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I. Introduction

I.1. Protein kinases

Protein kinases are metabolic switches that regulate cellular signaling. They catalyze the

phosphoryl transfer from ATP to amino acid side chains of their protein substrates. In contrast to

metabolic enzymes,  which evolved to be efficient catalysts,  protein kinases have evolved to be

sensitive  molecular  switches.  In  most  cases,  they  are  activated  by  phosphorylation,  and  then

phosphorylate downstream substrate proteins. Interestingly, protein kinases rarely act solo, as they

are part of hierarchically organized cascades or more intertwined kinase regulatory networks. Since

publication of the crystal structure of PKA nearly three decades ago, a structural portrait of the

conserved kinase core domain become well known (Knighton et al., 1991). The human kinome is

large, more than 2% of the human genome encodes protein kinases. They can be categorized into

larger families, such as AGC, CAMK, CMGC and  tyrosine kinases (C. Manning, D.B. Whyte, R.

Martinez,  T.  Hunter,  2002).  Protein  kinases  are  highly  regulated  enzymes,  and their  regulatory

mechanisms usually follow family specific schemes.

I.1.1 Spines and motifs as common features in the regulation of the kinase core domain

Protein  kinases  have  a  bilobal

structure, where the N-lobe is mainly

responsible for ATP binding and the

C-lobe  is  responsible  for  substrate

recognition  (Figure  1).  These  lobes

have  an  independent  fold  (i.e.  they

can  be  considered  as  independent

folding  domains)  but  are  connected

non-covalently  through  a  central

network of hydrophobic amino acids

(called “spine”) when the protein is in

an  active  conformation  (Taylor  and

Kornev, 2011). The catalytic C-spine

may  be  regarded  as  a  rigid

hydrophobic  unit,  where  the  N-lobe

and  C-Lobe  components  are  fused
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Figure 1. Common features of the protein kinase catalytic 
chassis. The two lobes of a prototypical kinase domain are 
connected through two hydrophobic spines formed by the side 
chains of its core. (A) In the inactive conformation the spines 
are not fully assembled and the two kinase lobes are structurally 
not well-connected. (B) Despite that the secondary structural 
elements are unaffected, the C- and R-spine assemble only in 
the ATP bound active conformation. For most kinases AL 
phosphorylation facilitates the assembly of the R-spine by 
affecting the ordering or the positioning of the C-helix.



together by the adenine moiety of the bound cofactor. In contrast, the regulatory spine, or R-spine,

is highly dynamic, and its assembly is required for catalytic activity (Kim et al., 2017). The R-spine

includes a residue from the C-helix of the N-lobe, which serves as an allosteric hotspot for most

protein  kinases.  This  helix  is  also  responsible  for  stabilizing  a  salt  bridge  between  the  bound

nucleotide substrate and a Lys from β3. In inactive kinases the C-helix is often in an “out” or

inactive conformation or disordered. (From now on, I will refer to the “nucleotide substrate” as a

“cofactor” for simplification.)

Embedded within the kinase fold is a functional intrinsically disordered region (IDR), the

activation loop. The activation segment starts with the DFG motif and ends with the APE motif.

These two flexible sequence motifs are conserved among kinases and have unique functions. The

DFG motif lies between the two lobes, right below the C-helix and the Glycine-rich loop (G-loop).

Embedded in the DFG motif is another R-spine residue, which couples directly with the C-Helix R-

spine residue and the catalytic  loop R-spine residue.  Many kinases  display two conformations:

DFG-in and DFG-out (Hari et al., 2013). In the DFG-out conformation the R-spine is disassembled

and in many cases the Phe side chain of this motif faces towards the G-loop instead of the C-helix.

The DFG-out conformation is thus incompatible with ATP cofactor binding. Interplay between the

DFG motif and the C-Helix in/out is highly regulated and defines the switch mechanism that leads

to kinase activation. Both motifs are flexible and must be aligned. 

The APE motif precedes the F-helix in the C-lobe. Although it serves as a stable anchor for

the flexible activation loop (AL), multiple crystal structures captured inter-molecularly bound APE

motifs  in  kinase homodimers  (Marcotte  et  al.,  2017).  In  extreme cases,  the APE motif  can be

disordered  (Malakhova et  al.,  2008). These findings suggest that the APE motif  is dynamically

anchored to the C-lobe. The activation loop between the DFG and the APE motifs is usually 20-30

residues long and is often partially disordered in inactive structures. Although the activation loop is

highly divergent, it usually contains at least one phosphorylation site, which orders and stabilizes

the activation loop and is cooperatively coordinated by an Arg from the catalytic HRD motif (from

the C-lobe), a basic residue in the activation loop, and a basic residue from the C-helix (from the N-

lobe). 

Different kinase families developed orthogonal strategies to regulate the core kinase domain.

This thesis focuses on RSK1, a tandem kinase, which includes an AGC- and a CaMK-type domains.

Apparently,  these  two  families  are  probably  the  most  complicatedly  regulated  kinase  families,

which mainly organized around their C-terminal extensions.
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I.1.2 The C-tail of AGC kinases drives the assembly of their regulatory R-spine

One of the hallmarks of AGC kinases is their unique C-terminal tail. This tail includes several short

linear  motifs  (SLiMs),  including the so-called  hydrophobic  motif  (HM) as  well  as  several  key

regulatory  phosphorylation sites.  This  flexible  region,  which  anchors  the C-tail  to  the  N-Lobe,

stabilizes the C-helix in the active conformation and also bridges the links between the N- and C-

Lobes (Figure 2A). In crystal structures of inactive kinases the C-tail is disordered, the R-spine is

disassembled (as the C-helix is usually twisted or partially unfolded). In an extreme case, as in

p90RSK, the position of the C-helix is occupied by an N-terminal IDR, adopting a unique beta-

sheet conformation in the inactive state. Phosphorylation of the HM triggers the assembly of the R-

spine of the AGC kinase. In the activated AGC kinase, phosphorylated HM (pHM) docks into the

so-called PIF pocket (formed by the upper part of the C-helix and β4 of the N-lobe). The phosphate

group mediates charge-based interactions with the N-lobe and the hydrophobic residues of the HM

become part of the R-spine. 

Apart  from  the  HM,  the

activation  loop  also  needs  to  be

phosphorylated.  PDK1,  an  AGC

“master  kinase”  has  a  capital  role  in

this process (Mora et al., 2004). PDK1

lacks  its  own  HM,  but  it  has  a

functional PIF pocket. This allows it to

interact  with  the  pHM of most  other

AGC  kinases  and  to  phosphorylate

them  on  their  activation  loop.

Interestingly,  PDK1  is  not  the  only

AGC kinase  without  an  HM.  Aurora

kinases  also  lack  this  SLiM,  and

activation requires binding to another

protein,  Tpx2, which stabilizes its R-

spine.

The outer, solvent exposed face

of the C-helix is an allosteric hotspot

for  regulation  of  the  R-spine  of  the

kinase core,  and its  stabilization  is  a

widespread regulatory mechanism. For
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Figure 2. Kinase group specific extensions to kinase domain 
cores often have distinct structural propensity in the inactive 
vs. in the active state of the kinase. (A) For example, the C-
terminal extension of AGC kinases contains a SLiM (pHM), 
which is more flexible in the inactive state but it can interact 
with the N-lobe in a phosphorylation dependent manner and 
becomes ordered . (B) In contrast, the C-tail of a CaMK forms 
a helical extension in the inactive kinase and thus it blocks the 
active site. In this case, co-activator binding (i.e. calmodulin) 
or AL phosphorylation will turn the kinase on by making this 
region more flexible or disordered.



example, CMGC kinases use two alternative approaches to stabilize the R-spine. In the case of

CDK, the C-helix is situated in a flipped-out position in the inactive state and cyclin binding will

stabilize it in a more inward, active position. In contrast, a MAPK from the same family has a

constitutively stabilized active conformation. Here, the C-helix is stabilized by a C-terminal helical

extension  and  kinase  activity  is  simply  regulated  by  AL  phosphorylation.  Additionally,  the

negatively charged C-terminal extension of the STE-like GLK kinase can interact intermolecularly

with the positively charged C-helix (Marcotte et al., 2017).

I.1.3 The C-tail of CAMKs governs access to the active site

In some cases, both spines of a kinase are assembled, and the activation loop adopts an activated

conformation,  yet  the  kinase  is  still  enzymatically  inactive.  CAMK  type  kinases  are  typical

examples  for  this.  Similarly  to  AGC kinases,  CAMKs also  have  a  unique,  family  specific  C-

terminal extension. Although sequentially it is not as conserved as the AGC kinase tail, the function

of all CAMK tails is the same. The purpose of this helical segment, located next to the active site, is

to block ATP cofactor and/or protein substrate binding (Figure 2B). In extreme cases, this helical

segment occupies not only the substrate binding groove but it also replaces the APE motif. In case

of  the  MAPKAPK subfamily  (like  the  CAMK type  domain  of  RSK) the  APE motif  is  either

completely disordered, or it caps an extended F-helix in the inactive state. In most cases, this auto-

inhibited conformation is released in the presence of calcium bound calmodulin (CaM), which pulls

this segment off, and thus opens access to the active site (Rellos et al., 2010). In other cases (like in

RSK),  this  inhibitory  segment  is  in  a  dynamic  equilibrium  between  an  open/active  and

closed/inhibited conformation, and AL phosphorylation shifts the equilibrium towards the active

population (Malakhova et al., 2008).

While the active site of CAMK-type domains is blocked by their C-tail, kinases from other

groups  also  share  similar  features.  Pseudosubstrate  motifs  within  terminal  extensions,  or  even

within the kinase core can be found across the whole kinome (Ha et al., 2012)  (Gógl et al., 2015a).

I.1.4 Docking motifs  facilitate the assembly of  kinase dimers and enzyme-substrate

complexes

Activated kinases may phosphorylate their substrates inefficiently if their phosphorylation target

motifs bind to their substrate-binding pocket with low affinity. Moreover, their KM is usually very

low (10-100  µM). Therefore,  many kinases  use additional protein-protein contacts to  tether  the

protein substrate in close proximity to the kinase and thereby increase their phosphorylation rate.
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These  type  of  “proximity  enhancing”  associations  are  known as  docking  interactions  and  also

thought to be indispensable for the assembly of activator kinase and substrate kinase pairs. A good

example  for  this  is  the  interaction  of  the  MAP2K  activator  kinase  with  its  MAPK  substrate

(receiver) kinase, where the docking motif is located in an N-terminal IDR of the activator kinase.

Similarly, a docking motif for the MAPK-MAPKAPK activator-receiver kinase pair is embedded in

the C-terminal IDR of the MAPKAPKs (White et al., 2007).

I.2. Activation and effectors of the MAPK pathway

A cell of the human body lives in the incredibly complexity of cellular networks. They need to be

orchestrated to be efficient machines that can work as a single

entity. This is achieved by multilevel communication between

individual  cells.  These  communication  routes  activate

intracellular  signaling  pathways  via  extracellular  signals.

Protein kinases are one of the most important players in these

signal  transduction  pathways.  They  are  usually  in  the

intermediate  layers  between  the  recognition  modules  (that

receive  the  extracellular  signal)  and  the  effector  molecules

(that give the answer to the signal), therefore they process the

signal. Even though, the inner structure of different pathways

are similar, fine details make great differences. Particularly, the

Extracellular  signal-related  kinase  (ERK)  mitogen  activated

protein  kinase  (MAPK)  pathway  is  responsible  to  receive

mitogenic  signals  and  to  induce  cell  growth,  differentiation

and proliferation (Raman et al., 2007). Other MAPK pathways

are crucial players in stress or apoptosis pathways (JNK and

p38)  or  have  a  more  specific  role  in  cell  differentiation

(ERK5) (Johnson and Lapadat, 2002).

I.2.1 General architecture of the MAPK network

Many signaling pathways include hierarchical  kinases  that

activates themselves in a particular order. In the canonical

center of the MAPK network, three kinase families do this

job (Figure 3). MAPK, the effector kinase is activated by the
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cascade can be activated by various 
extracellular stimulations. For 
example, growth factor receptors 
and GPCRs can activate it by 
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pathways contains multiple 
oncogenes. For example, melanoma 
is caused by a mutation in the Ras or 
the Raf gene.
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MAPK  kinase  (MAPKK  or  MAP2K).  This  kinase  is  activated  by  the  MAPK  kinase  kinase

(MAPKKK, MAP3K). Additionally, this cascade can be extended with MAPK activated protein

kinases  (MAPKAPK)  and  in  some  cases,  with  MAPK  kinase  kinase  kinases  (MAPKKKK,

MAP4K). Different cascades are named after the activated MAPK (Cargnello and Roux, 2011). My

dissertation will focus on the mitogenic ERK pathway.

The ERK1/2 pathway can be activated by various extracellular stimulations (Figure 3). For

example, growth factors can activate them through receptor tyrosine kinase pathways. Furthermore,

small molecules can also activate this network through G-protein coupled receptors (GPCR). The

fundamental intersection between these mechanisms is that both routes activate small G-proteins.

The GTP bound G protein (e.g. RAS) will  activate the MAP3K, initiating the activation of the

MAPK cascade.  In the most well  understood case,  ERK is activated by EGF stimulation.  EGF

interacts with EGF receptor and triggers a series of molecular events, eventually activating N- or K-

RAS. These will activate B-Raf (MAP3K), which will activate MKK1/2 (MAP2K). This kinase

activates ERK1/2, which will activate a set of substrates and MAPKAPKs.

I.2.2 MAPK specificity and docking motifs

MAPKs belong to the lowest specificity kinases. They can phosphorylate [ST]P motifs, which are

very common in disordered segments. Despite this, they are highly specific. The efficient protein

substrate recognition is achieved by docking interactions (Garai et al., 2012). These MAPK docking

peptides (D motifs) can be found in protein substrates, scaffolds proteins, phosphatases, MAP2Ks,

and even in MAPKAPKs (Figure 4). As the MAPK has a single site to recognize these interactions,

it can interact with a single target at a time. This docking mechanism is completely separated from

the active site, which fundamentally change its enzyme activity. The general enzymatic mechanism
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of a kinase can be understood with the Michaelis-Menten kinetics. However, this is not the case for

a MAPK! In the Michaelis-Menten model, after the enzymatic catalytic event, the product should be

released instantly. But the substrate (and the product) is bound to the independent site of the MAPK,

which means that the product will be MAPK-bound, at least for a while.

This mechanism is compensated by the relatively weak affinity and fast binding rates of

MAPK interactions (Garai et al., 2012). A typical MAPK docking motif has a dissociation constant

between 1-10 µM, or even weaker. Moreover, most of them has a fast dissociation rate, which will

decrease the lifetime of a docking motif mediated complex. Therefore, a MAPK is not a single

turnover kinase.

As most MAPK interaction partner has a docking motif and only one partner can interact

with  the  kinase  at  a  time,  the  MAPK  specificity  is  determined  by  three  factors.  The  cellular

concentration, the intracellular localization and the binding affinity of the MAPK and the partners.

The first two of these have not been clarified yet, but the affinity based specificity map of MAPKs

is  mostly  understood.  Biologically  reasonable  connectivity  maps  can  be  drawn  based  on

biochemical binding properties between different MAPK pathways. For example, the MAP2K of

JNK can only interact with its cognate MAPK. In contrast, most D motifs are incapable to properly

discriminate between the ERK and p38 MAPK. Only revD motifs can make a difference between

these more similar MAPKs.

The MAPK docking surface can be divided into a hydrophobic and a negatively charged

surface. The N-terminal part of a D motif will interact with the charged surface and the C-terminal

part  will  interact with the hydrophobic surface.  In contrast,  revD motifs  interacts  in a reversed

orientation. Only a few proteins contain a revD motif, particularly MAPKAPKs. These high affinity

peptides can scan a larger surface of the MAPK and therefore are highly specific. There are specific

and promiscuous MAPKAPKs. While ERK2 can interact with RSKs and p38 can interact with

MK2, both kinase can interact with MNK and MSKs.

I.2.3 Translocation of pathway members upon stimulation

MAPK pathway activation triggers rearrangements in cellular localization of multiple components.

For example, ERK will translocate after EGF stimulus (Wainstein and Seger, 2016). Under special

conditions,  this  translocation  can  include  oscillation  between  the  cytoplasm  and  the  nucleus

(Shankaran  et  al.,  2009).  Unfortunately,  we  do  not  know  the  exact  molecular  basis  of  these

phenomena.
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I.2.4 Strong ERK partners

As the actual interactions  interactome of MAPKs are determined by the law of mass action, very

strong MAPK binding partners will  act  as buffers in the pathways.  To date,  only a few strong

MAPK  partner  was  identified.  ERK2  has  only  two  strong  binding  partners.  The  cytoplasmic

scaffold PEA15 can anchor the kinase into the cytoplasm and it will protect the kinase against

phosphatases  (Mace et al., 2013). The other strong ERK partner is RSK (especially RSK1). This

thesis will focus on specific aspects of this interaction in details. Interestingly, both PEA15 and

RSK contain a revD motif.

I.3. Activation mechanism and regulators of MAPKAPKs

Kinases  are  ancient  machines  and  they  developed  very  unique  regulatory  mechanisms.

MAPKAPKs,  especially  RSK,  adopted  one  of  the  most  complex  regulatory  mechanisms.  The

MAPKAPK  family  share  the  same  ancestral  origin  and  they  appeared  in  very  early  animals

phylogeny. Their  common kinase domain is  close to CaMKII, but they adopted a very unique,

strongly MAPK -dependent activation mechanism. Here, I will discuss this mechanism in detail.

I.3.1. Activation of CAMK type domains of MAPKAPKs

The  MAPKAPK  family  includes  the  ERK

specific  RSKs,  the  promiscuous  MNKs  and

MSKs and the p38-specific MK2. All of them

contains a CAMK-type domain, followed by a

CAMK  specific  inhibitory  segment  and  a

MAPK binding (revD) motif.  In the inactive

state, the inhibitory segment blocks the active

site  of  the  enzyme  and  it  also  occupies  the

canonical place of the APE motif (Figure 5). To

date,  only  these  highly  inactive  structures  of

intact  kinases  has  been  solved  by  X-ray

crystallography  (Meng  et  al.,  2002).

Additionally,  several  structures  were  solved,

where their C-terminal inhibitory helix was removed (Jauch et al., 2005). These structures captured

the  enzyme  in  an  activation  segment  exchange  state,  where  the  APE  motif  interacted  with  a
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symmetry  related  protein.  However,  it  is  likely  that  these  crystallographic  kinase  dimers  are

artifacts, and in solution the APE motif interacts with the kinase core in cis.

The activation of this kinase is controlled by MAPK phosphorylation. Their tail contains a

revD motif,  which will capture a cognate MAPK. This will phosphorylate their activation loop,

which will trigger a conformational rearrangement.

I.3.2  Activation of the AGC-type domains of RSKs and MSKs

While MK2 and MNKs contain a single kinase domain, other MAPKAPKs contain an additional,

N-terminal AGC-type kinase domain. Therefore, they are one of the few tandem-kinases. Moreover,

they are special, because the activation of the two kinases is connected (Figure 6). The CAMK-type,

C-terminal kinase domain (CTKD) activates the AGC-type, N-terminal kinase domain (NTKD), by

phosphorylating its hydrophobic motif. The pHM will recruit PDK1, which will phosphorylate the

activation loop of the AGC kinase.  This phosphorylation will  reorganize the PIF pocket  of the

NTKD, which will be able to capture its own pHM. This assembled kinase can phosphorylate the

RSK targets.

So far, no crystal structure of an active NTKD was solved. In inactive structures, the NTKD

adopts a unique conformation  (Malakhova et al., 2009). In the place of the C-helix, a β-structure

can be observed (Figure 5). It is formed by the N-terminal extension of the kinase, the segment

which should adopt the C-helix and the DFG motif. Therefore, this conformer is highly inactive.
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I.4. RSK: a general AGC kinase or a specialized mitogenic kinase?

While many research teams tried to investigate the function of MAPKs, only a limited number of 

studies were carried out to investigate the molecular properties of MAPKAPKs. RSK is a good 

example for this inequality. While recent studies started to reveal its pathological role, we know 

very little about the native function of this ERK-specific MAPKAPK.

I.4.1 Substrates of RSK

Canonically,  the  NTKD is  considered  as  the  effector  kinase  of  RSK and the  CTKD is  only  a

regulator. However, it is very likely that both kinases recognize similar sites. The NTKD prefers

RxRxx[ST] motifs, while the CTKD-like MK2 can phosphorylate Rxx[ST] motifs (Hornbeck et al.,

2015).  Therefore,  it  is  likely  that  both  kinases  can  phosphorylate  substrates,  and  the  CTKD

phosphosites were missed in the past. Most RSK substrates, that were previously characterized, are

generic AGC substrates, such as BAD or CREB. This implies that this kinase is yet another AGC

kinase. However, recent measurements suggests that this might not be true. Fortunately, multiple

RxRxx[ST] phosphopeptide recognizing antibodies were developed in the past, which allowed the

field to characterize the substrates of most AGC kinases. Three independent group tried to reveal

the RSK-specific phosphoproteom using orthogonal strategies. (i) Galan et al. searched for RSK

substrates using specific inhibitors (Galan et al., 2014). (ii) Moritz et al. tried to find tyrosine kinase

activated AGC kinase substrates (Moritz et al., 2010). (iii) Avey et al. used the viral ORF45 protein

to activate the ERK-RSK axis in cells and they searched up- or down-regulated phosphoproteins

(Avey et al., 2015). (iv) Moreover, an ERK compendium has recently been published (Ünal et al.,

2017). It is a systematic collection of ERK related phosphoproteomic studies, which contains both

direct and  indirect ERK substrates. The compendium is also a great resource for potential RSK

phosphosites  (RxxS and RxRxxS motifs).  We used this  subset  of  the  ERK compendium as  an

additional resource of potential RSK substrates. The 4 potential RSK substrate collection, termed

here as RSK compendium, included 997 potential substrates, where 349 substrates were identified

in  more  than  one  collection (Figure  7).  Only  35  substrates  were  identified  in  all  of  the

phosphoproteomic works and this short list included some well characterized RSK substrates, such

as  ARHGEF12,  EIF4B,  EphA2,  GSK3B,  PFKFB2,  PPP1R12A (MYPT1),  RPS6,  and  SLC9A1

(NHE1) (Shi et al., 2018) (Shahbazian et al., 2006) (Zhou et al., 2015) (Lara et al., 2013) (Houles et

al., 2018) (Artamonov et al., 2013) (Cuello et al., 2006).
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I.4.2 Substrate targeting of RSK

How this  does  this  kinase recognize its  substrates? This  substrate  specificity  implies that  other

determinants should be present apart from the substrate recognition motif, which is almost identical

in  every  AGC  kinases.  Kinases  usually  use  docking  motifs  to  enhance  their  specificity.  For

example, most MAPK substrates contain a D-motif, the yeast specific NDR/LATS kinases use an

FxFP motif, or the PKA substrates are targeted by AKAP binding motifs (Garai et al., 2012) (Gógl

et al.,  2015a) (Wong and Scott,  2004).  So far,  only one docking mechanism was described for

RSKs.  The last residues of RSKs contain a structurally uncharacterized class I PDZ binding motif

(PBM) (class I consensus motif: X[ST]X[VL]) (Thomas et al., 2005). Additionally, activated RSK

will autophosphorylate the PBM within its intrinsically disordered tail, which will probably affect

these  PDZ  mediated  interactions  (Dalby  et  al.,  1998).  The  RSK1  PBM  contains  3  potential

autophosphorylation sites, while other isoforms contain only 2, among these, the major site can be

found at  the -3 position.  Presently,  the consequence of the major  autophosphorylation on PDZ

binding is not known yet, however we have some indications. For example, Thomas et al. showed

that  no change could  be  observed with  RSK1/2  phosphomimics  (at  -3)  in  the  interaction  with

MAGI1, SHANK1 or GRIP1, and they suggested that “both inactive and active RSKs likely bind to

PDZ  domain  proteins”.  In  contrast,  a  preliminary  study  revealed  that  the  phosphorylation  (or

phosphomimics) at the analogous site triggers the association between RSK1/3 and SCRIBBLE and

disables the interaction between RSK3 and SHANK1 (Sundell et al., 2017). It is likely from these

results  that  RSK phosphorylation  induces  a  complex interactomic  rearrangement.  It  will  either

increase, decrease a particular interaction or it will have no effect on their connection at all.
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I.4.3 Misregulation of RSK activation by S100B and ORF45

The vertebrate  specific  S100 proteins  belong to the EF-

hand containing, Ca2+ binding superfamily of proteins with

more than 20 paralogs  in  the human proteome  (Donato,

2001).  They  are  small  (~100  amino  acid  containing),

mostly  homodimeric  proteins  where  each  monomer  can

bind  two  calcium  ions.  In  their  Ca2+-bound  form  each

monomer  exposes  a  hydrophobic  surface  and  becomes

capable of binding to target  proteins.  In most cases  two

partner  proteins  bind  to  one  S100  dimer  symmetrically,

however  there  are  a  few  examples  where  an  elongated

motif interacts with the two identical hydrophobic grooves

simultaneously  and  asymmetrically  (Kiss  et  al.,  2012).

S100 proteins can be found both intra- and extracellularly.

On the cell  surface,  they can bind to receptors  (such as

RAGE) and activate  ERK/p38  mitogen-activated  protein

kinase (MAPK) pathways indirectly. Despite of the fact

that these small proteins have been extensively studied for

decades, the precise and specific intracellular role of most

S100 protein still remains to be determined.

It  has  recently  been  shown  that  S100B  can  form  a  complex  with  RSK1  in  malignant

melanoma cell  lines  and this  interaction  negatively  affects  phosphorylation  of  the  CAMK-type

domain of RSK1 by ERK1/2 (Hartman et al., 2014). In malignant melanomas S100B expression is

highly elevated, which can be used as a prognostic marker for the disease. Moreover, S100B is

being  explored  as  a  therapeutic  target  for  treating  melanomas  by  inhibiting  its  protein-protein

interactions (Hartman et al., 2013).

Kaposi's sarcoma-associated herpesvirus (KSHV) also hijacks the ERK-RSK pathway by

interfering with its activation mechanism (Kuang et al., 2009). The disordered viral protein ORF45

contains a set of linear motifs, including a MAPK interacting FxFP motif and an uncharacterized

RSK binding motif. Therefore, ORF45 can interact with the kinase dimer and it will stabilize the

complex in a heterotrimeric form. It protects them against phosphatases and it will cause increased

RSK-ERK activation. Therefore, ORF45 and S100B both hijacks the same pathway, but they exert

differential effects (Figure 8).
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I.4.4 Other pathological roles of RSK

As  a  Ras-ERK  effector,  the  activation  of  RSK  is  an  essential  consequence  in  most  cancers.

Additionally,  RSK  expression  is  altered  in  multiple  cancer  types.  The  most  extreme  case  is

glioblastoma, where one of the RSK isoforms will show a highly elevated expression (Sulzmaier et

al., 2016).

But the misregulation of RSK expression is not restricted to cancers. Every RSK isoform

contains rare SNPs, which will cause an early STOP codon or an inactive kinase domain. Moreover,

two RSK isoforms can be found in the X chromosome (RSK2 and RSK4). If a mutation/SNP occurs

in these isoforms, the host will lack a functional RSK2/4 isoform. This is called the Coffin-Lowry

syndrome (Zeniou, 2002). This rare, X-linked disease affects 1 in 40,000 to 50,000 people and it

causes intellectual and physical disabilities.

Interestingly, RSK is also connected to plague. Yersinia secrets multiple proteins that affect

the host cells.  For example,  it  produces YopM, which can interact with two kinases,  RSK and

PKN2. This will result RSK dependent activation of PKN2, which contributes to the pathogenic

properties of the parasite (Hentschke et al., 2010).

I.5. Research aims

My PhD dissertation focuses on three aspects of RSK1:

Activation In the  beginning of my studies, my major goal was to describe the interaction

between ERK2 and RSK1. To achieve this, I wanted to structurally describe this core interaction to

understand their specificity and high affinity. Then, I wanted 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.  Moreover,  I wanted to characterize the

dynamic nature of this interaction inside cells under the activation of the MAPK pathway. I planned

to monitor protein localization and complex formation.

Operation I  wanted  to  understand a  specific  substrate  recognition  mechanism of  RSK1

through PDZ domains. We carried out a high throughput assay to identify potential PDZ mediated

substrates of RSK1. I wanted to use in vitro and cell based validation tools to prove these putative

interactions and bioinformatics methods to identify novel RSK1 substrates.

Regulation In the last part, I focused on the pathological misregulation of RSK1. I intended

to understand the mechanism behind the S100B mediated inhibition. I wanted to use structural and

biochemical methods to validate this putative interaction and to explain the structural basis of the

inhibition.
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II. Results

II.1. ERK2-RSK1 complex formation

Complex formation with ERK is the central step of RSK activation. In this first result section, I will

show how the two kinase domains recognize each other through the disordered C-terminal tail of

RSK1. I will show how this interaction is mediated through RSK activation and I will also highlight

other structural elements that are important in their complex formation.

II.1.1 In vitro reconstruction of the ERK2-RSK1 pathway

Activated ERK phosphorylates RSK1 at specific sites triggering a hierarchical set of further

phosphorylation  events  involving  both  kinase  domains  of  RSK,  as  well  as  PDK1,  which  will

ultimately promote cell growth. In order to clarify the role of individual phosphorylation events, we
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first  investigated the  in  vitro  phosphorylation pattern of RSK1 under controlled conditions.  We

produced recombinant full-length RSK1 (FL-RSK1), active ERK2 and PDK1 kinases. RSK1 or a

mixture of RSK1 and upstream kinases were incubated in the presence of ATP, then we searched for

RSK1 phosphopeptides using mass spectrometry (MS) (Figure 9). We could reproduce most known

(in vivo observed) phosphorylation sites (Utepbergenov et al., 2016) (Hornbeck et al., 2015). 

In the absence of ERK2, the autophosphorylation sites of the CTKD (the hydrophobic motif

and the C-terminal autophosphorylation sites) were already phosphorylated. This indicates that the

CTKD  of  RSK1  has  a  very  low,  basal  activity,  independent  of  ERK2  phosphorylation.  This

observation confirms the finding of a similar experiment with RSK2 (Utepbergenov et al., 2016).

The C-terminal autophosphorylation sites can be phosphorylated by either kinase domains

of RSK (Roux et al., 2003) (Gógl et al., 2018). Here, Ser732 is the main phosphorylated site but we

could also detect both Thr733 and Thr734 phosphorylated peptides. These latter C-terminal tail

(CTT)  autophosphorylation  sites  might  be  mutually  exclusive  because  no  double  or  triple

phosphorylated peptides were observed.

II.1.2 Docking interaction between RSK1 and ERK2

The last ~50 residues of RSK is a multifunctional IDR, which contains a revD motif. To reveal its

ERK bound conformation, I crystallized a surface engineered version of the MAPK in the presence

of a RSK1 peptide (Figure 10). Structure solution revealed that the RSK1 peptide adopts a classical

revD topology,  similarly to other MAPKAPKs  (ter Haar  et  al.,  2007).  The N-terminal  segment

adopts a coil structure, which occupies the hydrophobic groove of the MAPK docking surface. The

negatively charged CD groove binds the C-terminal part of the peptide, which forms a short helix.

These two segments are connected by an intervening region which includes a short helical turn.
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By comparing the MAPK bound conformations of revD motifs, we noticed that all

of them contained intramolecular hydrogen bonds that stabilized their MAPK bound conformation

(Garai et al., 2012). As each MAPK has a slightly different topology, the limited flexibility of the

revD motifs can enhance their specificity towards their cognate MAPK. To confirm this hypothesis,

we mutated the stabilizing residues (Ser719, Gln724) to Ala. We have found that the mutations

decreased the specificity and the affinity of the peptide. Moreover, I crystallized this nonspecific

version of the RSK1 peptide (Gógl et al., 2013). This structure revealed a very similar conformation

to that of the wild-type peptide, however I found two molecules in the asymmetric unit,  which

showed slightly different peptide conformations (Figure 10). Apparently, the C-terminal helical part

was much less stable.

II.1.3 Heterodimer formation between RSK1 and ERK2

To  reveal  additional  structural  properties  of  this  recognition,  I  crystallized  the  CTKD-ERK2

assembly  (Figure 11). This heterodimer adopted a novel conformation, where the kinase domains

were in an anti-parallel orientation, with two observable binding sites (Alexa et al., 2015). The most

prominent interaction was the previously described, revD motif mediated interaction. The isolated

tail and the same motif as a C-terminal kinase extension adopted identical conformations. The other

binding site was between the active site of ERK and the activation loop of RSK1. This interaction

was organized around the G-loop of ERK and the APE motif  of RSK1. The APE motif  in the

inactive CTKD structure is disordered, but here, it is part of the F helix. This motif interacts with

the G-loop of ERK, creating a  hinge between the kinases.  While ERK2 adopted an active-like

conformation (with the exception of its AL), the CTKD remained in its autoinhibitied state. Its C-

terminal helical extension blocked its active site. This prevented the cofactor binding, and it allowed

the flexibility  to  the APE motif.  Moreover,  it  also positioned the revD motif  right  next  to  the

docking site of ERK2.

This structure suggests that the inhibited conformation of the CTKD is essential to set an

optimal  angle  between  the  kinases.  To  test  this  idea,  we  created  a  series  of  truncated  RSK1

constructs and measured their phosphorylation rates in the presence of active ERK2. Truncation of

the linker  between the revD motif  and the inhibitory segment  greatly  reduced ERK2 mediated

RSK1 phosphorylation, therefore, it is likely that I captured a state resembling the catalytically step

of RSK1-CTKD phosphorylation (Figure 11).
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II.1.4 RSK1 autophosphorylation

In all of these structures, the last 7 residues of RSK1 was highly flexible and it was impossible to

trace in the electron density map (Figure 12A). This region contains an autophosphorylation site,

which is phosphorylated by one of the activated RSK kinase domains. Previously, it was shown that

Ser732 phosphorylation caused the disassembly of the ERK-RSK complex (Roux et al., 2003). To

reveal the role of autophosphorylation, I launched a new set of experiments.

Interestingly, ERK2-binding affinity to the RSK1 peptide decreased five-fold (from 0.2 µM

to 1  µM) when the peptide was phosphorylated at Ser732 (Figure 12B). Because this region was

disordered in the crystal structures, they prevented the observation of possible contacts between the

autophosphorylatable Ser732 and the ERK2 interaction surface. Nonetheless, I observed here that

Ser732 phosphorylation lowered ERK2-RSK1 binding affinity.  Therefore,  I  reasoned that  some

extra  residues  outside  of  the  MAPK  linear  motif  may  play  a  role  in  ERK-RSK  binding.

Unrestrained FlexPepDock simulations were used to investigate the potential conformations of the

ERK2 bound state (London et al., 2011). This ab initio modeling suggested that ERK2 bound CTT
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may mediate an additional contact via Lys729. To validate this putative interaction  in vitro, the

ERK2 binding affinity of a truncated RSK1 peptide containing only the core of the MAPK binding

linear motif (which is visible in the crystal structure of the protein-peptide complex) was measured.

As expected, the binding strength decreased (more than seven-fold) (Gógl et al., 2018). Moreover,

replacing Lys729 with alanine (K729A) generated a comparable decrease in binding affinity, while

an alanine substitution at Ser732 did not affect ERK2 binding (Figure 12B).

In conclusion, Lys729 is likely involved in a transient interaction in the ERK2 bound state,

which was invisible in the crystal structures. In the phosphorylated tail, Lys729 may interact with

the phosphate group via electrostatic interactions. This intramolecular charge clamp would prevent

the formation of the presumably transient interaction between the CTT and ERK2 and will lead to

weakened binding.

II.1.5  Dissociation  of  the  ERK2-

RSK1 complex upon EGF stimulation

Protein-protein interactions can be detected

in  cells  by  multiple  methods,  however

many  of  these  lack  the  possibility  of

monitoring  transient  interactions  as  the

reporter  system  significantly  alters  their

behavior.  A recent  technique  involving  a

novel split luciferase, called NanoBiT, was

developed  to  monitor  dynamic  protein-

protein association events in cells (Dixon et

al.,  2016).  This  protein-fragment

complementation  assay  includes  two

fragments:  an  eleven  residue-long  peptide

fragment and an 18 kDa large fragment. We

cloned  RSK1 with  the  N-terminal  peptide

fragment and ERK2 with the large fragment

attached to either its N- or C-terminus. We

also  made  a  single  C-terminal  residue-

truncated  RSK1  (ΔC1)  incapable  of  PDZ

binding, a mutant deficient in MAP kinase
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Figure 13. Dynamic monitoring of the ERK2-RSK1 
interaction upon EGF stimulation in living cells. (A) 
Luminescence signals of ERK2 interactions with 
different RSK1 mutants in unstimulated HEK293T cells 
as determined by the NanoBiT complementation assay. 
Values are normalized to luminescence of the wild type 
protein. Error bars show SD (n≥9). (B) Impact of EGF 
stimulation on the ERK2-RSK1 complex. Upon EGF 
stimulation (100 ng/ml), the initial signal decreased 
and then increased indicating a dynamic assembly. 
Measured luminescence was normalized to an averaged 
signal decay of unstimulated samples. The relative 
luminescence change of S732A has lower amplitude 
and displays less dynamics. Error bars show SD (n=3). 
Asterisks indicate statistical significance (***, P < 0.001) 
calculated by two-tailed Student’s t-test.
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binding  (L714E)  and  two  other  mutants,  in  which  residues  constituting  the  phosphorylation

dependent charge clamp were mutated (S732A and K729A).

We found that the ERK2-RSK1 interaction was unaffected by ΔC1 but it was significantly

reduced  for  the  L714E  mutant  as  expected  (Figure  13A).  Interestingly,  S732A and  K729A

mutations greatly  reduced ERK2 association.  Next  we analyzed the effect of epidermal growth

factor (EGF) on the ERK2-RSK1 complex in live cells.  Upon EGF stimulation,  a large drop in

luminescence  was  observed  for  the  wild-type  ERK2-RSK1  complex,  indicating  the  (partial)

disassembly of the complex  (Figure 13B). While all mutants displayed some stimulation-induced

disassembly,  we  did  not  observe  as  large  relative  differences  for  S732A or  K729A mutants

compared to the wild-type protein, in contrast to an earlier study (Roux et al., 2003). However, in

that  study  co-immunoprecipitation  (co-IP)  was  used  to  monitor  the  dynamics  of  ERK2-RSK1

complex  formation  requiring  cell  lysis.  This  might  have  led  to  biased  results  because  weak

interactions are less detectable and the co-IP is not reliable if intracellular compartmentalization is

an important factor that should be taken into account.

Interestingly,  some  periodicity  in  the  dissociation  profiles  appeared.  Similar  periodic

kinetics was observed in ERK nuclear translocation  (Shankaran et al., 2009). Overall, this result

suggests that stimulation-induced translocation may also have an impact on complex disassembly.

Nevertheless, S732A and K729A mutants displayed a lower dynamic response.

II.1.6 Modulation of RSK and ERK cellular trafficking upon growth factor stimulation

It is well known that ERK2 displays nuclear translocation upon EGF stimulation. I wanted to test

whether RSK undergoes similar translocation or not. Endogenously expressed panRSK (RSK1/2/3)

and  panERK  (ERK1/2)  were  monitored  in  parallel  experiments  upon  EGF  stimulation  using

immunofluorescence. I found that both proteins shift towards the nucleus upon stimulation with a

highly similar time profile (Figure 14). Next, the specific localization of the phosphorylated kinase

species were examined using an anti-phospho RSK antibody developed against pSer380 and an

anti-phospho ERK antibody developed against double phosphorylated pThr202/pTyr204. According

to our results, pERK localized similarly to panERK but we also observed strong localization at the

centrosomes during metaphase  (Verlhac et al.,  1993).  In contrast, pRSK localized strictly in the

cytoplasm, whereas panRSK translocated mostly to the nucleus upon stimulation. These differences

in the translocation trends of ERK and RSK show that they move more independently during their

activation and highlight the dynamically regulated nature of this signaling complex.
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II.2. Substrate recognition through PDZ proteins

PDZ domains belong to one of the most common PPI family, with over 250 members. Classically,

they can interact with C-terminal peptide segments (PBMs)  (Saras and Heldin, 1996). These are

very short, only 5-6 residue long motifs, and although the structural basis of their interaction was

discussed in details in the past, it is still impossible to precisely predict the PDZ specificity profile

of a certain motif.   PBMs are classified based on the residue at position -2 (Ser/Thr in the most

common class 1, hydrophobic in class 2 and acidic in class 3) (Tonikian et al., 2008). Additionally

to the MAPK binding revD motif, a class 1 PBM is also present in the C-tail of RSKs. This segment

is accessible in the ERK bound crystal structures, which indicates that the ERK bound form can

also capture PDZ domains.  Moreover,  Ser732 at  the -3 site is  an autophosphorylational  site  of

RSK1. PBM phosphorylation is particularly important regulator of the PDZ interactions and every

residue is  a  potential  phosphorylation site  of a  given PBM  (Sheng and Sala,  2001).  (The only
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exception  is  the  last  residue  at  position  0,  which  is  always  hydrophobic  in  all  classes.)

Phosphorylation  at  a  certain  position  will  decrease  or  increase  the  association  of  a  designated

interaction specifically (or not affect it at all), therefore PDZ interactions are ideal targets to study

dynamic PPIs.

II.2.1 MAGI1 binding of RSK1

A  yeast  two-hybrid  screen

identified  an  interaction

between  the  second  PDZ

domain  of  MAGI1  (325-577)

and  RSK1  (Thomas  et  al.,

2005).  We  initiated  a

quantitative characterization of

this interaction using a purified

PDZ protein and a native or an

in  vitro  phosphorylated RSK1

peptide.  The  high  resolution

structure of the RSK1 peptide–

MAGI1 PDZ domain complex

was  determined  by  X-ray

crystallography  (Figure  15A).

As expected, the bound RSK1

peptide  shows  a  canonical

class  I  PDZ  domain  binding

mode. The PDZ ligand peptide

adopts an anti-parallel  β-sheet

conformation  and  mediates

several  main  chain  directed

interactions  augmenting  the

β2 strand of the PDZ domain.

The  C-terminal  Leu735  fits

into  the  hydrophobic  pocket  of  the  PDZ  domain,  Thr734  (at  position  -1)  does  not  mediate

interaction, while Thr733 (at position -2) faces  towards His530 creating the canonical hydrogen

25

S732

A

B

K499

T733

T734

L735

-5
-3

-2

-1

0

RSK1
712-735 

pSer
732

RSK1
696-735 

pSer
732

H530

RSK1
696-735

HPV E6

β2

Figure 15. Crystal structure of MAGI-1 PDZ domain complexed with 
the native and phosphorylated RSK1 peptides. (A) RSK1 CTT binds as a 
class I PDZ peptide. The panel shows the comparison with the PDZ-HPV 
E6 peptide ligand structure. (B) Upon phosphorylation at the Ser residue 
at position -3 (Ser732), the RSK1 peptide mediates different side chain 
specific interactions with Lys499 from MAGI-1. This interaction was 
captured in two different rotamers in two different crystal forms, which 
shows that Lys499 follows the rotation of the phosphoryl group. The 
phospho-mimicking Glu of E6 at position -3 does not mediate interaction 
with MAGI-1. The lower insets show feature enhanced maps contoured at 
2 σ around the bound peptides. The second PDZ domain of MAGI-1, 
RSK1 peptide, E6 and ERK2 are shown in yellow, green, cyan and 
orange, respectively.



bond interaction  of  class  I  PDZ ligands.  Ser732 is  also  in  hydrogen bond distance  (2.9  Å)  to

Lys499.

The C-terminus of human papillomavirus (HPV) E6 interacts with a set of tumor suppressor

proteins such as MAGI1, and the structure of this PDZ-peptide ligand complex has been formerly

reported (Zhang et al., 2007) (Charbonnier et al., 2011). X-ray structure solution revealed that the

E6 peptide and the RSK1 peptide studied herein display a similar core binding mode.  The main

interaction is mediated by 1) the C-terminal Leu, forming main chain specific bonds as well as

hydrophobic contacts; 2) a Thr residue at position -2 forming a hydrogen bond with His530 from

the PDZ domain; 3) a side chain specific hydrogen bond between the hydroxyl group of the Ser at

-3 position and Lys499 of MAGI-1. The HPV E6 peptide was reported to bind with greater affinity

to the MAGI-1 PDZ domain (KD ~1 µM) compared to the RSK1 peptide (KD ~10 µM), which could

be best explained by the fact that E6 mediates more extensive contacts, which are additional to the

core interactions typical for class I peptides.

We also solved crystal structures with phosphorylated CTT peptides (pSer732) and captured

the  MAGI-1-pRSK1(CTT)  complex  in  two  slightly  different  crystal  forms  (Figure  15B).  The

phosphoserine  rotamer  was  different  between  the  two  crystal  structures,  although both

conformations  were  compatible  with  the  pSer732-Lys499 hydrogen bond (2.7-3.5  Å)  since  the

lysine  side  chain  rotamer  also  changed.  In  summary,  the  CTT phosphorylation  at  Ser732  is

compatible with PDZ binding, while phosphorylation at Thr733 would very likely disrupt classical

PDZ interactions due to steric hindrance within the binding pocket.

II.2.2 Rewiring of RSK-PDZ interactions by linear motif phosphorylation

To gain insight into PPI changes of the RSK1 PBM after phosphorylation, we used an automated

high-throughput approach, the hold-up assay (HU), which is capable of quantitatively measuring the

affinities of each PDZ-PBM pair (Vincentelli et al., 2015). We have used an updated version of the

original PDZome, which includes 266 soluble and sequence-verified full-length PDZs. From this

dataset, out of 266 PDZ, we could quantify the interaction of 255 PDZs with the unphosphorylated

RSK1 peptide and 252 with the phosphorylated form.
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The HU assay identified 26 interactions for the first peptide and 25 for the latter (Figure 16). The

general  distribution  of  the PDZome interaction  profiles  and the  number  of  detected interaction

partners were similar in both cases. However, the order of the PDZ domains is markedly different

within the two experimentally determined PPI sets. PBM phosphorylation dramatically rewired the

interaction profile of the RSK1 peptide. While many weaker interactors became stronger binders,

some  new  partners  (like  SNX27)  emerged  from  the  background  noise.  It  is  also  clear  that

phosphorylation decreased the average and maximal interaction strength (average and maximal BI

of interaction partners decreased from 0.42 to 0.33 and 0.77 to 0.54, respectively). While in general

this  results  in  weaker interactions,  it  is  important to note that  the number of strong interaction

partners (above average) also decreased. In case of the unphosphorylated peptide, 11 (out of 26)

PDZ domains showed stronger interaction than the average binding of all the detected interaction

partners (BI >0.42), which means that ~4% of the human PDZ domains can mediate a high affinity

complex with the inactive RSK1. In contrast, only 8 (out of 25) strong interaction partners were

detected with the phosphorylated peptide (BI >0.33), which represents 3% of the human PDZome.
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Therefore, we conclude that the phosphorylated PBM mediates weaker but slightly more specific

interactions compared to the native RSK1 PBM.

With our approach, we identified ARHGEF12 as the strongest interaction partner of the

native peptide. This protein is a RhoA GEF and it has recently been reported that its interaction with

RSK2 is essential in RhoA activation and this interaction leads to increased cell motility in U87MG

glioblastoma cell line  (Shi et al., 2018). We also identified strong interaction with another AGC

kinase (like RSK itself),  MAST2  (Pearce et  al.,  2010). The previously characterized interaction

between MAGI1 and RSK1 was found in the better  half  of  the  unphosphorylated  dataset,  and

interestingly our approach shows that  phosphorylation eliminates the interaction. The strongest

interaction  partners  of  the  phosphorylated  PBM were  three  signal  transducing adaptor  proteins

SYNJ2BP, SNTA1 and the E3 ubiquitin ligase PDZRN4.

II.2.3 Quantitative description of the PDZ interactome changes

To gain  a  quantitative  insight  into  the  interactome reshuffling  upon PBM phosphorylation,  we

wanted to calculate the dissociation constants from the measured binding intensities (BI) of the HU

measurements, because this approach is a superior method in measuring very low affinities. The

result of the holdup measurements is the BI, which is the peptide bound fraction of the PDZ domain

under steady state conditions. During the experiment, the concentration of each PDZ was adjusted

to approximately 4 µM. Therefore, a dissociation constant can be calculated from the BI if we know

the total peptide concentration in the reaction mixture. To estimate this parameter, we needed to

benchmark our experiment by measuring multiple dissociation constants with other biochemical

techniques. We decided to in vitro validate the interactions that showed a BI value larger than 0.4 in

any HU assays. We investigated these interactions by SPR, as well as direct and competitive FP

measurements. With these techniques, we were able to accurately measure binding constants of 15,

36 and 28 PDZ-PBM pairs, respectively, across a wide BI scope of the PDZome profile. We used

these datasets to estimate the correlation between measured BIs and the dissociation constants using

Monte  Carlo  modeling  using  a  general  equation  of  the  dissociation  constant.  Our  calculations

showed that the peptide concentration should be around 14 and 23 µM, which is slightly less than

the expected value of our original setup (Figure 17). Using this fitted parameter, it can be calculated

that the HU assay is capable of efficiently detecting any interactions with Kd < 100 µM (at ~0.14 BI

cutoff).
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Using  the  HTP holdup  assay,  we  have  the  unique  opportunity  to  gain  insight  into  the

heterogeneous  dynamic  changes  that  occur  after  a  single  phosphorylation  event.  At  the  two

extremes, the phosphorylation results in OFF and ON switches, between RSK1 and ARHGEF12 or

SNX27, respectively, but instead of detecting similar definite classes of switches, we have found

that there is a real continuum between such effects. It is also clear that the amplitude of OFF signals

is larger than the amplitude of ON signals, which perfectly resonates with the phrase of “easier to

destroy  than  to  create”.  This  continuum  nicely  reflects  the  gradual  behavior  of  the  system.

Importantly, we detected strong interaction partners with either switch or dimmer and either ON or

OFF functions (Gógl et al., 2018). This suggests that there is no evolutionary pressure towards any

kind of specific effects and that the system does not prefer any particular output (e.g. OFF switch or

ON  dimmer).  In  conclusion,  we  provided  in  vitro experimental  evidence  that  phosphorylation

reshuffles the whole RSK1-PDZ interactome.
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Figure 17. In vitro validation of the HU assay. (A) The correlation of the measured dissociation 
constants and the measured binding intensities (BI) was fitted using a Monte Carlo approach to estimate 
the peptide concentration in the HU assay. Independent fitting procedures from orthogonal dissociation 
constant measurements (SPR and competitive fluorescence polarization) result in a similar correlation, 
which can be used to estimate the dissociation constant between most human PDZ domains and the RSK1 
peptides. (B) Phosphorylation induces a very complex rearrangement in the RSK1 PDZ interactome. 
Instead of seeing definite classes of ON and OFF switches, a continuum was measured in the Kd 
differences. Dark gray columns show the measured Kd differences from the competitive FP measurements. 
The lower panel shows the strongest affinity  (minimal Kd) observed with either the native or 
phosphorylated RSK1 peptide in the same order as in the upper panel. Strong interaction partners can be 
found in every regions of the observed continuum, suggesting an evolutionary pressure towards any kind 
of responses.



II.2.4 Dynamic rearrangement of the RSK1-PDZ interactome inside the cells

The observed changes in steady state binding affinities suggest large scale rewiring of the RSK-

PDZ interactions. To test the viability of this concept, we validated selected interactions in a cellular

context  using  the  NanoBiT  assay,  which  was  previously  used  to  measure  the  ERK2-RSK1

interaction. The MAPK pathway, RSK activation and its PBM phosphorylation, can be triggered

easily in cell cultures by various stimulations. For example, EGF stimulation activates the EGFR

pathway, which will eventually activate ERK and RSK. As the Ser732 phosphorylation site is an

autophosphorylation site on RSK, its activation should also trigger changes in its PDZ interactome

profile. Therefore, upon stimulation, we expect dynamic changes in the luminescence signal of the

PPI sensor. Instead of using isolated PDZ domains and RSK peptides, we used full length proteins

in our NanoBiT based sensors in HEK293T cells. We used our previous RSK1 construct with either

the  N-  or  the  C-terminal  LgBiT tagged  interaction  partners.  Wild  type  (WT)  and  two  mutant

versions of RSK1 were used. The L714E mutation eliminates the interaction between ERK and

RSK,  therefore,  it  will  become  a  constitutively  inactive  kinase  (or  at  least  its  activation  will

significantly decrease). In the case of the DC1 truncation, the last residue of RSK1 was removed,

therefore we eliminated the functional PBM of the protein. First,  we compared the steady-state

luminescence signals of these variations in serum starved cells to validate our sensors, and secondly

we measured the change in the luminescent signal after EGF stimulation. We were able to validate

the interaction between RSK1 and ARHGEF12, GOPC, PARD3B, MAGI1 and SYNJ2BP. The C-

terminal  truncation  significantly  reduced  the  luminescent  signal  in  all  cases,  while  the  L714E

mutation had minor  change in  case of PARD3B and SYNJ2BP, where there is  a  possibility  of

interaction between the phosphorylated PBM and the PDZ domain. Thus, we were able to validate

interactions between full length proteins and RSK1 in a cellular context (Figure 18).

EGF-stimulation induced changes in  these interactions  within the same timescale  of  the

ERK-RSK dissociation profile. In all cases, the maximum change was detectable between 5-15 min

and the signal started to disappear after 30-45 min. We observed periodic signals, similarly to the

ERK-RSK dissociation profile, which seem to be a characteristic feature of RSK interactions. The

observed  changes  were  in  excellent  correlation  with  our  in  vitro measurements.  ARHGEF12,

GOPC and MAGI1 showed a clear dissociation profile after RSK activation. In contrast to these

OFF signals, PARD3B did not show any change after activation of the pathway and SYNJ2BP

showed a strong association after EGF stimulus. In the HU assay, ARHGEF12, GOPC and MAGI1

showed  a  preference  for  the  native  PBM,  while  the  PDZ domain  of  SYNJ2BP preferred  the

phosphorylated version. PARD3B preferred the native peptide in the HU assay, but our  in vitro

validations (competitive FP and SPR) revealed that  the difference between the two affinities is
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marginal, and therefore it could interact with both versions of RSK1. In conclusion, we could show

that our proposed phosphorylation induced PDZ interactome rewiring occurs also inside cells, in an

EGF stimulation dependent manner.
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Figure 18. Measuring the phosphorylation induced changes in RSK1 PPIs using a split luciferase 
strategy (NanoBiT). (A) Steady-state luminescence values between RSK1 and full length PDZ proteins. The 
L714E RSK1 mutant eliminates the interaction between RSK1 and ERKs. The ΔC1 construct does not 
contain the last residue of RSK1 and therefore this truncated protein does not contain a functional PBM. 
(B) Serum starved cells were EGF stimulated (20 ng/ml) and the change in the luminescence signal was 
monitored. The dissociational profile of the ERK2-RSK1 interaction is highlighted to demonstrate the 
timescale of RSK1 activation upon the stimulation. Clear dissociation profiles were observed for PDZ OFF 
dimmer interactions and association profile was observed for SYNJ2BP (an ON dimmer). In case of 
PARD3B, the measured signal did not change, which can be explained by the same affinity of both RSK1 
peptides. Asterisks indicate statistical significance (*** P<0.001) calculated by two-tailed Student’s t-test.
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Figure 19. Direct and indirect substrate targeting and higher order complexes.  (A) Only a few PDZ 
domain containing substrates were present in the RSK compendium. Moreover, only ARHGEF12 was found 
in the middle cross section, and only a handful of PDZ interaction partners were found in more than one 
HTP study. Uncharacterized PDZ partners could be direct partners of other RSK isoforms, PDZ independent 
substrates or false positives.  (B) There is an overlap between potential ERK and RSK substrates. Many 
substrates can be phosphorylated by both kinases at the same time, including several PDZ domain 
containing substrates. (C) Many RSK1 PDZ interaction partners contain an ERK phosphorylation site too. 
Additionally, a few substrates, such as ARHGEF12, can be phosphorylated by both kinases. (D) An in vitro 
MBP pull-down experiment was used to demonstrate the ternary complex formation between RSK, ERK and 
the PDZ domain of ARHGEF12.  The MBP-PDZ domain was immobilized to an amylose resin and it was 
mixed with a RSK1 peptide, ERK2 or with their stoichiometric complex. ERK2 binding was much more 
apparent when the unphosphorylated RSK1 peptide was also present in the reaction mixture. 
(Phosphorylation of the RSK1 motif decreases the affinities between RSK1 and ERK2 or ARHGEF12 and 
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PDZ scaffold. We have identified a high number of potential indirect RSK and ERK substrates among these 
interaction partners, which are indicated with colors in the upper right corner. P values indicate statistical 
significance compared to a random dataset calculated by Chi-square test. Fold enrichment indicates the 
increased proportions of substrates compared to the same random pool.



II.2.5 Direct and indirect phosphorylation through PDZ scaffolds

In the RSK compendium, only 28 potential RSK substrates were identified, which contained at least

a single PDZ domain and most of these substrates were identified in a single dataset (Figure 19A).

Moreover, most of these were not detected by the HU assay as potential interaction partners of the

RSK1 peptides. The most robust PDZ substrate of RSK is definitely ARHGEF12, the strongest  in

vitro interaction  partner  of  the  unphosphorylated  RSK1  peptide,  which  was  identified  in  all

phosphoproteomic  datasets.  Additionally,  MAST2,  ARHGEF11  and  SHROOM2  were  also

identified  in  our  RSK  substrate  compendium.  We  have  also  found  PDZ-dependent  interaction

partners of other RSK isoforms as well. This analysis also confirmed our initial finding that many

PDZ domains displaying a detectable interaction with RSK C-terminus in the HU assay lacks RSK

phosphorylation sites, which suggests that these interaction partners are rather scaffold proteins than

direct  substrates  with  the  exception  of  a  few  partners,  such  as  ARHGEF12  and  MAST2.

Interestingly, these two binding partners of the unphosphorylated RSK1 peptide were found in the

ORF45  dataset  (iii)  (Avey  et  al.,  2015).  The  presence  of  the  viral  protein  down-regulated  the

phosphorylation  of  both  substrates.  As  the  viral  protein  causes  sustained  RSK1 activation  and

therefore likely causes constitutive PBM phosphorylation, it  is also a good indication that RSK

activation serves as a strong (switch-like) OFF signal for these complexes.

It  is  rather  interesting  that  we  could  only  identify  4  direct  RSK  substrates  among  its

potential 34 PDZ partners. Moreover, many of them lacked a RSK consensus motif too (Hornbeck

et al., 2015). Despite these observations, some of them could be involved in substrate recognition.

Many substrates can be phosphorylated by both RSK and ERK (Figure 19B)  (Ünal et al.,

2017).  Moreover,  many  PDZ-substrates  can  be  phosphorylated  by  both  kinases.  Although  the

MAPK and the PDZ binding motifs  can be found in the same C-terminal  tail  region of RSK,

separated by only a few residue linker, it is stereochemically possible to form a ternary complex

between  the  three  domains.  Therefore,  it  is  important  to  not  only  test  the  possibility  of  RSK

phosphorylation of our identified RSK1 binders, but to also include potential ERK phosphorylation

sites in our analysis. We have found that many RSK1 interaction partners can be phosphorylated by

ERK (Figure 19C). For example, ARHGEF12 contains 3 RSK phosphorylation sites and a single

MAPK phosphosite.  Aside  from this  partner,  ERK can  phosphorylate  7  other  RSK interaction

partners.  Moreover,  both  RSK  and  ERK  can  phosphorylate  MAST2  and  ARHGEF11,  too.  In

conclusion, while RSK1 interaction partners are not perfect RSK substrates, some of them can be

phosphorylated by ERK. In this situation, the C-terminal tail of RSK will serve as a scaffolding

module, bringing ERK and PDZ substrates close to each other. 

To further test this hypothetical interaction between a PDZ domain, the C-terminal tail of
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RSK and ERK, we carried out a pull-down experiment, where the MBP-PDZ domain was used as a

prey and RSK peptides, ERK2 or ERK2 bound RSK peptides were used as baits (Figure 19D). We

were able to detect an enhanced interaction between ARHGEF12 and ERK2 in the presence of

unphosphorylated  RSK1  peptide,  confirming  a  ternary  complex  formation.  Moreover,  the

phosphorylated RSK peptide was unable to induce such effect, confirming the OFF dimmer effect

of the complex formation in this particular interaction.

These observations raise the possibility of PDZ scaffold phosphorylation by RSK and ERK,

but the majority of our identified interaction partners were not involved in these processes. Are

these proteins important in substrate recognition at all? To answer this, we attempted to identify

indirect, PDZ scaffold protein mediated substrate phosphorylation events (Figure 19E). All potential

interaction partners of our PDZ scaffolds were collected from the IntAct PPI database (Kerrien et

al., 2012). Although the coverage of mammalian interactomes is still limited and these databases

contain a high background, we observed significant enrichment of RSK and ERK substrates in

many cases. The most promising scaffold was MAGI1, which was not identified previously as a

direct  substrate  of  RSK (or  ERK).  It  has  a  decent  interactomic  coverage  (with  74  interaction

partners)  and  more  than  40%  of  these  interaction  partners  were  found  to  be  potential  RSK

substrates. Similarly, 30% of the interaction partners are potential ERK substrates and 18% of them

can be phosphorylated by both RSK and ERK. This is a striking difference compared to a random

distribution  of  intracellular  proteins  and  we  have  found  similarly  significant  enrichment  of

RSK/ERK substrates among various interaction partners, such as ARHGEF11. In conclusion, while

we have found that only a small portion of our PDZ proteins are direct substrates, we have strong

indications that they are good scaffolds and there are many good potential RSK and ERK substrates

among their interaction partners.

II.2.6 Kinetic control of feedback coupled substrate phosphorylation

The presented meta-analysis  showed that  these interaction partners  can be direct  RSK or ERK

substrates  or  they  can  be  part  of  larger  assemblies,  which  contain  an  indirect  substrate.  The

following arguments should be generally used for all of these above. 

Phosphorylation of an OFF switch (or a strong OFF dimmer) is a veridical paradox. To

understand  this,  we  must  take  into  account  that  the  interaction  occurs  only  with  the

unphosphorylated tail,  but only the active kinase will  be able to phosphorylate the target  sites.

However, the activation will involve the autophosphorylation of (the unbound) tail, eliminating the

possibility  of  the  interaction  itself.  Since  these  are  weak  complexes,  the  unbound  fraction  is

relatively large, and as the autophosphorylation is a cis regulatory event, therefore it should follow a
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very fast kinetic rate. As a consequence, the phosphorylation of these targets should be negligible or

they should follow a single turnover mechanism. (Which should result in a minor phosphorylation

thanks to the weak binding affinity.) However, we could unambiguously detect some of them (like

ARHGEF12) in phosphoproteomic datasets. 

Our hypothesis was that a kinetic compensation will be present in the system. For example,

an optimally slow dissociation rate (off-rate) of the PDZ binding can resolve this paradox. It should

maximize their lifetime, leaving enough time for substrate phosphorylation but it should be fast

enough for  maximizing the  substrate  exchange at  the  same time.  Conversely,  a  fast  off-rate  is

preferred in the case of an ON dimmer. In this case, the enzyme should maximize the substrate

turnover  with  fast  binding  kinetics.  We used an  in  silico network  based modeling  software  to

simulate  these  phenomena  (Harris  et  al.,  2016).  The  amount  of  phosphorylated  substrate  was

estimated in these simulations, induced by the same amount of external stimulation, assuming an

artificially slow or fast dissociation rate (Figure 20A). As predicted, a slow off-rate is preferred for

PDZ  proteins  with  OFF  dimmers/switches  and  a  fast  kinetics  increases  the  substrate

phosphorylation of PDZ proteins with ON dimmers/switches.  Therefore,  only measuring steady

state  binding  affinities  (without  kinetic  information)  is  not  enough  to  predict  the  quality  of  a

substrate. 

Unfortunately, our SPR analysis did not reveal the kinetic parameters of the studied PDZ-

peptide interactions due to biphasic and very fast behavior. To measure dissociation rates, we used a

stopped-flow instrument, equipped with a home-made polarization toolkit. We rapidly mixed PDZ

saturated  fluorescent  peptides  with  high  molar  excess  of  unlabeled  peptides  and  continuously

monitored the change in fluorescence polarization. This way, we can measure the dissociation rate

of the fluorescent peptides. Although the fluorescein labeling altered the steady state affinity of

some interactions,  we could  assume that  it  only affected  the  dissociation  rates  as  it  is  a  large

hydrophobic  group.  Therefore,  we  can  estimate  the  unbiased  off-rates  by  a  correction  to  the

differences  in  the  steady  state  affinities  (Figure  20B).  These  measured  and  corrected  kinetic

parameters showed nice agreement with our initial model. OFF dimmers have a generally slow

binding kinetics  (average  koff ≈ 230 s-1)  while  ON dimmers  showed very fast  binding kinetics

(average  koff ≈ 1300s-1).  Therefore,  substrate  phosphorylation  should  not  be  exclusive  to  ON

switches (or dimmers) and kinetic compensation can enhance any substrate phosphorylation rate

(Figure 20C). A nice example is ARHGEF12, a definite OFF switch, which is a known and robust

direct  substrate  of  RSKs  and  not  surprisingly,  it  showed  the  slowest  binding  kinetics  in  our

measurements. We should emphasize here that these are general principles and they should be true

for any feedback-mediated interactions.
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II.3. Inhibition of the ERK-RSK complex by S100B

In the third part of my thesis, I will focus on the pathological interaction partner of the RSK1 C-tail,

S100B. It should be noted that this interaction can be physiological in tissues, where both RSK and

S100B is expressed at the same time e.g. in the nervous system. However, the expression of calcium

ion  binding  S100  proteins  is  significantly  enhanced  under  pathological  conditions.  S100B

particularly is highly overexpressed in malignant melanomas.

II.3.1. S100B exerts dual-level inhibition on ERK2→RSK1 activation

In order to quantitatively characterize the binding of S100B to the RSK1 CTKD, we measured the

intrinsic tryptophan fluorescence change of RSK1 upon S100B binding (Figure 21A). A relatively

large intensity decrease (~25%) was found in the presence of large excess of S100B. The measured

dissociation constant of the complex was found to be about 5 μM. It was proposed that the S100B-

RSK1 interaction requires the flexible  C-terminus of RSK1. Interestingly,  ERK2-RSK1 binding

also depends on this C-terminal tail (Gavin and Nebreda, 1999). These findings suggest that S100B

and ERK2 binding to RSK1 are mutually exclusive. In order to show that the two RSK1 binding
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partners indeed compete for the same RSK1 region, we used fluorescence polarization (FP) based

binding  assays  with  a  fluorescently  labeled  C-terminal  fragment  of  RSK1.  We  have  used  an

extended RSK1 peptide,  including the PDZ and MAPK binding motif  and the  inhibitory  helix

region (αL). This peptide mediated a very strong interaction (Kd = 40 nM) with S100B (Figure

21B).  This  strong  complex  formation  also  indicated  that  an  asymmetric  complex  will  form,
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Figure 21.  S100B binding inhibits RSK1 activation. (A) S100B binding induces a conformational 
change in GST-RSK1CTKD which can be monitored by the change of intrinsic tryptophan 
fluorescence. The dissociation constant calculated based on this change is 4.8 μM. CaM is unable to 
induce similar effect on RSK1 (empty circles). The measurement is representative of at least three 
sets of independent experiments and Kd value were calculated from triplicate data points. Triplicates 
were independently prepared samples that were assayed at the same time. Error bars show standard 
deviation from the mean. (B) The CTT of RSK1 interacts with S100B directly. In a competitive FP 
measurement, the full C-terminal extension of RSK1 (683-735), which also included extension 
before αL, mediated a strong interaction with the calcium ion bound S100B (Kd = 0.04 μM). The 
shape of the curve indicate asymmetric (2:1) binding because the S100B concentration was 20 μM. 
The measurement is representative of at least two sets of independent experiments where Kd values 
were calculated from triplicate data points. Triplicates were independently prepared samples that 
were assayed at the same time. Error bars show standard deviation from the mean. (C) The presence 
of S100B inhibits CTKD phosphorylation by ERK2 with a KI = 6.3 μM in an in vitro kinase assay. 
S100B fully inhibits the phosphorylation step between active ERK2 and the CTKD phosphorylation. 
(D) The presence of S100B also acts as an inhibitor also when an NTKD-HM containing construct 
is phosphorylated in trans, with a KI = 6.1 μM. Notice that this inhibition is only partial, indicative 
of a complex inhibitory mechanism on CTKD mediated phosphorylation on NTKD. Panel C and D 
show the mean of three independent reaction and error bars are standard deviation from the mean. 
Initial rates of 32P incorporation were normalized to reactions where S100B was absent.
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consisting of an S100B dimer and a single RSK1 peptide.  Similar asymmetric complexes were

observed with other S100 proteins (Ecsédi et al., 2017) (Kiss et al., 2012).

Activated ERK2 can phosphorylate the CTKD of RSK1 on Thr573 in in vitro kinase assays.

In  turn,  activated  CTKD  can  efficiently  phosphorylate  an  NTKD  HM  containing  GST-fusion

peptide in trans. An inhibiting role of S100B on CTKD phosphorylation has been recently reported

(Hartman et al., 2014). We also find that S100B clearly impedes CTKD phosphorylation by ERK2

in an in vitro kinase assays using recombinant expressed and purified components (Figure 21C). In

addition, S100B also blocks the activity of activated CTKD on an HM containing NTKD substrate

fragment in trans (Figure 21D). The calculated inhibitory constant were found to be around 6 μM

for ERK2→CTKD signaling,  which showed a good agreement  with the binding affinity of the

S100B-CTKD complex. It is noteworthy that S100B binding did not completely abolished CTKD

kinase activity on the NTKD HM fragment,  but only lowered the reaction rate to ~40% of the

original activity under saturating conditions. From these observations we could rule out that S100B

has CaM-like effect, which is known to exert  activation on CaMKII  (Gaertner et  al.,  2004). In

conclusion, S100B was shown here to be a dual-level, specific inhibitor of RSK1 activation, acting

both on the ERK2→CTKD and also on the CTKD→NTKD level.

II.3.2. Crystal and solution structure of the minimal RSK1-S100B complex

For structural studies,  a  set  of RSK1 peptides with various deletions both from the C- and N-

terminal ends of RSK1683-735 were made (Figure 22A). We found that if either the C- or the N-

terminal part was truncated the binding affinity decreased. To visualize the atomic details of the

minimized  RSK1-S100B  interaction,  we  determined  the  crystal  structure  of  the  high  affinity

RSK1683-735-S100B complex (crystal structure A). Unfortunately, only a small N- and C- terminal

portion of RSK1 could be built in the crystallographic model, nonetheless the structure verified the

asymmetric nature of the complex (Figure 22BC). In order to  improve the quality of the  crystal

structure,  we attempted protein crystallization with truncated peptide constructs  to decrease the

conformational  flexibility.  An  N-terminally  truncated  peptide  (RSK1689-735)  gave  a  very  similar

crystal  structure but  with better  resolution and more interpretable electron density map (crystal

structure  A').  A non-isomorphous  crystal  formed  with  a  yet  shorter  peptide  (696-735;  crystal

structure B), while a nearly isomorphous crystal was obtained with the peptide 683-720 (crystal

structure C). Comparison of these four structures suggests that the crystallographic models likely

captured different conformations of the interaction. In crystal structure B the middle part of the

RSK1 peptide  was  also  missing  but  the  C-terminal  part  showed helical  structure.  Similarly  to

structure A, only the two classical S100 binding pockets were occupied by the terminal regions of
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the RSK1 peptide. Structure C displayed a very different structure for the bound RSK1 peptide. For

this peptide (683-720), in agreement with its lower affinity compared to the full 683-735 or the N-

terminally truncated 696-735 peptide, one of the two canonical pockets was unoccupied. However,

a helical segment from the peptide was found in the non-conventional binding site of S100B, which

is a shallow groove connecting the two canonical sites, as described in Kiss et al.

All crystal structures included a segment of the αL helix (between residues 697 and 701) on the N-

terminal  binding  side  in  coil  conformation.  This  apparently  key  interaction  however  does  not

contain any directed bonds towards S100B. In structure A, A' and B the C-terminal binding side is

occupied by the MAPK binding basic motif with different conformations. Interestingly in structure
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B this segment was helical just as in the case of the MAPK bound conformation. This interaction is

responsible for the direct competition with ERK2 binding. In structure C, where this basic motif

was truncated a helical element appeared next to the N-terminal binding side. Because different

regions showed helical propensity in our crystal structures we wanted to investigate the secondary

structure  of  the  bound  RSK1683-735 peptide.  We  measured  the  solution  structure  using  circular

dichroism (CD)  spectroscopy  (Figure  23A).  The  free  peptide  is  highly  flexible  and  lacks  any

secondary structural element but the bound form contains a single, approximately ~12 amino acid

long helical element (Micsonai et al., 2015). For the other characterized asymmetric S100 binding

partner (NMIIA) a much larger helical content was calculated (>60%, ~20 residue long) by an

identical method, which was later also confirmed by high resolution crystal and solution structures

(Kiss et al., 2012) (Elliott et al., 2012). This suggests that the RSK1 binding mode to S100B is

different from the NMIIA binding to S100A4. In addition, these data also suggest that either of the

two observed helical element is compatible with the observed total helical content but both cannot

exist at the same time.

Based on our multiple crystallographic models, it appears that the S100B-RSK1 complex

can acquire many possible structural states. The first model is based on crystal structures A and A':

both  canonical  binding  pockets  are  filled  with  the  N-  and  C-terminal  part  of  the  linear  motif

adopting a coil structure. The second model is based on crystal structure B: the N-terminal binding

region is in coil conformation but the C-terminal is helical. The last two possible models are based

on structure C. In these complexes the N-terminal part is in coil but it is extended by a helical

intervening part and the C-terminal binding region may bind as it is seen in either the A (or A') or

the B crystal structure. Because we wanted to further analyze this structurally diverse, apparently

fuzzy complex revealed by X-ray crystallographic analysis, we used small angle X-ray solution

scattering (SAXS) to obtain at least low resolution structural information about the shape of the

complex in solution  (Figure 23B). We were able to measure high quality SAXS from an isolated

complex with the RSK1683-735 peptide. In all crystal structures only small peptide fragments could be

located in the electron density. Using SAXS data, however, we could simulate the whole complex

using the above described four templates. In these simulations the “crystallographically” invisible

parts were ab initio modeled using a program called CORAL (Petoukhov et al., 2012). Out of the

four structural models, only the first one (based on structure A, and A') fit the obtained SAXS curve,

and  therefore  this  describes  the  solution  structure  of  the  RSK1-S100B complex  the  best.  The

simulated  models have  high  flexibility  between  the  two  anchor  positions  therefore  it  can  be

considered as a  clamp type fuzzy complex  (Tompa and Fuxreiter,  2008).  From 10 independent

simulation, two types of clusters were observed: one with a free and one with an S100 bound N-

40



terminal part. This N-terminal flanking segment seems to be responsible for a large increase in the

binding affinity. Unfortunately, this site on S100B is close to a crystal packing interaction surface,

therefore this additional interaction remains hidden in our crystal structures.
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II.3.3. Kinetics of S100B binding to the inactive/active CTKD
The  inherent  tryptophan  fluorescence  change  of  RSK1 upon S100B binding  could  be  used  to

decipher the kinetic mechanism of the interaction (Figure 21A). In stopped-flow experiments we

were able to follow RSK1-S100B complex formation in real time by mixing RSK1 with S100B

(Figure 24). The observed association transients could be fitted by double exponential functions.

The observed rate constants of the first and second phases of the association transients showed a

decreasing and an increasing tendency, respectively, with increasing S100B concentration (Gógl et

al.,  2015b).  The  rate  constants  of  both  phases  reached  saturation  at  relatively  low  S100B

concentration. These profiles are indicative of the presence of both conformational selection (first

phase) and induced fit  (second phase)  processes.  Based on the exponential  approximations,  we
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constructed the complex kinetic model, which we used for global fitting kinetic analysis. The results

of this analysis were in good agreement with those resulting from experimental fits (Figure 24). In

the proposed model RSK1 displays conformational heterogeneity, termed autoinhibited and released

state  indicating the position of αL helix.  The interaction of the released species with S100B is

followed by an  isomerization  step.  Note  that  S100B binding by the  predominant  autoinhibited

species  is  not  favorable.  S100B  binding  therefore  can  be  described  as  a  combination  of

conformational selection and induced fit model. First, S100B can only bind to the free C-terminal

tail. After the formation of the fuzzy complex the anchored S100B can mediate further interactions

with the kinase domain.

A single Glu point mutation at Thr573 (AL phosphomimicking) can create an active CTKD

(Gógl et al.,  2018). We used this construct to measure the kinetics of the S100B binding to the

activated kinase. To our surprise, the measured transients could be fitted to single exponentials.

Here, the observed rate constants showed increasing tendency with increasing S100B concentration.

Therefore the S100B binding can be explained by a single induced fit  model.  In this  case,  the

isomerization  between  these  states  were  faster  and  the  dissociation  constant  of  S100B  is

significantly weaker.
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To validate these kinetic models, I created a set of mutated CTKD (Figure 25). The αL helix

can  be  made  more  flexible  by  specific  mutations.  Both  Lys695Ala  and  Tyr702Ala  mutations

increased  the  affinity  between  the  inactive  CTKD  and  S100B  and  the  double  mutant  version

showed an even stronger interaction. Therefore, the inhibitory helix is important in the binding and

it  limits  the  S100B binding.  These  measurements  confirms  the  presence  of  the  conformational

selection  step.  Moreover,  I  was  able  to  measure  the  binding  of  S100B  to  the  isolated  and

phosphorylated C-tail of RSK1. In the kinetic model, the unphosphorylated C-tail interacts with a

high affinity (10 nM) and the phosphorylated tail interacts with a low affinity (2 µM). With these

isolated  tails,  the  unphosphorylated  form  interacts  with  a  high  affinity  (50  nM)  and  the

phosphorylated  tail  interacted  with  a  low affinity  as  well  (590  nM).  Therefore,  I  was  able  to

reproduce the estimated affinities with simple in vitro binding measurements.

The isomerization creates two S100B-bound populations. We speculate that one of them is

responsible  for  the  inactivation of  the  activated  CTKD domain of  RSK1.  The observed partial

inhibition of the CTKD showed 40% activity  under S100B saturated conditions.  Based on our

kinetic model, approximately 55% of the S100B bound active CTKD (and 45% of the S100B bound

inactive  CTKD)  should  be  in  the  inhibited  population.  Therefore,  our  structures  explain  the

complete inhibition of the ERK2→CTKD and the observed partial inhibition of the CTKD→HM

(NTKD) levels.

III. Discussion

III.1. Cooperation of ERK and RSK

Here, I provided a multi-level description of the cooperation between two protein kinases, ERK and

RSK. They are the two effector kinases of the Ras-ERK pathway and the scientific  community

considers them as individual enzymes. I was able to show 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 heterodimer form, which will be essential for

substrate recognition. PDZ targets are great examples for this. They are direct interaction partners of

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

PDZ proteins but also in their interaction partners, too. This indicates that signal transduction is

mediated  by  large,  multi-component  complexes,  rather  than  individual  protein  kinases.  The

importance of this strong ERK-RSK cooperation is also reflected in several pathological situations.

In melanoma, the S100B protein disrupts this complex by a direct competition with ERK to the
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RSK  C-terminal  tail.  In  contrast,  the  viral  protein  ORF45  stabilize  this  complex  via  docking

interactions. These results draw a novel picture about the effectors of the Ras-ERK pathway.

It was well known that RSK is an important interaction partner of ERK. A MAPK has a

single  docking  site  and therefore  it  can  interact  with  a  single  target  at  a  time.  Therefore  it  is

impossible  to  imagine  an  ERK-RSK  complex  as  a  functional  unit.  This  theory  relies  on  the

assumption, that most MAPK substrate/interaction partner has a D/revD motif. However, our results

shows that it is not the case. RSK can indirectly target ERK to substrates or even large scaffolds.

ERK2 has  many cognate  substrates,  but  most  of  them is  weak.  For  example,  its  MAP2K can

mediate an interaction with a dissociation constant of 10-20 µM  (Garai et al.,  2012). The RSK

binding is  stronger  than this  interaction with two orders of magnitude.  Therefore,  only a small

fraction of ERK will be free in the cell and available for the weak partners while most of the MAPK

should  be  in  RSK-bound  state.  There  are  other  similar  partners  of  ERK,  such  as  PEA-15,  a

cytoplasmic scaffold (Mace et al., 2013). These proteins should create an ERK buffer system inside

the cell.

This cooperation is also reflected in their intracellular localization. In the resting stage, they

form a stable complex in the cytoplasm. After activation, a large portion of activated ERK will

translocate into the nucleus. The ERK bound RSK also co-localizes with the MAPK, but the active

fraction of the MAPKAPK remains in the cytoplasm. It is likely, that activated ERK will bring

inactive RSK to the nucleus. However, after RSK activation,  it  will move the cytoplasm by an

unknown, active transport mechanism.

III.2. Revised activation cycle of RSK

To understand the complexity of the RSK activation cycle,  we need to recognize its  important

components.  First  of  all,  active  ERK  and  PDK1  is  essential  to  reproduce  all  the  important

phosphorylation sites of RSK1. Additionally, PDZ scaffolds are important in substrate targeting. Of

course, different PDZ assemblies are present in the inactive and in the active stages. From these five

components, we can construct a theoretical single turnover cycle (Figure 26). In the beginning, RSK

is bound to the OFF dimmer PDZ scaffolds and to inactive ERK. Extracellular stimuli will activate

ERK, which will  get incorporated into this complex due to the short lifetime of the ERK-RSK

complex. Here, ERK will phosphorylate the CTKD AL, which will rapidly phosphorylate the HM.

pHM will recruit PDK1, which activates the NTKD. Then, the PIF pocket of the NTKD will be

reorganized by the AL phosphate group and it will capture its own pHM. This will activate RSK and

it will trigger the dissociation of PDK1. The delicate kinetic compensations will allow RSK to first
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phosphorylate the OFF dimmer substrates and then its own C-tail.  Ser732 phosphorylation will

trigger  ERK  and  OFF  dimmer  PDZ  scaffold  dissociations  and  ON  dimmer  PDZ  scaffold

associations.  In  turn,  active  RSK  will  phosphorylate  these  as  well.  Finally,  phosphatases  will

remove each phosphate group from RSK, which will trigger the dissociation of the ON dimmer

PDZ scaffolds and the relaxation the system to the initial state.
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Under pathological conditions, this cycle can be altered. In malignant melanomas, S100B

will compete with ERK, preventing RSK activation and its autophosphorylation, therefore a simple

inactive  RSK-S100B-OFF  dimmer  PDZ  scaffold  complex  will  be  stabilized.  In  contrast,  in

herpesvirus,  ORF45  will  stabilize  the  ERK-RSK  complex  and  it  will  protect  them  from

phosphatases  (Kuang et al., 2009). It will stabilize an active RSK-ERK-ORF45-ON dimmer PDZ

scaffold complex. In conclusion, these misregulated forms will freeze RSK into specific stages of

the activation cycle.

While this cycle seems to be plausible, there are lots of gaps within this system. The most

obvious  mystery  is  the  identity  of  the  RSK phosphatase(s).  At  this  moment,  we do not  know

anything about the inactivating mechanism of RSK. How many phosphatases are important in these

mechanisms? How do they recognize RSK? Do they interact with the C-tail as well? The other

missing point  is  the intracellular  localization.  We know that  the initial  complex is  cytosolic  in

HEK293 cells. We also know that active RSK remains in the cytoplasm, while EGF stimulation will

trigger ERK and RSK nuclear translocation. Therefore, it is likely that there is an additional step,

where  active  ERK  will  transfer  the  unphosphorylated  RSK  into  the  nucleus.  There,  after

phosphorylation, it will recognize an unknown partner, that will actively transport RSK into the

cytoplasm.  What  are  the  molecular  mechanisms  behind  these  observations?  Future  studies  are

required to find definite answers to these questions to fully understand the activation of RSK.

III.3. MAPK pathway as a dynamic network

Intracellular  pathways  usually  respond   proportionally  to  external  stimuli.  We  know  that  this

response is most often mediated by reversible protein phosphorylation. The activation of the ERK-

MAPK pathway by growth factor receptors or GPCRs results only in the activation a few effector

kinases  (ERK  and  RSK),  which  then  mediate  the  signal  towards  the  effector  substrates  (like

transcription factors). Feedback loops are inherently embedded in the system as the activation of the

pathway  need  to  trigger  phosphatase  and  other  negative  feedbacks  too,  otherwise  it  would  be

impossible to maintain reasonable dose-response relationships. Phosphorylation states of members

of  the  pathway  can  show  complex  temporal  dynamics.  For  example,  the  recruitment  of  the

phosphatase  SHP2  to  GAB1  is  dynamically  controlled  and  this  will  result  in  periodic  GAB1

phosphorylation  (Furcht et al., 2015). In addition to phosphorylation, intracellular localization is

also changing during signal processing (Kholodenko et al., 2010). For example, both ERK and RSK

undergo intracellular translocation upon stimulation.  We have shown that ERK-RSK interaction

displays  dynamic  dissociation.  Furthermore,  the  assembly  and  disassembly  of  the  RSK-PDZ
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interactions  are  also good examples  for temporal  dynamic regulation of  PPIs,  which adds new

aspects to a dynamic model.  It  is  likely that most members  of the MAPK pathway (and other

signaling  pathways)  are  involved  in  dynamic  processes  in  addition  to  simple  reversible

phosphorylation.  Our  studies  show  the  complexity  of  the  mitogenic  stimuli-induced  waves  of

dynamic responses inside the cells. This contributes to the growing evidence that these signaling

pathways are plastic systems and more dynamic than previously thought. Hopefully, we can use the

new mechanistic insights, presented in this work, to construct a reliable mathematical model of

signaling pathways.

III.4. Redefining phospho-switches

The C-tail  of  RSK has  several  autophosphorylation  sites.  We found that  the  major  C-terminal

autophosphorylation  site  of  RSK1  is  Ser732  but  the  adjacent  Thr  residues  may  also  be

phosphorylated. RSK1 activation has a negative feedback on ERK and S100B binding by directly

interfering  with  the  core  motif.  Interestingly,  phosphorylation  of  Ser732  participates  in  the

formation  of  a  charged  clamp,  which  affects  these  interactions.  Additionally,  the  same

phosphorylation rewires the PDZ interactome of RSK by directly interfering with the binding site.

Phosphorylated  amino  acids  have  unique  properties.  They  are  highly  charged  and  the

phosphate  group can  be  coordinated  robustly.  Usually,  neutral  and small  Ser,  Thr  residues  are

phosphorylated and therefore the attachment of a phosphate group alters their environment. Despite

these properties, most of the phosphorylation sites identified in proteins do not have a dedicated role

and cannot be considered as a regulatory switch. Nevertheless, phosphorylation, as a major post-
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translational  regulatory mechanism, does  trigger  changes in  the structure of  proteins  in  various

ways. A dominant class of switches induces intramolecular conformational changes. A well-known

example  for  this  group  is  the  activation  loop  of  a  kinase  domain  which  is  disordered  in  the

unphosphorylated state but becomes ordered upon phosphorylation, and then turns on the activity of

the kinase domain (Canagarajah et al., 1997). Phosphorylation can also trigger extreme changes in

the  global  fold  compared  to  simple  loop  remodeling  as  described  above.  Interestingly,

phosphorylation in or near linear binding motifs located in disordered protein regions may achieve

its effect by locally influencing the ability of a functional site to interact with a structured domain.

In the literature, most examples of phosphorylation induced PPI changes are considered as switches

(usually called “phosphoswitches” or “phospho-switches”), which can turn on, or turn off PPIs.

However, in some cases phosphorylation only slightly alters the binding itself and it only acts as a

simple  fine-tuning  mechanism.  Taken  out  of  context,  such  small  effect  can  be  subjectively

considered as a switch but compared to a strong (“yes” or “no”) phosphoswitch, which completely

eliminates or induce the binding, it is obvious that it is actually a minor effect. For this reason, I

classified the possible outcomes of phosphorylation (Figure 27). Mechanistically, these linear motif-

based phosphoswitches fall into four different classes. There are simple ON and OFF switches and

ON and OFF dimmers. For SH2 domains Tyr phosphorylation is essential for peptide binding, thus

an SH2 domain ligand may be regarded as an ON switch. In contrast,  dimmers only adjust the

interaction strength and can be considered as modulators. The PDZ domain of SNX27 binds to class

I PDZ targets, where phosphorylation of position -2 disrupts the core interaction (OFF switch),

whereas  phosphorylation of either position -3, -5 or -6 increases the binding affinity by introducing

new interactions (ON dimmer)  (Clairfeuille et al., 2016). OFF dimmers decrease binding affinity

via  intermolecular  repulsion.  Other  OFF  dimmers  may  work  mechanistically  differently,  they

introduce an additional conformational selection step into the process of partner binding by using a

charge clamp (Gógl et al., 2018). Here, the phosphorylation triggers a transient local fold that can

result in slowed-down conformational kinetics. Similar intramolecular charge clamps have already

been shown in some cases, however the RSK1 CTT phosphoswitch appears to be the first clear case

where it acts as a modulator on the assembly of a signaling complex. Since a conserved cluster of

basic residues is a hallmark feature of nuclear localization signals or AGC kinase substrate motifs

for example, the functionality of these linear motifs involved in nuclear transport or AGC protein

kinase-mediated phosphorylation, respectively, may also be modulated by adjacent phosphorylation

sites.

So far,  it  has  not  been  determined  whether  switches  or  dimmers  are  more  common in

biological  networks.  Can we observe  discrete  classes  of  ON/OFF switches  or  can  we  provide
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evidence  for  a  continuum  between  ON  and  OFF  switches,  including  many  gradually  altered

dimmers? For the first time, we could appraise the systematic effects of a phosphorylation event.

Our  high  -throughput  characterization  of  RSK-PDZ  interactions  revealed  that  phosphorylation

completely reroutes these interactions. This single phosphorylation site triggers a gradual change in

the interactome. It triggered some strong OFF switches and a few ON switches. However, it also

induced many ON and OFF dimmers which covered the affinity spectra between OFF and ON

switches. In summary, my results on analyzing PDZ-RSK PPIs on a larger scale confirmed my

initial concern regarding the dominance of switch-like mechanisms in describing cellular signaling.

I believe that my classification of ON/OFF switches/dimmers seems to be more appropriate and will

be accepted by the scientific community.

50



IV. Methods

Protein expression and purification

The  cDNA of  ERK2,  PDK1  (residues  50-359),  S100  proteins,  the  RSK1CTKD construct

containing the C-terminal RSK1 region between residues 411 and 735 as well as different peptides

from  RSK1  were  cloned  into  modified  pET  expression  vectors.  All  protein  constructs  were

expressed in Escherichia coli Rosetta (DE3) pLysS (Novagen) cells with standard techniques. 

ERK2 was expressed with an N-terminal cleavable hexahistidine tag which was removed

after affinity purification. The affinity purified kinase was ion exchanged on a Resource Q, anion

exchange column. RSK1CTKD was expressed as N-terminal GST fusion protein with a C-terminal

non-cleavable hexahistidine tag. For biochemical measurements double affinity purified RSK1 was

used. For crystallization of the CTKD, this double purified RSK1 was cleaved by the TEV protease

and the sample was further purified on a HiTrap Blue-Sepharose column (GE Healthcare), then it

was complexed with ERK2. 

PDZ constructs were cloned with an N-terminal cleavable hexahistidine-MBP tag. Tandem

affinity (Ni- and MBP-) purified MBP-PDZ proteins were used in biochemical assays. A chimeric

PDZ domain-annexin A2 protein was cloned with a removable N-terminal hexahistidine tag into a

modified pET15 expression plasmid. TEV protease cleavage leaves an extra GSM linker at the N-

terminus of the PDZ domain. The construct contained the second PDZ domain of MAGI-1 (455-

558) connected by a two amino acid long 'GS' linker to the core Annexin A2 domain (ANXA2, 22-

339). This fusion protein was expressed using an auto-induction based protein expression method.

The produced protein was purified on Ni-agarose beads and the affinity tag was cleaved off by TEV

protease cleavage. The protein was further purified on an SP ion exchange column at pH 6.5 using a

linear gradient from 20 mM NaCl to 1 M NaCl in the presence of 2 mM TCEP. The final sample

was eluted at ~20% and was concentrated to 330 μM concentration. Crystallization samples were

supplemented with 2 mM TCEP, 10% glycerol and 2 mM CaCl2 before the aliquots were frozen in

liquid nitrogen.

S100B/A4/A2/P/A10  was  cloned  with  N-terminal  TEV cleavable  hexahistidine  tag.  All

peptides were cloned with an N-terminal GST fusion tag. S100B/A4/A2/P were purified with Ni-

affinity column and were cleaved by TEV protease. After complete cleavage S100B/A4/A2/P were

supplemented with Ca2+/Zn2+ and injected into a phenyl Sepharose column. Elution was done with 5

mM EDTA and  the  eluted  fractions  were  dialyzed against  a  Ca2+/Zn2+ containing  buffer.  After

cleavage, S100A10 was further purified by cation exchange chromatography. 
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Peptide synthesis

Unphosphorylated,  long  RSK1  peptides  (larger  than  24  residues)  were  recombinantly

produced  with  an  N-terminal  cleavable  GST tag.  After  affinity  purification,  the  GST tag  was

removed and the peptide was isolated by reverse phase HPLC. A fraction of the isolated peptide was

phosphorylated  with  a  constitutively  active  (T573E  mutant)  RSK1  C-terminal  kinase  domain.

Unphosphorylated, phosphorylated, fluorescein labeled or unlabeled short RSK1 peptides were all

chemically synthesized on an automated PSE Peptide Synthesizer (Protein Technologies, Tucson,

AZ,  USA)  with  Fmoc  strategy.  Biotinylated  RSK1725-735 peptides  were  purchased  from  JPT

Innovative Peptide Solutions with 70-80% purity. The biotin group was attached to the N-terminal

via a TTDS linker. Protein (and Tyr containing peptide) concentrations were determined by UV

spectroscopy. For peptides that lacked an aromatic residue, we directly measured their dry mass.

Predicted peptide masses were confirmed by mass spectrometry.

Crystallographic data collection and structure refinements

Data were collected on the PXI, PXIII beamline of the Swiss Light Source (Villigen, Switzerland),

on the ID23 and ID30 beamlines of ESRF (Grenoble, France) and on the P14 beamline at EMBL

Hamburg  (Germany)  at  100  K.  All  data  were  processed  with  XDS  (Kabsch,  2010).  Structure

refinement was carried out in PHENIX and structure remodeling/building was done in Coot (Adams

et al., 2010)  (Emsley et al., 2010).

Crystallization and structure determination of RSK1-ERK2 complexes

Because earlier attempts to obtain peptide bound ERK2 complexes failed with wild-type

ERK2, we designed an ERK2 construct in which amino acids responsible for unwanted crystal

packing interactions were mutated to alanines (ERK2AA: R77A. E314A). This construct readily

crystallized in complex with RSK1 peptides, and crystals grew within 4 to 5 days with typical

dimensions of 0.30 mm × 0.10 mm × 0.02 mm in 27 to 29% PEG6000 buffered with 100 mM MES

composite buffer (pH 6.5). Mutant ERK2 was mixed with two-fold molar excess of peptides and

was supplemented with 2 mM AMPPNP and MgCl2 (Table 1).

The CTKD-ERK complex was crystallized in the presence of 2 mM AMPPNP and 2 mM

MgCl2.  Crystallization  was  done  in  standard  sitting  drop  vapor-diffusion  set-up  at  23°C.  The

crystallization solution consisted of 0.1 M MES pH=6.25, 15% PEG4000, 0.125 M (NH4)2SO4 and

2% benzamidine. Drops with plate shaped crystals were supplemented with 10% glycerol before

flash cooling in liquid nitrogen (Table 1).
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Table 1 Data collection and refinement statistics of RSK1-ERK2 complexes
ERK2 complex with 
the WT RSK1 CTT

ERK2 complex with 
the mutant RSK1 CTT

ERK2 complex with 
the CTKD of RSK1

Data collection
Wavelength(Å) 1.0000 1.0000 1.0000
Space group P 21 21 21 P 1 P 1 21 1

Cell dimensions
a, b, c (Å) 41.70, 58.98, 155.73 41.5, 58.8, 79.2 93.49, 87.85, 116.54

 () 90.0, 90.0, 90.0 100.9, 99.0, 90.0 90.0, 108.22, 90.0

Resolution range (Å) 77.87-2.40 (2.47-2.40) 42.37-2.30 (2.38-2.30) 60.63-2.15 (2.227-2.15)
Rmerge† 0.095 (0.84) 0.048 (0.322) 0.059 (0.491)

<I/I)> 18.06 (2.97) 11.15 (2.43) 14.89 (2.74)

Completeness (%) 96.8 (99.0) 94.95 (93.31) 99.8 (99.85)
Redundancy 9.92 (9.83) 1.8 (1.8) 3.5 (3.3)
No. reflections 15190 30568 97319
Refinement
Rwork/ Rfree 0.1801 / 0.2244 0.178 / 0.223 0.1580 / 0.2076
No. atoms
Protein 2859 5687 10582
Ligand/ion 31 62 79
Solvent 115 177 1006
B-factors (Å2)
Protein 55.7 35.1 46.0
Ligand 84.5 45.0 30.4
Solvent 47.9 38.8 47.9
R.m.s deviations
Bond lengths (Å) 0.005 0.009 0.008
Bond angles (º) 1.171 1.35 1.06
PDB ID 3TEI 4H3P 4NIF

†Rmerge = ΣhklΣi |Ii(hkl)-<I(hkl)>|/ΣhklΣi Ii(hkl)

Crystallization and structure determination of RSK1-MAGI1 complexes

To determine the high resolution structure of the interaction of RSK1 peptide–MAGI-1 PDZ

domain,  we  tried  to  crystallize  the  complex  at  high  concentration  (>3-5  mM)  using  various

commercially  available  crystallization screens.  Despite  these efforts,  no crystals  grew and even

precipitations were scarce in the crystallization drops. In order to determine the structure of this

protein-peptide complex, we tried a carrier-protein driven crystallization strategy, but instead of

using existing fusion tags such as MBP, GST or thioredoxin, we used the core domain of annexin

A2  (ANXA2)  (Rosengarth  and  Luecke;  Hartmut,  2004).  ANXA2  is  a  calcium-binding

perimembrane protein with excellent crystallization properties, good solubility and stability (Ecsédi

et al., 2017). The ANXA2-PDZ fusion protein readily crystallized in the presence of C-terminal

RSK1 peptides (RSK1696-735, pRSK1696-735 or pRSK1712-735) under various crystallization conditions.
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Conditions were tested based on previous experience with apo ANXA2. Needle shape crystals grew

under various conditions within a few minutes-hours, and the best crystals with the RSK1696-735

peptide grew at 8% PEG 4000 in 100 mM acetate buffer at pH 5. Crystals from this condition

appeared within a day and gained their maximal size in 3-4 days. Single crystals with different

phosphopeptides grew in 14% PEG 8000 and 200 mM MgCl2, in 100 mM TRIS buffer at pH 8.5.

Crystals were supplemented with 20% glycerol before flash cooling in liquid nitrogen.

Table 2 Data collection and refinement statistics of RSK1-MAGI1 complexes
MAGI-1-ANXA2 in

complex with 
RSK1696-735

MAGI-1-ANXA2 in
complex with 

RSK1696-735 pSer732

MAGI-1-ANXA2 in
complex with 

RSK1729-735 pSer732

Data collection
Wavelength(Å) 0.9762 1.0000 1.0000
Space group C 1 2 1 P 2 21 21 C 1 2 1

Cell dimensions
a, b, c (Å) 195.8, 60.7, 99.7 60.2, 98.6, 200.3 194.9, 60.2, 99.4

 () 90.0, 98.8, 90.0 90.0, 90.0, 90.0 90.0, 98.7, 90.0

Resolution range (Å) 49.27 -2.30 (2.36-2.30) 49.73-2.30 (2.36-2.30) 49.10-2.95 (3.03-2.95)
CC1/2 99.9 (77.3) 99.9 (53.3) 99.0 (38.9)
Rmerge† 10.5 (129.0) 21.3 (104.8) 24.7 (83.3)

<I/I)> 18.03 (2.36) 15.42 (3.00) 8.36 (2.49)

Completeness (%) 100.0 (100.0) 100.0 (100.0) 99.9 (100.0)
Redundancy 12.82 (8.12) 19.87 (18.67) 6.86 (7.21)
No. reflections 51873 (3854) 53922 (3925) 24379 (1785)
Refinement
Rwork/ Rfree 0.1906 / 0.2259 0.1869 / 0.2401 0.2154 / 0.2716
No. atoms
Protein 6495 6632 5900
Ligand/ion 37 45 39
Solvent 220 634 -
B-factors (Å2)
Protein 79.60 53.05 40.61
Ligand 70.49 47.79 40.56
Solvent 56.81 43.68 -
Ramachandran
Favored (%) 96 97 98
Allowed (%) 3.5 2.5 2.0
Outliers (%) 0.5 0.5 0.1
Rotamer outliers (%) 1.9 3.36 1.1
R.m.s deviations
Bond lengths (Å) 0.002 0.007 0.002
Bond angles (º) 0.523 0.864 0.457
PDB ID 5N7D 5N7F 5N7G

†Rmerge = ΣhklΣi |Ii(hkl)-<I(hkl)>|/ΣhklΣi Ii(hkl)
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The phase problem was solved by molecular  replacement  with Phaser  using PDB entry

1XJL and 2KPK as starting models (McCoy et al., 2007) (Charbonnier et al., 2011) (Rosengarth and

Luecke; Hartmut, 2004). Structure solution revealed two molecules in the asymmetric unit where

crystal packing interactions are mainly formed by ANXA2 (Table 2). The short linker (a single Gly-

Ser)  between the ANXA2 fusion tag  and the  PDZ domain allowed some flexibility  in  domain

arrangements,  but one of the PDZ domains mediated important crystal  packing contacts, which

stabilized its location in the asymmetric unit. This was apparently important in detecting the RSK1

peptides in the canonical binding pocket of one of the PDZ domains while the electron density map

around the other PDZ domain remained poorly visible.

Table 3 Data collection and refinement statistics of RSK1-S100B complexes
Crystal structure A
S100B-RSK1683-735

Crystal structure A'
S100B-RSK1689-735

Crystal structure B
S100B-RSK1696-735

Crystal structure C
S100B-RSK1683-720

Data collection
Wavelength (Å) 1.0000 0.9730 0.9677 0.9677
Space group P212121 P212121 P212121 P212121

Cell dimensions
    a, b, c (Å) 38.30, 39.24, 172.82 38.31, 38.57, 173.41 37.96, 68.93, 91.49 36.79, 39.93, 178.34
 () 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Resolution (Å)a 43.20-2.40 (2.46-2.40) 37.65-2.13 (2.19-2.13) 38.12-2.70 (2.77-2.70) 44.59-2.95 (3.03-2.95)
CC1/2

a 100.0 (89.4) 100.0 (93.2) 99.5 (71.6) 99.9 (63.8)
Rsym

a 3.8 (54.9) 5.5 (82.8) 27.0 (164.6) 15.5 (212.6)
Mean I/Ia 18.69 (2.06) 18.77 (2.07) 9.19 (2.19) 15.85 (1.8)
Completeness (%)a 99.1 (99.2) 99.9 (100) 99.9 (100) 99.9 (100)
Redundancya 4.34 (3.30) 6.43 (6.73) 12.30 (13.08) 17.32 (17.81)
No. reflectionsa 10773 (774) 15160 (1064) 7001 (494) 6056 (444)
Refinement
Rwork/ Rfree 0.2432/0.2907 0.2048/0.2500 0.2034/0.2764 0.2514/0.2785
No. atoms
    All 1512 1568 1570 1576
    Ion 4 4 5 4
    Water 4 40 14 -
B-factors
    All 76.3 68.2 53.7 89.0
    Ion 71.9 56.6 45.4 93.8
    Water 70.7 53.5 50.0 -
R.m.s deviations
    Bond lengths (Å) 0.009 0.007 0.022 0.011
    Bond angles (º) 1.245 0.930 1.376 0.849
PDB code 5CSF 5CSI 5CSJ 5CSN
aHighest resolution shell is shown in parenthesis. 

Crystallization and structure determination of S100B complexes

Crystallization samples contained 1 mM S100B monomer and 2-fold excess (~1 mM) of

RSK1 peptide in each case. Crystallization was done in standard sitting drop vapor-diffusion set-up

at  23  °C.  The  crystallization  solution  consisted  of  0.1  M HEPES pH 7,  150 mM NaCl,  20%

PEG6000 in all four cases. Crystals were supplemented with 10% glycerol before flash cooling in

liquid nitrogen (Table 3).

Matthews probability calculations indicate the highest probability of an asymmetric complex
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forming  between  a  single  dimer  of  S100B  and  a  single  RSK1  peptide  in  all  crystal  forms

(Weichenberger and Rupp, 2014). This was later confirmed after the phase problem was solved by

molecular replacement (MR) in PHASER with a high resolution structure of S100B as searching

model  (Cavalier et al., 2014). The MR search identified a single S100B dimer in the asymmetric

unit in all cases.  The final model was refined to 2.4 Å resolution for the crystal structure A (with

peptide 683-735), to 2.13 Å resolution for the crystal structure A' (with peptide 689-735), to 2.7 Å

resolution for the crystal structure B (with peptide 696-735) and to 2.95 Å resolution for the crystal

structure C (with peptide 683-720) (Table 3).

Holdup assay

The automated holdup assay was carried out against peptides (RSK1725–735) in triplicates as

previously  described  (Vincentelli  et  al.,  2015) with  minor  modifications.  The sequences  of  the

clones of the PDZome v2 were designed according to  (Luck et al., 2012). All genes were codon

optimized for E. coli expression and cloned in a pETG41A plasmid. All protein constructs were

expressed  in  Escherichia  coli  following  the  previous  protocol  (Vincentelli  et  al.,  2015) with

minimum modifications. All constructs were checked for solubility and cell lysate soluble fractions

were adjusted to approximately 4 µM concentration and frozen in 96 well plates. Additionally, mass

spectrometry  was  used  to  confirm the  identity  of  each  PDZ clones.  We measured  interactions

against  255  proteins  with  the  unphosphorylated  peptide  and  against  252  proteins  with  the

phosphorylated peptide.

Surface plasmon resonance (SPR)

SPR measurements were performed on a Biacore T200 instrument equipped with CM5 sensor chip.

Streptavidine  was  immobilized  on  the  sensor  chip  with  EDC-MS  using  a  standard  protocol.

Biotinylated peptides (RSK1, pRSK1, HPV16E6) were immobilized on streptavidine and after an

extensive  washing  step,  MBP-PDZ  domains  were  injected  onto  the  chip  at  8  different

concentrations and with two additional replicates. Unfortunately, our SPR analysis did not reveal

the  kinetic  parameters  of  the  studied  PDZ-peptide  interactions  due  to  biphasic  and  very  fast

behavior. The saturated phase of the reference channel subtracted data was fitted with a hyperbolic

function. Results of the PDZ-RSK experiments can be found in Table 4.
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Table 4.  Summary of the  in vitro validations of the RSK-PDZ interactions. Values after the semicolon

correspond to the phosphorylated RSK1 peptides. HPV16 E6 was used as an internal standard during the

SPR measurements. Kd estimation was calculated from BI values as described in materials and methods

and using  an  estimated  17  µM peptide  concentration.  Fold  changes  were  calculated  by  dividing  the

estimated unphosphorylated and the phosphorylated dissociation constants. For undetectable interactions, a

very weak Kd was assumed (100 µM, which corresponds to a BI of 0.14). ND means not determined, while

no binding means that  it  was impossible  to  quantitatively measure their  affinities in our experimental

conditions.

Steady state fluorescence polarization

Fluorescence  polarization  was measured in  384-well  plates  (Corning)  using Synergy H4 multi-

mode reader (BioTek). For direct titration experiments, 50 nM reporter peptide (RSK1729-735) was

mixed with increasing amount of MBP-PDZ domains. In competitive measurements, the 50 nM

reporter peptide was mixed with the PDZ domain in a concentration to achieve high degree of

complex formation. Subsequently, increasing amount of unlabeled peptide (RSK1683-735) was added

to the reaction mixture.  Titration experiments were carried out in triplicate and the average FP

signal was used for fitting the data to a quadratic or competitive binding equation. Results of the

PDZ-RSK experiments can be found in Table 4.
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BI Fold change
ARHGEF12 0.77 ± 0.02; 0.05 ± 0.05 7.5 ± 0.8; 29 ± 8 6.6 ± 1.7; >100 2.79 ± 0.11; no binding 10.9 ± 1.4 4.2; >100 0.04
GRID2IP-2 0.67 ± 0.02; 0.00 ± 0.01 5.1 ± 0.4; 47 ± 15 1.7 ± 0.3; 85 ± 11 3.96 ± 0.12; no binding no binding 7.1; >100 0.07
MAST2 0.74 ± 0.03; 0.23 ± 0.03 7.9 ± 0.6; 13 ± 2 19 ± 7; 48 ± 84 7.02 ± 0.27; no binding 2.5 ± 0.2 4.9; 53.8 0.09
PDZD7-3 0.60 ±0.03; 0.15 ± 0.03 0.80 ± 0.05; 1.8 ± 0.1 4 ± 1; 46 ± 7 6.2 ± 0.9; no binding no binding 9.7; 92.9 0.10
MAST1 0.57 ± 0.01; 0.08 ± 0.03 26 ± 4; 34 ± 8 5 ± 1; 92 ± 12 20 ± 1; no binding no binding 11.1; >100 0.11
GOPC 0.63 ± 0.05; 0.25 ± 0.10 20 ± 1; >100 27 ± 2; >100 8.92 ± 0.44; no binding no binding 8.5; 48.0 0.18
MAGI1-2 0.43 ± 0.02; 0.15 ± 0.02 ND; ND ND; ND no binding, no binding 3.4 ± 0.8 20.3; 92.9 0.22
NHERF3-1 0.41 ± 0.01; 0.03 ± 0.01 80 ± 20; 220 ± 30 ND; ND no binding, no binding 23 ± 3 22.1; >100 0.22
GORASP2 0.41 ± 0.02; 0.19 ± 0.01 67 ± 33; 114 ± 35 ND; ND no binding, no binding no binding 22.1; 69.2 0.32
GRASP 0.29 ± 0.01; 0.04 ± 0.01 ND; ND ND; ND ND; ND ND 38.8; >100 0.38
PARD3B-1 0.52 ± 0.05; 0.31 ± 0.02 27 ± 3; 6.8 ± 0.5 45 ± 7; 31 ± 3.5 4.0 ± 0.3; 6.1 ± 0.4 no binding 13.8; 35.1 0.39
MAGI2-2 0.42 ± 0.01; 0.23 ± 0.03 420 ± 30; 430 ± 45 ND; ND no binding, no binding 2.9 ± 0.14 21.2; 53.8 0.39
ARHGEF11 0.28 ± 0.06; 0.01 ± 0.02 ND; ND ND; ND ND; ND ND 40.8; >100 0.40
SHANK3 0.27 ± 0.03; 0.07 ± 0.01 ND; ND ND; ND ND; ND ND 43.0; >100 0.43
DFNB31-3 0.23 ± 0.04; -0.01 ± 0.02 ND; ND ND; ND ND; ND ND 53.8; >100 0.53
NHERF2-2 0.20 ± 0.04; 0.07 ± 0.05 ND; ND ND; ND ND; ND ND 64.8; >100 0.64
HTRA1 0.44 ± 0.03; 0.36 ± 0.01 30 ± 2; 11.3 ± 0.4 19 ± 3; 33 ± 2 no binding, no binding no binding 19.4; 27.7 0.70
MAGI3-2 0.28 ± 0.03; 0.28 ± 0.06 ND; ND ND; ND ND; ND ND 40.8; 40.8 1.00
PDZRN4-1 0.51 ± 0.02; 0.54 ± 0.03 33 ± 5; 14 ± 2 ND; ND 0.97 ± 0.18; 7.1 ± 0.9 6.0 ± 1.5 14.4; 12.6 1.14
SNTG2 0.41 ± 0.02; 0.52 ± 0.05 65 ± 2; 24 ± 2 24 ± 12; 4.8 ± 1.7 no binding; 37 ± 5 no binding 22.1; 13.8 1.60
PTPN3 0.05 ± 0.02; 0.21 ± 0.02 ND; ND ND; ND ND; ND ND >100; 60.8 1.66
SHROOM2 0.00 ± 0.01; 0.21 ± 0.01 ND; ND ND; ND ND; ND ND >100; 60.8 1.66
LIMK2 0.01 ± 0.06; 0.22 ± 0.07 ND; ND ND; ND ND; ND ND >100; 57.2 1.77
GORASP1 0.01 ± 0.02; 0.23 ± 0.03 ND; ND ND; ND ND; ND ND >100; 53.8 1.88
GRID2IP-1 0.06 ± 0.02; 0.24 ± 0.01 ND; ND ND; ND ND; ND ND >100; 50.8 1.99
LNX1-3 0.04 ± 0.02; 0.24 ± 0.07 ND; ND ND; ND ND; ND ND >100; 50.8 1.99
DLG4-2 0.11 ± 0.03; 0.25 ± 0.02 ND; ND ND; ND ND; ND ND >100; 48.0 2.10
PDZRN3-1 0.26 ± 0.01; 0.45 ± 0.01 90 ± 25; 17.5 ± 1.4 >100; 80 ± 10 no binding, no binding 8.6 ± 1.6 45.4; 18.6 2.45
LAP2 -0.02 ± 0.05; 0.28 ± 0.01 ND; ND ND; ND ND; ND ND >100; 40.8 2.47
SNTA1 0.31 ± 0.04; 0.53 ± 0.01 41 ± 11; 4.9 ± 0.4 81 ± 17; 10.5 ± 2.6 no binding; 90 ± 4 101 ± 40 35.1; 13.2 2.66
SNTB1 0.22 ± 0.04; 0.45 ± 0.08 18 ± 2; 1.5 ± 0.1 37 ± 6; 4.5 ± 0.3 no binding; 48 ± 5 27 ± 4 57.2; 18.6 3.08
PPP1R9A 0.00 ± 0.02; 0.33 ± 0.02 ND; ND ND; ND ND; ND ND >100; 31.8 3.17
SYNJ2BP 0.26 ± 0.07; 0.54 ± 0.03 39 ± 2; 16 ± 1 >100; 7 ± 1 no binding; 25 ± 1 33 ± 4 45.4; 12.6 3.59
SNX27 0.08 ± 0.07; 0.47 ± 0.02 25 ± 6; 4.4 ± 0.4 185 ± 25; 32 ± 5 no binding; 46 ± 9 no binding >100; 17.1 5.92

K
D
, direct FP (µM) K

D
, competitive FP (µM) K

D
, SPR (µM) K

D
, SPR, HPV16 E6 (µM) K

D
, estimated (µM)



Monte Carlo modeling

To estimate the dissociation constant of weak interactions, we used the measured BI values from the

HU assay. This parameter equals the bound fraction of the PDZ domain, therefore, it can be inserted

directly into the general binding equation:

Kd=
[ PDZ free ]∗[ RSK free ]

[ PDZ−RSKcomplex ]
=

( [PDZ tot ]−BI∗[PDZ tot ])∗( [RSK tot ]−BI∗[ PDZ tot ] )
BI∗[ PDZtot ]

Assuming that the total PDZ domain concentration is ~ 4 µM, the only unknown parameter is the

total peptide concentration. Instead of a simple nonlinear fit, we have used Monte Carlo modeling

to utilize the  standard  deviations  of  the  HU assay and the  Kd measurements.  Each fitting  was

repeated  10000  times  and  the  average  peptide  concentration  along  with  the  lower  and  upper

quartiles were plotted in figure 17. Based on our SPR measurements, the RSK peptide concentration

should  be  around  20  µM  (most  probably  between  18-21  µM).  Direct  FP indicates  that  this

concentration  should  be  around 14 µM (most  probably  between 6-20 µM).  In  the  case  of  the

competitive  FP,  we have  found that  the  peptide  concentration  should  be  around 14 µM (most

probably between 9-18 µM). For Kd extrapolation, we have used a peptide concentration of 17 µM.

Protein-protein interaction assay

The NanoBiT PPI MCS starter system was purchased from Promega. Full-length RSK1 was cloned

into pBit2.1-N[TK/SmBiT] vector. Full-length MAGI1 and ERK2 constructs were cloned into the

LgBiT vector.  Full-length  ARHGEF12  (isoform  2),  GOPC (isoform 2),  PARD3B (1-913)  and

SYNJ2BP were cloned into the pBit1.1-N[TK/LgBiT] vectors.  All  constructs were cloned from

HEK293T or HeLa cDNA pools and were confirmed by sequencing. HEK293T cells were cultured

in Dulbecco’s Modified Eagle Medium (DMEM, Lonza) containing 10% fetal bovine serum and

1% penicillin/streptomycin/amphotericin B. 2x104 cells/well were seeded onto a white, TC treated

96-well plate (Greiner) 24 hours prior to transfection. Transient transfections were carried out with

FuGene  HD  reagent  (Promega)  according  to  the  NanoBiT system's  instructions.  4  hours  after

transfection,  cells  were starved for 20 hours in CO2-independent medium (Thermo).  Cells  were

assayed 24 hours after transfection using Nano-Glo reagent (Promega) and a Synergy H4 plate

reader  (BioTek).  Experiments  were  carried  out  according  to  the  manufacturer's  instructions.

Stimulation was performed using 20 ng/ml EGF (Sigma-Aldrich). Each experiment was performed

with  at  least  6  biological  replicates.  We must  note  that  it  is  likely  that  the  periodicity  is  very

environment dependent and under slightly modified conditions (i.e. CO2 incubator instead of CO2

independent cell medium, different cell density or protein expression level...) no periodic features

appeared.
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Figure 28. In silico modeling of PDZ substrate phosphorylation by RSK1. (A) This simplified 
mathematical model was used to simulate MAPK pathway activation. (B) Network based 
simulation shows that only a small fraction of activated RSK1 has an unphosphorylated PBM 
(even in the presence of high amount of PDZ domain). (C) Interaction partners with negative 
feedbacks show a dissociation upon stimulation. While the dissociation profile is off-rate 
dependent, the substrate phosphorylation rate is not. The system shows an optimal substrate 
phosphorylation at a low dissociation rate. (D) In contrast to the OFF dimmers, substrates with a 
positive feedback show an association profile. Increasing their dissociation kinetics increases their 
substrate phosphorylation rate. Note that the dynamical profiles of the interactions are very similar 
to the results of our cell based measurements, but we do not have any periodicity in this isotropic 
system.



Pull-down experiment

For the in vitro pull-down experiment, Amylose resin (New England BioLabs) was saturated with

Ni-NTA purified MBP-ARHGEF12. The immobilized PDZ domain was incubated with 60-60 µM

full  length  ERK2 and  RSK1 peptides  in  500 µl  (10-20 column volumes)  for  30  min  at  room

temperature. Amylose beads were separated by centrifugation and washed three times with 500 µl

binding buffer (20 nM Hepes pH 7.5, 150 mM NaCl, 150 µM TCEP). Retained proteins were eluted

with SDS loading buffer and the samples were subjected to TRIS-Tricine SDS-PAGE and stained

with Coomassie protein dye.

Signaling pathway modeling

Rule  based network modeling  was carried  out  with the  software  package BioNetGen with the

ordinary  differential  equation  solver  running  on  a  desktop  PC.  The  simulated  pathway  was

described in figure 28. Each pathway activation was initiated from a pre-equilibrated state. The

simulation was initiated by introducing the “Stim” to the system. This simplified, artificial signal

generator  was adjusted to  mimic the natural  activation profile  of the ERK pathway upon EGF

stimulation.

Stopped-flow fluorescence

Fast kinetic measurements were performed with the stopped-flow instrument SFM-300 (Bio-Logic)

with excitation at 297 nm. Fluorescence emission from Trp residues was observed through a 340 nm

band-pass filter (Comar Optics). All reactions were performed at 25°C in 20 mM TRIS, pH 7.5, 100

mM  NaCl,  0.5  mM  TCEP,  2  mM  CaCl2 and  1  mM  Ca-EDTA.  Post-mixing  GST-RSK1CTKD

concentration was fixed to 1 μM. Amplitudes and the observed rate constants of double exponential

fits  were  determined  using  Origin  7  (OriginLab  Corp.).  To  determine  the  off-rate  constants,

complex samples were mixed with RSK1683-735 peptide.

Stopped-flow fluorescence polarization

Fast kinetic measurements were performed with the stopped-flow instrument SFM-300 (Bio-Logic)

with polarized excitation at 488 nm. Parallel and perpendicular fluorescent emission were measured

through a 550 +/- 20 nm band pass filter (Comar Optics). All reactions were measured at 25 °C in a

buffer containing 20 nM Hepes pH 7.5, 150 mM NaCl, 150 µM TCEP. Post-mixing fluorescent

peptide concentration was 0.5 µM. The fluorescent peptide (RSK1729-735) was pre-complexed with

high amount of MBP-PDZ domain (5-40 µM, post-mix). To measure the dissociation of the labeled
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peptide, we rapidly mixed the PDZ bound complex with high molar excess of unlabeled peptide

(RSK1729-735 100 µM, post-mix).  Each experiment was carried out multiple times (n>9) and the

averaged transients were fitted using a single exponential function.  Corrections were applied to

estimate the unbiased binding of an unlabeled peptide based on the dissociation constant differences

between the direct FP measurements and the unbiased HU assay. Results of the PDZ-RSK kinetic

experiments can be found in Table 5.

Table 5. Summary of the RSK-PDZ kinetic measurements. Dissociation rates were deduced from stopped

flow fluorescence polarization experiments. On-rates are calculated based on the steady state affinities of

the fluorescent peptides (deduced from direct FP measurements). The bias factor (the ratio of the binding

affinities of the direct FP and the holdup assay) is the applied correction factor of the fitted dissociation

rates  to  estimate  the  unbiased  off-rates.  The  first  half  of  the  columns  contain  the  parameters  of  the

unphosphorylated peptide and the second half contain the parameters of the phosphorylated peptide. ND

means not determined.

Immunofluorescence

For detection of the intracellular localization of transfected proteins 1x105 cells/well were seeded

onto a cover slip- containing (Assistent) 24-well plate. Cells were fixed with 4% PFA solution and

blocked for 1 hour in 5% BSA and 0.3% Triton-X 100, dissolved in PBS at room temperature.

Phosphorylated RSK was detected with the help of anti-pRSK pSer380 (1:800, CST) primary and

Alexa Fluor 647 (anti-rabbit, 1:800, Thermo) conjugated secondary antibodies.  Nuclear staining

was performed using DAPI (0.1 μg/ml). After washing, cover glasses were mounted to microscopy

slides by Mowiol 4-88 mounting medium (Sigma). Confocal microscopy was carried out using a

Zeiss LSM 710 system (Carl Zeiss Microscopy GmbH, Jena, Germany) with a 40X oil objective.

Images were processed by the ImageJ software.
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ARHGEF12 46 ± 2 6 0.56 26 ND ND 3.45 ND
MAST1 129 ± 12 5 0.43 55 ND ND 2.94 ND
MAST2 101 ± 5 13 0.62 63 ND ND 4.14 ND
GOPC 195 ± 18 10 0.43 83 ND ND 0.48 ND
GRID2IP-2 109 ± 5 21 1.39 152 ND ND 2.13 ND
PDZD7-3 72 ± 4 90 12.13 873 ND ND 51.61 ND
SNTG2 ND ND 0.34 ND 364 ± 87 15 0.58 209
SYNJ2BP ND ND 1.16 ND 472 ± 67 29 0.79 372
SNTA1 ND ND 0.86 ND 610 ± 138 124 2.69 1643
SNX27 ND ND 4.00 ND 562 ± 85 128 3.89 2184
PARD3B-1 676 ± 219 25 0.51 346 431 ± 48 63 5.16 2225
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Kinase reactions

For phosphopeptide mapping, 3 μM GST-RSK1 in the presence or absence of 3 μM GST-PDK1 and

1 μM activated ERK2 was incubated at 32 °C for 1 h with 250 μM ATP. The mixture was separated

by SDS-PAGE and the protein band corresponding to RSK1 was cut from the gel for MS studies.

Gel slices were treated based on (Shevchenko et al., 2006). 

Radioactive kinase assays were carried out in the presence of 250 μM ATP and ~5 μCi of [γ-

32P] ATP. Reactions were stopped with protein loading sample buffer complemented with 20 mM

EDTA,  boiled  and  then  subjected  to  SDS-PAGE.  The  gel  was  dried  and  then  analyzed  by

phosphorimaging on a Typhoon Trio+ scanner  (GE Healthcare).  Sample preparation for MS of

theT573E  mutant  CTKD  was  identical  with  the  previously  described  method.  For  CTKD

phosphorylation assays,  20 nM activated ERK2 was incubated with 1 μM GST-CTKD at room

temperature. For RSK1(370-385) (HM peptide) phosphorylation assays, 100 nM activated ERK2

was incubated with 0.5 μM GST-CTKD at room temperature for 30 min in order to pre-activate the

MAPKAPK. This phosphorylated sample was added to 20 μM GST-peptide substrate.

Phosphopeptide mapping and mass spectrometry

Protein sample characterization was performed using a Maxis II ETD QqTOF instrument (Bruker

Daltonics) coupled to an Ultimate 3000 nanoRSLC system (Dionex) under the control of Hystar

v.3.2 (Bruker Daltonics). Samples were dissolved in 12 µl of 2% acetonitrile and 0.1% formic acid.

3 µl  sample was injected onto an Acclaim PepMap100 C-18 trap column (100 µm x 20 mm,

Thermo Scientific). Peptides were separated on an ACQUITY UPLC M-Class Peptide BEH C18

column (130 Å, 1.7 µm, 75 µm x 250mm, Waters). Raw data were recalibrated using the Compass

DataAnalysis  software 4.3 (Bruker Daltonics).  Samples were matched with the RSK1 sequence

using the Mascot server v.2.5 (Matrix Science). The parameters for the Mascot search were set as

follows:  trypsin  digestion  where  maximum  2  missed  cleavages  were  allowed  and  cysteine

carbamidomethylation as fixed and oxidation (M), deamidation (NQ) and phosphorylation (ST) as

variable modifications. Precursor tolerance was set to 7 ppm, the MS/MS tolerance was 0.05 Da.

ESI-MS measurements of isolated peptides were carried out on a Bruker Daltonics Esquire

3000plus ion trap mass spectrometer using direct sample infusion or on-line HPLC coupling. For

direct analysis, samples were dissolved in 50% acetonitrile and 0.1% acetic acid. HPLC separations

were performed on a Jasco PU-2085Plus HPLC system using a Supelco Ascentis C18 column (2.1

mm×150 mm, 3 μm) which was directly coupled to the mass spectrometer. Enzymatic digestion was
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performed by trypsin (Promega Trypsin Gold, MS grade), using a protein/enzyme ratio of 100:1

(w/w) in 10 mM ammonium acetate buffer. In all cases collision-induced dissociation experiments

were used for peptide sequencing.

Circular dichroism (CD) spectroscopy

CD spectroscopy measurements were carried out on a Jasco J-810 spectropolarimeter using a 0.1

mm wide cuvette in a buffer containing 20 mM TRIS, pH 7.5, 150 mM NaCl, 2 mM CaCl2, 2 mM

Ca-EDTA and 1 mM TCEP. The free RSK1683-735 peptide concentration was 50 μM. In order to

obtain the CD spectrum of the S100B-bound peptide, the spectrum of free S100B (120 μM S100B

monomer) was subtracted from the spectrum of the protein complex (50 μM peptide and 120 μM

S100B monomer) assuming that the secondary structure of S100B does not change upon RSK1683-

735  binding. Each spectrum was measured in  triplicates and the averaged spectra were used for

analysis. The subtracted spectra of the free and the bound peptide was fitted with BeStSel (Micsonai

et al., 2015).

Small angle X-ray scattering

All SAXS measurements were performed at the BM29 beamline at ESRF. Data were analyzed using

the ATSAS program package (Petoukhov et al., 2012). A dilution series of concentrated sample of

the  gel  filtrated  RSK1683-735-S100B  complex  was  measured  from  8  mg/ml  to  0.4  mg/ml.  No

concentration  effect  was  observed  during  the  measurement.  The  primary  data  analysis  was

performed in PRIMUS (Figure 7). The scattering curve was interpreted with CORAL (Petoukhov et

al., 2012). In the CORAL modeling of structure A, 16 residue long N-terminal, 25 residue long

linker and 4 residue long C-terminal regions were modeled to the peptide fragments obtained in the

crystal structure (Figure 6 and 7). Fragments from the crystal structure were treated as rigid bodies

and only the “invisible” flexible elements were modeled.
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VII.1. Summary

Ribosomal S6 kinase 1 (RSK1) is an effector kinase of the Ras-ERK signaling pathway

which  controls  cellular  growth.  Upon  mitogenic  stimuli  Extracellular  Signal  Regulated  Kinase

(ERK)  phosphorylates  RSK,  which  will  initiate  a  series  of  additional  phosphorylation  events,

ultimately leading to full RSK activation. Here, I studied the first step of this activation process,  the

targeting of RSK to its substrates and the melanoma specific regulation of RSK1.

RSK anchors itself to ERK via a short linear binding motif, often referred to as a docking

motif. Most protein-protein interactions between mitogen activated protein kinases (MAPKs) are

mediated  by  docking  motifs  located  in  their  partner  proteins.  ERK  binds  to  RSK  with  sub-

micromolar affinity and to date this docking interaction is the most specific for ERK, as RSK is not

known to bind to p38 or JNK MAPKs. I was able to capture this minimal interaction in a crystal

structure which shed light on the molecular basis of ERK specificity. In addition, I determined the

crystal structure of an ERK1-RSK1 complex containing two kinase domains held together via a

docking  motif.  This  structure  highlighted  additional  contact  surfaces,  showed  that  the  linker

between  the  docking  motif  and  the  RSK  kinase  domain  is  essential  to  maintain  the  enzyme-

substrate  relationship  within  the  complex,  and  it  also  showed  the  precise  positioning  of  the

activation loop of RSK1 into the active site of ERK2. Finally, I showed that RSK activation leads to

autophosphorylation  on  its  C-terminal  tail  next  to  its  MAPK  binding  docking  motif,  which

indirectly  altered  ERK2  binding.  This  region  of  RSK  acts  as  an  OFF  dimmer  for  the  binary

interaction, and it contributed to the dissociation of this complex inside cells.

The C-terminal tail of RSK can interact with other molecules, too. It contains a PDZ domain

binding motif, which can interact with a set of PDZ domains. I systematically characterized every

possible  PDZ-mediated  interaction  of  RSK1  from  the  human  proteome.  I  revealed  that  RSK

activation  initiated  a  complex  interactomic  rearrangement  via  autophosphorylation  of  its  C-

terminus.  These  phosphorylation  dependent  changes  were  quantitatively  analyzed  in  vitro  and

selected  interaction  rearrangements  were  also  demonstrated  inside  cells.  I  used  bioinformatic

methods to reveal that some of these interaction partners are direct or indirect substrates of RSK and

ERK. Interestingly, I have found that many strong RSK partners were not phosphorylated by either

kinase and therefore they likely have a scaffolding function.

The third interaction partner of the C-tail of RSK is the calcium-bound S100B protein. This

protein is overexpressed in melanoma cells, where it inhibits RSK activation. I used biochemical

techniques to demonstrate this inhibition in vitro. I demonstrated the unusual fuzzy nature of this

complex using multiple structural techniques.  Additionally,  I  determined the binding kinetics of

S100B, which showed a complex mechanism, suggesting that the inactive kinase had a great deal of

conformational heterogenetiy and the bound conformation had an active and an inactive population.

In conclusion, I studied the activation, the operation and the regulation of RSK1. I focused

on  its  disordered  C-terminal  tail,  which  is  the  focal  point  for  the  multiple  interactions  that  it

mediates to other signaling relevant proteins.
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VII.2. Összefoglalás

Az RSK1 Ras-ERK sejten belüli jelátviteli útvonalak egyik fontos effektor kináza. Külső

stimulus hatására az ERK kináz foszforilálja az RSK-t, ami egy sor további foszforilációs eseményt

idéz elő, ami végül az RSK teljes aktivációjához vezet. Disszertációmban ennek az aktivációnak az

első  lépcsőjét,  egy  specifikus  szubsztrát/állvány  bemutatási  mechanizmust  és  az  RSK  egy

melanóma specifikus inhibícióját vizsgáltam.

AZ  RSK1  egy  dokkoló  motívumon  keresztül  kapcsolódik  az  ERK2  felszínéhez.  A

kölcsönhatásuk  relative  erős  és  specifikus.  Ezt  a  minimális  kölcsönhatást  reprezentáló  fehérje-

peptid  komplexet  kikristályosítottam.  Röntgendiffrakciós  szerkezet  meghatározás  segítségével

sikerült  feltárnom  az  RSK  dokkoló  motívum  ERK  specifitásának  szerkezeti  hátterét.  Ezután

meghatároztam a kináz heterodimer szerkezetét is (az ERK és az RSK1 C-terminális kináza között),

ami  egyéb  fontos  elemeit  is  megmutatta  a  kölcsönhatásnak.  Egyrészt  rávilágított  a  dokkoló

motívum és a kináz közti linker esszenciális szerepére, másrészt bepillantást engedett az enzim-

szubsztrát komplex kialakulásába az RSK1 aktivációs hurka és az ERK2 aktív helye között. Végül

megmutattam, hogy az RSK aktivációját követő autofoszforiláció közvetetten befolyásolja az ERK

kötést.  Negatív irányú finomhangolóként játszik közre a két fehérje disszociációjában, amely in

vitro és sejteken belül is kimutatható volt.

Az RSK C-terminálisa  más fehérjékkel  is  képes  kölcsönhatni.  Tartalmaz egy PDZ kötő

motívumot,  amely  egy sor  PDZ doménhez  képes  kötődni.  Szisztematikusan  karakterizáltam az

RSK1  összes  lehetséges  PDZ  partnerét.  Felfedeztem,  hogy  az  RSK  aktiváció  egy  nagyfokú

interaktomikai  átrendeződést  indít  el,  amelyet  mennyiségileg  jellemeztem  in  vitro  és  náhány

kiválasztott  kölcsönhatás  átrendeződést  sejteken  belül  is  vizsgáltam.  A PDZ  partnerek  között

bioinformatikai módszerekkel közvetlen és közvetett ERK és RSK szubsztrátokat találtam, azonban

számos  partner  nem  bizonyult  potanciális  szubsztrátnak.  Ezek  a  kölcsönhatások  valószínűleg

állványfehérje funkciót töltenek be.

A RSK C-terminálisa a kálcium ion kötött S100B fehérjéhez is kötődik. Ez a melanoma

marker fehérje inhibitálja az RSK aktivációját sejteken belül. Biokémiai módszerekkel igazoltam a

direkt  inhibiciót  in  vitro.  A minimalizált  komplex  egy  szokatlan,  bolyhos  komplexet  képez,

amelyben egyetlen S100 dimer köt egy RSK peptidet. A komplex kialakulása egy összetett kinatikai

modellt követ, amely betekintést enged az RSK működésébe és az inhibíció mechanisztikájába.

Összefoglalásul,  doktori  munkámban  az  RSK  aktivációját,  működését  és  szabályozását

vizsgáltam.  Munkám során  a  rendezetlen  az  RSK1 C-terminálisára  fókuszáltam,  ami  az  RSK1

interakciós  partnereinek  kötődésében  kiemelten  fontos  szabályzó  szereppel  bír,  s  így

nagymértékben autonóm módon határozza meg az ERK-RSK alapú jelátviteli folyamatokat. 
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