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ABSTRACT 

A Comparative DNA Binding Study of the Human MAPK ERK2 and 

Plant MAPK MPK4 

Siba I Alharbi 

Mitogen-activated protein kinases (MAPKs) are an important subfamily of protein 

kinases that are well conserved in all eukaryotes. MAPKs are the final component of a 

three-tiered signaling module that regulates the activation of various essential cellular 

responses. They activate most of their substrates through catalyzing their 

phosphorylation. However, emerging evidence reveals that some MAPKs also possess 

non-catalytic functions. In particular, the human MAPK ERK2 can bind to DNA directly 

and mediate gene expression. The mechanism by which ERK2 binds to DNA is still 

unclear. 

In this work, we combined structural, biophysical and biochemical methods to confirm 

DNA binding by ERK2 and to investigate whether ERK2’s closest plant homolog MPK4 

also binds to DNA. First, we identified a possible ERK2-like DNA consensus motif in 

plant MAPKs. We found that several plant MAPKs, including MPK4, harbor a basic 

motif (KARK/R or ARR/K) in a region corresponding to the ERK2 KAR motif reported 

to mediate DNA binding. Next, we determined the DNA binding affinity of ERK2 and 

MPK4 to different DNA fragments and found that MPK4 associated directly with DNA 

in vitro, albeit with a significantly lower affinity than did ERK2. Moreover, we observed 

that ERK2 and MPK4 showed preferred binding to different DNA sequences. Site-

directed mutagenesis on the proposed DNA binding region of MPK4 greatly weakened 
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DNA binding, confirming that MPK4 and ERK2 use the same structural elements to 

associate with DNA. Phosphorylation of the MAPKs through an upstream MKK affected 

the DNA binding capacity for both ERK2 and MPK4, although the effects differed. 

Lastly, we observed that a MPK4 mutant with a constitutively increased catalytic affinity 

displayed a markedly stronger DNA binding affinity compared to wild type MPK4 and 

phosphorylated MPK4. By demonstrating that the plant MPK4 associated with DNA in 

vitro, and that this association can be modified by phosphorylation and mutations, we 

open the possibility of additional kinase-independent functions in plant MAPKs. 
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CHAPTER 1: INTRODUCTION 

1.1 Mitogen-Activated Protein Kinases (MAPKs)  

Post-translational modifications (PTM) regulate protein activity within the cell. The most 

common PTM is protein phosphorylation, the transfer of a phosphate group from ATP to 

a specific amino acid side chain on the protein (Figure 1.1). This phosphorylation 

changes the state of a protein from active to inactive or vice versa, changes subcellular 

localization of the protein, alters protein stability, and modifies protein interactions. A 

family of enzymes known as protein kinases catalyzes the transfer of the phosphate 

group, while protein phosphatases catalyze the removal of the phosphate group from the 

protein1–3. 

  

Figure 1.1 Protein phosphorylation. Protein kinase catalyze the transfer of a phosphate group from ATP 

to target protein. Protein phosphatase catalyzes the removal of the phosphate group. Here, the tyrosine side 

chain was used to illustrate the reaction 
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These protein kinases are found in all eukaryotes: mammals, plants, fungi, yeasts, insects, 

and nematodes4. Plants house the most extensive protein kinases library. Almost 4% of 

sequenced Arabidopsis thaliana genome code for a total of a 1000 protein kinases, 

whereas only 1.7% of the human genome code for a total of 518 protein kinases and 2% 

of yeast genome code for 120 protein kinases5–7. 

Mitogen-activated protein kinases (MAPKs) are highly conserved in eukaryotes5,8. These 

kinases are a part of a hierarchical signaling kinase modules that is activated through 

sequential phosphorylation of each of its constituents. The core constituents of this 

pathway comprise of three central kinases: the MAP kinase kinase kinase, MAPKKKs 

(also known as MAP3Ks/MEKKs/MKKK), the MAP kinase kinase, MAPKKs (also 

known as MAP2Ks/MEKs/ MKKs) and the MAP kinase, MAPK (also known as MPK)9–

11. Typically, MAPK cascades are initiated by other kinases or a plasma membrane 

receptor that activate the first element of the cascade, the MAPKKKs. Subsequently, 

MAPKKs are activated by the active MAPKKKs, which phosphorylate two serine and/or 

threonine residues (S/T-X3-5-S/T) within the MAPKK activation loop. MAPKs, in turn, 

are activated by MAPKKs via dual phosphorylation of threonine and tyrosine residues 

located in a highly conserved T-X-Y motif within the activation loop. Sequentially, 

activated MAPKs phosphorylate various downstream effectors regulating numerous 

cellular processes5,12,13 (Figure 1.2). Only very few MAPKs have shown kinase-

independent activity in mammals and yeast raising the question of whether other MAPKs 

in other species possess such additional functions. Examples of such MAPKs are ERK2 

(examined in this work) in mammals and Kss1 in yeast, where Kss1 acts as a 

transcriptional repressor in its inactive state 14,15. 
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Figure 1.2 Illustration of the conserved three-tiered MAPK cascade 

1.2 Structure and Catalysis of MAPKs  

The typical MAPKs architecture is comprised of a smaller N-lobe linked via a hinge to a 

larger C-lobe16,17. The N-lobe is mostly made of -sheets with two essential helices, αC 

and αL16; together they mediate the binding of ATP and are essential for catalysis18–20. 

The C-lobe is made of  helices containing a docking site where substrate recognition 

occurs and a P+1 site that localizes the substrate's residues that is to be phosphorylated by 

MAPK on a S/T-P motif21. A deep cleft is created between the two lobes and serves as 

the ATP binding pocket22. Between these two lobes protrudes the MAPK activation loop 

that holds the T-X-Y phosphorylation motif23. The activation loop is located between a 

conserved DFG motif (Aspartic acid-Phenylalanine-Glycine) and an APE motif (Alanine-

Proline-Glutamic acid). The D in the DFG motif binds magnesium ions, which, in turn, 

directly interact with the phosphate group of ATP. In the active state, the F and D 

undergo a dynamic reorientation, known as DFG-out to DFG-in, where F and D swap 
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positions moving the F closer to αC helix and pointing the D into the ATP binding 

pocket24,25. Concomitantly, the αC helix rotates and moves inward, which brings a 

conserved E in the αC helix close to a K residue in an N-terminal -strand to form an E-

K salt bridge19,20. The salt bridge stabilizes the lysine side chain so it can form hydrogen 

bonds with the oxygens in the phosphate group of the ATP, whose binding to magnesium 

ions is then strengthened, priming the ATP 𝛾-phosphate for transfer to the substrate 

16,26,27. The N-lobe has a glycine-rich loop, with a GXGXXG consensus sequence, that 

plays a role in binding and orienting ATP22.  

Unphosphorylated MAPKs have an open conformation with increased distance between 

the two lobes and have a highly disordered activation loop. Upon phosphorylation, the 

activation loop rearranges into a more stable structure, exposing different docking motifs. 

Moreover, the activation loop itself readily becomes a docking site for the substrate S/T-P 

motif. At the same time, the distance between the N- and C-lobes decreases, bringing the 

ATP in the N-lobe closer to the substrate phospho-acceptor residue bound to the C-

lobe21,28.  

On an atomic level, these rearrangements can be explained as follows: the 

phosphorylated threonine (pT) forms ionic and hydrogen bonds with arginine residues 

found in the αC helix, the catalytic loop, and the catalytic lip/cleft. These bonds stimulate 

domain closure. Also, pT forms another complex hydrogen bond network with L16 

linking its E residue with n-terminal R residues and the conserved E residue in the αC 

helix19,26,29. Phosphorylated Y (pY) partakes in the substrate recognition process. Y is 

usually buried within the kinase, but it rotates upon phosphorylation, which exposes its 
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side chain to the surface. pY creates a catalytic web with the side chains of adjacent V, R, 

E, and/or A, forming a favorable setting for substrate binding, known as the P+1 

recognition site26. There is an intricate, distinctive assembly of all the N-lobe elements 

with the C-lobe element to generate a catalytic environment for the phospho-transfer 

reaction to occur (Figure 1.3). 

 

Figure 1.3 The MAPK Structure. ERK2 (PDB: 2ERK) was used as an example to illustrate the common 

structural features of MAPK. The N lobe, colored in pink, and C lobe colored in green. Red highlights the 

activation loop, with the TEY motif illustrated in stick figure. P+1 site in purple, overlapped with catalytic 

(red) site. ATP binding region is colored orange with K and E as stick figures. ATP is shown inside the 

ATP binding pocket(yellow). Part of the docking site is shown in blue. The Map Kinase Insert (MKI) is 

shown in pale yellow.   
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The docking site, located on the C-lobe, can associate with specific linear binding motifs 

(the so-called D-motif) of upstream activators or substrate proteins. These D-motifs are 

far from the substrate phosphorylation site and are commonly localized in disordered 

regions. The MAPK catalytic site is insufficient for target specificity due to its very 

general consensus sequence (S/T-P). Thus, the docking site increases its target specificity 

and selectivity, and also facilitates the MAPK recognition by MAPKKs. The docking site 

is composed of a hydrophobic docking groove and a negatively charged common docking 

region (CD), and it binds D-motifs with several distinct binding modes30,31. Generally, 

the D-motifs of MAPK partners consist of at least one positively charged amino acid (), 

usually a lysine or an arginine, connected by a linker region with varying number of 

amino acids (X), followed by a series of hydrophobic amino acids (φ), frequently leucine, 

isoleucine, and valine [()1-2-(X)1-6- φ -X- φ -X- φ)]32 (Figure 1.4).   

Some MAPKs have additional docking motifs that further enhance target specificity and 

phosphorylation efficiency, e.g., the ED site of p38 (corresponding to TT in ERK2)33. For 

instance, targets of ERK1/2 have a docking site downstream of their activation site in the 

C-terminus, known as the docking site for ERK F-X-F (DEF), with an amino acid 

sequence of F-x-FP27. This DEF binds to ERK1/2 at a region adjacent to their catalytic 

site and opposite to their docking site. Furthermore, there is a specific insert region 

between three of the helices of the C-lobe (α1L14 and α2L14 helices and a 3/10 helix), 

referred to as the Map Kinase Insert (MKI), where upstream kinases, lipids, and proteins 

interact. This insert can only be seen in MAPKs and Cyclin-dependent kinase 2(CDK2)-

related kinase22. 
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Figure 1.4 The MAPK docking motif (illustration modified from literature32). The N lobe, colored in 

pink, and C lobe colored in green. Red highlights the catalytic site. The docking groove blue, common 

docking (CD) region bright blue. The curved line represents the docking motif of substrate.   

 

1.3 The MAPK Signaling in Arabidopsis thaliana  

The MAPK signaling cascades control essential regulatory functions in plants, such as 

hormone signaling, stress response, innate immunity, development, and plant growth.  

The Arabidopsis genome includes 20 MAPKs, 10 MAPKKs, and 80 MAPKKKs. A 

fourth tier has been identified in plants, MAP kinase kinase kinase kinases 

(MAPKKKKs/ MAP4Ks/ MAP3K kinases), which acts as an adaptor protein relaying the 

upstream signaling34.  

The first layer of the Arabidopsis thaliana MAPKs (AtMAPKs), MAPKKKs, 

encompasses the largest heterogeneous group in the MAPK pathway. These MAPKKKs 

are not well studied and are predicted to act as scaffolding proteins characterized by a 

long N- or C-terminal regions that regulate MAPKK and MAPK interactions. MAPKKKs 

are classified into three main groups: MEKK-like (21 members), Raf-like (48 members), 
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and ZIK-like (11 members); the latter two groups do not seem to be a part of a canonical 

MAPK cascade. Only MEK-like kinases appear to have a functional significance in 

phosphorylating downstream MAPKK in Arabidopsis35. The second layer of this cascade 

is formed by MAPKKs, which fall into four groups (A-D) based on the similarity in their 

protein sequence. This layer has the smallest subfamily members, which indicates that 

each MAPKK is a part of several distinctive MAPK modules. The last and third layer is 

formed by the MAPKs, which are also divided into four groups (A–D) based on sequence 

similarity. All MAPKs are activated when they are doubly phosphorylated on T and Y in 

their activation loop motif T-E-Y (groups A-C) or  T-D-Y (group D)13. MPK3, 4, and 6 

are the most extensively characterized MAPKs. based on multiple sequence alignment 

and phylogenetic  tree  construction, plant MAPKs represent the closest relatives of the 

mammalian ERK1/ERK236,37.   

1.3.1 The Role of MAPK in Plant Innate Immunity 

Plants regularly encounter diverse environmental stresses and, being sessile, require an 

adequate and adaptive response system to ensure their survival. These stresses can be 

abiotic, such as extreme weathers, or biotic, such as pathogens38. Acting as a defense 

mechanism for plants against these stresses, MAPK signaling cascades direct the 

transcriptional reprogramming of distinct genes. In Arabidopsis, the most investigated 

MAPKs in regard to stimulus response to abiotic stresses, pathogens, and oxidative stress 

are MPK3, MPK4, and MPK638. 

One route in the plants' multilayered immune system starts with the Pathogen- or Pattern-

Recognition Receptors (PRRs) at the cell surface. PRRs can detect extracellular 
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molecular signatures conserved among microbes referred to as Pathogen/Microbe-

Associated Molecular Patterns (PAMPs/ MAMP). PRRs, in turn, instigate pattern-

triggered immunity (PTI). Activated MAPK cascades triggered by PAMPs play an 

essential role in resistance against bacteria. For example, the flagellin-sensing 2 (FLS2) 

receptor recognizes a 22-amino-acid long peptide (Flg22), derived from bacterial 

flagellin39. Then upon its activation, FLS2 associates with the co-receptor BRI1-

associated kinase 1, which initiates the defense response through activation of kinase 

pathways, increase in calcium fluxes, production of bursts of reactive oxygen species 

(ROS), and deposition of Callose at the cell wall40. The second route is the Effector-

Triggered Immunity (ETI) system, where the plant intercellular receptors recognize 

pathogen effectors that were introduced into the host to modify for their pathogenic 

advantage. These intracellular receptors contain nucleotide-binding and leucine-rich 

repeat domains (NB-LRR), also known as disease Resistance proteins (R proteins), where 

they work with PTI for a reinforced resistance system. This route is associated with the 

activation of pathways that lead to the accumulation of the hormone salicylic acid (SA) 

and localized hypersensitive response (HR) that causes apoptosis. Also, ETI induces 

jasmonic acid (JA) or ethylene (ET) signaling pathways to fight against necrotrophic 

pathogens41. Other than PAMPs and effectors, cell wall debris and peptides released upon 

wounding known as damage-associated molecular patterns (DAMPs) can also elicit an 

immune response in plants39,40.   

In Arabidopsis, two kinase modules are known to control the perception of stimuli from 

different elicitors that trigger plant innate immunity pathways39,42. The first module 

consists of the two MAPKKs, MKK4 and MKK5, that phosphorylate the two 
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downstream MAPKs, MPK3/MPK643. A previous study showed that the MAPKKKs, 

MAPKKK3/MAPKKK5, mediate MPK3/6 activation upon PAMP induction44. MPK3 

and MPK6 have overlapping cellular functions associated with the activation of the 

immune response, such as activating defense gene expression, ethylene and phytoalexin 

biosynthesis, and stomatal immune response. The second module involves MEKK1 

enabling MKK1/MKK2, which, in turn, phosphorylates MPK443,45. This module is 

predominantly known as a negative regulator of plant immunity, because MPK4-

disrupting mutants exhibit constitutive defense responses, subsequently becoming more 

resistant against pathogens and sometimes causing spontaneous cell death and dwarfism. 

Conversely, a mutant that renders MPK4 constitutively more active than wild-type 

(MPK4 CA) decreases ROS production as a response to PAMPs while causing no change 

to Callose deposition, meaning there is a clear separation between the two signaling 

routes46. However, the MEKK1-MKK1/MKK2- MPK4 module is also found as a 

positive regulator of plant immunity. The R protein SUMM2 (suppressor of 

MKK1MKK2, 2) acts as a guard protein to MPK4. SUMM2 affects the activity of 

SUMM1 (suppressor of MKK1 MKK2, 1), which encodes for MEKK2. This pathway 

leads to a similar autoimmune phenotype from ROS accumulation and SA-mediated 

defenses to dwarfism and cell death 45,47. MPK4 is seen to represses innate immunity 

genes in the absence of pathogens, but it is required to induce the expression of a large set 

of defense genes upon pathogenic attack39,44,45,48. Moreover, it seems that the three 

MAPKs 3, 6 and 4 operate in synergy in a complex feedback loop to create a controlled 

innate immunity in Arabidopsis. 
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The majority of MPK3, MPK4, and MPK6 substrates are nuclear transcription factors 

(TFs) that are a part of the transcriptional reprogramming machinery, allowing for rapid 

implementation of adaptive responses to diverse environmental stresses5,49. These 

MAPKs phosphorylate downstream targets, which provokes a specific immune reaction 

(Figure 1.5). 

MPK3 phosphorylates the transcription factor VirE2 interacting protein 1 (VIP1), which 

consequently improves its binding to the VIP1 response element (VRE); VIP1 then 

regulates the expression of the PR1 pathogenesis-related gene50,51. The WRKY 

transcription factors regulate many essential processes in plants, mainly biotic and abiotic 

stresses, by binding cis-regulatory elements52. MPK3 phosphorylates WRKY46 as a 

response for the enhanced expression of the MAMP-responsive gene NHL105. Similarly, 

MPK4 phosphorylates the Map Kinase 4 substrate 1 (MKS1), which interacts with 

WRKY25 and WRKY33 that function in the plant defense system53. Upon wounding, 

pathogen infection or abiotic stress, ET biosynthesis increases through MAPK cascades. 

MPK6 and MPK3 phosphorylate TFs, such as ACS2/ACS6, that subsequently regulate 

ET-inducible genes, initiating ET biosynthesis13. MPK4 associates with and 

phosphorylates the trihelix transcriptional repressor ASR3 (Arabidopsis SH4-related 3), 

which improves its DNA binding and negatively controls the plant’s defense responses54.  
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Figure 1.5 PAMP-trigged MAPK cascade. A simplified illustration of the two conventional AtMAPK 

modules activated by pathogen-associated molecular pattern (PAMP), and damage-associated molecular 

pattern (DAMP). These pathways lead to the suppression and/or activation of many nuclear and cytosolic 

targets influencing the plant immune program.  

 

The previous examples only represent a small collection of the many MAPK substrates 

that were identified as part of its cellular functions, and many more are expected to be 

discovered. The activity of these substrates depends on the MAPK protein kinase 

function. These substrates are phosphorylated in the cytosol and/or nucleus. Furthermore, 

they can translocate from the cytosol to the nucleus upon phosphorylation. Orthologs of 

MAPKs in mammals were discovered to have functions beyond their kinase activity, 

opening many possibilities of kinase-independent roles. Plant MAPKs have the largest 
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number of MAPKs compared with other eukaryotes, and yet, there are many uncertainties 

surrounding the range of their functions within the plant cell5. 

1.4 The MAPK Signaling in Mammals 

In mammals, 14 MAPKKKs, 7 MAPKKs, and 14 MAPKs have been identified. MAPK 

cascades are involved in differentiation, cell proliferation, cell survival, inflammatory 

response, and migration55. The 14 MAPKs are categorized into seven groups that are 

further divided into two classes: conventional and atypical MAPKs. Conventional 

MAPKs are the extracellular signal-regulated kinases 1/2 (ERK1/2), c-Jun amino (N)-

terminal kinases 1/2/3 (JNK1/2/3), p38 isoforms (α, β, γ, and δ), and ERK5. Atypical 

MAPKs are ERK3/4, ERK7, and Nemo-like kinase (NLK)10. Atypical MAPKs are not a 

part of a multilayered kinase cascade, and they contain a different T-X-Y motif. For 

instance, ERK3/4 and NLK have a T-X-G or T-X-E motif, and ERK7 has a T-G-Y motif 

that is responsible for phosphorylating itself rather than by an upstream kinase56. To date, 

ERK1/2, JNKs, and p38 isoforms have been studied the most. ERK1 (44 kDa) and ERK2 

(42 kDa) were the first MAPKs to be identified with an 83% sequence similarity. ERK1 

is larger than ERK2 by 20 amino acids; 17 of these amino acids reside after the poly-

alanine stretch at the N-terminus, slowing its re-localization to the nuclear region. 

Additionally, ERK1 expresses at a much lower level than ERK257. The ERKs and plant 

MAPKs are derived from the same ancestral MAPK; therefore, they are the closest 

homologs to plant MAPKs58. 
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1.4.1 The ERK2 Cascade 

The ERK2 module is primarily activated by growth factors, such as the epidermal growth 

factor (EGF), the platelet-derived growth factor (PDGF), insulin, and the nerve growth 

factor (NGF). These growth factors bind to cell surface receptors, such as receptor 

tyrosine kinases (RTKs). Moreover, this module can be activated by osmotic stress, 

cytokines, and microtubule disruption, through the G protein-coupled receptors 

(GPCRs)10.  

RTK activation triggers the ERK2 classical pathway. Ligands bind to the outer domain of 

an RTK, inducing receptor dimerization. Dimerization causes RTK to autophosphorylate 

on its tyrosine residues in the activation loop of the intercellular kinase domain. In many 

cases, the adaptor protein growth factor receptor-bound protein 2 (Grb2), is recruited to 

the phosphorylated tyrosine residues along with a guanidine nucleotide exchange factor 

(SOS). SOS transmits the signal downstream by stimulating an inactive GTPase, called 

Ras protein, to replace its bound GDP by GTP. Upon Ras activation, the MAP kinase 

module begins with the recruitment of MAPKKK, Raf, to the plasma membrane, where 

Ras facilitates its activation. Activated Raf goes on to associate with and phosphorylates 

the MAPKK MEK1/2. In turn, active MEKs phosphorylate ERK2 on the TEY motif in 

the activation loop. This dual phosphorylation of ERK2 releases it from the MEKs and 

opens its catalytic site1,57,59,60. Active ERK2 can either phosphorylate cytoplasmic 

substrates or translocate into the nucleus and phosphorylate nuclear targets (Figure 1.6). 

ERK2 phosphorylates hundreds of substrates that control essential physiological 

processes, among which are various cytosolic targets, such as BIM, RSK, MCL, and 

MNK. More importantly, ERK2 activates numerous nuclear TFs, e.g., ETS, FOS, CREB, 
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ELK-1, NF-κB, and c-Myc. The ERK2 signaling pathway creates both positive and 

negative feedback loops to achieve a controlled response mechanism61.   

 

Figure 1.6 The classical ERK2 pathway. A signaling protein binds two monomeric receptor tyrosine 

kinases (RTK), which brings them together to form a dimer. Then the two kinase domains phosphorylate 

each other on tyrosine residues. Grb2 (adaptor protein) recognizes phosphorylated tyrosine and recruits 

SOS (Ras guanine nucleotide exchange factor). SOS recruits a plasma membrane anchored Ras protein, 

then stimulates the exchange of Ras bound GDP by GTP, which activates it (not shown here). Active Ras 

activates the three-tiered MAPK module. Ras directly stimulates the activation of MAKKK called Raf, 

which then activates the MAPKK Mek. Mek then activates the MAPK ERK2 that phosphorylates 

numerous downstream targets both in the cytosol and the nucleus.  
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1.4.2 Kinase-Independent Functions 

ERK2 is best known for its catalytic function as a serine and threonine kinase. Active 

ERK2 phosphorylates various substrates throughout the cell compartments61. However, 

evidence shows that both active and inactive forms of ERK2 possess kinase-independent 

functions in the cytoplasm and the nucleus62. Direct binding of ERK2 was observed to 

result in the activation of several proteins, such as MAPK phosphatase 3 (MKP-3), 

topoisomerase II, and poly (ADP-ribose) polymerase 163. Additionally, ERK2 can disrupt 

the retinoblastoma-lamin A complexes; this disruption leads to rapid entry to the cell 

cycle64. Interestingly, ERK2 was identified as a transcriptional regulator through direct 

binding to DNA65. 

In 2009, Hu et al.65 conducted a high-throughput profiling of the human protein-DNA 

interactome and detected the binding of ERK2 to interferon-gamma (IFN-γ)–induced 

genes in HeLa cells, where ERK2 acted as a repressor of its transcription. In their ERK2 

knockout studies, 82 genes show an increased level of expression. Moreover, all these 

genes share the consensus sequence G/CAAAG/C, which the authors predicted to bind to 

ERK2. This consensus sequence is found within gamma-interferon–activated 

transcriptional elements (GATEs), embedded in the promoters of IFN-γ–regulated genes. 

Further structural analysis based on the ERK2 electrostatic surface potential suggested 

that its DNA-binding domain resides on a helix-containing (part of the α2L14 C-terminal 

helix) fragments formed between residues 259 to 277. First, Hu et al.65 highlighted three 

positively-charged patches found between 259 to 277 as possible DNA-binding regions; 

however, after mutagenesis experiments, they concluded that only mutations of K259 and 
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R261 abolished DNA binding. Therefore, these two amino acids act as critical residues 

required for the DNA binding to occur. A kinase-dead ERK2 mutant (K52R) shows the 

same DNA binding ability, indicating that these two events are independent of each other 

(Figure 1.7).  

 

Figure 1.7 ERK2 DNA binding region (figure modified from, Hu et al. 200965). A) schematic 

representation of ERK2 with initially hypothesized DNA binding region (highlighted in red). B) The 

electrostatic surface potential of ERK2, prospective critical residues for DNA binding comprised of 

three positively charged patches, circulated. C) Electrophoretic mobility shift assay (EMSA) that 

shows DNA-binding-deficient (DBD) mutants 3 and 4 that eliminated ERK2 DNA binding, where 

K259 and R261 are essential amino acids. K54R mutation (kinase-dead) did not hinder the DNA to 

bind to ERK2.  

 

McReynolds et al.62 reported in 2016 that phosphorylated ERK2 is associated with 

chromatin in pancreatic β-cells on the insulin gene promoter and in complex with 

transcription factors and repressors as a response to glucose levels. They suggest that 

α2L14  
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active ERK2 tethers the insulin gene repressor C/EBP-β to the promoter region as 

glucose concentration increases. Furthermore, the transcription of insulin appears to 

increase when ERK2 couples with the transcriptional insulin gene complex that includes 

PDX-1, Beta2, MafA, and MEK. In their study, McReynolds et al.62 further support the 

G/CAAAG/C consensus sequence but show that phosphorylated ERK2 binds more 

strongly to DNA. Not only the dual phosphorylation of ERK2 on its regular activation 

sites Y185 and T183 but also phosphorylation on T188 seem to improve DNA binding. 

ERK2 autophosphorylates on T188 when the GPCRs are activated by agonists, 

angiotensin II, recruiting the scaffold protein β-arrestin as a part of its cardiac stress 

response pathway that causes pathological cardiac hypertrophy66,67. McReynolds et al.62 

predict that because T188 is found in the P+1 pocket in ERK2, modification of T188 as 

well as T183 and Y185 may increase the accessibility for DNA to associate with the 

designated ERK2 DNA binding region, because the DNA binding helix comprises one 

part of the MAP kinase insert where distinct substrates are positioned. 

A few other studies show that ERK2 is recruited at promoter regions of multiple genes as 

a part of a complex regulating different gene transcriptions. For example, ERK2 

colocalizes with estrogen receptor A (ERα) at the estrogen response elements in breast 

cancer cells, which controls the enhancement of estrogen-dependent gene expression and 

cellular propagation68. Moreover, ERK2 co-occupies promoter regions with ELK1 in 

human embryonic stem cells, which primes for enriched proliferation and prevents the 

pluripotency of embryonic stem cells69,70. These studies show that ERK2 can modulate 

chromatin landscapes and influence gene expression through direct DNA binding.     
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1.5 Research Objectives 

As discussed above, plant MAPKs phosphorylate transcription factors to regulate plant 

immunity and respond to diverse biotic/abiotic stresses. Interestingly, the mammalian 

MAPK ERK2 has been reported to bind directly to DNA, and this kinase-independent 

activity was suggested to play a role in transcriptional regulation. The molecular basis for 

DNA binding by ERK2 remains poorly understood. The significant homology between 

some plant MAPKs and ERK2 raises the question of whether plant MAPKs can also bind 

directly to DNA, enhancing their functional repertoire.  

Therefore, the objective of this study is to use structural, biophysical and biochemical 

approaches to better understand DNA binding by ERK2 and to investigate DNA binding 

by the plant MAPK MPK4. We will pursue this objective through the following aims: 

 Investigate a possible DNA consensus motif in human and plant MAPK 

 Measure the binding affinity of ERK2 and MPK4 to different DNA fragments 

 Determine the effect of site-directed mutagenesis on the proposed DNA binding 

region 

 Test the impact of MAPKK on the DNA-binding ability of ERK2 and MPK4  

 Determine the effect of a constitutively activating mutation of MPK4 on DNA 

binding 
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Chapter 2: Results and Discussion 

2.1 The DNA Binding Region of Arabidopsis thaliana MAPK and Human MAPK 

 The role of AtMAPK’s kinase-dependent functions and their roles in plant immunity are 

well-studied. However, the human ERK2 binds to DNA and affects gene expression 

without relying on its catalytic activity65. ERK2 is the closest homolog to several 

AtMAPKs, suggesting that some of them might also bind DNA58. Our multiple sequence 

alignment of ERK2, JNK1, and p38 revealed that ERK2 shares the highest sequence 

identity with MPK4, MPK3, and MPK6 with ~50% compared to the other two human 

MAPKs (Table 1.1); nevertheless, p38 share a close sequence identity to MPK4,3 , and 6 

as well.  

 

 

 

 

As previously described, the DNA binding region identified in ERK2 lies in the α2L14 

helix in the C-lobe with a core KAR sequence. The structure of WT MPK4 was 

determined by U. Shahul Hameed and S. Arold using protein x-ray crystallography 

analysis to a resolutnion of 2.2 Å resolution (unpublished data). Structural 

superimposition of ERK2 and MPK4 showed that these proteins are closely similar in 

structure: the root mean square deviation (RMSD) values of MPK4 superimposed on 

active ERK2 and inactive ERK2 are 2.29 Å and 2.96 Å, respectively. The C-terminal 

helix that mediates DNA binding in ERK2 is also present in MPK4, showing the same 

length, position and charge distribution (Figure 2.1 A,B). Further Structural comparison 

Protein ERK2 JNK1 p38 

MPK4 50% 41% 49% 

MPK3 49% 40% 46% 

MPK6 50% 40% 46% 

Table 2.1 Percentage identity sequence between 

human MAPKs and 3 Arabidopsis MAPKs 
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of MPK6 and a model of MPK3 showed a similar helix with the same characteristics 

(Figure 2.1 A,B). 

 

    

Figure 2.1 Comparison of the putative DNA binding motif. A) The superimposition of the DNA binding 

helix in ERK2 (red) (PDB: 1ERK) with that in MPK4 (blue), MPK3 (green) (swiss model based on 6DTL 

template), and MPK6 (yellow) (PDB: 6DTL). B) Comparison of the charge distribution of the DNA 

binding region between ERK2, MPK4, MPK6, and MPK3. C) Sequence alignment of the ERK2 DNA 

binding region with p38, JNK1, and the 20 AtMAPKs. The order of the protein alignments is based on 

similarities in sequence identity. 

 

Our sequence alignment of the ERK2 DNA binding region with JNK1, p38, and the 20 

AtMAPKs showed that 12 AtMAPKs have the exact KAR motif with an extra positively-

charged amino acid after the R, either an R residue or a K residue (Figure 2.1C). The 
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other 8 AtMAPKs have a core sequence motif of AKR, ARR, or ARK shifted one amino 

acid downstream, as seen in MPK4, 3, and 6 for example. Therefore, we can assume that 

AtMAPK with KARR/K may associate with a higher affinity to DNA. Moreover, MPK3 

has the AKR sequence motif; however, it is preceded by two consecutively negatively 

charged residues, E and D, that may hinder any DNA binding. 

p38 and JNK1 have only the conserved arginine surrounded by hydrophobic and 

negatively charged amino acids, indicating that p38 and JNK1 may not bind to DNA at 

the same position. These two proteins have basic patches in the corresponding location, 

but the positive charge was richer and more distributed on the surface of JNK1 than it 

was on that of p38 (Figure 2.2).   

 

Figure 2.2 Comparison of the α2L14 helix in the C-lobe of human MAPKs with sequence alignment of ERK2 
binding motif with those in p38 and JNK1. A) ERK2 (PDB: 2ERK) electrostatic surface with putative DNA binding 

motif circulated, sequence shown underneath. B) p38 (PDB: 1P38) electrostatic surface does not show the same basic 

patch found ERK2, circulated with sequence shown underneath. 90° rotation shows a potential DNA binding site 
circulated; sequence shown underneath. C) JNK1 (PDB: 1UKH) electrostatic surface has a basic patch but with 
different residues than those found in ERK2 DNA binding motif, circulated with sequence shown underneath. 

180° rotation shows a potential DNA binding site circulated; sequence shown underneath. 

B 

C 
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All AtMAPK KARR/K, AKR/K, or ARR/K motifs are preceded by at least two 

hydrophobic residues, similar to ERK2. The DNA binding region may fit into a 

consensus sequence of [𝜃0-1 - 𝜑 - 𝜃 - 𝜃0-1 -X0-1 - 𝜑- 𝜑], where 𝜑 denotes a hydrophobic 

residue and 𝜃 denotes a positively-charged residue. The first hydrophobic residue is an 

alanine, the second hydrophobic residue is usually a tyrosine or a phenylalanine as seen 

in MPK14 (Figure 2.1C), the third hydrophobic residue is either valine, leucine, or 

isoleucine, and the positively charged residues are lysine and/or arginine. The positively 

charged K and R side chains protrude out of the helix, creating a site for direct DNA 

binding (Figure 2.3). The hydrophobic A side chain binds back to the kinase core, and the 

Y side chain directs how the helix attaches to the kinase core through hydrophobic 

interactions. 

 

 

 

 

 

Figure 2.3 The DNA binding helix of WT MPK4. Arginine side chain protrudes out of the helix, stick 

figure colored in magenta. Alanine side chain lie within the helix, stick figure colored in green. Tyrosine 

side chain orients towards the core kinase, stick figure colored in slate blue. 

 

2.2 Investigating DNA-Binding Potential of Wild Type MPK4 and ERK2  

To study the DNA-binding capability of MPK4 and ERK2 in vitro, we designed, cloned, 

expressed, and successfully purified ERK2(1-358) and WT MPK4 (1-376) constructs 

with an N-terminal GST-tag that is cleaved off during the protein purification process. 

We selected 4 DNA fragments: DNA1 (AATTACACGTGCTTTG) provided by a ChIP-
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seq data collected by Professor Heribert Hirt’s group, duplex DNA or dDNA 

(AATTACACGTGCTTTGATGGTCACGTGGCAAT) which is a duplicated version of 

DNA1 core motif, VRE DNA (CCCTACAGCTGTCTACAGCTGTCATG) which is a 

VIP1 response element, an overrepresented DNA sequence in the promoters of 

downstream targets of MPK3 pathway51, and specific DNA or sDNA 

(CCGAAACAGAAACCCAAA) which is a specific DNA consensus sequence from a 

microarray-based protein-DNA Interaction (PDI) analysis reported by Hu et al., 200965.  

We performed microscale thermophoresis (MST) experiments to determine the 

disassociation constant (Kd). The DNA fragments were purchased fluorescently labeled 

with ALEXA fluor 488, and proteins were serially diluted. ERK2 showed a higher 

affinity for DNA1 and dDNA (Kd ~3- 5.4 μM), compared with MPK4 that showed an 

affinity of ~100-120 µM (Figure 2.4, Tables 2.2, 2.3).  

In the case of ERK2, its binding curves with DNA1 and dDNA display an atypical, non-

sigmoidal shape, characterized by a steep increase, followed by a slight decrease at high 

ligand concentrations (Figures 2.4, 2.5). This behavior was seen in all DNA1 and dDNA 

experiments we did with ERK2. This binding curve could be caused by the convolution 

of two binding events (meaning that ERK2 binds to DNA1 and dDNA on more than one 

site), or by other factors, for example by ERK2 dimerizing at higher concentration, which 

would then influence its association with DNA. To confirm this phenomenon, we will use 

different labeling strategies and buffer conditions in the future. Moreover, a 

stoichiometry analysis will be done to calculate whether the binding stoichiometry is 

following a 1:1 or a non-1:1 model, using isothermal titration calorimetry (ITC). 
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Figure 2.4 MST experiments for ERK2 (A) and MPK4 (B) with 4 DNA fragments. MST 

measurements with DNA1 (orange), dDNA (green), VRE DNA (blue), and sDNA (purple); the error bars 

convey the standard deviation of two to three technical replicates. 

 

 

 

 

 

 
 

 

 

 

Figure 2.5 MST experiments for ERK2 with DNA1 and dDNA. MST measurements of ERK2 vs. 

DNA1 (orange), ERK2 vs. dDNA (green), the error bars convey the standard deviation of two to three 
technical replicates. 

 

Protein DNA  Kd (µM) 

ERK2 DNA1 3.41 ±  0.64 

ERK2 dDNA 4.68  ± 0.67  

ERK2 VRE DNA 7.95  ± 1.72   

ERK2 sDNA 1.13 ± 0.246 

Protein DNA  Kd (µM) 

MPK4 DNA1 121.2  ± 14.3  

MPK4 dDNA 98.5 ± 10.6  

MPK4 VRE DNA 51.8 ± 6.04 

MPK4 sDNA 94.2 ± 23.3 

Protein DNA  Kd (µM) 

ERK2 DNA1 1.33 ±  0.564 

ERK2 dDNA 1.05 ± 0.578 

(A) ERK2 (B) MPK4 

Table 2.2 Kd values of MST experiments 

for ERK2 with 4 DNA fragments 
Table 2.3 Kd values of MST experiments 

for MPK4 with 4 DNA fragments 

ERK2 

Table 2.4 Kd values of MST experiments for 

ERK2 with DNA1 and dDNA 
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VRE DNA binds more weakly to ERK2 than the other DNA fragments do, showing an 

affinity of Kd ~8-10 μM (Table 2.2), which suggests that ERK2 shows a level of 

selectivity in DNA binding (Figure 2.4 A). However, the MST curve did not reach 

saturation, and the protein seems to aggregate at higher concentrations, requiring these 

data to be confirmed by additional experiments. Conversely, MPK4 binds with higher 

affinity to VRE DNA (Kd of ~50 μM) compared with DNA1 and dDNA (Figure 2.4B, 

Table 2.3). This stronger binding to VRE DNA is interesting because MPK3 

phosphorylates a TF, VIP1, that binds to this VRE DNA51, indicating that AtMAPK may 

be found in complex with VIP1 over this DNA motif.  

Lastly, we tested ERK2 and MPK4 binding with sDNA that had been reported as a 

specific ligand for ERK262,65. However, the MST data we collected just before COVID-

19 lockdown did not allow an unambiguous analysis. This ambiguity may arise from the 

sample quality and state of the commercially produced fluorescently-labeled DNA and/or 

of the ERK2 protein sample, leading to aggregations or non-specific events. A possible 

interpretation of the results (using only measurement points with ERK2 concentrations 

below 3.5µM) produces an affinity between ERK2 and sDNA of Kd = 1.13 ± 0.246 μM. 

However, these data need to be confirmed after lab reopening.  

In the MST measurements of MPK4 binding to sDNA, the binding curve does not reach 

saturation as expected for a low-affinity binding event (Kd of ~95 μM), but it does not 

show the same irregular behavior as ERK2 (Figure 2.4). Overall, data regarding sDNA 

are preliminary and will be revisited. 
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2.3 Incubation of MPK4 and ERK2 with Upstream MKK2 in a Kinase Reaction 

Alters DNA Binding  

In the introduction, we discussed that ERK2 binds to DNA independently from its kinase 

function; nevertheless, we also noted that active ERK2 might bind better to DNA. Upon 

structural analysis of active ERK2, we speculate that the orientation of F181 and Y231 in 

ERK2 is critical for DNA binding by enabling access to the DNA binding region. In 

inactive ERK2, the F181 side chain can be seen oriented towards the DNA binding 

region along with the activation loop; still, the unphosphorylated loop is disordered and 

more dynamic, so the F181 side chain may hinder the DNA binding to some extent but 

not entirely. In contrast, the Y231 side chain reorients towards the DNA binding region 

upon phosphorylation of the activation loop residues, which implies that it may involve 

forming a hydrogen bond with the DNA backbone through its hydroxyl group and 

stabilize DNA binding (Figure 2.6). 

 

 

 

 

 

 

 

 

 

Figure 2.6 Comparison of critical 

residues in inactive ERK2 (pale blue) 

and active ERK2 (pale pink). Both ERK2 

states show stick figures of F181, T183, 

Y185, and Y231. T183 and Y185 within 

the activation loop are the amino acid 

residues that get phosphorylated. Also, the 

DNA binding region, specifically core 

motif KAR, is highlighted in red. Active 

ERK2 (PDB: 2ERK). 
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To test this hypothesis, we phosphorylated ERK2 and MPK4 by incubation with the 

upstream regulator GST-MKK2 for 1 hour at room temperature in the presence of ATP 

and magnesium ions. Following the kinase reaction, we eluted MPK4 and ERK2, leaving 

GST-MKK2 bound to GST beads.  

Subsequently, we performed MST experiments with these MKK2-incubated MPK4 and 

ERK2 (referred to as ppMPK4 and ppERK2). ppERK2 seems to bind with lower affinity 

to DNA 1 and dDNA (Table 2.5). The biphasic curve was still present but less 

pronounced (Figure 2.7 A,B). ). We expected that after the kinase reaction, ERK2 would 

exhibit an enhanced DNA binding. However, ppERK2 showed increased binding only to 

VRE DNA but decreased binding to DNA1 and dDNA (Figure 2.7C and Table 2.5). 

Hence phosphorylation affected ERK2-DNA associations differently, depending on the 

DNA sequence.  For sDNA, the data were inconclusive; they need to be investigated 

further. We will conduct additional MST experiments as well as different types of 

binding studies, such ITC, gel shift assay, and site-directed mutagenesis of hypothesized 

critical residues.    
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Figure 2.7 MST experiments for ERK2 (diff. colors) vs. ppERK2 (Red). MST measurements of (A) 

ERK2 vs. DNA1 (orange), (B) ERK2 vs. dDNA (green), (C) ERK2 vs. VRE DNA (blue), and (D) ERK2 

vs. sDNA (purple), the error bars convey the standard deviation of two to three technical replicates. 
 

DNA ERK2 ppERK2 

Kd (µM) 

dDNA 3.41 ± 0.64 14.5 ± 2.15 

DNA1 4.68 ± 0.67 11.7 ± 1.63 

VRE DNA 7.95 ± 1.72 2.73 ± 0.39 

sDNA 1.13 ± 0.246 0.1 ± 0.178 
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Incubation with the upstream MKK also altered the DNA binding characteristics of 

ppMPK4, which exhibited an enhancement in its binding affinity for VRE DNA and 

sDNA fragments (Figure 2.8, Table 2.6). Thus, it further supports the hypothesis that 

active MPK4 may be found coupled at the promoter region with appropriate TF as a 

result of MAPK pathway activation. The sDNA binding curve reached saturation with 

ppMPK4, unlike the curve with MPK4, meaning binding improved after the kinase 

reaction (Figure 2.8B, Table 2.6).    

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 MST experiments for MPK4 (diff. colors) vs. ppMPK4 (red) with VRE DNA and sDNA 

fragments. MST measurements of (A) MPK4 vs. VRE DNA (blue), (B) MPK4 vs. sDNA (purple), the 

error bars convey the standard deviation of two to three technical replicates. 

 

DNA  MPK4 ppMPK4 

Kd (µM) 

VRE DNA 51.8 ± 6.04 12.1 ± 0.9 

sDNA 94.2 ± 23.3 9.6 ± 2.51 

-0.05

0.15

0.35

0.55

0.75

0.95

0.01 0.1 1 10 100 1000

F
ra

c
ti
o
n

 B
o

u
n
d

 [
-]

Ligand Concentration

MPK4 vs. VRE DNA Fit ppMPK4 vs. VRE DNA Fit

-0.05

0.15

0.35

0.55

0.75

0.95

0.01 0.1 1 10 100 1000

F
ra

c
ti
o

n
 B

o
u
n

d
 [
-]

Ligand Concentration

MPK4 vs SDNA Fit ppMPK4 vs SDNA Fit

Table 2.6 Kd values of MST experiments for 

ppMPK4  with VRE DNA and sDNA fragments 

A B 

MPK4 vs. ppMPK4 

µM Ligand Concentration µM 

 
Fa

ct
io

n 
B

o
u

n
d

 [
-]

 

 

-0.05

0.15

0.35

0.55

0.75

0.95

0.01 0.1 1 10 100 1000

F
ra

c
ti
o
n
 B

o
u
n

d
 [
-]

Ligand Concentration

MPK4 vs SDNA Fit ppMPK4 vs SDNA Fit



 
 

42 

Regarding DNA1, the curve did not reach saturation for both MPK4 and ppMPK4, with a 

minimal change in the Kd value (Figure 2.9A, Table 2.7). ppMPK4 affinity for dDNA is 

lowered significantly, and the curve did not achieve saturation (Figure 2.9B, Table 2.7). 

Therefore, we inferred that MPK4 binds to DNA1 and dDNA weakly and with no 

apparent specificity.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.9 MST experiments for MPK4 (diff. colors) and ppMPK4 (red) with DNA1 and dDNA 

fragments. MST measurements of (A) MPK4 vs. DNA1 (orange), (b) MPK4 vs. dDNA (green), the error 

bars convey the standard deviation of two to three technical replicates. 
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Table 2.7  Kd values of MST experiments for 
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Concerning the above experiments, we note that phosphorylation of ERK2 and MPK4 

was not confirmed due to lab closure, and peptide mass fingerprinting will be conducted 

upon lab reopening. A western blot was preformed instead as preliminarily assessment of 

the phosphorylation status. As shown in Figure 2.10, phosphorylation was detected in 

both phosphorylated and unphosphorylated samples, though the intensity was higher in 

phosphorylated samples. Detection of phosphorylation in unphosphorylated samples can 

be attributed to the auto-phosphorylation of T201 in the bacterial culture; this result was 

observed in previous mass spectrometry data analyzed in our lab for other purposes (U. 

Shahul Hameed, unpublished).  

 

 

Figure 2.10 Western blot preliminarily assessing the phosphorylation of ERK2 and MPK4 samples 

by the kinase reaction. ERK2 and MPK4 samples have a molecular weight range of 42-45 kDa. PC 

represents the positive control, in this case active MKK2. Antibody used is specific for TXY motif. 
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2.4 Mutation of Critical Residues in the DNA-Binding Region of MPK4 

Hu et al. 200965 showed that ERK2 K259 and R261 residues are critical amino acids for 

DNA binding to occur. Using site-specific mutagenesis, we mutated the corresponding 

residues within the same DNA binding region in MPK4 from positively charged arginine 

to polar and uncharged glutamines, R277Q, and R278Q (Figure 2.11).  

 

Figure 2.11 Comparison of the charge distribution of the DNA binding region between MPK4 and 

doubly mutated MPK4, R277Q and R278Q  

 

We found that these mutations greatly hindered DNA binding. Doubly mutated MPK4 

exhibited a decreased binding affinity for VRE DNA, where the Kd increased to 105 ± 

44.7 μM, and to 405 ± 186 μM after kinase reaction (Figure 2.12A). sDNA displayed the 

same trend, where its affinity to bind to mutated MPK4 was lowered, and Kd increased to 

171 ± 55.6 μM, and to 136 ± 29.6 μM after kinase reaction (Figure 2.12B). All curves 

failed to reach saturation. Moreover, the R277Q and R278Q mutations completely 

abolished MPK4 binding to DNA1 and dDNA (Table 2.8). These results confirmed that 

R277 and R278 within the C-terminal lobe are two essential residues required for MPK4 

DNA binding activity.  
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DNA  MPK4 ppMPK4 mutMPK4 

R277Q-R278Q 

ppmutMPK4 

R277Q-R278Q 

Kd (µM) 

VRE DNA 51.8 ± 6.04 12.1 ± 0.9 105 ± 44.7 405 ± 186 

sDNA 94.2 ± 23.3 9.6 ± 2.51 171 ± 55.6 136 ± 29.6 

DNA1 121 ± 14.3  95.9 ± 13.5  No binding Not measured 

dDNA 98.5 ± 10.6  333 ± 153  No binding Not measured 

 
Figure 2.12 MST experiments for MPK4, ppMPK4, and doubly mutated MPK4 (R277Q-R278Q) with VRE 

DNA and sDNA fragment. A) MST measurements of MPK4 vs. VRE DNA (blue), ppMPK4 vs. VRE DNA (red), 

mutMPK4 (R277Q-R278Q) vs. VRE DNA (green), ppmutMPK4 (R277Q-R278Q) vs. VRE DNA (orange). B) MST 

measurements of MPK4 vs. sDNA (purple), ppMPK4 vs. sDNA (red), mutMPK4 (R277Q-R278Q) vs. sDNA (green), 

ppmutMPK4 (R277Q-R278Q) vs. sDNA (bright blue). C) MST measurements for DNA1 and dDNA with mutMPK4; 

the error bars convey the standard deviation of two to three technical replicates. 
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Table 2.8  Kd values of MST experiments for MPK4, PPMPK4, and doubly 
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2.5 A Constitutively Active (CA) MPK4 Mutant Shows a Higher Affinity Towards 

DNA than WT MPK4 

 

The two mutations D198G and E202A in the MPK4 kinase activation loop lead to a 

constitutively partially active state of the kinase, even in absence of activation loop 

phosphorylation46. U. Shahul Hameed from our group crystalized the MPK4 CA mutant 

and determined its structure at 1.5 Å resolution. We observed from the superimposition 

of active ERK2 on MPK4 CA that the threonine in the conserved TEY motif is in an 

active-like position due to the A substitution, similar to the T position in active ERK2 

(Figure 2.13A). Furthermore, we noticed that the activation loop pushed down Y249 in 

the CA mutant, consequently forcing it to flip downwards within the DNA binding 

region. We expect this Y249 reorientation to modify the MPK4 CA DNA binding ability 

(Figure 2.13B). 

 

 

 

 

 

 

Figure 2.13 Comparison of MPK4 WT and MPK4 CA superimposed with active ERK2. A) MPK4 WT shows 

stick figures of T201, E202, and Y203, overlapped with active ERK2 (PDB: 2ERK) showing phosphorylated T and Y 

residues. B) MPK4 CA show stick figures of T201, A202, Y203, and G198, overlapped with active ERK2 showing 

phosphorylated T and Y residues. B) shows a comparison of Y249 in MPK4 WT and MPK4 CA. The DNA binding 

region, specifically core motif ARR, is highlighted in red.  

A 
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In our MST experiments, we found that MPK4 CA bound to DNA with a markedly 

higher affinity than did WT. MPK4 CA showed a markedly increased affinity to VRE 

DNA with a Kd value of 3.13 ± 0.5 µM. A possible explanation for this DNA binding 

enhancement might be that the Y249 side chain provides an additional hydroxyl group to 

the DNA binding region. The hydroxyl group would stabilize bound DNA through 

hydrogen bonding. Moreover, Y249 reorientation can bring the DNA binding helix closer 

to the kinase core through hydrophobic interactions. Y231 in active ERK2, which aligns 

with Y249 in MPK4, showed a similar reorganization, where it reoriented towards the 

surface instead of being buried within the protein (shown in Figure 2.6). This trend 

associated with the active state of ERK2 and MPK4 conveys the significance of the 

conserved Y residue in DNA binding activity. The constitutively active MPK4 mutant 

exhibited a better binding affinity than did kinase-incubated MPK4 (Figure 2.14, Table 

2.9). We speculate that ppMPK4 might not have been phosphorylated sufficiently to 

undergo all the conformational changes needed to enhance its DNA binding ability. 

Constitutive activation of the protein appears to be critical for the DNA binding. 

 

 

 

 

 

 

 

Figure 2.14 MST experiments for MPK4, ppMPK4, and MPK4 CA with VRE DNA fragment. MST 

measurements of MPK4 vs. VRE DNA (blue), ppMPK4 vs. VRE DNA (red), MPK4 CA vs. VRE DNA (green), 
the error bars convey the standard deviation of two to three technical replicates. 
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Table 2.9  Kd values of MST experiments for MPK4, 
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Two sets of MST experiments were conducted on DNA1: one in the presence of 0.5 mM 

ATP and 2.5 mM MgCl2, and the other one without any ATP and MgCl2. Overall, MPK4 

CA showed a higher binding affinity to DNA1 than WT MPK4 and ppMPK4; the 

addition of ATP slightly lowered the Kd value but the difference was not significant 

(Figure 2.15, Table 2.10). To thoroughly understand the effects of protein activation on 

its DNA binding ability, we need to confirm its phosphorylation on TEY motif and 

collect additional MST data points for fully activated MPK4.  

           ATP Buffer                 No ATP Buffer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.15 MST experiments for MPK4, ppMPK4, and MPK4 CA with VRE DNA fragment with 

and without the presence of ATP. MST measurements of MPK4 vs. VRE DNA (blue), ppMPK4 vs. VRE 

DNA (red), MPK4 CA vs. VRE DNA (green), the error bars convey the standard deviation of two to three 

technical replicates. 

DNA  MPK4 ppMPK4 MPK4 CA MPK4 CA 

ATP B 

Kd (µM) 

DNA 1 121 ± 14.3 96 ± 13.5 18.903 ± 2.3 11.7± 0.7 
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Table 2.10 Kd values of MST experiments for MPK4, ppMPK4, and MPK4 CA with 

DNA1 fragments 
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2.6 The Role of Y249 in DNA Binding by MPK4 CA Mutant 

 

To test the hypothesis that Y249 provides an allosteric link between MPK4 

phosphorylation and DNA binding, we produced the MPK4 Y249A mutant to disrupt this 

potential allosteric connection. We performed preliminary MST tests on the Y249A 

MPK4 mutant, where expected to see a loss of the effect of phosphorylation on DNA 

binding affinity. However, the mutation generally slightly lowered the protein affinity to 

VRE DNA, but did not eliminate the affinity-enhancing effect of MKK-incubation on 

DNA binding (Table 2.11). However, the experimental errors in the curves were high and 

more technical and biological replicates are needed for before a conclusion can be drawn 

on the effect of this mutation (Figure 2.16). 

 

 

 

 

 

 

    

   Table 2.11 Kd values of MST experiments for MPK4, ppMPK4, MPK4 CA, MPK4 Y249A, and ppMPK4   

   Y249A with VRE DNA fragments 

 
DNA  MPK4 ppMPK4 MPK4 CA MPK4 Y249A ppMPK4 Y249A 

Kd (µM) 

VRE DNA 51.8 ± 6.04 12.1 ± 0.9 3.13 ± 0.5 108 ± 8.13 16.8 ± 2.9 

 
Figure 2.16 MST experiments for MPK4, ppMPK4, and MPK4 Y249A with VRE DNA. B includes the curves in 

A but additionally shows the curve for ppMPK4. MST measurements of MPK4 vs. VRE DNA (blue), ppMPK4 vs. 

DNA 1 (red), MPK4 CA vs. VRE DNA (green), MPK4 Y249A vs. VRE DNA (orange), and ppMPK4 Y249A vs. VRE 

DNA (purple), the error bars convey the standard deviation of two to three technical replicates. 
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Chapter 3: Conclusions 

MAPKs are essential protein kinases that regulate major cellular processes such as stress 

responses, immune defense, apoptosis, and proliferation through the phosphorylation of 

their substrates. MAPKs are evolutionarily conserved across eukaryotes. To date, the 

most comprehensively studied and discovered substrates of MAPKs are proteins that 

depend on the MAPKs to be activated through a kinase reaction5. In the past decade, the 

human MAPK ERK2 emerged as a MAPK that can operate in a kinase-independent 

manner, mainly by binding to DNA and altering the expression of genes14,65. The process 

by which ERK2 binds to DNA is still vague and poorly understood.   

The DNA binding region in ERK2 proposed by Hu et al. 200965 is based on structural 

analysis and site-directed mutagenesis of the K259-A-R261 motif identified in a C-

terminal helix. Here, we show that corresponding sequences can be found in plant 

MAPKs with a motif of KARR/K, AKR/K or ARR/K that is likely to bind DNA. The 

crystal structure of MPK4 reveals that it has a structural homologous ARR motif. Based 

on this observation, we examined if MPK4 has the same DNA binding feature as ERK2 

with a comparative DNA binding study. 

We detected DNA binding in MPK4; nonetheless, ERK2 showed markedly better DNA 

binding overall. ERK2 showed some specificity towards the DNA fragments it binds to 

and that it may engage in two binding events at low and at high protein concentrations. 

As for MPK4, it showed some specificity towards the VRE DNA fragment, which is a 

known target motif for VIP1, a transcription factor that is downstream of MPK3.  
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Next, we exposed ERK2 and MPK4 to the MAPKK MKK2 to add activating 

phosphorylations to ERK2 and MPK4. ppERK2 showed an unexpected reduction in the 

binding affinity of some DNA fragments. In contrast, ppMPK4 showed an almost 4-fold 

enhancement in the binding affinity to VRE DNA and one order of magnitude 

enhancement to another DNA fragment, sDNA. 

Site-directed mutagenesis of the two arginine residues within the DNA-binding region of 

MPK4 diminished and in some cases abolished DNA binding, signifying the importance 

of these amino acids within this region. Furthermore, the constitutively active MPK4 

mutant had the highest DNA binding capacity. The TAY motif in MPK4 CA are present 

in an active-like position similar to doubly phosphorylated ERK2, and its 249-tyrosine 

residue is reoriented towards the DNA binding helix. We predict this structural 

reorientation alters the protein’s DNA binding capabilities. Site-directed mutagenesis of 

Y249 showed a better binding towards VRE DNA after it was exposed to MKK2, 

meaning that Y249 may play an allosteric role with the activation loop to create a 

favorable DNA binding environment. 

Overall, we conclude that the binding of MPK4 to DNA is still low; however, MPK4 has 

the potential to bind to different DNA segments with some specificity, such as VRE 

DNA. This observation suggests that MPK4 might associate with a DNA-binding TF, 

whose presence at the DNA would then be enhanced, consequently regulating gene 

expression. The observation also indicates that DNA binding may be the direct 

downstream target of an active MAPK pathway. Finally, given that in a separate study we 

observed that MPK4 self-associated under oxidative stress, which produces MPK4 
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multimers, we expect the multimers to have an enhanced DNA association. This would 

be due to a synergetic effect resulting from the combination of the low-affinity MPK4 

monomers. 

Chapter 4: Future Directions 

In this work, we employed MST to investigate the DNA binding of ERK2 and MPK4. In 

future work, we will delve deeper into the identification of the human and plant MAPKs 

structural framework that directs DNA binding. We will implement structural methods, 

such as Small-Angle X-ray Scattering (SAXS) and DNA-protein crystallization to 

construct a 3D architecture of MAPK-DNA complexes. Moreover, the same techniques 

will be implemented to study ERK2 and MPK4 dimerization and its effect on DNA 

binding. We will use Size Exclusion Chromatography, coupled with Multi-Angle Light 

Scattering (SEC-MALS), to isolate dimeric forms of desired proteins. We will look into 

the possibility of DNA being a downstream target of stress stimulated MAPKs signaling. 

Additionally, we will investigate the functionality resulting from the binding of 

monomeric and possible dimeric forms of MAPKs to the DNA.  
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Chapter 5: Methodology 

5.1 Cloning 

The DNA fragment encoding Erk2 from Rattus norvegicus was PCR-amplified with the 

primers (IDT) using NpT7-5-Erk2 plasmid from addgene (#39230) as the template with 

BamHI and NotI restriction sites. PCR amplified gene was digested with BamHI and 

NotI. The PCR reaction was done with Phusion High-Fidelity DNA Polymerase, from 

New England Biolabs, England (Table 3.1). The construct ligated into a correspondingly 

digested pGEX-6P-1 expression vector for an N- terminal GST tagged constructs. Thus, 

cloned gene products were confirmed by DNA sequencing. Constructs for MPK4, MPK4 

CA, and MKK2 from Arabidopsis thaliana were provided by U. Shahul Hameed in our 

lab. These constructs were cloned into pGEX-6P-1 expression vectors with an N- 

terminal GST tag.  

5.2 Mutation Generation 

Site-directed mutagenesis for MPK4 Y249A was introduced using primers with the 

desired mutation. A PCR reaction amplified the full plasmid template and then was 

digested with methylation-dependent endonuclease, DpnI, to remove unmodified 

templates (Table 3.1). PCR products were transformed into DH10B competent cells, and 

the plasmids were extracted and purified from resultant colonies. Positive clones were 

confirmed using sanger sequencing. Mutagenesis to generate doubly mutant MPK4 

(R277Q, R278Q) was performed by U. Shahul Hameed in our lab.  
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Name Primers 

ERK2 Forward ATTGGATCCATGGCGGCGGCGGCGGCGGCGG 

Reverse ATTGCGGCCGCTTAAGATCTGTATCCTGGCTGGAATCG 

MPK4 Y249A Forward GCTGTTCATCAGCTTAGACTCATCACTGAGCTTATA 

Reverse TATAAGCTCAGTGATGAGTCTAAGCTGATGAACAGC 

 

5.3 Expression and Purification 

All the protein expression constructs were subcloned to pGEX-6P-1 with N terminal 

GST-tag. The constructs were transformed into BL 21 (DE3) cells. Bacterial cells were 

cultured in LB medium with 100 μg/ml Ampicillin at 37 °C until it reached an OD of ~ 

0.5-0.8. After that, it was induced with 0.2 mM IPTG and then incubated in a shaker 

overnight at 16 °C. The cells were harvested and resuspended in lysis buffer (50 mM Tris 

HCl pH 8.0, 200 mM NaCl, 3 mM DTT), and 0.1% triton. Cells were lysed using either a 

sonicator or a mechanical cell disruptor and then centrifuged at ~ 89,000 g for 20 mins to 

get rid of cell debris. The GST-tagged protein was purified using glutathione affinity 

chromatography columns. The supernatant was incubated with Glutathione Sepharose 

resin for 2 hours on an orbital shaker at 4°C to achieve optimum protein-resin binding. 

After that, the resin was washed three times with the lysis buffer, excluding detergent, 

and resuspended in lysis buffer with HRV 3C Protease (Human Rhinovirus 3C protease) 

overnight in 4 °C.  The proteins were eluted from resin and concentrated using ultra 

centrifugal filters (Millipore). MKK2 was purified without cleaving the GST-tag and 

used for kinase reactions and MST DNA binding studies, discussed below. MKK2 was 

Table 3.1 Primers used for construct generated 
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eluted using 25 mM reduced glutathione in 50 mM Tris HCl pH 8.0, 200 mM NaCl, 3 

mM DTT, after washing three times with lysis buffer. Then all the proteins were passed 

through size exclusion chromatography column, Superdex 200 Increase 10/300, 

equilibrated with the buffer containing 20 mM HEPES, pH 7.5, 200 mM NaCl, and 3 

mM DTT. Finally, all protein purity was assessed using SDS-PAGE. Proteins were stored 

at -80ºC in 20 mM HEPES pH 7.5, 200 mM NaCl, 3 mM DTT buffer.  

5.4 In Vitro Kinase Reaction 

ERK2, MPK4, and doubly mutated MPK4 (R277Q, R278Q) were mixed together with 

GST-MKK2 in kinase reaction buffer (20 mM Tris-HCl pH 7.5, 10 mM MgCl2, 5 mM 

EGTA, 1 mM DTT and 50 μM ATP), following the procedure by Rayapuram et al. 

201849. ERK2, MPK4, and doubly mutated MPK4 were incubated at room temperature 

for ~1 h to accomplish MAPKs phosphorylation. The reaction mixture was incubated 

with Glutathione Sepharose resin and allowed to shake for 30 minutes. Then untagged 

substrate MAPKs proteins were eluted as unbound fractions. Thus, eluted proteins were 

subjected to western blot to confirm the phosphorylation. The following anti-bodies used 

were: Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP® Rabbit mAb 

(Ref. #4370, Cell Signaling) and Anti-rabbit HRP (A6154, SIGMA). Active MKK2 was 

used as a positive control. The membrane was blocked with 5 % BSA (A9647 SIGMA) 

1X TBST, 1X Tris-Buffered Saline, 0.1% Tween. 
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5.5 Microscale Thermophoresis (MST) 

DNA fragments (DNA 1, dDNA, and VRE DNA) were purchased from Sigma-Aldrich as 

fluorescently labeled with 5’-ALEXA fluor 488. sDNA was fluorescently labeled with 

5’-ALEXA fluor 488 DNA, and purchased from IDT. 20 nM of DNA 1 and dDNA, 50 

nM VRE DNA, and 25 nM SDNA were used in the DNA binding studies. Unlabeled 

protein (ERK2, ppERK2, MPK4, ppMPK4, MPK4 CA, Y249A MPK4, MPK4 (R277Q, 

R278Q)) was serially diluted in 20 mM HEPES, 7.5 pH, 100 mM NaCl, 3 mM DTT, and 

0.01% Tween-20 until the desired concentration range. The DNA-protein samples were 

mixed and incubated at room temperature for ~10 minutes. Then samples were loaded 

into a Monolith NT.LabelFree Standard or Premium Capillary and placed on the sample 

tray. The measurements were performed at 15-40% LED power range and 

low/automatically detected MST power on the Monolith NT-115. The data were 

processed using MO.Affinity Analysis screening software offered by NanoTemper 

technologies.   

5.6 Protein Sequence Alignments and Structure Analysis 

Percentage sequence identity was calculated using the ClustalOmaga software. The 

sequence alignment of 23 sequences between 3 Human MAPKs and 20 AtMAPKs was 

performed using the online server PRALINE multiple sequence alignment tool (accessed 

via http://www.ibi.vu.nl/programs/pralinewww/) from Vrije Universiteit Amsterdam 

University.  

The structures of WT MPK4 and CA MPK4 were determined using protein X-ray 

crystallography at 2.2 Å and 1.5 Å resolutions, respectively, by U. Shahul Hameed and S. 

http://www.ibi.vu.nl/programs/pralinewww/
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Arold. The structure figures were created and analyzed using PyMol (Molecular Graphics 

system Version 2.3.0, Schrodinger, LLC). MPK3 model structure was generated in 

SWISS MODEL, Swiss Institute of Bioinformatics, using MPK6 as a template (PDB 

code 6DTL).   
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