb.2010.09.011

Nguyen, H.Q., Roy, J., Harink, B., Damle, N.P., Latorraca, N.R., Baxter, B.C. et al. (2019) Quantitative mapping of protein-peptide affinity landscapes
using spectrally encoded beads. eLife. 8, e40499 https://doi.org/10.7554/eLife.40499

Miyata, H., Oura, S., Morohoshi, A., Shimada, K., Mashiko, D., Oyama, Y. et al. (2021) SPATA33 localizes calcineurin to the mitochondria and regulates
sperm motility in mice. Proc. Natl Acad. Sci. U.S.A. 118 €2106673118 https://doi.org/10.1073/pnas.210667311

Li, H., Zhang, L., Rao, A., Harrison, S.C. and Hogan, P.G. (2007) Structure of calcineurin in complex with PVIVIT peptide: portrait of a low-affinity
signalling interaction. J. Mol. Biol. 369, 1296—1306 https://doi.org/10.1016/j.jmb.2007.04.032

Grigoriu, S., Bond, R., Cossio, P., Chen, J.A., Ly, N., Hummer, G. et al. (2013) The molecular mechanism of substrate engagement and
immunosuppressant inhibition of calcineurin. PLoS Biol. 11, €1001492 https://doi.org/10.1371/journal.pbio.1001492

Li, S.-J., Wang, J., Ma, L., Lu, C., Wang, J., Wu, J.-W. et al. (2016) Cooperative autoinhibition and multi-level activation mechanisms of calcineurin.
Cell Res. 26, 336—349 https://doi.org/10.1038/cr.2016.14

Hendus-Altenburger, R., Wang, X., Sjggaard-Frich, L.M., Pedraz-Cuesta, E., Sheftic, S.R., Bendsge, A.H. et al. (2019) Molecular basis for the binding
and selective dephosphorylation of Na(+)/H(+) exchanger 1 by calcineurin. Nat. Commun. 10, 3489 https://doi.org/10.1038/s41467-019-11391-7
Ueki, Y., Kruse, T., Weisser, M.B., Sundell, G.N., Larsen, M.S.Y., Mendez, B.L. et al. (2019) A consensus binding motif for the PP4 protein
phosphatase. Mol. Cell 76, 953-964.€6. https://doi.org/10.1016/j.molcel.2019.08.029

Lipinszki, Z., Lefevre, S., Savoian, M.S., Singleton, M.R., Glover, D.M. and Przewloka, M.R. (2015) Centromeric binding and activity of protein
phosphatase 4. Nat. Commun. 6, 5894 https://doi.org/10.1038/ncomms6894

Benz, C., Kassa, E., Tjdrnhage, E., Bergstrom Lind, S. and Ivarsson, Y. (2020) Identification of cellular protein—protein interactions. In Ali Tavassoli (ed.),
Inhibitors of Protein—Protein Interactions: Small Molecules, Peptides and Macrocycles, pp. 1-39. The Royal Society of Chemistry, Cambridge, UK.
Vincentelli, R., Luck, K., Pairson, J., Polanowska, J., Abdat, J., Blémont, M. et al. (2015) Quantifying domain-ligand affinities and specificities by
high-throughput holdup assay. Nat. Methods 12, 787-793. https://doi.org/10.1038/nmeth.3438

Reich, L.L., Dutta, S. and Keating, A.E. (2016) Generating high-Accuracy peptide-binding data in high throughput with yeast surface display and
SORTCERY. Methods Mol. Biol. 1414, 233—247 https://doi.org/10.1007/978-1-4939-3569-7_14

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://doi.org/10.1038/celldisc.2017.27
https://doi.org/10.7554/eLife.55966
https://doi.org/10.1016/j.molcel.2020.06.029
https://doi.org/10.1016/S1097-2765(00)80063-5
https://doi.org/10.1016/S1097-2765(00)80063-5
https://doi.org/10.1016/S1097-2765(00)80063-5
https://doi.org/10.1016/j.tcb.2010.09.011
https://doi.org/10.1016/j.tcb.2010.09.011
https://doi.org/10.7554/eLife.40499
https://doi.org/10.1073/pnas.210667311
https://doi.org/10.1016/j.jmb.2007.04.032
https://doi.org/10.1371/journal.pbio.1001492
https://doi.org/10.1038/cr.2016.14
https://doi.org/10.1038/s41467-019-11391-7
https://doi.org/10.1038/s41467-019-11391-7
https://doi.org/10.1038/s41467-019-11391-7
https://doi.org/10.1038/s41467-019-11391-7
https://doi.org/10.1016/j.molcel.2019.08.029
https://doi.org/10.1038/ncomms6894
https://doi.org/10.1038/nmeth.3438
https://doi.org/10.1007/978-1-4939-3569-7_14
https://doi.org/10.1007/978-1-4939-3569-7_14
https://doi.org/10.1007/978-1-4939-3569-7_14
https://doi.org/10.1007/978-1-4939-3569-7_14
https://doi.org/10.1007/978-1-4939-3569-7_14
https://creativecommons.org/licenses/by/4.0/

	Orchestrating serine/threonine phosphorylation and elucidating downstream effects by short linear motifs
	Abstract
	Introduction
	The writers — SLiM-based interactions that target kinases to their substrates
	Docking motifs of MAPKs
	Docking motifs of the PI3K-related (PIKK) family of kinases
	Examples of docking motifs binding to individual kinases
	GSK-3β and docking interactions with the scaffold protein axin
	Docking interactions of kinases with auxiliary SLiM-binding domains
	Docking motifs of cyclins

	The readers of the phosphorylation code
	Obligate phospho-binders
	14-3-3 Adaptor proteins bind to pS/T containing SLiMs
	MAGUK kinase-dead GUK domains have evolved to recognise pS/pT
	BRCT domains bind pS-containing SLiMs
	FHA domains bind pT-containing SLiMs
	WD40 domains and the paradigm of phosphodegron recognition
	The PIN1 WW domain is an obligate phospho-binder, but not the rest of the WW domain family

	Many SLiM-based interactions are modulated by phosphorylation
	PDZ domain-mediated interactions
	VHS domains and targeting of cargo for endocytosis
	ATG8 proteins and targeting proteins for autophagy
	Karyopherins binds nuclear localisation signals for nuclear import


	The erasers — docking interactions of phosphatases
	PP1
	PP2A
	Calcineurin (PP3/PP2B)
	PP4

	Outlook
	Competing Interests
	Funding
	References


