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INTRODUCTION

Mitogen-activated protein kinases (MAPKs) play a major role in regulating almost every known 

physiological process, not only in mammals, but also in a variety of other eukaryotic organisms. 

Although these enzymes were extensively studied for almost three decades, many aspects of MAPK-

depndent regulation are still poorly understood. Most known MAPKs have overwhelmingly similar 

structures and a very loose substrate specificity. All of them phosphorylate serine or threonine amino 

acids followed by a proline, which does not account for the striking differences in their physiological 

roles.[1] For example, kinases like ERK1 or ERK2 promote proliferation and cell cycle progression, 

while activation of JNK1 or JNK2 would cause cell cycle arrest, differentiation or even apoptosis. The 

specialized roles of certain MAPKs (such as ERK5 in cardiovascular regulation) are even more 

difficult to understand if only the primary target site consensus is taken into account. 

It has been known for more than a decade that these kinases associate with most of their upstream 

activators, regulators as well as substrates through extra recruitment elements, termed "docking 

motifs".[2] Similarly to the target site of substrates, the docking motifs are also located in intrinsically 

unstructured regions of MAPK partners and undergo a disorder-to-order transition upon binding (just as 

other linear motifs do). In case of substrates, they are relatively loosely coupled to the target sites and 

may even be found several hundred amino acids away from the residues to be phosphorylated.[3]

Up to the present, two major types of docking motifs were described (D-motifs and FxFP-motifs) that 

bind to different sites located on the kinase domain of MAPKs. Currently not much is known about the 

exact geometry of FxFP-motifs, but several D-motifs (that are encountered more frequently) had their 

structure determined in complex with MAPKs by X-ray crystallography. These structures reveal an 

unexpected diversity in the arrangements of motifs previously thought to be identical. Since 

superficially similar D-motifs can bind in rather different binding modes, often in a highly MAPK-

specific manner, these linear motifs were notoriously difficult to predict until now.[4, 5]

Although many attempts have been made before, the previously defined "highest common consensus" 

of D-motifs is practically unsuitable for reliable in silico identification of MAPK partners. But thanks 

to the increasing amount of structural information available from recently-determined MAPK-D-motif 

complexes, we are now able to re-define D-motifs in a structurally meaningful manner. This opened the 

path to identify potentially hundreds of novel MAPK partners, and the true complexity of MAPK 

pathways can finally be unravelled.



AIMS AND OBJECTIVES

Although MAPKs were studied by countless groups in the past 25 years and several of their interactors 

were already described, there has been no success in predicting further partner proteins using structural 

information alone. The difficulty of a modelling-driven approach is that it requires a deep 

understanding of binding events at an atomic level, as well as its own special methodology, even in 

experimental testing. To set up such a "pipeline" was our primary goal during the current project. Thus 

our main objectives were the following: 

• To build a structurally consistent model of D-motif - MAPK interactions, yielding appropriate 

consensus motifs

• To construct a suitable in silico pipeline to find linear motifs, filter candidates based on their 

accessibility and rank them by their structural compatibility to the models

• To develop an appropriate experimental method for a relatively high-throughput testing of 

new motif candidates

• To validate new motifs with alternative in vitro assays as well as to test their capacity to 

function in their biological context, in living cells

• To use our newly-identified hits to improve sequence-based prediction algorithms even further. 

• To assess the limitations inherent to our approach by studying of a number structural outliers.

Using the results from our motif-finding methods, we were also able to give answers to several 

important questions regarding the biology of MAPK systems, namely: 

• By studying the evolution of MAPK docking motifs, we sought answers as to why 

conservation-based methods were unsuccessful in predicting most of these motifs 

• We analysed the structure and evolution of MAPK-dependent regulatory modules in known 

substrates to be able to answer why MAPK docking motifs can emerge or disappear so fast

• Finally, we also sought to understand the biological function of newly-identified MAPK 

partner proteins and the physiological rationale behind their interactions.



MAIN METHODS USED

• Primary in silico search methods, relying on consensus motif matching, using the 

UniProt/SwissProt database as well as the IUPRED and ANCHOR predictors

• Filtering algorithms based on predictors such as Phobius, SignalP, Wolf Psort, COILS and the 

knowledge-based PFAM models

• Energy estimation by homology modelling in FOLDX (some models were native X-ray 

structures, other were built using softwares like the Rosetta-based PepFlexDock)

• E.coli based recombinant methods to produce dephosphorylated and activated MAPKs, such as 

ERK2, JNK1 and p38α as well as their partner proteins for experimental testing.

• Classical binding assays (such as GST or MBP pull-downs) to assess MAPK-partner protein 

interactions (in limited cases only)

• Novel semi-high throughput solid-phase phosphorylation arrays, on artificial substrates 

developed for the purpose of this study only

• Flourescence polarization (FP) titrations to verify binding of novel motifs to the same site and 

to assess their MAPK profile and precise binding affinity

• Bimolecular fluorescence complementation (BiFC) assays to verify D-motif dependent 

interactions within living cells

• An upgraded position-specific scoring matrix (PSSM) method incorporating information from 

evolutionarily conserved homologs to generate reliable, sequence-based predictors

• Both automated and "manual" p-BLAST-based evolutionary analyses to assess 

(non)conservation of docking motifs and determine their approximate point of emergence

• Database- and literature-based assessment of hits to build clusters based on their low- and high-

level function 



RESULTS

Classical MAPK-recruiting D-motifs could be classified into six major structural classes, often with 

multiple minor subtype variants. For 5 of the theoretically possible 6 main arrangements, we were able 

to find and validate multiple instances in the human proteome. This suggests that D-motifs are actually 

quite widespread, and can be readily detected using the correct methods. Both structural modelling-

based and sequence-based methods were suitable for this task; although sequence-based methods 

required the refinement of consensus motifs and a large set of experimentally-validated instances 

(including data from their homologs) in order to become reliable. With the latter on our hand, other 

published methods were outperformed by our position-specific scoring matrices (PSSMs) [5]

To test D-motifs on a larger scale, we had to overcome a number of experimental difficulties: It became 

clear that pure binding-based assays are unsuitable for reliable in vitro detection of D-motifs. Therefore 

we had to develop an entirely new assay, based on substrate phosphorylation. To make "docking 

efficiency" comparable, D-motifs were all transferred onto an artificial substrate. Furthermore, 

substrates were immobilized onto nitrocellulose membranes, and phosphorylation reactions were 

performed on solid phase. This enabled parallel and relatively large-scale evaluation of novel docking 

motif candidates and their comparison to well-known motifs.

Further experiments, using fluorescence polarization (FP) titrations have proven that novel D-motifs 

detected in the dot-blot arrays bind to the same site as known motifs do; and that they do display 

comparable affinities. The specificity profile of novel motifs was also often (but not always) 

predictable from the structural model they were identified by. A select set of MAPK docking motifs 

were also tested in living cells, using bimolecular fluorescence complementation (BiFC) assays, with a 

split yellow fluorescent protein (YFP)-based system. Many of the in vitro predicted interactions gave 

readily detectable effects in cells upon comparing the complementation efficiency of docking motif 

containing and lacking proteins. This supports the assumption that the D-motifs lying in intrinsically 

disordered protein regions are typically accessible in the cells for protein-protein interactions.

We also studied a number of already-described MAPK interactors in order to better understand the 

limitations of the systematic approach (assuming only a single linear motif mediating the entire 

interaction). In real biological systems, some of the linear motifs are inherently defective, and are 

complemented by other neighbouring motifs or domains to reach physiologically relevant interaction 



strength. In other cases, the interacting element is not a true linear motif, being either a weird 

combination of a folded domain and a disodered segment, or a fully folded domain. The latter solutions 

can fully mimic true linear motifs, without being predictable by any systematic method. Nevertheless, 

these outlying interactors appear to represent only a small minority of MAPK-binding proteins, with 

the known majority displaying ordinary behaviour, with a single, true linear motif. 

Our studies have roughly doubled the number of known MAPK-binding elements, enabling 

evolutionary analyses on a reasonably large set of convergently-evolved linear motifs. This suggests 

that motifs can emerge through a wide variety of genetic mechanisms, including development from 

existing motifs or domains. However, the most common mechanism is definitely the de novo creation 

of D-motifs, either by point mutations or initiation site / splicing site shifts. Unexpectedly, 

conservation-based methods to detect motifs did not correlate with other prediction algorithms, and 

turned out to be unsuitable for D-motif identification: This could later be explained by the high speed 

of D-motif evolution. Despite the fact that the MAPK system is an ancient, common eukaryotic 

heritage (including the D-site itself), its interactome appears to evolve at a surprisingly fast rate. The 

absolute majority of D-motifs found in the human proteome only emerged during vertebrate evolution. 

The twin whole genome duplications at the dawn of vertebrate evolution and subsequent rapid 

sequence changes resulted in many paralog-specific MAPK docking motifs.[6] These most likely 

provide fine-tuned regulation of several, tissue-specific physiological processes. 

Functional analyses of the predicted best 100 hits for the most populous motif classes suggest that 

JNK kinases are more involved in regulating cytoplamatic processes than any other MAPK, controlling 

cell motility and post-mitotic organization. JNK-recruiting elements are commonly found on proteins 

directing neuronal development, axonal growth, dendrite formation as well as in those required for the 

maintenance of neural synapses. These results are full in-line with earlier observations on knockout 

animals, as is the fact that JNK-interacting proteins are also encountered at critical points of pathways 

regulating insulin action.[7,8] ERK1/2 and p38 interacting proteins appear to be more involved in 

nuclear processes and gene expression, but they were also detected on previously unknown targets such 

as the adenosine monophosphate activated protein kinase (AMPK) system, regulating cellular response 

to energy depletion. 



DISCUSSION

The prediction and reliable identification of MAPK docking motifs (as well as proteins carrying them) 

should lead to a better understanding of human MAPK pathways under both normal and pathological 

conditions. Some of the new motifs were detected on proteins that were already implicated in these 

pathways, such as protein phosphatases as well as a number of upstream kinases (MAP3Ks). These 

connections likely represent a complex system of feedback and feed-forward circuits. However, the 

absolute majority of novel hits lies outside the core MAPK pathways, and they are probably just simple 

downstream elements (i.e. substrates). Although our current methodology was unsuitable to identify 

physiological enzyme-substrate relationships, most of these novel interactors appear to be either direct 

MAPK substrates, or scaffold proteins enabling phosphorylation of indirect substrates (lacking their 

own docking motifs, being recruited indirectly). 

Analysis of MAPK-phosphorylated target sites of known substrates suggest that the latter are also 

embedded in linear motifs, that are regulated by MAPK phosphorylation. This way secondary 

modification(s) by a kinase can control well-defined intra- or intermolecular, protein-protein binding 

events. Such phosphorylation-dependent interaction switches appear to be common in the human 

proteome and highly diverse both in form and sequence. Although very few such MAPK target sites 

were studied up to date, they do seem to obey the same evolutionary rules as docking motifs do. Target 

sites can similarly be created de novo and frequently co-evolve with recruitment sites, giving an elegant 

answer as to why D-motifs can evolve so fast. We propose that by simply combining two short linear 

motifs, diverse forms of MAPK-dependent regulation can be introduced onto virtually any protein. 
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