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Short Introduction

The enzymatic process, where the γ-phosphate group of an ATP molecule is

transfered to an amino acid side chain is  called phosphorylation. It is mediated by

protein kinases and reversed by protein phosphatases1. Most phosphorylation occurs

on  Ser,  Thr  or  Tyr  residues  by eukaryotic  protein-kinases.  The phosphoester  bond

formed  by  these  residues  is  stable  compared  to  uncommon phosphorylation  sites.

Phosphorylation is the most common post-translational modification and it is widely

used in signal transduction pathways. They often form hierarchical cascades to amplify

weak signals and to increase the output specificity.

The Ras-ERK pathway mediates the intracellular effect of extracellular cell

division promoting factors (e.g. EGF) and it is widely investigated due to its relevance

to cancer. Ribosomal S6 kinases (RSKs) are downstream components of this pathways

involved in cell growth and they are one of the less understood effectors of the MAPK

pathway.  RSK  is  a  unique  tandem  kinase,  which  contains  two  functional  kinase

domains in a single chain. 

RSK1 activation  is  triggered  by  a  single  phosphorylation  event,  which  is

catalyzed  by  the  ERK  MAPK2.  This  initiates  a  multi-step  reaction,  involving  the

activation/interaction of  the  C-terminal  kinase  domain (CTKD),  PDK1 and the  N-

terminal kinase domain (NTKD). There are more than a dozen phosphorylation sites in

RSK1, which includes several feed-back sites3.

Even though it is an effector of a well studied pathway, limited information is

available about its activation and regulation. Moreover, even less is known about its

substrates.  Many general  AGC-type kinase substrates (a major kinase family) were

suspected as  RSK substrates  but  only a handful  of  high confidence  substrates  has

previously been described4. Interestingly, all RSK isoforms contain a C-terminal PDZ

binding motif (PBM), which can attract potential substrates with high specificity5.

2



RSK kinases have an emerging pathological importance. For example, they

are  down-regulated in  malignant  melanomas.  The expression of  S100B, a  calcium

binding protein is elevated in melanoma. It was shown that this protein can interact

with RSK and it reduce its activation calcium concentration dependently6.

Objectives

• ERK recognize the disordered C-tail of RSK17. In my first aim, I wanted to

structurally describe this core interaction to understand their specificity and

high affinity.

• My second aim was to resolve the structural basis of the first activation step

of  RSK1.  I  wanted  to  identify  other  factors,  especially  within  the  kinase

domains, which contributes to this phosphorylation step.

• I wanted to characterize the dynamic nature of this interaction inside cells

using extracellular stimulations to induce the activation of the pathway8.  I

planned to monitor protein localization and complex formation.

• I wanted to structurally and biochemically characterize the PDZ binding of

RSK1.

• We wanted to identify potential PDZ mediated substrates of RSK19.

• Finally, I wanted to understand the mechanism behind the S100B mediated

inhibition of RSK1.

Applied Methods

Protein and peptide constructs were mostly produced by heterologous expression

in bacterial systems. Some of them were also phosphorylated in vitro with kinases also

produced  in  bacterial  systems.  Protein-protein  interactions  were  studied  using

biochemical/biophysical  methods such  as  fluorescence  polarization  (FP)  or  surface
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plasmon  resonance  (SPR).  Structural  information  were  obtained  by  protein

crystallography and small angle X-ray scattering (SAXS). Cell based reporter assays

were designed and applied to monitor protein-protein interactions (NanoBiT). 

Theses

• I  solved  a  complex  crystal  structure  of  the  minimalized  ERK2-RSK1

complex. Using this structure, I designed a mutant, unspecific version of this

docking motif which was also crystallized with ERK2.

• I solved a complex crystal structure of the ERK2-RSK1 kinase heterodimer.

This  structure  revealed  the  domain  orientations  required  for  proper

positioning of the substrate residue into the active site of ERK2.

• I  monitored  the  ERK2-RSK1  complex  inside  cells  and  described  their

dynamic properties upon extracellular stimulation.

• I  biochemically characterized the PDZ binding of RSK1. I solved multiple

crystal structures of  PDZ domains bound to the RSK1 peptide. 

• I  systematically explored the PDZ binding ability of RSK1.  I  identified a

large number of novel interactions, which were validated in vitro and inside

cells.

• I  described  the  molecular  mechanism of  RSK inhibition  by  S100B using

crystallography and kinetic experiments.

Discussion

Initially,  I  was  interested  in  the  docking  motif  of  RSK that  mediates  the

association with ERK2. I realized that it is a surprisingly strong (submicromolar) and

specific interaction compared to other binding partners of this pathway. This is the

result of the high complementarity between the docking grove of ERK and the C-tail

of RSK. I also managed to capture a crucial snapshot of RSK activation in a crystal
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structure. I crystallized a kinase heterodimer, which revealed that other factors are also

important in this activation step, such as the linker sequence between the kinase and

the C-tail of RSK. I have found that the ERK-RSK complex is highly dynamic inside

cells and binding is affected by feedback phosphorylation of the RSK C-terminal tail

(mediated by the NTKD). Moreover, extracellular stimuli influences the localization of

both kinases within the cell.

After complete activation, RSK autophosphorylates its C-terminal tail, which

affects the binding of several interaction partners. For example, ERK binding is down-

regulated by about five fold, which contributes to the stimulation induced dynamic

disassembly of the complex. This phosphorylation also affects PDZ partner binding.

We used an automated holdup assay to identify all the PDZ interaction partners of the

native  and  the  autophosphorylated  RSK PDZ  binding  motif.  We  have  found  that

phosphorylation induces a  very complex rearrangement in  the PDZ interactome of

RSK1. Surprisingly, most PDZ domains were affected by phosphorylation, but instead

of detecting on and off switches, we identified a gradual continuum of fine tuning. We

have validated this unexpected behavior  in vitro and in cell lines as well. This assay

also identified a high confidence set of RSK1 interaction partners. This list was very

useful to identify direct and indirect substrates of RSK1.

In the last part of my thesis, I describe the melanoma specific inhibition of

RSK by  S100B.  This  is  a  calcium binding  protein,  which  is  highly  expressed  in

various  tumors,  especially  in  malignant  melanomas.  Knocking  down  S100B  in

melanoma cells increased RSK phosphorylation. I have found that S100B captures the

C-terminal tail  of RSK1, the same segment which is involved in the ERK-binding

activation  step.  This  binding  mode  explains  the  fact  that  the  presence  of  S100B

inhibits  the  ERK2 phosphorylation  step  by  introducing  a  direct  competitor  of  the

docking motif.

In  conclusion,  my  main  research  achievement  was  the  multifaceted

description  of  the  cooperation  between ERK and RSK.  They are  the  two effector

kinases  of  the  Ras-ERK pathway and the  scientific  community  always  considered
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them as individual enzymes. I  provided evidence that  they form a strong complex

before  the  activation  of  the  pathway.  While  external  stimulation  will  initiate  their

dissociation, a very important fraction of the kinases will remain in the heterodimeric

form, which will be essential for substrate recognition. PDZ targets are good examples

to study the role of the complex. They are direct interaction partners of RSK and only

indirect partners of ERK, and we have found lots of phosphorylation sites, not only in

PDZ  proteins  but  also  in  their  interaction  partners.  This  indicates  that  signal

transduction is mediated by large, multi-component complexes, rather than individual

kinases.  The  importance  of  the  strong  ERK-RSK cooperation  is  also  reflected  in

several pathological conditions. In melanoma, the S100B protein disrupts this complex

by a direct competition with ERK for binding to the RSK C-terminal tail. My results

draw a new picture about the effectors of the Ras-ERK pathway, which is apparently

much more complex than previously thought.
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