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ABSTRACT 

 

Most protein kinases are activated through phosphorylation of the activation loop (AL), which 

in turn stabilizes the active structure through salt bridge formation between the phosphate 

group and the guanidium group of the arginine residue of a highly conserved His-Arg-Phe 

(HRD) sequence. In DYRK kinases, the arginine of HRD is replaced by a cysteine (C286) 

which stabilizes the AL structure through disulfide bridge formation with a cysteine (C312) in 

the DFGSSC sequence. The AL has a known activating phosphorylation site at Y321, as is the 

case for most protein kinases. The conservation of the HCD sequence in DYRK kinases is a 

strong indication that it may function as a redox sensitive controller of DYRK activity. The 

purpose of this project is to investigate effects of the state of the disulfide bridge on enzyme 

catalytic and ligand binding properties. A DYRK1A mutant was designed to eliminate the 

disulfide bridge. It was expressed and purified following the same protocol as for the wt. The 

wt and the mutant were both crystallized with the kinase inhibitor Staurosporine, and the 

structures were solved by molecular replacement to a resolution of 2.33 Å and 2.59 Å, 

respectively. The structures were analyzed and compared with respect to experimental 

binding data and effects of disulfide bridge formation or elimination. Molecular dynamics 

(MD) simulations (SHROEDINGER) were performed with the intent to compare diverse 

disulfide bridge states.  Ligand binding and enzyme catalytic properties were analyzed using a 

combination of techniques, including activity assays, microscale thermophoresis, and 

isothermal calorimetry. 
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β-ME                                                                    β -mercaptoethanol 

 ε Extinction coefficient 

A Ampere 

Amp Ampicillin 

ATP Adenosine triphosphate 

AU  Absorbance Unit 

bp base pair 

CV Column Volume 

Da Dalton 

DMSO Dimethyl sulfoxide 

dNTP Deoxyribonucleotide 

DYRK Dual-specificity tyrosine phosphorylation-regulated kinases 

E. coli Escherichia coli 

EDTA Ethylenediaminetetraacetic acid 

FT Flowthrough 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

IPTG 

ITC 

Isopropyl β-D-1-thiogalactopyranoside 

Isothermal Titration Calorimetry 

Km Michaelis-Menten constant for enzyme-substrate complex 

LB Lysogeny Broth 

MPa Mega Pascal 

MilliQ water Deionized water 

MOPS  3-(N-morpholino)propanesulfonic acid 

MST Microscale thermophoresis 

min Minutes 

OD Optical density 

o/n 

PBS-T 

Overnight 

Phosphate-buffered saline with Tween20 

PCR Polymerase chain reaction 
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PEG Polyethylene glycol 

rpm Rounds per minute 

SDS-PAGE Sodium dodecyl sulfate – polyacrylamide gel electrophoresis 

SEC  Size exclusion chromatography 

TB Terrific broth 

TEV  Tobacco Etch Virus 

Vmax Maximum velocity of catalytic reaction 

wt wildtype 
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AIM OF STUDY 

 

The aim of this study is to investigate effects of the state of the disulfide bridge in DYRK1A 

on enzyme catalytic and ligand binding properties. The DYRK1A gene is located on the 

DSCR region on chromosome 21 and is known to play a role in several neurodegenerative 

diseases, such as Alzheimer and Parkinson. It is therefore of great interest to acquire 

information about inhibition of this kinase.  
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1 INTRODUCTION 

 

1.1  Protein kinases 

 

1.1.1 Function 

 

Protein kinases are members of the kinase superfamily and are responsible for the regulation 

of a variety of cellular functions through catalyzing the phosphorylation of substrates. (1) (2) 

When ATP and a substrate bind to a protein kinase, the γ-phosphate from ATP is transferred 

to the substrate and the product and ADP are released from the catalytic site. This reaction 

requires magnesium to take place, as well as residues that facilitate the binding of the 

substrates and others that enhance the formation and release of the products. The catalytic 

domain of the protein kinases must undergo conformational changes to switch between active 

and inactive states. (3)  

 

The human kinome contains 518 protein kinases, of which 478 contain a eukaryotic protein 

kinase (ePK) domain. (4) Human kinases are key players in metabolism, transcription, cell 

cycle progression, cytoskeletal re-arrangement, cell movement, apoptosis, and differentiation. 

Consequently, dysregulation of protein kinases plays a significant role in human disease. (4) 

(5)  

 

Protein kinases are separated into three different subgroups: serine/threonine kinases (STKs), 

tyrosine kinases (TKs) and dual-specificity kinases, depending on their preferred 

phosphoacceptor residue. (6) 
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1.1.2 Structure 

 

 

 

Figure 1: An overview of the catalytic domain of protein kinases. The illustration was made in 

Pymol(7), using a structure of DYRK1A (4NCT(8)). 

 

 

The catalytic domain of protein kinases consists of approximately 250 residues and is made 

up of two subdomains: an N-terminal lobe (N-lobe) and a C-terminal lobe (C-lobe). The 

structure of the catalytic domain is illustrated in Figure 1. The C-lobe primarily consists of 

alpha-helices, while the N-lobe normally consists of one helix and five beta strands. The C-

lobe is mainly responsible for substrate recognition, and for bringing the substrate adjacent to 

ATP for phosphorylation. (9) (10, 11) Structural studies on the catalytic domain have shown 

that the alpha C-helix is a key element in conformational regulation, due to its flexibility. (12) 

 

The C‐terminal domain is typically 20‐30 amino acids in length and contains a conserved 

Asp‐Phe‐Gly (DFG) motif at the beginning of the A‐loop. The conformation of the DFG-

motif is essential for the catalytic activity of the kinase. In the catalytically active DFG-in 

state, two Mg2+ ions in close proximity to the DFG aspartate and the catalytic loop coordinate 
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the transfer of ATP phosphate groups. When the kinase is in its inactive DFG-out state, the 

side chains of Asp and Phe are flipped, resulting in the Asp turning in the opposite direction 

of the binding site. This hinders Mg2+‐coordination and consequently there is no catalytic 

activity in the DFG-out state. (13) 

 

NMR studies on protein kinase A (PKA) and crystal structures of other protein kinases in 

various conformational states have shown that switching between the two states also entails 

significant conformational changes among key elements of the catalytic core. (14) 

 

Other important catalytic motifs, in addition to DFG, include the ATP/Mg+ binding motif 

“VIAK”, the catalytic HRD motif, and the activation segment. (15) The activation segment 

(AS) in protein kinases runs from the “DFG” motif to the “APE” motif. It is anchored by the 

DFG at the N‐terminus and the P + 1 loop at the C‐terminus. (16) The conserved APE motif 

plays a part in stabilizing both the activation loop and the P+1 loop. (17) The activation 

segment is a flexible element, along with the regulatory spine (RS).  

 

The R-spine consists of two residues from each lobe, RS1 to RS4, and is a distinctive feature 

of active kinases when assembled. (18) The residues, RS1, RS2, RS3 and RS4, come from the 

HRD motif, the DFG motif, the αC-helix, and the β4-strand, respectively, and are all crucial 

parts of the protein kinase. The catalytic spine, also known as the C-spine, is made up of a 

series of hydrophobic residues. It consists of two conserved residues from the N-lobe, and six 

from the C-lobe and is only completed after the adenine ring of ATP binds in the ATP binding 

pocket, leading the two lobes to close when the two parts of the spine come together. While 

assembly of the R-spine defines activation, assembly of the C-spine poises the kinase for 

catalysis. (19) 

 

A range of regulatory mechanisms play a part in controlling the protein kinase switch, such as 

allosteric regulation, where the catalytic activity is modified by conformational changes that 

take place in the catalytic domain when a ligand or a regulatory protein binds. Because many 

human diseases are, at least partly, a result of abnormal regulation of protein kinase activity, it 

is essential for the development on new drugs and therapies that we understand how protein 

kinase activity is controlled by conformational changes. (14) 
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Between the two lobes is the glycine-rich loop, which sits above the adenosine triphosphate 

(ATP) adenine ring. These two are connected by a peptide strand, and together they form the 

active site of the protein kinases. (1) The glycine-rich loop (GxGxxG) is a highly conserved 

sequence motif in protein kinases. (19) It sits between β1 and β2 and covers the β and γ-

phosphates of the ATP. It is a key player in both phosphoryl transfer and ATP/ADP exchange 

during the catalytic cycle. (1, 20) 

 

 

1.2 DYRK family 

 

1.2.1 Function 

 

Dual-specificity tyrosine-regulated kinases (DYRKs) belong to the CMGC group of the 

eukaryotic kinome. (21) This group includes Cyclin-dependent kinases (CDKs), Mitogen-

activated protein kinases (MAPKs), Glycogen synthase kinases (GSKs), and Cdc2-like 

kinases (CLKs). (22) DYRK is an evolutionary conserved family, consisting of five members: 

DYRK1A and DYRK1B (class 1 DYRKs) and DYRK2, 3, and 4 (class 2 DYRKs.) (23, 24) 

DYRK kinases distinguish themselves from other kinases in their ability to phosphorylate 

both aromatic (tyrosine) and aliphatic (serine, threonine) amino acid residues. (25)  

 

DYRKs are activated through auto-phosphorylation of a conserved Y residue in the AL 

during protein translation. (26) DYRK kinases phosphorylate a wide range of substrates and 

play an important role in many cellular processes. They are believed to serve important 

biological functions both during development and maintaining homeostasis in adult life. 

Dysregulation of DYRK kinases is thus associated with a large range of pathologies. (23) 

DYRK1A is involved in several human nervous system diseases, including Alzheimer´s 

disease, Down syndrome, autism, and Parkinson´s disease. DYRKs have also been shown to 

play a part in diabetes, cancer, leukemia, and several infections. (24) 

 

DYRK1A, which is the human orthologue of the Drosophila mnb (minibrain) gene, is mapped 

to human chromosome 21q22.2, which is in the Down syndrome critical region (DSCR) (27, 

28) Down Syndrome (DS) is caused by partial or complete trisomy of chromosome 21, and it 
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is the most common chromosomal disorder associated with abnormal brain development. 

Trisomy of chromosome 21 also leads to early onset of Alzheimer-type pathology. (27) 

 

 

1.2.2 Structure 

 

The DYRK family of kinases exhibit little sequence similarity except for a small segment 

immediately preceding the catalytic domain, which is known as the Dyrk homology box (DH 

box) . (29)A multiple sequence alignment of the five members of the DYRK family is shown 

in Figure 2, where the conserved HCD motif and the DFGSSC sequence are highlighted by a 

red box. 

 

 

Figure 2: Multiple sequence alignment of the DYRK family. A multiple sequence alignment was 

performed on the five members of the DYRK family, using sequences obtained from the UniProt 

database.(30) The following accession numbers were used: DYRK1A (Q13627), DYRK1B (Q9Y463), 

DYRK2 (Q92630), DYRK3 (O43781) and DYRK4 (Q9NR20). The alignment was performed on the 

residues corresponding to the kinase domain for each of the five protein kinases. The conserved HCD 

motif and the DFGSSC sequence are highlighted with red boxes. Jalview(31) and Mview(32) were 

used to align and view the sequences, respectively.  

 

The catalytic domain of DYRK1A shares the conventional fold of protein kinases, with the 

ATP-binding pocket sitting in a cleft between the N-lobe and the C-lobe. The two lobes are 

connected by a hinge region where the mainchain atoms hydrogen-bond to ATP. (33) 
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1.3 Kinase inhibition in modern drug discovery 

 

The first synthetic protein kinase inhibitors were described by Japanese researchers in 1984 

and were based on an isoquinoline sulfonamide structure. This was followed by Fasudil, a 

Rho kinase inhibitor, becoming the first protein kinase inhibitor to be approved for medical 

use. It was crystal structures of isoquinoline compounds, and their protein kinase complexes 

that proved that the interactions of the inhibitors could successfully mimic ATP. Great 

advances have been made since 1984, and more than 70 kinase inhibitors are now approved 

for clinical use. (34) The first drug developed with the intent of targeting a specific protein 

kinase to treat a disease to be approved was Imatinib in 2001. (35) It is used in the treatment 

of chronic myeloid leukemia (CML), which is a hematological stem cell disorder. (35) (36) 

CML is characterized by a reciprocal translocation between chromosomes 9 and 22, resulting 

in what is known as the Philadelphia chromosome. (37) (36) Imatinib inhibits the Abelson 

(ABL) tyrosine kinase, which is expressed as a deregulated fusion protein of the abl cellular 

oncogene from chromosome 9 and the bcr gene of chromosome 22, termed BCR–ABL, (35) 

(37) 

 

 

1.3.1 Selected inhibitors and inhibition approaches 

 

Most protein kinase inhibitors bind at the ATP binding site, which sits at the interface 

between the N-lobe and the C-lobe. (38) These are called ATP-competitive inhibitors and can 

further be classified as either type I inhibitors or type II inhibitors, depending on the position 

of a conserved DFG motif in the structurally flexible activation loop, which affects the 

functional state of the protein kinase. (39) (40) Inhibitors of type I target the ATP binding site 

of the kinase when the activation loop is phosphorylated, and the kinase is in its active 

conformation. (41) This is called the DFG-in state. (40) Type I inhibitors are often 

characterized by a heterocyclic ring system, which imitates the purine ring of the adenine 

moiety of ATP, occupying its binding site. (42) An example of a type I inhibitor is Erlotinib, 

an epidermal growth factor receptor tyrosine kinase inhibitor (EGFR TKI) which has proven 

efficacy in the treatment of advanced non-small cell lung cancer (NSCLC).(43) 
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A struggle of type I inhibitors is that the high conservation of the ATP binding pocket within 

the kinome has made it difficult for specific kinase inhibition to take place. (44) Type II 

inhibitors on the other hand bind to the kinase in its inactive conformation, commonly known 

as the DFG-out state, in which they occupy a hydrophobic pocket only present in this 

conformation. This gives them a higher selectivity than type I inhibitors, because the inactive 

conformation is less conserved. (40) an example of a type II inhibitor is Ponatinib, which is 

used in the treatment of chronic myeloid leukemia (CML) or Philadelphia chromosome-

positive acute lymphoblastic leukemia (ALL).(45) 

 

 

1.3.1.1 Staurosporine 

 

Another example of a type I inhibitor is Staurosporine - a natural product and a high-affinity 

inhibitor of a large range of mammalian protein kinases. (46) It binds to the ATP binding site 

of the protein kinases and makes a number of contacts with both the hinge region and the two 

catalytic lobes. (47) The structure of Staurosporine is shown in Figure 3. 

 

 

 

Figure 3: Structure of the high-affinity protein kinase inhibitor Staurosporine. The structure was 

drawn in ChemDraw.(48)  

 

A systematic analysis involving 20 protein kinases revealed that most of them show a very 

high sensitivity to Staurosporine, with the majority having IC50 values in the low nanomolar 

range. (47) While Staurosporine itself is not used as a therapeutic agent, it has proven 

invaluable in the search of novel drugs in the field of cancer, based on kinase inhibitors. (49) 
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It is the precursor of Midostaurin (PKC412),  also called N-benzoyl-staurosporine. (50) 

Midostaurin is a small-molecule kinase inhibitor that is approved by the US Food and Drug 

Administration for treatment of FLT3-mutant acute myeloid leukemia (AML). (51) 

 

1.3.1.2 D-Luciferin 

 

 

 

 

Figure 4: The structure of D-Luciferin. The structure was drawn in ChemDraw.(48)  

 

D-luciferin is a substrate to the enzyme firefly luciferase and is commonly used in 

luciferase catalyzed bioluminescence assays for in vitro studies. (52, 53) The structure of D-

Luciferin is shown in Figure 4. Inhibition profiling has shown that a small set of protein 

kinases are significantly inhibited by D-luciferin. This is particularly true for members of the 

CMGC group, including the DYRK-family. (53)  

 

1.3.1.3 Peptides 

 

It is not only within the field of ATP-competitive inhibitors that advancements are made. 

Protein kinase inhibitors that bind to the protein substrate-binding site are also popular targets 

for development. This would get around the issue of the high conservation of the ATP binding 

pocket and would greatly increase the possibility of developing successful kinase-specific 

inhibitor ligands. The idea gained momentum when a peptide inhibitor of PKA with high 

specificity and nanomolar affinity was identified. (54) 
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1.3.2 Dyrk inhibitors 

 

Compounds originally designed to target other protein kinases have proved to also inhibit 

DYRK1A efficiently. This includes 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole 

(DMAT) and 4,5,6,7-tetrabromo-1H-benzotriazole (TBB), which were both developed as 

CK2 inhibitors. Other examples include TG003, which was initially designed to target CLKs, 

and Purvalanol A, which was intended to target CDKs. The downside to all these inhibitors is 

that their low selectivity makes them less valuable for signaling pathway analysis. (55)   

 

Profiling studies have also identified the two plant compounds, epigallocatechin (EGCG) and 

Harmine as inhibitors for DYRK1A. EGCG, which is one of the main polyphenolic 

constituents of tea, inhibits DYRK1A with an IC50 value of 0.33 M. (56) For Harmine, a β-

carboline alkaloid, IC50 values of approximately 0.1 μM have been reported. (57) Harmine 

has shown both anti-inflammatory and antitumor activities and has shown great potential in 

the treatment of diabetes. (58)  

 

The involvement of DYRK1A has been identified in multiple pathways relevant to pancreatic 

β-cell proliferation, and studies have shown that inhibition of DYRK1A in pancreatic β-cells 

leads to enhanced proliferation and promotes glucose-stimulated insulin secretion (GSIS) 

without the risk of hypoglycemia. (59) (60) Restoring functional β-cell mass is a highly 

prioritized therapeutic goal for both type 1 and type 2 diabetes. (61)  

 

 

1.4 Redox environments in biology and disease 

 

1.4.1 Redox levels in the cell 

 

Redox signaling involves two types of reactions: oxidation reactions - in which a nucleophile 

(reducing agent) gives away electrons, and reduction reactions – in which an electrophile 

(oxidizing agent) receives electrons. In redox signaling, two-electron oxidations are more 

common than one-electron oxidations. (62) The redox environment in the cell is a result of the 

balance between the production of reactive oxygen species (ROS) and reactive nitrogen 

species (RNS), as well as their removal which is executed by antioxidant enzymes and small-
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molecular-weight antioxidants. (63) ROS and RNS are collective terms describing oxygen-

containing and nitrogen-containing chemically reactive molecules, respectively. (64)  

 

The level of ROS is of great importance, due to the role they play in cell signaling, which in 

turn has a huge impact on numerous cellular pathways. This includes cell growth, survival, 

angiogenesis, and differentiation. (64) 

Cysteine, along with histidine, methionine, tryptophan, and tyrosine, is one of the amino acids 

that is readily oxidized.  If cysteine is ionized and exists as a thiolate, however, it is 

indisputably the most easily oxidized amino acid by ROOH. (62) 

Glutathione is the most prevalent cellular thiol, often present at levels ranging from 0.1-10 

mM. (65) It is made up from cysteine, glycine and glutamine, and is a natural reservoir of 

reducing power, which can be utilized to fight oxidative stress. (66) The sulfhydryl group 

(SH) of glutathione is the cause of its protective action against reactive oxygen species (ROS) 

and oxidative damage. Enzymes such as glutathione peroxidase and glutathione reductase are 

necessary to facilitate the action. Glutathion can either be in its reduced form (GSH), or in its 

oxidized form (GSSG). In animal tissue, glutathione peroxidase catalyzes the reduction of 

hydrogen peroxide and lipid peroxide in the presence of GSH, resulting in GSH being 

oxidized to GSSG. GSSG can be reduced to GSH by gluthathione reductase when 

nicotinamide adenine dinucleotide phosphate (NAD(P)H) is present. (66) The reactions are 

shown in the following equation:  

 

2𝐺𝑆𝐻 + 𝐻2𝑂2   
→  𝐺𝑆𝑆𝐺 + 2𝐻2𝑂 

𝐺𝑆𝑆𝐺 + 𝑁𝐴𝐷𝑃𝐻 + 𝐻+  
 
→  2𝐺𝑆𝐻 +𝑁𝐴𝐷𝑃+ 

 

 

NADPH and its oxidized form, NADP+, plays a significant role in maintaining a balanced 

redox environment. (67) Another important pair, nicotinamide adenine dinucleotide (NAD+) 

and its reduced form, NADH, are pivotal for driving redox reactions in energy production. 

(68)  
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Reducing agents are often added to assays to prevent the cysteines from being oxidized in the 

target proteins. (69) Reducing agents such as dithiothreitol (DTT) and -mercaptoethanol 

(BME) attack the disulfide bonds in proteins and cause them to shuffle.(70) 

 

1.4.2 Redox phenomena in disease 

 

Research has shown that cancer cells suffer from increased levels of ROS. (71) Higher levels 

of ROS is generated in cancer cells as a result of multiple processes, such as inactivation of 

tumor suppressor genes, activation of oncogenes and malfunction of the mitochondria, which 

creates a need for a more potent antioxidant system. The mitochondria is the primary 

endogenous source of ROS in mammalian cells as ROS is a by-product of oxidative 

phosphorylation (OXPHOS). (64)  

 

Other diseases in which dysregulated redox regulation plays a part include diabetes (72), 

aging (73) and a range of neurodegenerative disorders. (74). This includes Alzheimer´s 

disease (75), Parkinson's disease (PD), Huntington's disease (HD), and amyotrophic lateral 

sclerosis (ALS.) (76) 

 

1.4.3 Hypotheses of redox sensing in DYRK kinases  

 

The conservation of the HCD sequence in DYRk kinases is a strong indicator that the cysteine 

may function as a redox sensitive controller of DYRK activity. Modification of cysteine 

residues is known to be a key regulatory process in cell signaling.(77) An example of this is 

the intramolecular disulfide bridge formed in kinases MKK6 and MAP2Ks, resulting in their 

inactivation through blocking ATP binding. (78) 
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1.5 Ligand binding kinetics and thermodynamics 

 

Ligand binding kinetics describes the rate at which a protein and a ligand bind to one another. 

In a situation where the protein and ligand are mixed in a solution, their association can be 

written as,  

 

 

Here P is the protein, L is the ligand, PL is the protein-ligand complex, kon is the kinetic rate 

constant for the binding (forward) reaction, and koff is the kinetic rate constant for the 

unbinding (reverse) reaction. The units of kon and koff are M−1·s−1 and s−1, respectively.  

 

At equilibrium, the forward and reverse reactions should balance each other, giving rise to the 

following equation: 

 

𝑘𝑜𝑛[𝑃][𝐿] = 𝑘𝑜𝑓𝑓[𝑃𝐿]  

 

where the square brackets represent the equilibrium concentration of any molecular species.  

The binding constant, Kb, is then calculated as follows: 

𝐾𝐵 =  
𝑘𝑜𝑛
𝑘𝑜𝑓𝑓

=  
[𝑃𝐿]

[𝑃][𝐿]
=  
1

𝐾𝑑
 

Where Kb has a unit of M-1, and Kd is the dissociation constant. A high binding affinity is 

therefore obtained when you have a fast binding rate and a slow dissociation rate. (79) 

 

It is important to gain insight into ligand-protein interactions to learn about the molecular-

scale biological processes in living systems, and for screening drugs. A number of techniques 

have been developed, but it has proven challenging to quantify the binding kinetics of small 

molecules to proteins, due to the sensitivity of technologies decreasing with the size of the 

ligand. (80) 
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1.5.1 IC50 vs KD 

 

The half-maximal inhibitory concentration (IC50) is the most common way of measuring a 

drug’s efficacy. The IC50 value provides information about the concentration of a drug needed 

to inhibit a biological process by half. (81) (82) It is an important pharmacodynamic index of 

drug effectiveness.  

 

In pharmacodynamics, the affinity of a drug to a target is commonly assessed by evaluating 

drug response curves. In such cases, a steeper curve would indicate tighter binding. The IC50, 

which is a critical index of the dose response curve, is used to compare the binding affinities 

of different drugs to the same target. While IC25 and IC75 can also be used, IC50 is usually a 

superior index because the curve is normally steepest in the middle, which minimizes the 

estimation error for IC50 as opposed to the alternatives. (82) IC50 value can further be used to 

determine the equilibrium dissociation constant Kd – another measure of binding affinity - 

using the The Cheng-Prusoff equation:(83) (84) 

 

𝐼𝐶50 =  𝐾𝑖 (1 +  
[𝑆]

𝐾𝑑
) 

 

 

Where [s] is the substrate concentration. The Kd shows the concentration of free ligands at 

which half of the receptors are in a complex at binding equilibrium. (85) It is a fundamental 

parameter in terms of comparing the binding strength of different ligands and inhibitors to a 

binding partner. The Kd is determined by plotting concentrations of bound versus free ligands 

as binding curves. (84) 

 

In a system where one ligand (L) binds to one protein (P) and one type of protein-ligand 

complex is formed, the Kd can be described by the following equation: 

 

𝐾𝑑 = 
[𝑃][𝐿]

[𝑃𝐿]
 

 

 

Where the square brackets indicate the equilibrium concentrations. (86) 
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Kd is often seen to be more precise than IC50. This is due to IC50 not directly measuring a 

binding equilibrium, meaning that the values are highly dependent on variables such as 

measurement conditions and mechanism of inhibition. It is, however, very convenient for the 

characterization of in vivo activity of a drug for which it is difficult to access the factors 

contributing to its potency.(87) 

 

The ability to measure drug affinity is paramount for drug discovery and acquiring 

information about signal transduction, cell division and other fundamental biological 

processes. (88) (86) 

 

1.5.2 Experimental methods 

 

1.5.2.1 Cook assay 

 

The Cook assay was originally published for PKA, (89) and was later adapted for DYRK1A. 

(99)It is a kinase activity assay that measures the NADH consumption while keeping the ATP 

concentration constant. The rate of disappearance of NADH is monitored spectroscopically at 

340 nm. The following reactions take place in the assay: 

 

𝐷𝑦𝑟𝑘𝑡𝑖𝑑𝑒 + 𝐴𝑇𝑃 
𝐷𝑌𝑅𝐾1𝐴
⇔       𝐴𝐷𝑃 + 𝐷𝑦𝑟𝑘𝑡𝑖𝑑𝑒 − 𝑃 

𝐴𝐷𝑃 + 𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑒𝑛𝑜𝑙𝑝𝑦𝑟𝑢𝑣𝑎𝑡𝑒 
𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 𝑘𝑖𝑛𝑎𝑠𝑒
⇔            𝐴𝑇𝑃 + 𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 

𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 𝑁𝐴𝐷𝐻 + 𝐻+  
𝐿𝑎𝑐𝑡𝑎𝑡𝑒 𝑑𝑒ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑠𝑒
⇔                  𝑁𝐴𝐷+ + 𝐿𝑎𝑐𝑡𝑎𝑡𝑒 

 

In the first reaction we have peptide phosphorylation and ADP release via coupled enzymatic 

reactions. In the second reaction, pyruvate kinase restores ATP levels by dephosphorylating 

phosphoenolpyruvate (PEP), which creates pyruvate. Lastly, lactate dehydrogenase creates 

lactate and NAD+ from pyruvate, NADH and H+ in its reverse reaction. 
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1.5.2.2 Thermal shift assay 

 

Thermal shift assay is a biophysical screening technique used for detection of protein-ligand 

interactions. The thermal stability of a protein is compared to that of the protein in the 

presence of a ligand. A shift in melting temperature indicates binding. When a protein folds, 

the hydrophilic residues will be on the surface, exposed to the solvent, while the hydrophobic 

residues will make up the interior. This is to minimize the free energy. An increase in 

temperature leads to a destabilization of the protein structure, resulting in denaturation and an 

exposure of the hydrophobic core. The process is monitored with a real-time PCR instrument 

and fluorescence detection. (90) A typical melting curve is illustrated in Figure 5. 

 

 

 

Figure 5: Melting curve of a protein during the Thermofluor assay. The dye binds to the protein 

after it unfolds, leading to an increase in the measured Fluorescence. The figure was made using 

Inkscape.(91) 

 

The SYPRO Orange fluorescence emission is monitored while the temperature is 

systematically increased, allowing for an observation of the thermal denaturation of the 

protein in many conditions simultaneously. The thermal shift can be used to identify optimal 

buffer conditions, as well as identifying small molecule ligands, which commonly stabilize 
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the protein upon binding. It is a popular technique because it is quick and requires small 

amounts of protein. (92) 

 

The source of the fluorescence signal can either stem from innate tryptophan fluorescence or, 

more commonly, a dye that gives a stronger fluorescence signal when it binds to the 

hydrophobic residues in the unfolding protein. ANS (1-anilinonaphthalene-8-sulfonic acid), or 

its derivative bis-ANS, and SYPRO Orange are examples of such dyes. (93) 

 

1.5.2.3 Isothermal Titration Calorimetry (ITC) 

 

ITC is a technique widely used to obtain enzymatic kinetic information. (94) In a typical ITC 

experiment, addition of a binding partner (titrant) into another binding partner (titrate) is 

performed over time, through one or more individual injections. Heat is then measured as a 

change in temperature or in the power necessary to maintain the same temperature for both 

the reference cell and the sample cell.  This energy can then be converted into a binding 

enthalpy, using the volume of the cell and the concentration of the reactants-(95) 
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Figure 6: Equipment for performing ITC measurements. The machine is built up of two cells – a 

reference cell and a sample cell. The difference in temperature between the two cells after injection of 

the sample and addition of a titrant, is then used to calculate binding enthalpies. The figure was made 

using Inkscape.(91) 

 

ITC is currently the only technique with which one can determine the binding affinity and the 

binding enthalpy in a single experiment. (96) 

 

Advantages of using ITC as a technique for enzyme measurements include that the approach 

is entirely general since most chemical reactions either produce or consume heat, and as a 

result the method can be applied to all enzymes. The measurements can be performed under  

dilute, physiological solution conditions. There is also no delay between the mixing of the 

solutions and the start of the experiment, as is the case in many spectroscopic measurements. 

In addition, ITC detects heat flow in real time and provides a direct readout of the enzyme 

activity and the way in which it is affected by the inhibitors, as opposed to deducing them 

from substrate and product concentrations, as is often the case with other techniques. (97) 
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1.5.2.4 Microscale Thermophoresis  

 

Microscale Thermophoresis (MST) is a technique that allows for measuring binding affinities 

of binder-ligand systems, as a function of the molecules directional movement in a 

temperature gradient. (98) The method is used extensively because it requires small amounts 

of sample and it´s easy to use. (99) 

 

An infrared laser is used to create a local temperature gradient with optical heating. The 2-6oC 

temperature increase will spark the diffusion of molecules – a phenomenon known as 

thermophoresis. If a ligand binds to the target molecule, this leads to a change in the 

molecule´s size, charge, or solvation, which in turn alters the diffusion rate, which is 

translated into a change in the local concentration of the molecules. The fluorescence of the 

labeled molecules is monitored in response to thermophoresis and translated to a binding 

curve from which Kd can be evaluated. (100) 

In most MST experiments in which the goal is to quantify an interaction, the concentration of 

the labeled molecule is kept constant, whereas the concentration of the unlabeled binding 

partner is varied. It is common to start at a concentration that is a minimum of 10 times larger 

than the expected dissociation constant. From there one proceeds down to sub-stoichiometric 

concentration with respect to the labeled molecule. The changing fluorescence signal 

depending on the concentration of target is given by the following equation:  

 

𝐹𝑛𝑜𝑟𝑚 = (1 − 𝑥)𝐹𝑛𝑜𝑟𝑚(𝑢𝑛𝑏𝑜𝑢𝑛𝑑) + 𝑥𝐹𝑛𝑜𝑟𝑚(𝑏𝑜𝑢𝑛𝑑) 

 

Where Fnorm (unbound) is the normalized fluorescence, Fnorm  (bound) is the normalized 

fluorescence of complexes, and x is the fraction of labeled molecules bound to their targets. 

(101) 
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1.6 Molecular dynamics 

MD simulations have in recent years become a widely used technique for studying the 

structure and dynamics of macromolecules. Simulations often include as many as ~50,000–

100,000 atoms. The systems are initially prepared from nuclear magnetic resonance (NMR) or 

crystallographic data, or- in cases with no available experimental data- the systems are built 

through homology-modelling. Once a simulation system is built, force-fields can be used to 

obtain the forces acting on each atom present in the simulation. (102) 

In MD, the motion of the atoms is simulated by solving Newton’s equation of motion 

simultaneously for all atoms in the system: (103) 

𝐹 = (𝑚𝑣)
𝑑

𝑑𝑡
= 𝑚𝑎 

The chemical, geometric and mechanical properties of molecules consist of “bonded” (bonds, 

bond angles, torsional angles) and “nonbonded” (van der Waals, Coulombic) potential energy 

terms, which make up the so-called force field and give the total potential energy for the 

system. (104) A graphical representation of the components of a force field is shown in Figure 

7. 

 

 

 

 

 

 

 

 



 28 

 

𝑈(𝑅) =  ∑ 𝑘𝑟(𝑟 − 𝑟𝑒𝑞)
2

𝐵𝑜𝑛𝑑𝑠        

+ ∑ 𝑘𝜃(𝜃 − 𝜃𝑒𝑞)
2

𝐴𝑛𝑔𝑙𝑒𝑠         

 

+ ∑ 𝑘𝜙(1 + cos[𝑛𝜙 − 𝛾])𝐷𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠         

 

+ ∑ 𝑘𝜔(𝜔 − 𝜔𝑒𝑞)
2

𝐼𝑚𝑝𝑟𝑜𝑝𝑒𝑟𝑠       

 

+ ∑ 𝜀𝑖𝑗  
𝐴𝑡𝑜𝑚𝑠
𝑖<𝑗 [(

𝑟𝑚

𝑟𝑖𝑗
)
12

− 2(
𝑟𝑚

𝑟𝑖𝑗
)
6

]   

+ ∑
𝑞𝑖𝑞𝑗

4𝜋𝜀0𝑟𝑖𝑗

𝐴𝑡𝑜𝑚𝑠
𝑖<𝑗     

Figure 7: Graphical representation of the components of a force field. A force field is made up of 

bonds, angles, torsions, van der Waal´s interactions and Coulombic interactions. The blue spheres in 

the illustration represent atoms. (105) The figure was made using Inkscape.(91) 
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2 MATERIALS & METHODS 

 

2.1 Buffers & Solutions 

 

All buffers and solutions used in this project are listed along with their contents in Table 1.  

 

Table 1: Buffers and solutions used in this project 

Buffer/Solution Contents pH 

Buffer A 500 mM NaCl, 50 mM PO4 8.0 

Buffer B 50 mM PO4 3-, 300 mM NaCl, 500mM imidazole 8.0 

Buffer C (TEV) 50 mM Tris, 200 mM NaCl, 2 mM b-mercaptoethanol 7.5 

Buffer D (GF) 50 mM mops, 50 mM KCl 6.8 

LB agar 1% (w/v) Tryptone, 0.5% (w/v) Yeast extract, 1% (w/v) NaCl, 

1.5% (w/v) Agar-agar in MilliQ water 

 

LB media 1% (w/v) Tryptone, 0.5% Yeast Extract, 1% (w/v) NaCl in 

MilliQ water 

 

PBS-T 

 

50 mM Tris-HCl pH 7.4, 150 mM NaCl, 10 mM MgCl2 in 

MilliQ water 

 

TB 1.2% (w/v) Tryptone, 2.4% (w/v) Yeast extract, 0.5% Glycerol 

in MilliQ water 

 

   

 

 

2.2 Site-directed mutagenesis DYRK1A 

 

The QuickChange II site-directed mutagenesis protocol(106) was employed to produce the 

DYRK1A C312A mutant. The strategy for the mutagenesis is illustrated in four steps in 

Figure 8. 
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Figure 8: Illustration of the QuickChange II site-directed mutagenesis. The figure is modified 

from the QuickChangeTM II site-directed mutagenesis protocol (Agilent Technologies.) The pink star 

represents the spot where the point mutation should take place in the plasmid, which is represented by 

the circles. The orange spheres are the primers that were designed to possess the desired mutation 

(C312A). In step 1, the plasmid is denatured, and the primers then anneal to the correct spot on the 

plasmid. In step 2, the Pfu TurboTM DNA polymerase replicates the parental plasmid and incorporates 

the primers containing the desired mutation. In step 3, Dpn1 digests the parental plasmid which does 

not contain the mutation. In the fourth and final step, plasmid is transformed into competent cells and 

the nicked plasmids are ligated and amplified. 

  

 

A primer was first designed using the QuickChange Primer Design Program.(107) The 

nucleotide sequence of the forward and reverse primers is listed in Table 2. The mutated 

nucleotides are highlighted yellow.  

 

Table 2: Primers designed for site-directed mutagenesis 

 

  Point  

mutation     Fwd/Rvs.        Nucleotide sequence 

 

 

C312A 

 

    Fwd              CTCTGCCCCAACTGAGCAGAACTGCCAAAGTCAACTATC 

    Rvs               GATAGTTGACTTTGGCAGTTCTGCTCAGTTGGGGCAGAG 

 

1 2 

3 

4 
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The FASTA-formatted DNA sequence for DYRK1A was uploaded and the nucleotides 

corresponding to the mutation C312A were specified. The primer was ordered and stored in 

the freezer at -20oC until it was used. The primer was then dissolved in H2O to a 

concentration of 100 ng/l. 

 

Four sample reaction mixtures were prepared using the recipe provided by the QuickChange 

II site-directed mutagenesis kit, as described in Table 3. 5, 10, 20 and 50 ng dsDNA template 

was used. The primer concentration was kept constant. The PfuUltra HF DNA polymerase 

was added last. The reactions were cycled according to the parameters in Table 4. 

 

Table 3: Sample reaction. 

 

 

 

 

 

 

 

 

 

 

Table 4: Thermal cycling parameters as proposed by the QuickChange protocol.(106) 

Segment Cycles Temperature Time 

1 1 95oC 30 seconds 

2 12 for point mutations 

16 for single amino acid 

changes 

18 for multiple amino 

acid deletions or 

insertions 

95oC 30 seconds 

55oC 1 minute 

68oC 1 minute/kb of 

plasmid length 

 

5 l of 10x reaction buffer 

X l (5-50 ng) of dsDNA template 

X l (125 ng) of oligonucleotide primer #1 

X l (125 ng) of oligonucleotide primer #2 

1 l of dNTP mix 

ddH2O to a final volume of 50 l 

1 l PfuUltra HF DNA polymerase (2.5U/l) 
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Following the temperature cycling, the reactions were placed on ice for two minutes to cool 

the reaction to < 37oC.  

 

1 l of the restriction enzyme (10 U/l) was added to each of the amplification reactions. 

They were gently and thoroughly mixed by pipetting up and down multiple times. The 

reaction mixtures were spun down in a microcentrifuge for 1 minute, followed by immediate 

incubation at 37oC for 1 hour to digest the parental (nonmutated) supercoiled dsDNA. 

 

XL1-Blue supercompetent cells(108) were thawed on ice. 50 l of the cells were transferred 

to a prechilled 14 ml BD Falcon polypropylene round-bottom tube. 1 l of the Dpn 1-treated 

DNA from each sample reaction was transferred to separate aliquots of the supercompetent 

cells. The transformation reactions were gently swirled for mixing before they were incubated 

on ice for 30 minutes. The reactions were heat pulsed for 45 seconds at 42oC and were then 

placed on ice for 2 minutes. 0.5 ml of NZY+ broth was preheated to 42oC and added to the 

reactions. They were incubated at 37oC for 1 hour with shaking at 225-250 rpm. 

 

250 l of each transformation reaction was plated on pre-made LB-ampicillin agar plates (2 

plates per reaction). The transformation plates were incubated at 37oC for approximately 16 

hours. Two colonies were picked and inoculated in 4 ml of LB-media with 4 l ampicillin and 

incubated at 37oC overnight with shaking at 220 rpm.  

 

2 ml of the mini culture was used to isolate and purify the plasmid by QIAprep spin Miniprep 

kit. The plasmid was then sequenced.  

 

 

2.3 Expression of DYRK1A wt and mutant 

 

1 l DNA and 50 l bacterial cells (BL21 Star Rare) were transferred into an Eppendorf tube 

and mixed by gently tapping on the walls of the tube. It was put on ice for 15 minutes, 

followed by heat shock for 45 minutes in a 42oC water bath. Back on ice again, 500 l LB and 

50 l glucose was added to the Eppendorf tube. It was then incubated at 37oC for one hour. 
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After incubation, the solution was transferred to an Erlenmeyer flask containing 50 mL LB. 

50 L ampicillin was added, and the solution was incubated at 37oC overnight.  

 

The next day, the solution was transferred to a flask containing 900 ml TB and 100 ml salts. 1 

ml ampicillin was added to the flask. This was followed by incubation at 37oC until the 

optical density reached 1.0. The temperature was then lowered to 17.8oC, and 1 mmol IPTG 

was added.  

 

On the third day, the solution was poured into a centrifugation flask, and was centrifuged at 

5000 rpm for 20 minutes. The pellet was stored in the freezer at -20oC. 

 

 

2.4 Cell disruption 

 

The pellet was taken out from the freezer and was dissolved in 50 ml of Buffer A. 250 l 

Tween20 was added to the solution, which was then poured into a 100 ml beaker. The beaker 

was placed in an ice/water bath, and the protein solution was sonicated for 15 minutes, 4 

seconds on and 8 seconds off. The maximum amplitude was set to 40% and the maximum 

temperature was set to 12oC.  

 

After sonication, the solution was poured into two centrifuge tubes. The rotor JA-25.50 was 

used to centrifuge them for 60 minutes at 20 000 rpm, with a temperature of 4oC. The 

supernatant was then transferred to two 50 ml falcon tubes, approximately 25 ml in each.  

 

 

2.5 Protein purification 

 

2.5.1 Affinity chromatography 

 

Äkta prime plus Fast Protein Liquid Chromatography (FPLC) system was employed to 

perform affinity chromatography on the protein.  
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A 5 ml HisTrap column packed with Ni Sepharose HP beads was washed with 15 ml of 

Buffer B, followed by 15 ml of Buffer A, before the protein solution was loaded onto the 

column with a peristaltic pump. A system wash was performed on the Äkta prime with 

Buffers A and B. The column was connected, and the program was started. The initial settings 

were 0% B, with a flow rate of 1 ml/min and a fraction size of 6 ml. The concentration of 

Buffer B was later set to 5%. A gradient with a length of 40 ml and a target of 100% B was 

started after the first peak in the chromatogram. The fraction size was changed to 2 ml. The 

run was ended once the target of 100% B was reached. 

 

2.5.2 TEV cleavage 

 

TEV-protease cleavage was employed to remove the His-tags from the protein. The fractions 

corresponding to the peaks in the chromatogram were analyzed on an SDS-PAGE gel. The 

ones containing protein were then pooled. 1 ml TEV protease was added, and the protein 

solution was then transferred into a membrane using a syringe and a needle. The membrane 

was dropped into a 1L beaker containing Buffer C. The beaker was stored in the cold-room at 

4oC o/n on stirring for the TEV cleavage to be performed. 

 

The next morning, the sample was retrieved from the membrane using a syringe and a needle. 

Extra loops were connected to the Äkta prime to ensure that the volume of the loops 

surpassed the volume of the sample. A 1 ml HisTrap column was washed with Buffer A with 

a flow rate of 10 ml/min. The column was then disconnected, and the loops were washed with 

a flow rate of 30 ml/min, also with Buffer A. The protein sample was loaded into a syringe 

with a needle and was then injected onto the machine. The program was run with a flowrate 

of 1 ml/min and 0% B. The fraction size was set to 6 ml. After 25 ml had passed through (the 

size of the loop), the percentage of Buffer B was set to 5%. The gradient was started after the 

peak. An SDS-page was run, and the desired fractions were pooled and stored in a 50 mL 

falcon tube overnight.   
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2.5.3 Size exclusion chromatography 

 

A 120 mL HiLoadTM column was employed to perform size exclusion chromatography on the 

protein. A system wash was performed on the Äkta prime, with A as Buffer D and B as 

MilliQ water. The loop was washed by injecting water with a syringe. The SEC column was 

connected. A manual run was performed with water at 1 mL/min for 30 minutes. Another 

manual run was then performed with Buffer D for 120 minutes (1 CV = 120 ml). The protein 

was concentrated to a volume of less than 10 ml and was then injected onto the column using 

a syringe. The program was set to a flow rate of 1 ml/min, a fraction size of 2 ml and a 

pressure limit of 0.5. The fractions corresponding to the peaks were analyzed on an SDS-Page 

gel, and the ones containing protein were pooled. The gel filtration column was washed with 

water overnight. The protein was concentrated to 10 mg/ml and was divided into eppendorfs 

with 100 l in each, before it was frozen in the -82oC freezer. 

 

 

2.6 SDS-PAGE 

 

Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) was used to 

analyze the protein samples, and to verify the purity after each step in the purification routine. 

Depending on the number of fractions to be analyzed, 10-, 12- and 15-well BIO-RAD gels 

were used. A molecular weight marker was always pipetted into the first well for comparison. 

For the remaining wells, 30 l of the protein samples were mixed with 10 l of a sample 

buffer in Eppendorf tubes. The tubes were then placed in a heat block at 95oC for 

approximately 5 minutes to denature the protein. Each of the samples was then loaded into its 

on well on the gel. The SDS-PAGE was run at 200 V, 90 mA for 35 minutes. Afterwards, the 

gel was rinsed with MilliQ water before it was stained with SimplyBlue Safestain and boiled 

in the microwave for approximately 30 seconds. It was then placed on an orbital shaker. It 

was later rinsed with MilliQ water and placed back on the shaker.  
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2.7 Nanodrop 

 

The concentrations of protein and DNA were measured using the Nanodrop 2000c (Thermo 

Science) spectrophotometer(109). 200 nl MilliQ water or buffer was loaded as a blank, before 

200 nl of the protein sample was loaded and used for measuring the concentration.  

 

2.8 Plasmid miniprep 

 

The QIAprep spin Miniprep Kit was used for isolating the plasmid. 2 ml of the sample was 

transferred to two microcentrifuge tubes and was then centrifuged at 8000 rpm for 3 minutes. 

The supernatant was removed and 250 l of Buffer P1 was added to each of the tubes. The 

pellets were resuspended using a pipette. 250 l Buffer P2 was added, and the solutions were 

mixed by inverting the tubes six times. 350 l Buffer N3 was added, and the solutions were 

mixed in the same manner as before. The tubes were centrifuged for 10 minutes at 13 000 

rpm. The supernatant was transferred to a QIAprep spin column by pipetting. It was 

centrifuged for 60 seconds, and the flow-through was discarded. 0.75 ml Buffer PE was 

added, and the tubes were centrifuged for 60 seconds. The flow-through was discarded, and 

another 60 seconds of centrifugation was performed. The QIAprep spin column was placed in 

a 1.5 ml microcentrifuge tube. To elute DNA, Buffer EB was added to the center of the 

QIAprep spin column. It rested for 1 minute and was then centrifuged for 1 minute. The 

concentration was measured with Nanodrop, and the plasmids were frozen at -20oC. 

 

 

2.9 Thermofluor Assay 

 

A 5000x stock solution of Sypro Orange (S.O.) was diluted in water to create a 90x stock 

solution. 12.5 l buffer was pipetted into a 48-well white PCR-plate. 7.5 l of the 90x S.O 

stock was pipetted into each of the wells. The protein was diluted in buffer to a concentration 

of 10 M. The inhibitors were diluted to a concentration of 100 M. 5 l of the protein stock 

was added, followed by 1.25 L of the inhibitors. Finally, -mercaptoethanol, peroxide and 

glutathione were added. The plate was sealed with optical-quality sealing tape. The program 

was run from 20-95oC. 
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2.10 Cook Assay 
 

 

6 ml reaction premix was prepared according to the recipe in Table 5. The protein was diluted 

1:40 in MOPS, with a final concentration of 5.95 M. 75 l of the reaction premix and 10 l 

protein was pipetted into a well, thoroughly mixed and analyzed. 75 l of the premix, 10 l of 

the protein and 10 l of ATP was then pipetted into the next well and were mixed and 

analyzed to measure the activity of the protein. A Molecular Device SpectraMax M2 plate 

reader was used for measuring the absorbance. 

 

Table 5: Reaction premix. Recipe for 1 ml reaction premix. 

0.5 ml MOPS (200 mM, pH 6.8) 

0.1 M KCl (1 M) 

10 l MgCl2 (1 M) 

10 l PEP (100 mM in H2O) 

5 l DYRKtide (20 mM in H2O) 

1 l 2-mercaptoethanol (1 M in H2O) 

15 l Pyruvatkinase lactate dehydrogenase 

20 l NADH (10.7 mM in H2O) 

89 l H2O 

 

 

10 mM Staurosporine was diluted in MOPS to three initial concentrations, 1 mM, 0.1 mM and 

0.01 mM. 75 l of the premix, 10 l of the protein, 5 l of the inhibitor and 10 l of ATP was 

pipetted, mixed, and analyzed for each of the three dilutions. A new set of dilutions were 

made to cover the whole area from 0% inhibition to 100% inhibition. 

 

 

2.11 Isothermal Calorimetry (ITC) 

 

ITC measurements were performed the DYRK1A C312A mutant with D-Luciferin as a 

ligand.  DYRK1A C312A was diluted in Buffer D to a concentration of 20 M. Luciferin was 
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diluted in Buffer D to a concentration of 200 M. -mercaptoethanol was added to both the 

protein and the inhibitor to a final concentration of 1 mM. Buffer D was pipetted into the 

reference cell, while the diluted protein with BME was pipetted into the sample cell. The 

program was run at 20oC.  

 

 

2.12 Microscale Thermophoresis (MST) 

 

MST measurements were performed on the DYRK1A C312A mutant with a peptide called 

“Rain”, obtained from the research project of PhD student Robin Jeske. DYRK1A wt has 

shown binding to the same peptide in previous MST experiments performed by Jeske. 

 

 

2.12.1 Confirming the protein concentration with Bradford assay 

 

The Bradford assay was used to verify the concentrations of purified DYRK1A and DYRK1A 

C312A. Dye reagent was prepared by diluting one part Dye Reagent Concentrate with four 

parts DDI water. The solution was filtered to remove particulates. Seven dilutions of a BSA 

protein standard were prepared, with the following concentrations: 0.0 mg/ml, 0.05 mg/ml, 

0.1 mg/ml, 0.2 mg/ml, 0.3 mg/ml, 0.4 mg/ml and 0.5 mg/ml. 10 l of each standard and 

sample solution was pipetted into separate wells on the 96-well microplate. Everything was 

assayed in triplicates. 200 l of the diluted dye reagent was pipetted into each of the wells. 

The solution was mixed by repeatedly pipetting up and down. The plate was incubated at 

room temperature for 5-10 minutes. Absorbance was measured at 595 nm, the optimal 

wavelength for the Coomassie dye-protein complex. A standard curve was constructed and 

was used to verify the concentration of the protein. 

 

 

2.12.2 Protein Labeling 

 

A 100 nM dye solution was prepared by mixing 2 l of the dye (5 M) and 98 l PBS-T 

buffer. The protein was diluted to a concentration of 200 nM. 100 l of the protein was then 

added to the Eppendorf tube containing the dye solution. The solution was incubated for 30 
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minutes at room temperature, before it was centrifuged for 10 minutes at 4oC and 15 000 g. 

The supernatant was transferred to a fresh tube.  

 

2.12.3 Binding assay 

 

25 l of the ligand, “Rain”, was prepared in PBS-T buffer for a final concentration of 1000 

nM. 10 l of PBS-T was then added into 16 PCR- tubes, before 20 l of the ligand was added 

into each of the tubes. 10 l of the ligand was then transferred from the first PCR- tube into 

the second PCR- tube using a pipette. The two components were mixed thoroughly by 

pipetting up and down multiple times. 10 l was then transferred from the second tube to the 

third tube and the same procedure was repeated for the remaining tubes. The extra 10 l from 

tube number 16 was discarded. Next, 10 l of the labeled protein was pipetted into each well 

and thorough mixing was performed. Finally, the capillaries were loaded, and the samples 

were measured using the Monolith NT.115 pico. 

 

16 runs were performed, with ligand concentrations ranging from 1000 nM to 0.03 nM. The 

parameters for the experiment are shown underneath in Table 6. 

 

Table 6: Parameters used for the MST runs.  

Experiment type Expert mode 

Capillary count 16 

Excitation color Pico – RED 

Excitation power 25% 

MST power High 

Phase 1 duration 3 

Phase 2 duration 20 

Phase 3 duration 1 

Evaluation strategy On time 1.5 s 

Cold region -1.0 s – 0.0 s 

Hot region 0.5 s – 1.5 s 
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2.13 Crystallography of DYRK1A wt and mutant 

 

2.13.1 Crystallization methods 

 

The crystallization trials for DYRK1A wt with STU and DYRK1A C312A with STU were 

performed using the vapor diffusion method. 100 L of the concentrated protein kinase (10 

mg/ml) was mixed with 4 L of STU (10 mM) in DMSO. The final concentration of STU in 

the trials was 400 M. The commercial screens SG1TM (Molecular Dimensions) and JCSG-

plusTM (Molecular Dimensions) were used for the initial trials to find crystallizing conditions. 

The Formulatrix robot was used to pipette solutions from the deep well into 96-well sitting 

drop crystal plates. The ratio between the protein solution and the reservoirs were 1:1, with 

the drops consisting of 200 nl of each. The crystallization trials were performed at room 

temperature. The conditions that yield crystals were further optimized on a 24-well screen 

with a grid design. The Formulator robot was used for dispensing the reservoir solutions, with 

a volume of 500 l in each well. The hanging drop method was used for the 24-well plates, 

with a 2+2 l ratio of protein solution to reservoir solution. 

 

The crystals were fished from the wells and frozen in liquid nitrogen, with LV oil as a 

cryoprotectant. They were then sent for X-ray data collection. 

 

2.13.2 Data collection and structure solution 

The crystal structures of the DYRK1A wt in complex with STU, and the DYRK1A C312A 

mutant in complex with STU was solved by Dr. Ulli Rothweiler by molecular replacement 

with MolRep
 
of the CCP4 software package.(110) The structure was further refined using 

Refmac(111)
 
and Phenix.(112)  

 

2.14 Molecular dynamics 

 

Maestro (SCHROEDINGER)(112) was used for performing molecular dynamics simulations 

on the structure of DYRK1A in complex with PKC-412.  
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The pdb file of 4NCT (DYRK1A with PKC-412) was downloaded and opened in Maestro. 

The structure was split by chain and chain B was deleted, leaving only chain A. The protein 

was prepared for the dynamic simulation using the Protein Preparation Wizard and Energy 

Minimization. The bond between the sulfur on C286 and the one on C312 was removed to 

model an open disulfide bridge. Desmond implementation of MD from the Schrodinger 

Molecular Modelling package was used to perform the simulation. Default conditions were 

used and the total time for the trajectories when combined was 2 microseconds. The force 

field used for the MD simulations was OPLS4. (113) 

 

To investigate the effects of the disulfide bridge, a range of measurements were performed 

using tools in Maestro. This includes analyzing the solvent accessible surface are (SASA) of 

C286 and C312 and measuring the distances between residues that are of particular interest, 

such as between the gatekeeper residue and STU. 

 

 

2.15 Structure alignments 

 

76 DYRK1A crystal structures (Appendix) were identified in the Protein Data Bank (PDB) 

via a sequence search using the human DYRK1A sequence of the catalytic domain were 

loaded into Pymol, split into single catalytic domain objects using the “split_chain” function, 

and superimposed with the “align” function. 
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3 RESULTS 

 

3.1 Mutagenesis 

 

Site-directed mutagenesis was performed using the QuickChange II Site-Directed 

mutagenesis kit (Agilent technologies) with a plasmid of the DYRK1A wt as a template. 

 

The sequencing results confirmed that the point mutation was successful. Nucleotides T and 

G were mutated to G and C, respectively, resulting in amino acid 312 changing from a 

Cysteine to an Alanine. The sequencing results are shown underneath in Figure 9. The upper 

row is the original chromatogram od DYRK1A wt, while the lower row is the chromatogram 

for the DYRK1A C312A mutant. The mutated nucleotides are highlighted by a yellow box. 

 

 

 

Figure 9. Sequencing results for DYRK1A wt and DYRK1A C312A. The sequencing 

chromatogram of DYRK1A wt is represented in the upper row, while the sequencing chromatogram of 

DYRK1A C312A is represented in the lower row. The mutated nucleotides are highlighted with a 

yellow box. 
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3.2 Purification of DYRK1A wt and mutant 

 
 

DYRK1A wt and the mutant DYRK1A C312A were both successfully expressed. The same 

protocol was followed, and no noticeable difference was observed between the wt and the 

mutant during purification. The results included in the thesis are from purification of 

DYRK1A wt. 

 

During the first step of the purification, DYRK1A wt was eluted on a 5 ml HisTag column 

with a flow rate of 1 ml/min and a pressure limit of 0.5 mPa. The elution buffer, Buffer B, 

contained Imidazole at a concentration of 500 mM. DYRK1A wt was eluted on a gradient 

starting at 5% Buffer B, which corresponds to 25 mM Imidazole, to 100% Buffer B. The 

percentage of Buffer B is represented as a green line in the chromatogram in Figure 10 a). The 

red line is the conductivity, and the blue line is the absorbance at 280 nm. The third peak in 

the chromatogram shows that DYRK1A wt eluted at approximately 40-50% of Buffer B (200-

250 mM Imidazole). Fractions 1, 5, 17, 18, 20, 22, 24, 26, 28, 30 and 32 were analyzed on an 

SDS-PAGE gel. A photo of the gel is shown in Figure 10 b). It shows that fractions 20-32 

contained DYRK1A wt. 
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a) 

 

b) 

 

 

 

 

 

 

 

 

 

 

Figure 10: Purification of His-tagged DYRK1A wt. a) Chromatogram showing the affinity 

purification of His-tagged DYRK1A wt using a 5 ml HisTrap column. The red line Is the conductivity, 

the green line is the percentage of the elution buffer (imidazole), and the blue line is the absorbance at 

280 nm. b) SDS-PAGE gel of His-tagged DYRK1A wt after affinity purification. The molecular 

weight of DYRK1A is approximately 42 kDa. The band is clearly visible between the marker bands at 

37 and 55 kDa. 
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These fractions containing DYRK1A wt were pooled and the his-tags were cleaved off by a 

TEV-protease overnight, before the second affinity chromatography was performed using the 

1 ml HisTrap column. This time DYRK1A wt eluted before the start of the elution buffer 

gradient, confirming that the His-tags had been successfully cleaved off. The chromatogram is 

shown underneath in Figure 11 a). The small peak in absorbance in the middle of the gradient 

is the TEV protease and the cleaved His-tags. Fractions 1, 2, 3, 4, 5, 6, 7, 10 and 11 for 

analyzed on an SDS-PAGE gel, of which a photo is shown in Figure 11 b). Fractions 1-5 were 

pooled and further purified. 

 

a) 
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b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Purification of cleaved DYRK1A wt. a) Chromatogram showing the affinity purification 

of cleaved DYRK1A wt using a 1 mL HisTrap column. The red line is the conductivity, the green line 

is the percentage of the elution buffer (imidazole), and the blue line is the absorbance at 280 nm. b) 

SDS-PAGE gel of His-tagged DYRK1A wt after affinity purification. The band corresponding to 

DYRK1A wt is clearly visible between the marker bands at 37 and 55 kDa. 

 

The last step of the purification was gel filtration (size exclusion chromatography), for which 

a 120 mL HiLoadTM column was employed. The sample was eluted at a flow rate of 1 ml/min 

for 1 CV. The chromatogram for the SEC is shown underneath in Figure 12 a). The large peak 

at approximately 80 ml is the elution of DYRK1A wt. Fractions 29, 30, 31, 33, 35, 37, 39, 42, 

43, 44, 45, 46, 47 and 49 were analyzed on an SDS-PAGE gel, which is shown in Figure 12 

b). Fractions 35-45 were pooled and concentrated to approximately 10 mg/ml. 1 L culture 

yield about 7 mg purified protein. 
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a) 

 

 

b) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Purification of DYRK1A wt. a) Chromatogram showing the gel filtration (size-exclusion 

chromatography) of DYRK1A wt using a 120 mL column. The red line is the conductivity, the green 

line is the percentage of the elution buffer (imidazole), and the blue line is the absorbance at 280 nm. 

b) SDS-PAGE gel of DYRK1A wt after purification by SEC. The band corresponding to DYRK1A wt 

is clearly visible between the marker bands at 37 and 55 kDa. 
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3.3 Thermofluor assay 

 

Multiple rounds of the assay were performed both with apo protein and with inhibitors 

present, to find the optimized conditions for carrying out the experiment.  

 

The melting temperatures, Tm, for both DYRK1A wt and DYRK1A C312A are presented in 

Table 7 underneath. The redox condition for each experiment is given in the first column. 

Untreated means that no oxidant or reductant was added to the assay. Tm is the difference in 

melting temperature between the apo protein and the protein when bound to the inhibitor. 

Some of the data was uninterpretable, which is represented by x in the table. 
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Table 7: Thermofluor measurements of DYRK1A wt and DYRK1A C312A with and without 

STU, AZ-191 and LUC as ligands. Measurements were done with DYRK1A wt and DYRK1A 

C312A without ligands present, with STU, with AZ-191 and with LUC. All combinations were 

measured with untreated protein, with BME, with glutathione and with peroxide. Tm is the melting 

temperature of the protein, SD is the standard deviation, Tm is the difference in melting temperature 

when the protein is bound to a ligand as opposed to not being bound. Uninterpretable data is 

represented by x.  

 

  DYRK1A wt DYRK1A C312A 

  Tm ± SD (oC) ΔTm (xligand-xprotein)  
Tm ± SD 

(oC) 
ΔTm (xligand-xprotein)  

Untreated 

Apo protein 42.90 ± 0.42  40.50 ± 0.14  

Protein + STU 56.53 ± 0.12 13.63 54.00 ± 0.20 13.50 

Protein + AZ-

191 
59.47 ± 0.76 16.57 56.73 ± 0.23 16.23 

Protein + LUC 42.90 ± 0.14 0.00 40.60 ± 0.20 0.10 

β-ME 

(0.5 mM) 

Apo protein 49.60 ± 0.87  35.00  

Protein + STU 57.20 ± 0. 92 7.60 53.00 ± 0.20 18.00 

Protein + AZ-

191 
57.73 ± 0.58 8.13 51.87 ± 6.64 16.87 

Protein + LUC 49.00 -0.60 35.00 0.00 

β-ME 

(560 mM) 

Apo protein 44.20 ± 0.53  43.60 ± 2.26  

Protein + STU 47.87 ± 1.75 3.67 45.53 ± 0.64 1.93 

Protein + AZ-

191 
49.60 ± 0.20 5.40 46.73 ± 0.12 3.13 

Protein + LUC 44.87 ± 0.51 0.67 44.40 ± 0.20 0.80 

Glutathione 

(0.5 mM) 

Apo protein x  x  

Protein + STU 57.47 ± 1.17 x 52.00 x 

Protein + AZ-

191 
57.60 ± 0.72 x 53.40 ± 0.35 x 

Protein + LUC 45.60 x 35.00 x 

Peroxide 

(0.1 mM) 

Apo protein x  x  

Protein + STU 50 x 54.07 ± 0.12 x 

Protein + AZ-

191 
50 x 53.00 ± 0.87 x 

Protein + LUC 43 x 36.47 ± 0.76 x 

 

 

It is apparent from the results in Table 7 that DYRK1A wt has a consistently higher melting 

temperature than DYRK1A C312A. This is true for every condition except when Peroxide 
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(0.1 mM) is present in the assay. It can also be deduced from Table 7 that STU and AZ-191 

both lead to an increase in melting temperature, while LUC seemingly has no effect. The 

highest melting point for the protein kinase is achieved when it is bound to AZ-191, with no 

reductant or oxidant present.  

 

 

3.4 Cook assay 

 

The Vmax values measured in the Cook assay were converted into kinase activity (%), which 

was plotted against the log concentrations of the inhibitor STU. The dose response curves 

were used to calculate the IC50 values, which tells us the concentration of a drug needed to 

inhibit a biological process by half. The dose response curve for DYRK1A wt and DYRK1A 

C312A are shown underneath in Figure 13 a and b, respectively. 

 

 

                                                                                                

a)                                                                              b) 

 

 

 

Figure 13: Dose response curves for DYRK1A wt and DYRK1A C312A with STU. a) Dose 

response curve for DYRK1A wt, plotted using data from the Cook assay. The x-axis represents the log 

concentration of the inhibitor (M) and the y-axis represents the activity of the protein kinase (%). The 

half-maximal inhibitory concentration (IC50) value was calculated to be 1.47 M b) Dose response 

curve for DYRK1A C312A. The IC50 was calculated to be 0.91 M for the mutant. The graphs were 

made using Graphpad Prism.(114)  

 

IC50 = 1.47 M IC50 = 0.91 M 
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The IC50 value for DYRK1A wt was calculated to be 1.47 M, while the IC50 value for the 

DYRK1A C312A mutant was calculated to be 0.91 M. These results would indicate that the 

wt is more resistant to Staurosporine inhibition than  

 

 

3.5 ITC 

 

Multiple ITC experiments were performed using both DYRK1A wt and DYRK1A C312A 

with the inhibitor Luciferin, with and without reductant present in the assay. Unfortunately, 

the results from the measurements were not reproducible and are thus not included in the 

thesis.  

 

 

3.6 MST 

 

3.6.1 Bradford assay 

 

The Bradford assay was used to verify the concentrations of DYRK1A and DYRK1A C312A. 

The standard curve can be seen underneath in Figure 14. The coefficient of determination (R2) 

was 0.996, which indicates highly accurate results. The standard line curve formula, y = A + 

Bx was used to calculate the concentrations (x) of the diluted protein. The concentrations of 

DYRK1A and DYRK1A C312A before dilution was found to be 10.64 mg/ml and 5.56 

mg/ml, respectively. 
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Figure 14: BSA standard curve created with the Bradford assay. The standard curve line formula, 

y = A + Bx, was used to calculate the concentration (x) of the diluted protein. The concentrations of 

the protein before dilution were calculated to be 10.64 mg/ml for DYRK1A wt and 5.56 mg/ml for the 

mutant DYRK1A C312A. 

 

 

3.6.2 Binding assay 
 

Figure 15 shows the traces produced from the 16 MST runs, with time (s) as the x-axis and 

relative fluorescence as the y-axis. 
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Figure 15: Traces from the MST run. This graph shows how the MST fluorescence signal varies 

over time. The x-axis ist time (s) and the y-axis is relative fluorescence. The initial flat phase is 

detection of the sample fluorescence, which is commonly recorded for about 5 seconds. This is 

followed by activation of the MST power to induce the temperature gradient and subsequent detection 

of thermophoretic changes in fluorescence. Finally, MST power is deactivated, and back diffusion of 

fluorescent molecules is monitored. Outliers are shown in grey.  

 

 

 

The results from each of the 16 individual MST runs were combined and averaged into a 

merge set, which can be seen underneath in Figure 16.  Error bars have been calculated and 

are displayed in the figure. The x-axis is the ligand concentration (M), and the y-axis is the 

normalized fluorescence (%). An additional effect began to occur at higher peptide 

concentrations, possibly due to a second binding site. This data was thus removed from the 

analysis, along with an outlier at approximately 0.2 nM which was spurious. All outliers that 

were removed are represented as grey points in the graph. The data confirms that the peptide 

binds strongly to the mutant DYRK1A C312A, as is also the case for DYRK1A wt.  

 



 54 

 

 

 

 

 

 

 

 

 

Figure 16: MST merge set. Data from the individual MST runs have been combined and averaged 

into a merge set. Error bars have been calculated and are displayed in the figure. The x-axis is the 

ligand concentration (M), and the y-axis is the normalized fluorescence (%). An additional effect 

began to occur at higher peptide concentrations, possibly due to a second binding site. This data was 

thus removed from the analysis, along with an outlier at approximately 0.2 nM which was spurious. 

All outliers that were removed are represented as grey points in the graph.  

 

Results for capillary scan and shape can be found in the Appendix. 

 

 

3.7 Crystallography 

 

3.7.1 Crystallization and data collection 

 

3.7.1.1 DYRK1A wt 

 

The crystallization conditions that resulted in the best diffracting crystals for DYRK1A wt 

with STU was 25% polyethylene glycol 3350 (PEG 3350), 0.2 M sodium acetate (NaAc) and 

0.1 M Bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane (BisTris) pH 5.5. The crystals 

could be observed as early as two or three days after the crystallization trials were performed. 
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The diffracting crystals were all shaped like needles, as can be seen in Figure 17. They 

continued to grow noticeably in size for a few days. They were harvested with LV oil as a 

cryoprotectant and stored in nitrogen until the X-ray data collection. 

 

 

Figure 17: Crystals of DYRK1A wt in complex with STU. The drop contains 25% PEG 3350, 0.2 

M sodium acetate (NaAc) and 0.1 M BisTris pH 5.5. The picture is taken 10 days after 

crystallization trials. 

 

 

 

3.7.1.2 DYRK1A C312A 

 

The crystallization conditions that resulted in the best diffracting crystals for the DYRK1A 

C312A mutant with STU was 0.1 M potassium chloride (KCl), 0.1 M potassium thiocyanate 

(KSCN) and 15.3% PEG 3350. The mutant also crystallized readily with higher 

concentrations of PEG 3350, and with 0.1 M NaCl or 0.1 M LiCl as alternatives to KCl. The 

crystals appeared as soon as the day after the crystallization trials and in a different shape than 

what was observed for the wt. Figure 18 shows a photo of the crystals, taken 10 days after 

crystallization trials. 
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Figure 18: Crystals of DYRK1A C312A in complex with STU. The drop contains 0.1 M 

potassium chloride (KCl), 0.1 M potassium thiocyanate (KSCN) and 15.3% PEG 3350. The 

picture is taken 10 days after crystallization trials.  

 

 

3.7.2 Crystal structures  

 

3.7.2.1 DYRK1A wt in complex with STU 

 

The DYRK1A wt crystallized with STU at a resolution of 2.34 Å. Diffraction images from 

two different angles can be seen in Figure 19. 
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Figure 19: Diffraction images of DYRK1A wt in complex with STU.  

 

The asymmetric unit of the wt comprises of two distinct monomers and is shown below in 

Figure 20. The space group of the wt is P63. 

 

 

 

Figure 20: The asymmetric unit of DYRK1A wt, comprising of two distinct monomers at 

2.33 Å resolution. The two monomers are colored differently in the figure. 



 58 

 

Data and refinement statistics produced by Molprobity are listed in Table 8. 

 

Table 8: Data and refinement statistics for DYRK1A wt in complex with STU. The data was 

calculated by Molprobity. (115) 

Property Value Source 

Space group P63 Depositor 

Cell constants 

a, b, c, α, β, γ 

132.57Å 132.57Å 91.27Å 

90.00o 90.00o 120.00o 

Depositor 

Resolution (Å) 43.39 – 2.33 

43.39 – 2.33 

Depositor 

EDS 

% Data completeness (in 

resolution range) 

99.7 (43.49 – 2.33) 

99.8 (43.39 – 2.33) 

Depositor 

EDS 

Rmerge Not available Depositor 

Rsym Not available Depositor 

< I/σ(I) >  1.52 (at 2.34 Å) Xtriage 

Refinement program Phenix.refine 1.14_3260, 

PHENIX 1.14_3260 

Depositor 

R, Rfree 0.194 , 0.248 

0.194 , 0.247 

Depositor 

DCC 

Rfree test set 1071 reflectios (2.76%) wwPDB-VP 

Wilson B-factor (Å2) 45.6 Xtriage 

Anisotropy 0.170 Xtriage 

Bulk solvent ksol(e/Å3), 
Bsol(Å2) 

0.33 , 37.1 EDS 

L-test for twinning < |L| > = 0.51, < L2 > = 0.34  Xtriage 

Estimated twinning fraction 0.035 for h, -h-k, -1 Xtriage 

Fo, Fc correlation 0.95 EDS 

Total number of atoms 6026 wwPDB-VP 

Average B, all atoms (Å2) 54.0 wwPDB-VP 
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3.7.2.2 DYRK1A C312A in complex with STU 

 

The mutant DYRK1A C312A crystallized with STU at a resolution of 2.59 Å. The diffraction 

images used to determine the plan for data collection are shown underneath in Figure 21. The 

two images are taken 90o apart.  

 

Figure 21: Diffraction images of DYRK1A wt in complex with STU. 

 

The asymmetric unit of the mutant comprises of eight distinct monomers and is shown below 

in Figure 22. The space group of the mutant is P 31 2 1. 
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Figure 22: The asymmetric unit of DYRK1A wt, comprising of eight distinct monomers at 2.59 

Å resolution. Each of the eight monomers is colored differently in the figure for better 

comprehension. 

 

Data and refinement statistics produced by Molprobity are listed in Table 9. 
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Table 9: Data and refinement statistic for DYRK1A C312A in complex with STU. The data was 

calculated by Molprobity.(115) 

. 

Property Value Source 

Space group P 31 2 1 Depositor 

Cell constants 

a, b, c, α, β, γ 

200.70Å 200.70Å 138.36Å 

90.00o 90.00o 120.00o 

Depositor 

 

Resolution (Å) 45.52 – 2.59 

45.54 – 2.59 

Depositor 

EDS 

% Data completeness (in 

resolution range) 

97.2 (45.52 – 2.59) 

97.2 (45.52 – 2.59) 

Depositor 

EDS 

Rmerge (Not available) Depositor 

Rsym (Not available) Depositor 

< I/σ(I) >  1.21 (at 2.58 Å) Xtriage 

Refinement program phenix_refine 1.14_3260, 

PHENIX 1.14_3260 

Depositor 

R, Rfree 0.217 , 0.274 

0.218 , 0.272 

Depositor 

DCC 

Rfree test set 2099 reflections (2.17%) wwPDB-VP 

Wilson B-factor (Å2) 40.6 Xtriage 

Anisotropy 0.138 Xtriage 

Bulk solvent ksol(e/Å3), 
Bsol(Å2) 

0.36 43.9 EDS 

L-test for twinning < |L| > = 0.50, < L2 > = 0.33  Xtriage 

Estimated twinning fraction 0.008 for -h, -k, l Xtriage 

Fo, Fc correlation 0.93 EDS 

Total number of atoms 23040 wwPDB-VP 

Average B, all atoms (Å2) 44.0 wwPDB-VP 
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4 DISCUSSION 

 

4.1 Superposition of structures 

 

4.1.1 Superposition of DYRK1A structures 

 

76 crystal structures of DYRK1A were superimposed using the “align” function in Pymol. 

Entry ID and PubMed ID for each of the structures is listed in Table 10 in Appendix. Figure 

23 shows ribbon plots for all the aligned structures, with the two cysteines involved in 

disulfide bond formation (C286 and C312) in the middle right, colored yellow. The steel blue 

indicates that the structure has an open bridge, while cyan indicates that the structure has a 

closed bridge. The largest structural differences occur in the hinge region of the N-lobe. There 

is also a lot of variability in the AL near the two cysteines. 

 

 

Figure 23: Superposition of 76 crystal structures of DYRK1A. The steel blue indicates that the 

structure has an open bridge, while cyan indicates that the structure has a closed bridge. The 

two cysteines are represented by yellow spheres. The figure was provided by Professor Richard 

Engh. 

 



 63 

4.1.2 Activation loop structural variability 

 

A closer look at the two cysteines involved in disulfide bridge formation is shown in Figure 

24, offering insight into how the AL structures cluster. Cys286 is represented by yellow 

spheres, while Cys312 is represented by green spheres. Cys312, which is part of the DFGSSC 

sequence, shows greater structural variability than Cys286, which stays in a tight cluster 

independent of the state of the bridge. While some of the open bridge structures indicate that 

sulfurs of the cysteines to be almost in the same position as where it is when the bridge is 

closed, others show the side chain pointing away from Cys286, which leads to a shift in the 

position of the main chain, further affecting the variability of the activation loop (AL) 

geometries. 

 

Figure 24: Close-up of the two cysteines and the activation loop. Cys286 of the HCD motif is 

represented by yellow spheres, whereas Cys312 of the DFGSSC sequence is represented by green 

spheres. The figure was provided by Professor Richard Engh. 
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Figure 25 shows how structural variations could possibly impact substrate binding. For 

instance, variations of the position of the phosphate group of Tyr321 may influence binding of 

the first residue C- terminal to the phosphorylation site.  

 

 

 

Figure 25: Closeup of the AL. The figure shows structural variations of the AL. The figure was 

provided by Professor Richard Engh. 

 

Variations of the AL positions creates many possibilities for binding of substrates further C-

terminal to the phosphorylation site, which could possibly affect the redox sensitive substrate 

selectivity. Because the C helix plays a key role in stabilizing the catalytic geometry, changes 

in the interactions it is involved in have the potential to influence catalytic activity.   
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Figure 26: Superposition of DYRK structures. The figure illustrates how variations of the AL 

positions creates many possibilities for substrate binding further C-terminal to the 

phosphorylation site The figure was provided by Professor Richard Engh. 

 

 

4.1.3 Superposition with the DYRK1A C312A mutant structures  

 

Superposition of the eight monomers of the DYRK1A C312A mutant with the superposition 

of the 194 DYRK1A structures from the PDB is shown below in Figure 27. The C312A 

mutant structures are represented by black chains. Green chains indicate that the disulfide 

bridge between C286 and C312 is closed, and cyan chains indicate a unique configuration of 

the activation loop. The remaining chains are colored differently due to variations in the C-

helix position. The activation loop conformation for C312A matches one of the clusters of 

open bridge conformations of the wild type structures. 
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Figure 27: Superposition of the eight monomers of the DYRK1A C312A mutant with the 

superposition of the 194 DYRK1A structures from the PDB. The C312A mutant structures are 

represented by black chain. Green chains indicate that the disulfide bridge between C286 and C312 is 

closed. Cyan chains indicate a unique configuration of the activation loop. The figure is provided by 

Professor Richard Engh. 

 

 

4.2 Thermofluor: Effects of oxidant/reductant on melting temperature 
 

Interestingly, the results from the thermofluor assay show that while DYRK1A wt is 

stabilized by approximately 6oC after the addition of BME, DYRK1A C312A is destabilized 

by approximately 5oC. BME is a reductant and consequently one would expect that it reduces 

(opens) the HCD-DFGSSC disulfide bridge. If that is the case, then the notion that a closed 

bridge increases stability would be wrong. Since there is no disulfide bridge in the mutant, the 

addition of a reductant was not expected to have an impact on the melting temperature of the 

protein, which makes it difficult to explain the significant decrease in melting temperature for 

the apo protein. 

 

Ligand binding seemingly has a much greater effect on the mutant than the wt. Because air 

oxidation might take place, it is impossible to know whether the untreated protein is still in a 

reduced state or not. The mutant undoubtably has no disulfide bridge, which indicates that the 
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absence of the bridge leads to an increase in the flexibility of the AL and consequently a 

decrease in stability. This seems, however, to be restored upon inhibitor binding.  

 

 

4.3 Molecular dynamics: Does MD hint at accessibility to conserved 

cysteine residues? 
 

The solvent accessible surface area (SASA) of a molecule is a quantitative measure of the 

contact area between the molecule and the solvent.  The relation between SASA and free 

energy is somewhat ambiguous, however it is a useful tool for comparing molecules of 

different conformations, as well as measuring the surface area that is buried as a result of 

oligomerization. (116) SASA for the two cysteines involved in disulfide bridge formation in 

DYRK1A is shown as a function of time in Figure 28. 

 

 

Cys 286 

 
 

Cys 312 
 

 
Figure 28: Solvent accessible surface area (SASA) for Cys 286 and Cys 312. 

 

 

The SASA for the two cysteines involved in the disulfide bridge formation at HCD-DFGSSC 

is of particular interest because the bridge may function as a redox sensitive switch. If so, the 

accessibility of the cysteine side chains may be important for chemical reactions, such as 

interactions with reactants that are involved in disulfide bridge regulation. SASA for the 

cysteines is also interesting in terms of covalent inhibition strategies. It is evident from Figure 

28 that the two cysteines behave very differently in terms of SASA. Cys286, which is part of 

the HCD motif, has considerable accessibility all throughout the 2 s MD trajectory. There 

are also several spikes of high accessibility for this cysteine residue. This is not the case for 

Cys312, part of the DFGSSC motif, which has moderate accessibility at the start but then 

drops to a low accessibility which it maintains for the rest of the run, with only a few 



 68 

occasional spikes of moderate accessibility. This is an interesting observation, as one would 

expect Cys286, which is located in the flexible AL, to exhibit larger changes due to 

movement which would affect the interactions determining the solvent accessibility.  

 

The distance between the sulfur atoms on Cys286 and Cys312 is plotted in Figure 29, and 

interestingly the spikes at 300 ns, 1100 ns and 1500 ns seem to be related to spikes in the two 

SASA plots occurring at the same time. To illustrate this, a close-up of the spike at 1500 ns 

for each of the three plots are lined up in Figure 30. This correlation indicates that as the 

cysteines move further apart from each other, they become more exposed to the solvent. 

 

 

Figure 29: Distances between the sulfur atom on C286 and the sulfur atom on C312 as a function 

of time.  

Figure 30: Close-up of the spikes at 1500 ns occurring in the SASA plots for C286 and C312, and 

the plot of the distance between the sulfurs on the two cysteines. This indicates that an increase in 

the distance between the two cysteines leads to them being more exposed to the solvent. 

 

 

Other interesting distances that were measured include the hydrogen bond between residues 

Q199 and Y319, which is only found in a few of the X-ray structures. The plot of the 

distances can be seen in Figure 31 underneath. There is a big spike in the beginning of the 

trajectory, indicating a large increase in the distance between the two residues resulting in a 

breaking of the bond. However, shortly after they find their way back to one another and 

remain stable for the remainder of the trajectory. This is surprising, as one would expect from 

looking at the X-ray structures, that the bond would be highly unstable. 
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Figure 31: Distances of the hydrogen bond between Q199 and Y319. There is a large increase in 

the distance between residues Q199 and Y319 in the beginning of the trajectory. However, it decreases 

soon after and remains stable for the rest of the trajectory. This is not what one would expect from 

looking at the X-ray structures. 

 

Distance plots of other interesting interactions, such as the phosphate anchoring and the 

distance between the Gly-loop and the C-helix can be found in Appendix. 
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FUTURE WORK 

 

It would be interesting to crystallize DYRK1A and the mutant DYRK1A C312A with other 

inhibitors, especially ones that have shown potential for therapeutic effects, such as drug 

candidates for Alzheimer disease. It would also be good to perform new ITC experiments, as 

this would produce results for enthalpy and binding constants, which would further allow for 

the calculation of entropy. 
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SUMMARY 

 

The cysteine of HCD (C286) in DYRK1A is involved in disulfide bridge formation with a 

cysteine (C312) in the DFGSSC sequence. The purpose of this project was to investigate how 

the state of the disulfide bridge would affect enzyme catalytic and ligand binding properties of 

the protein kinase. A mutant, DYRK1A C312A, was thus designed to eliminate the disulfide 

bridge. The mutant was expressed and purified following the same protocol as for DYRK1A 

wt, including HisTrap purification, TEV cleavage and size exclusion chromatography. 

Crystallization trials were performed for both the wt and the mutant with the kinase inhibitor 

Staurosporine. DYRK1A wt with STU crystallized and diffracted with at a resolution of 2.33 

Å. The DYRK1A C312A mutant with STU crystallized and diffracted with a resolution of 

2.59 Å.  The structure was solved by molecular replacement in Molrep (CCP4) and refined by 

Refmac5 and Phenix. Molecular dynamics (MD) simulations (SCHRODINGER) were 

performed with the intent to compare diverse disulfide bridge states.  Ligand binding and 

enzyme catalytic properties were analyzed using a combination of techniques, including 

activity assays, microscale thermophoresis, and isothermal calorimetry. The Thermofluor 

assay confirmed that both the wt and the mutant bind tightly to STU and AZ-191. It also 

showed that the mutant consistently has a slightly lower melting temperature than the wt, 

which would indicate that it is less stable. Solvent accessible surface area (SASA) analysis 

support the theory of accessibility to conserved cysteine residues. 
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APPENDIX 

 

 

Figure 32: MST Capillary scan 

 

 

Figure 33: MST Capillary shape 
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Table 10: Entry ID and PubMed ID for DYRK1A structures used in structure alignment. 

 

Entry ID  

2VX3(117)  

2WO6(117)  

3ANQ(118)  

3ANR(118)  

4AZE (119) 

4MQ1(120)  

4MQ2(120) 

4NCT(8)  

4YLJ(121) 

 4YLK(121)  

4YLL(121)  

4YU2(122)  

5A3X(123)  

5A4E(123)  

5A4L(123)  

5A4Q(123)  

5A4T(123)  

5A54(123)  

5AIK  

6A1F(124)  

6A1G(124)  

6EIF(125)  

6EIJ(125)  

6EIL(125)  

6EIP(125)  

6EIQ(125)  

6EIR(125)  

6EIS(125)  

6EIV(125)  

6EJ4(125)  

6LN1(126)  

6QU2  

6S11  

6S14  

6S17  

6S1B  

6S1H  

6S1I(127)  

6S1J  

6T6A(128) 

6UIP(129)  

6UWY(130)  

6YF8  

7A4O(131)  

PubMed ID 

23665168 

23665168 

20981014 

20981014 

22998443 

24239188 

24239188 

25945585 

25730262 

25730262 

25730262 

33339338 

27736065 

27736065 

27736065 

27736065 

27736065 

27736065 

 

30217414 

30217414 

30095246 

30095246 

30095246 

30095246 

30095246 

30095246 

30095246 

30095246 

30095246 

34323401 

 

 

 

 

 

 

32832032  

 

31766108 

32077280 

32003560 

 

34143631 
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7A4R(131)  

7A4S(131) 

7A4W(131) 

 7A4Z(131) 

7A51(131) 

 7A52(131) 

7A53(131) 

7A55(131) 

7A5B(131) 

7A5D(131)  

7A5L(131) 

7A5N(131) 

7AJ2(132)  

7AJ4(132) 

7AJ5(132)  

7AJ7(132)  

7AJ8(132)  

7AJA(132)  

7AJM(132)  

7AJS(132)  

7AJV(132)  

7AJW(132)  

7AJY(132)  

7AK2(132)  

7AKA(132)  

7AKB(132)  

7AKE(132)  

7AKL(132)  

7FHS(133)  

7FHT(133)  

7O7K(134)  

7OY6(135)  

34143631 

34143631 

34143631 

34143631 

34143631 

34143631 

34143631 

34143631 

34143631 

34143631 

34143631 

34143631 

33975430 

33975430 

33975430 

33975430 

33975430 

33975430 

33975430 

33975430 

33975430 

33975430 

33975430 

33975430 

33975430 

33975430 

33975430 

33975430 

34742017 

34742017 

34785661 

34959172 

 
 

 

 

Figure 34: K939-P distance 

 

 

Figure 35: K390-P distance 
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Figure 36: K188-E203 distance 

 

 

Figure 37: Glycine rich loop-Phe STU distance 

 

 

Figure 38: GK+3 STU H-bond distance 

 

 

Figure 39: GK+1 STU H-bond distance 

 

 

Figure 40: GK- STU ring distance 

 

 

Figure 41: F170 Glycine rich loop- F196 Helix C 
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