
 
 

Universitätsklinikum Ulm  

Zentrum für Chirurgie  

 

Klinik für Allgemein- und Viszeralchirurgie 

der Universität Ulm  

 

Ärztliche Direktorin: Prof. Dr. med. Doris Henne-Bruns 

 

 

 

Identification of PKCα as a CK1δ C-terminal targeting 

kinase 

 

 

 

Dissertation  

 

zur Erlangung des Doktorgrades der Medizin  

der Medizinischen Fakultät der Universität Ulm  

 

 
 

 
 

 
 

vorgelegt von  

 
 

Zhigang Meng 

geboren in Jinan, Shandong, China 

2015 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Amtierender Dekan:  Prof. Dr. T. Wirth 

 

1. Berichterstatter:  Prof. Dr. U. Knippschild 

 

2. Berichterstatter:  PD Dr. T. Burster 

 

Tag der Promotion:  17.06.2016 

 

 

 

 

 
 

 
 

 



 
 

 

 
 
 

 

Teile dieser Dissertation wurden bereits in der Publikation: 

„Meng Z G, Bischof J, Ianes C, Henne-Bruns D, Xu P F, Knippschild U. CK1δ 

kinase activity is modulated by protein kinase C α (PKCα)-mediated site-specific 

phosphorylation. Amino acids 48 (5): 1185-1197 (2016).“ 

veröffentlicht. DOI: 10.1007/s00726-015-2154-3 

 

Diese Publikation ist verfügbar bei Springer über 

http://dx.doi.org/10.1007/s00726-015-2154-3 

 

Lizenz: Creative Commons Attribution 4.0 

http://creativecommons.org/licenses/by/4.0/ 

 

 

 

 
 
 

 
 

http://dx.doi.org/10.1007/s00726-015-2154-3
http://creativecommons.org/licenses/by/4.0/


   Table of contents 

I 

Contents 

Table of contents 

List of abbreviations 

1 Introduction ............................................................................................. 1 

1.1 Protein kinases .................................................................................... 1 

1.2 Casein kinases .................................................................................... 2 

1.3 Biological functions of CK1 ................................................................... 4 

1.3.1 CK1 in Wnt/β-catenin signal pathway .............................................. 5 

1.3.2 CK1 in p53 pathway ....................................................................... 6 

1.3.3 CK1 in apoptotic pathways ............................................................. 6 

1.3.4 CK1 in circadian rhythm ................................................................. 7 

1.3.5 CK1 in metastatic processes .......................................................... 7 

1.4 Regulatory mechanisms of CK1 ............................................................ 8 

1.5 The role of CK1 in the development of different diseases ........................ 9 

1.5.1 CK1 and tumorigenesis ................................................................ 10 

1.5.2 CK1 and neurodegenerative diseases ........................................... 11 

1.6 CK1 specific inhibitors ........................................................................ 12 

1.7 Protein kinase C................................................................................. 12 

1.7.1 Protein kinase C alpha (PKCα) ..................................................... 13 

1.8 Aim of the study ................................................................................. 15 

2 Materials and Methods ........................................................................... 16 

2.1 Materials............................................................................................ 16 

2.2 Methods ............................................................................................ 26 

2.2.1 Molecular biological techniques .................................................... 26 

2.2.2 Bacterial operational techniques ................................................... 29 

2.2.3 Protein biochemical techniques .................................................... 32 

2.2.4 Cell culture techniques ................................................................. 38 

2.2.5 Statistical analysis........................................................................ 41 



   Table of contents 

II 

3 Results ................................................................................................... 42 

3.1 CK1δ is phosphorylated by PKCα in vitro ............................................. 42 

3.2 Validation of PKCα-targeted phosphorylation sites within the C-terminal 

domain of CK1δ in vitro ...................................................................... 45 

3.3 PKCα-targeted phosphorylation sites are crucial in the regulation of CK1δ 

kinase activity in vitro.......................................................................... 53 

3.4 CK1δ kinase activity is down-regulated after pre-incubation with PKCα in 

vitro ................................................................................................... 54 

3.5 PKCα-mediated phosphorylation influences CK1δ kinase activity in cells 55 

3.5.1 Characterization of PKCα inhibitors............................................... 55 

3.5.2 Selection of a sensitive cell line by MTT cell viability assay ............. 56 

3.5.3 Cell cycle analysis of PKCα inhibitor Go-6983 in COLO357 cells .... 57 

3.5.4 Inhibition of PKCα influences CK1δ kinase activity in cells .............. 58 

4 Discussion ............................................................................................. 61 

4.1 Identification of PKCα-mediated phosphorylation sites within the C-terminal 

domain of CK1δ in vitro ...................................................................... 61 

4.2 PKCα-targeted phosphorylation sites are involved in modulating CK1δ 

kinase activity in vitro.......................................................................... 62 

4.3 PKCα influences the kinase activity of CK1δ in cells ............................. 63 

5 Summary ................................................................................................ 65 

6 References ............................................................................................. 66 

7 List of figures ......................................................................................... 87 

8 List of tables .......................................................................................... 88 

 



   List of abbreviations 

III 

List of abbreviations  

 

Abbreviation Definition 

A Ampère or adenine 

aa amino acid 

AD Alzheimer's Disease 

AGC containing PKA, PKG, and PKC 

AgNO3 silver nitrate 

AKAP450 A-kinase anchoring protein 450 

Ala, A alanine 

AML Acute myeloid leukemia 

AMP adenosine monophosphate 

APC adenomatous polyposis coli 

aPK atypical protein kinase 

aPKC atypical protein kinase C 

APS ammonium persulfate 

Arg, R arginine 

Asn, N asparagine 

Asp, D aspartic acid 

ATP adenosine triphosphate 

ATP BS adenosine triphosphate binding site 

Auto ID auto-inhibitory domain 

Aβ Amyloid beta 

β-APP beta-amyloid precursor protein 

Bax Bcl-2-associated X protein 

BCA bicinchoninic acid 

BIM I  bisindolylmaleimide I 

BMAL1 brain and mscel ARNT-like protein CRY 

BPB bromphenol blue 

BSA bovine serum albumin 

C cytosine 

C- carboxy- 

Ca2+ calcium 

ccRcc clear cell renal cell carcinoma 

CaCl2 calcium chloride 

CAMK calcium/calmodulin-dependent protein kinase 



   List of abbreviations 

IV 

CDKs cyclin-dependent kinases 

Chk1 checkpoint kinase 1 

Ci Curie 

CK1 casein kinase 1 

CK2 casein kinase 2 

CLKs CDK-like kinases 

CLOCK circadian locomotor output cycles kaput 

CMGC 
containing CDKs, MAPKs, GSKs, and CLKs 

families 

CNA copy number alteration 

CNS central nervous system 

CR cysteine-rich domain 

CO2 carbon dioxide 

cPKC conventional protein kinase C 

CPM counts per minute 

CRY cryptochrome 

CSNK1A1/D/E casein kinase 1 alpha 1/ delta/ epsilon 

CTD carboxyl-terminal domain 

CuSO4 copper sulfate 

Cys , C cysteine 

Da Dalton 

DCIS dutal carcinomas in situ 

DD dimerization domain 

ddH2O double-distilled water 

DDX3 DEAD-box RNA helicase 3 

dH2O demineralized water 

DAG diacylglycerol 

DMEM Dulbecco's Modified Eagle's Medium 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

DPBS Dulbecco's Phosphate-Buffered Saline 

DTT dithiothreitol 

DVL dishevelled 

E. coli Escherichia coli 

EC50 half maximal effective concentration 

ECL enhanced chemiluminescence 



   List of abbreviations 

V 

EDTA ethylenediaminetetraacetic acid 

EGTA ethylene glycol tetraacetic acid 

EMT epithelial-mesenchymal transition 

ePK eukaryotic protein kinase 

FACS flurescence assisted cell sorting 

FASPS familial advanced sleep phase syndrome 

FBS fetal bovine serum 

FCS fetal calf serum 

FP fusion protein 

FPLC fast protein liquid chromatography 

Fzd frizzled 

g gram 

G guanine 

G0/G1 Gap0/Gap1 

G2/M Gap2/mitotic phase 

G-CK Golgi casein kinase 

Gln, Q glutamine 

GLI 
glioma-associated oncogene transcription 

factors 

Glu, E glutamic acid 

GSKs glycogen synthase kinases 

GST glutathione-S-transferase 

GTP guanosine triphosphate 

h hour 

HCl hydrochloric acid 

Hh hedgehog 

His, H histidine 

HMM hidden Markov model 

H2O2 hydrogen peroxide 

H3PO4 phosphoric acid 

IC50 half maximal inhibitory concentration  

IgG immunoglobuline G 

Ile, I isoleucine 

IPTG isopropyl-β-D-thiogalactopyranoside 

Kcat turnover number 

Kb kilo bases 



   List of abbreviations 

VI 

KD kinase domain 

kDa kilo dalton 

KHD kinesin homology domain 

KH2PO4 potassium phosphate 

Km Michaelis constant 

KOAc potassium acetate 

l or L liter 

LB Luria Bertani 

LC-MS/MS 
liquid chromatography-mass spectrometry/ 

mass spectrometry 

Leu, L leucine 

LRP6 lipoprotein receptor related protein 6 

Lys, K lysine 

m meter 

M molar 

mM millimolar 

MAPKs mitrogen-activated protein kinases 

MDM2 mouse double minute 2 

MgCl2 magnesium chloride 

MgSO4 magnesium sulfate 

min minute 

Mncl2 manganese chloride 

MOPS 3-(N-morpholino)propanesulfonic acid 

M phase mitotic phase 

mRNA messenger RNA 

MS mass spectrometry 

MSH β-mercaptoethanol 

MST1/2 mammalian STE20-like protein kinase 1/2 

MTT 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide 

MTs microtubules  

MTSS metastasis suppressor 1 

n Nano 

N- NH2- 

nM nanomolar 

NaCl sodium chloride 



   List of abbreviations 

VII 

NaF sodium fluoride 

NaHCO3 sodium bicarbonate 

NaOAc sodium acetatae 

NaOH sodium hydroxide 

Na2CO3 sodium carbonate 

Na2HPO4 sodium phosphate 

Na3VO4 sodium orthovanadate  

NFAT nuclear factor of activated T-cells 

NFTs neurofibrillary 

NF-κB 
nuclear factor “kappa-light-chain-enhancer” of 

activated B cells 

NH3 ammonia 

NH4Cl ammonium chloride 

NH4HCO3 ammonium bicarbonate 

NLS 
a putative nuclear localization signal 

sequence 

NP40 Nonidet P 40  

nPKC novel protein kinase C 

NTP nucleoside triphosphate 

OD optical density 

PAA phosphoamino acid analysis 

PAF platelet-activating factor 

PBS phosphate-buffered saline 

PCR polymerase chain reaction 

PD Parkinson's disease 

PDB protein data bank 

PER PERIOD 

Phe, F phenylalanine 

PHB2 prohibitin 2 

PI propidium iodide 

PKA cAMP-dependent protein kinase 

PKC protein kinase C 

PKD protein kinase D 

PKG cGMP-dependent protein kinase 

PMSF phenylmethylsulfonyl fluoride 

PPA phosphopeptide analysis 



   List of abbreviations 

VIII 

PP2A protein phosphtase 2A 

Pro, P proline 

P-Ser phosphor-serine 

PTCH patched 

P-Thr phosphor-threonine 

P-Tyr phosphor-tyrosine 

PVDF polyvinyliden fluoride 

PVP polyvinylpyrrolidone 

Ra1B Ras-like 1B 

RNA ribonucleic acid  

RNase ribonuclease 

rpm revolutions per minute 

RPMI Roswell Park Memorial Institute 

RT room temperature 

RXR retinoid X receptor 

SCS sulfatide and cholesterol-3-sulfate 

SD standard deviation 

SDM site-directed mutagenesis 

SDS sodium dodecyl sulphate 

SDS-PAGE sodium dodecyl sulphate-polyacrylamide gel 

sec second 

Ser, S serine 

siRNA small interfering RNA 

SLS Ser-Leu-Ser 

SMI small molecular inhibitor 

SMO SMOOTHENED 

Snail Zn-finger transcription factor 

S phase synthesis phase 

ssDNA single-stranded DNA 

STE homologs of yeast sterile kinases 

Sub-G1 sub-Gap1 

SUFU suppressor of fused 

T thymine 

TAE tris acetate EDTA 

TBS tris-buffered saline 



   List of abbreviations 

IX 

TBST tris-buffered saline-Tween 

TCF T-cell factor 

TCF/LEF T-cell factor/lymphoid enhancing factor 

TEMED N, N, N, N', N' - tetramethylethylenediamine 

Thr, T threonine 

TK tyrosine kinase 

TKL tyrosine kinase-like 

TPCK 
L-1-tosylamide-2-phenylethyl chloromethyl 

ketone 

Tris tris (hydroxymehty) aminomethane 

TTBK1/2 tau tubulin kinase 1/2 

TV transcriptional variant 

Tyr, Y tyrosine 

β-TrCP beta-transducin repeat-containing protein 

UV ultraviolet 

V Volt  

Vmax maximum velocity 

VRK1/2/3 vaccinia-related kinase 1/2/3 

v/v volume per volume 

w/v weight per volume 

Wnt Wingless/Int-1 

wt/WT wild type 

YAP/TAZ Yes-associated protein/Tafazzin 

% percent 

°C degree Celsius 

α alpha 

β belta 

γ gamma 

δ delta 

ε epsilon 

ζ zeta 

η eta 

θ theta 

ι iota  

μ mu 

ν nu 



   Introduction 

1 
 

1 Introduction 

 

1.1 Protein kinases 

Protein kinases are enzymes catalyzing phosphate transfer and are therefore 

classified as phosphotransferases. They catalyze the transfer of the γ-phosphate 

from a nucleoside triphosphate (ATP or GTP) to the hydroxyl group of the protein 

substrates while phosphatases catalyze the dephosphorylation of 

phospho-proteins [29, 77]. 

Most eukaryotic protein kinases (ePKs) share a similar domain structure, and the 

classical protein kinases contain a canonical catalytic domain, approximately 

encompassing 250 amino acids (aa) in length. Although classical protein kinases 

are structurally similar, their surface residues share different charge and 

hydrophobicity crucial for substrate selectivity [77, 93, 94, 112, 177, 194]. 

Completion of the human genome project allowed the identification of all human 

protein kinases representing the human kinome. In 2002, Manning and coworkers 

described that the human kinome contains 518 kinases [115]. Depending on the 

catalytic domain structure, those kinases can be divided into two different classes. 

The first class, consists of 478 kinases with the typical structure of ePKs either 

phosphorylating tyrosine (Tyr) or serine (Ser) and threonine (Thr) specific residues. 

The second class encompasses 40 so called atypical protein kinases (aPKs) being 

classified regarding their structural features with a hidden Markov model (HMM) 

profile [86, 115]. On the basis of characteristic sequence identification features of 

the 478 ePKs, they can be subdivided into seven major groups : (i) the AGC family 

(named after 3 representative families, including PKA (cAMP-dependent protein 

kinase), PKG (cGMP-dependent protein kinase) and PKC (protein kinase C) 

families), (ii) the CK1 family (casein kinase 1), (iii) the CAMK family 

(calcium/calmodulin-dependent protein kinase), (iv) the CMGC family (containing 

CDKs(cyclin-dependent kinases), MAPKs (mitrogen-activated protein kinases), 

GSKs (glycogen synthase kinases) and CLKs (CDK-like kinases) families), (v) the 

STE family (homologs of yeast sterile kinases), (vi) the TK family (tyrosine kinase), 

and (vii) the TKL family (tyrosine kinase-like protein kinase). 

In cell signal transduction pathways, various proteins are regulated by site-specific 

phosphorylation in response to the intrinsic or extrinsic signals. Reversible 

phosphorylation plays a crucial role in modulating the activity of key regulatory 
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proteins [32] which participate in several cellular processes including transcription, 

translation, cell proliferation, differentiation, metabolism, apoptosis, and cell death 

[77, 115]. 

Given the vital role of reversible phosphorylation, different protein kinases must be 

able to select the corresponding substrate with exquisite specificity. In organisms, 

several mechanisms exist to modulate this specificity including the structural 

differences at the catalytic site, the local residues of the kinase or the distal docking 

motif of the substrate [15, 150, 177], subcellular compartmentalization [161, 180], 

systems-level competition of the substrates [90, 111] and systematic error 

correction [33, 147]. 

 

1.2 Casein kinases 

The term ‘casein kinase’ make people easily think about the ability of casein 

kinases to physiologically phosphorylate casein. However, the term is misleading 

since casein is not the physiological substrate of casein kinase 1 (CK1) and casein 

kinase 2 (CK2), and the genius or Golgi casein kinase (G-CK) can also 

phosphorylate other substrates with the exception of casein. Although casein 

kinases represent a small proportion of the human kinome, they are responsible for 

the phosphorylation of 40-50% of all phosphosites in the human phospopeptide 

database [157]. 

Since the first finding in 1883 by Ulaf Hammarsten that phosphorus was present in 

the milk protein casein [74], it took years until the enzyme catalyzing the phosphate 

transfer from ATP to casein was identified by Burnett and Kennedy [22]. 

Currently, it is known that casein kinases consist of CK1, CK2, and G-CK. They 

almost have nothing similarity apart from the ability to phosphorylate casein 

(reviewed in [6]). Whereas CK1 is an own family, CK2 belongs to the CMGC group 

and G-CK belongs to the group of aPKs. 

CK1 phosphorylates serine, threonine or tyrosine [14, 55, 69, 141, 155, 170, 186, 

203]. CK1 is evolutionary conserved in organisms from yeast to human [41, 47, 72, 

188, 189]. In mammalians, CK1 can be subdivided into seven isoforms (α, β, γ1, γ2, 

γ3, δ, and ε) and several splice variants [71], CK1β has only been found in bovines. 

All isoforms are highly conserved in their kinase domains, but differ greatly in their 

N-terminal and C-terminal regulatory domains. Among these isoforms, CK1δ and ε 
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are highly related with sharing 98% similarity within their kinase domains, but only 

53% similarity in their C-terminal domains (Figure 1) [55, 69, 72, 95, 203]. 

 

Figure 1. Schematic presentation of human CK1 isoforms 

(A) Phylogenetic relation between CK1 isoforms of homo sapiens (CK1α, γ1-3, δ, and ε) and other 
members of the human CK1 family (TTBK1-2 and VRK1-3). (B) Schematic alignment of human CK1 

isoforms. Their molecular weight varies between 32 kDa (CK1α) and 52.2 kDa (CK1γ3). All CK1 
isoforms are highly conserved within their kinase domains (light green box, 286 aa), but differ within 
their N- and C-terminal non-catalytic domains (dark green box). Black bars indicate the positions of 
conserved amino acids. Abbreviation: aa: amino acid; C-: carboxy-; CK1α, CK1γ1, CK1γ2, CK1γ3, 
CK1δ, and CK1ε: casein kinase 1 alpha, casein kinase 1 gamma 1, casein kinase 1 gamma 2, 
casein kinase 1 gamma 3, casein kinase 1 delta, and casein kinase 1 epsilon; kDa:  kilo dalton; N-: 

NH2-; TTBK1 and TTBK2: tau tubulin kinase 1 and tau tubulin kinase 2; VRK1, VRK2, and VRK3: 
vaccinia-related kinase 1, vaccinia-related kinase 2, and vaccinia-related kinase 3. First published in 
and modified from Knippschild et al., 2014 [96]. Copyright (2014) Knippschild, Krüger, Richter, Xu, 
García-Reyes, Peiffer, Halekotte, Bakulev, and Bischof. This figure is licensed under a Creative 
Commons Attribution 3.0 Generic License <http://creativecommons.org/licenses/by/3.0/>. 

CK1δ represents the typical bilobal molecular structure, which comprises a 

relatively small N-terminal lobe (mainly composed by β-sheets) and a larger 

C-terminal lobe (primarily consisting of α-helices). This two lobes are connected by 

a hinge region (catalytic cleft) which mediates ATP binding and/or substrate binding 

(Figure 2A and 2B) [96, 110, 198].  

The kinase domain of CK1δ contains an ATP binding site (ATP BS), a kinesin 

homology domain (KHD), a dimerization domain (DD), and a putative nuclear 

localization signal sequence (NLS). The C-terminal regulatory domain contains the 

auto-inhibitory domain (Auto ID) and various phosphorylation sites targeted by 

cellular kinases, among them PKA and Chk1 (checkpoint kinase 1) (Figure 2C) [17, 

67, 96, 108, 176]. 
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Figure 2. Structure presentation of CK1δ  

(A) Ribbon and (B) surface diagram of CK1δ molecular structure (PDB code: 4HGT) modeled in 
complex with Mg

2+
-ATP at a resolution of 1.80 Å. The relatively small N-terminal lobe is mainly 

composed by β-sheets, whereas the C-terminal lobe is longer (mainly α-helices). This two lobes are 
connected by a hinge region (catalytic cleft) which mediates ATP binding and/or substrate binding. 
(C) Schematic presentation of rat CK1δ domain composition, which contains the short N-terminal 
domain, the regulatory C-terminal domain, and the kinase domain. Numbers refer to the amino acid 
(aa) positions. Abbreviation: aa: amino acid; ATP BS: ATP binding site; C-: carboxy-; CK1δ: casein 
kinase 1 delta; DD: dimerization domain; KHD: kinesin homology domain; N-: NH2-; NLS: a putative 

nuclear localization signal sequence; PDB: protein data bank. First published in and modified from 
Knippschild et al., 2014 [96]. Copyright (2014) Knippschild, Krüger, Richter, Xu, García-Reyes, 
Peiffer, Halekotte, Bakulev, and Bischof. This figure is licensed under a Creative Commons 
Attribution 3.0 Generic License <http://creativecommons.org/licenses/by/3.0/>.  

1.3 Biological functions of CK1 

As a member of the serine/threonine superfamily, CK1 has a variety functions. The 

binding site of CK1 family members is positively charged and therefore belongs to 

the group of acidotropic protein kinases preferring the recognition of substrates with 

acidic amino residues such as aspartic acid, glutamic acid, phospho-serine (pSer), 

and phospho-threonine (pThr) [30, 57, 109]. The canonical recognition motif 

consists a pSer or pThr at -3 position to the phosphorylation site 

(pSer/Thr-X-X-(X)-Ser/Thr. X refers to any amino acid, and the Ser/Thr refers to the 

targeted site). Although this primed, pre-phosphorylated residue seems to be 

necessary for CK1 dependent phosphorylation, it can also be replaced by a cluster 

of acidic amino acids [1, 56, 57, 122, 123]. 
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Besides the canonical consensus motif pSer/Thr-X-X-(X)-Ser/Thr, additional 

recognition motifs are known on β-catenin and nuclear factor of activated T-cells 

(NFAT) containing the non-canonical SLS motif (Ser-Leu-Ser) [116]. In addition, a 

CK1δ consensus sequence Lys/Arg-X-Lys/Arg-X-X-Ser/Thr (Lys/Arg refers to 

lysine/arginine), existing in cellular SCS (sulfatide and cholesterol-3-sulfate) 

binding proteins, has been published [89]. Recently, with the support by 

computational and screening analyses more and more potential consensus 

sequences could be identified [4]. Owing to the wide distribution and diversity of the 

consensus motif, it is not surprising that the amount of CK1 specific substrates is 

still rising (reviewed in [96]). 

 

1.3.1 CK1 in Wnt/β-catenin signal pathway 

The Wnt (Wingless/Int-1) pathway plays crucial roles in growth, proliferation, 

metabolism, cell patterning, cell polarity, and stem cell biology. Dysregulation of 

Wnt/β-catenin signal pathway is correlated with cancer, obesity, and diabetes [27, 

96, 106, 113, 135, 148, 149, 152, 156, 193].  

CK1, as a effector in the Wnt/β-catenin signal pathway, was found to be a regulator 

in the induction of secondary embryonic axes in Xenopus [158]. Through the 

interactions with the key components such as β-catenin, APC (Adenomatous 

polyposis coli), and Axin, CK1 plays important roles in the process of Wnt signal 

transduction. However, CK1 exerts a dual regulatory role with either negative or 

positive in the Wnt signal pathway (reviewed in [35]). 

In the absence of Wnt ligand, β-catenin levels are maintained low concentration 

through proteasome-mediated degradation. CK1α can phosphorylate β-catenin at 

Ser-45, thereby priming β-catenin for subsequent phosphorylation by GSK3β 

(Glycogen synthase kinase 3β) and the following β-TrCP (β-transducin 

repeat-containing protein) mediated degradation [91, 163]. In addition, CK1δ/ε is 

able to interact with GSK3 to phosphorylate APC and Axin, leading to an enhanced 

binding between APC and β-catenin, thus increasing the exposure of β-catenin to 

β-TrCP [184, 196]. Additionally, CK1ε can also phosphorylates Dvl (Dishevelled), 

promoting the interaction of Dvl and Huwe1/EFL-1 (HECT domain-containing E3 

ubiquitin ligase), leading to the Huwe1-dependent ubiquitylation of Dvl, thereby 

inhibiting the multimerization of Dvl [35, 40]. 
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In the presence of Wnt ligand, β-catenin is mainly stabilized. With the stimulation of 

Wnt, GSK3-mediated phosphorylation of β-catenin is inhibited, thereby leads to the 

stabilization and accumulation of β-catenin. Accumulated β-catenin are 

translocated to the nucleus to trigger target gene transcription supported through 

the interaction with TCF/LEF (T-cell factor/lymphoid enhancing factor) [106]. In 

addition, CK1α phosphorylates p120-catenin and E-cadherin to promote the 

formation of multivesicular bodies to protect β-catenin from being degraded [183]. 

CK1γ mediated phosphorylation of LRP6 (lipoprotein receptor related protein 6) at 

Thr-1479 and Thr-1493, primed by GSK3 and GRK5/6, is essential for the 

stabilization of β-catenin. However, this phosphorylation requires the activation of 

Dvl which is mediated by CK1ε phosphorylation [39]. Moreover, CK1ε can also 

promote the interaction of β-catenin and TCF3 (T-cell factor 3) through the 

phosphorylation of TCF3 [100]. 

 

1.3.2 CK1 in p53 pathway 

The tumor suppressor p53 is involved in various cellular processes to ensure 

genomic stability and centrosome integrity [120, 171, 185]. Upon the induction of 

DNA damage, p53 can be activated by CK1α, δ, and ε mediated site-specific 

phosphorylation at Ser-6, Ser-9, Ser-15, Ser-20, and Thr-18 within its N-terminal 

domain. Activated p53 then triggers the expression of target genes including Bax 

(Bcl-2-associated X protein), p21, or CK1δ which indicates an autoregulatory 

feedback loop for CK1δ [49, 79, 97, 182]. In physiologically normal situation, p53 is 

inhibited through binding to MDM2 (Mouse double-minute 2 homology). CK1 plays 

a key role in the regulation of this binding. CK1α, δ, and ε phosphorylate MDM2 at 

Ser-240, Ser-121, Ser-246, and Ser-383, thereby increasing the binding of MDM2 

to p53 and the successive degradation of p53. However, CK1δ mediated 

phosphorylation at Ser-118 and Ser-121 promotes the ubiquitination and the 

following degradation of MDM2 [83, 99, 121, 195]. In addition, the interaction 

between p53 and CK1 is also important during hypoxic conditions, DNA/RNA virus 

infection, and in phenotypes of premature aging [75, 96, 104, 168]. 

 

1.3.3 CK1 in apoptotic pathways  

CK1 is identified to regulate apoptotic pathways. In Fas-mediated apoptosis, CK1α, 

δ, and ε are crucial components. CK1 phosphorylates the pro-apoptotic protein Bid 
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at Ser-64 and Ser-66. Since only unphosphorylated Bid can be processed by 

caspase 8-mediated proteolysis, phosphorylated Bid inhibits Fas-mediated 

apoptosis [46, 96]. 

In addition, CK1 also participates in other apoptotic pathways through the 

interaction with apoptotic proteins such as p75 [10], RXR (retinoid X receptor) [5], 

and FADD (Fas-associate protein with death domain) [3]. 

 

1.3.4 CK1 in circadian rhythm 

Autonomous timer exists in highly developed organisms. This timer is regulated by 

several proteins involved in the circadian clock pathway (reviewed in [96]).  

CK1 family members are involved in this pathway through the interaction with the 

key protein BMAL1 (brain and mscel ARNT-like protein 1)/Clock, CRY 

(cryptochrome)/PER (PERIOD), and PHB2 (prohibitin 2). PER can be 

phosphorylated by CK1δ and ε, which leads to the conformational changes of PER 

and marks PER for proteasome-mediated degradation [51, 88]. In addition, CK1δ 

and ε interact with CRY/PER complexes to promote the nuclear localization of 

CRY/PER complexes and subsequently inhibit the BMAL1/Clock and E-box 

mediated transcription. Additionally, CK1δ and ε also regulate the transcription of 

PHB2. The crucial role of CK1δ and ε in the circadian rhythm can be detected by 

the elongation of circadian rhythm within the CK1δ/ε inhibitor PF-670462 [124]. 

 

1.3.5 CK1 in metastatic processes 

In addition, CK1 seems to be involved in metastasis. Within the Wnt stimulation, 

β-catenin is able to be phosphorylated by CK1α, thereby promoting the complex 

formation between β-catenin and E-cadherin, which leads to the maintenance of 

the intercellular adhesion [87, 119]. However, this intercellular adhesion can also be 

negatively regulated by CK1ε-mediated phosphorylation of E-cadherin [50]. In 

addition, Snail (Zn-finger transcription factor) modulates the 

epithelial-mesenchymal transition (EMT) through down-regulation of E-cadherin 

expression. CK1ε promotes Snail degradation in coordination with GSK3β [9]. 

Additionally, nm23-H1-h-prune complex has been proposed to influence metastasis. 

CK1δ and ε can phosphorylate nm23-H1 thereby mediating the complex formation 

between nm23-H1 and h-prune [37, 65]. CK1δ is also able to phosphorylate 

anti-metastatic protein MTSS1 (metastasis suppressor 1) at Ser-332 to regulate 

metastatic progress [101, 205]. 
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1.4 Regulatory mechanisms of CK1  

Members of the CK1 family are constitutively active and ubiquitously expressed. 

However, it is clear that CK1 isoforms have unique and sometimes opposing roles 

in different cells even in the same cells. Therefore, the expression and/or activity of 

CK1 has to be tightly regulated [107, 179]. 

Besides post-transcriptional regulation [160], CK1 is additionally regulated on 

post-translational level. Several posttranslational modifications already described, 

including reversible phosphorylation, gylcosidation, acetylation, ubiquination, 

neddylation, and sumolytion [45].  

It is also reported that members of the CK1 family are modified by acetylation, 

neddylation, and phosphorylation [61, 80]. Reversible phosphorylation plays an 

important role in the regulation of CK1. Several autophosphorylation sites are 

known in the C-terminal domain of CK1. Upon the autophosphorylation of these 

sites, they can act as a pseudo-substrate to block the catalytic center of CK1 [25, 

70]. Several potential autophosphorylation sites are identified in CK1δ such as 

serine residues at aa 318, aa 328, and aa 331 or threonine sites at aa 323, aa 329, 

and aa 337 [70]. In addition, autophosphorylation sites also exist in CK1α, CK1ε, or 

CK1γ1-γ3 [21, 68]. 

CK1 can also be phosphorylated by cellular kinases. In our previous work, we 

already shown that CK1 can be phosphorylated by PKA at Ser-370 [67]. 

Furthermore, we also identified Chk1 as CK1δ C-terminal targeting kinase and 

determined phosphorylation sites at Ser-328, Ser-331, Ser-370, and Thr-397 [17]. 

Phosphorylation of these sites leads to reduced CK1δ kinase activity. In addition, 

Akt, Clk2, and PKCα were also identified as potential kinases to phosphorylate 

CK1δ [67]. 

Phosphatases were also involved in the regulation of CK1 activity by especial 

dephosphorylation of the known autophosphorylation sites, but the physiologically 

responsible phosphatases have still to be identified [160]. 

Furthermore, it could be shown that proteolytic cleavage of the C-terminal domain 

of CK1 can increase kinase activity [24, 25, 70]. 

Also a potential dimerization domain (DD) is located in the kinase domain of CK1δ, 

which is supposed to play a role in CK1δ dimerization. In x-ray crystallography, 

CK1δ is found to form dimers leading to the exclusion of ATP from the catalytic 

center of CK1δ and the following decrease of kinase activity [108]. 
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In 2013, Crucial and coworkers verified an alternative regulatory mechanism of 

CK1 refers to allosteric regulation by RNA helicases (especially DDX3) in a small 

interfering RNA (siRNA) screen for novel Wnt regulators. The allosteric regulator 

DDX3 (DEAD box helicase 3) known as a novel and evolutionary conserved 

Wnt/β-catenin signal pathway component. In mammalian cells, knockdown of the 

helicase DDX3 by siRNA leads to the loss of CK1ε phenocopies and inhibits the 

phosphorylation of Dvl2 and LRP6. DDX3 directly binds with CK1ε, allosterically 

activates CK1ε kinase activity and promotes phosphorylation of Dvl. In addition, 

allosteric regulation can be extended to other members of the DDX and CK1 family 

and even to another signal transduction pathways [36]. 

Furthermore, CK1 activity can also be regulated by subcellular localization and 

compartmentalization through increasing the concentration of reactants as well as 

limiting the amount of substrate thereby promoting kinase specificity (reviewed in 

[177]). In the Wnt/β-catenin signal pathway, CK1 plays an opposite role in the 

absence or presence of the Wnt ligand. It not only promotes the degradation of 

β-catenin, but also protects β-catenin from degradation. This functional regulation 

relies on the crucial role of micro-compartmentalization (reviewed in [6]). 

Scaffold proteins like AKAP450 (A-kinase anchor protein 450) and DDX3 can act 

as a platform to recruit substrate and kinase bringing them in proximity. AKAP450 

recruits CK1ε or CK1δ from the cytoplasm to the centrosome to regulate the 

centrosomal structure and function [11, 146, 161]. 

A central scaffold protein involved in the Wnt/β-catenin signal pathway is Axin. It 

contains several domains promoting the coordinated function of APC, β-catenin, 

CK1, and GSK3β. Recruiting to Axin enforces the phosphorylation proximity 

between CK1 and its substrates β-catenin and APC, thereby promoting this 

process (reviewed in [30, 35]). 

 

1.5 The role of CK1 in the development of different diseases 

CK1 family members are involved in various cellular processes through the 

interaction with key regulatory proteins of fundamental pathways, including 

Wnt/β-catenin pathway (β-catenin, LRP6, Axin, APC, Dvl 1-3, and GSk3β) [39, 165, 

178], Hedgehog signalling (SMO (Smoothened) and GLI (glioma-associated 

oncogene transcription factors)) [43, 166, 181], Hippo pathway (MST1/2 

(mammalian STE20-like protein kinase 1/2) and YAP/TAZ (Yes-associated 
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protein/Tafazzin)) [197, 204], p53 dependent signalling (p53 and MDM2/4) [97, 121], 

NF-κB (nuclear factor “kappa-light-chain-enhancer” of activated B cells) protein 

complex [13] as well as apoptotic pathways. It can be suspected that dysregulation 

of CK1 family members or mutations within their coding regions could contribute to 

pathologic alterations of the respective pathways, thereby influencing the 

pathogenesis of certain diseases (reviewed in [96]). 

 

1.5.1  CK1 and tumorigenesis 

To date, dysregulation of CK1 expression or activity (mainly CK1α, CK1δ, and 

CK1ε) have been identified in several tumors, even though the exact mechanisms 

are not completely understood (reviewed in [96, 160]). Different CK1 isoforms play 

diverse roles in different tumor entities. CK1α has been identified to act as a tumor 

suppressor. The mRNA or protein expression level of CK1α in melanomas, 

lymphomas, ovarian, breast, and colon carcinoma are reduced compared to the 

corresponding benign lesions [162]. Additionally, conditional knock-out of CK1α in 

the intestinal epithelium leads to Wnt-signaling activation and tumor formation 

when p53 is inactivated [53]. However, in AML (Acute myeloid leukemia), CK1α 

also seems to work as an oncogene protein [84].  

The immunoreactivity of CK1δ is changed depending on the grade of tumor 

differentiation. In breast tumors, reduced CK1δ immunostaining was mainly 

observed in invasive, poorly differentiated carcinomas and high-grade dutal 

carcinomas in situ (DCIS) compared to well differentiated or low grade DCIS 

(reviewed in [95]). In contrast, high expression of CK1δ was observed in 

choriocarcinomas and dutal pancreatic carcinomas [19].  

In addition, CK1ε also has a diverse role in tumorigenesis. High CK1ε expression is 

detected in the tumors of epithelial ovarian, brain, head and neck, lung, renal, 

bladder, prostate carcinomas, and further entities [60, 96, 154]. However, loss of 

CK1ε expression is also identified by Lin and coworkers in oral squamous cell 

carcinoma and correlated with poor survival rates [105]. Although knowledge of 

CK1 expression levels is well reported, genomic alterations of CK1 family members 

are rarely reported. There is evidence for CK1ε mutations in breast carcinomas [58] 

and CK1δ point mutations in colonic adenoma and carcinoma [73, 175].  

With the analysis of the cancer genome atlas in 24 different tumors using the 

cBioportal for Cancer Genomics, the total alteration including copy number 
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alteration (CNA) and mutation pattern were detected. The total alteration frequency 

(CNAs and mutations) in CSNK1A1 (casein kinase 1 alpha 1) is approximately 

4.8% in clear cell renal cell carcinoma (ccRcc). For CSNK1D (casein kinase 1 delta) 

and CSNK1E (casein kinase 1 epsilon), the total alteration frequency reaches 

about 9.5% in liver cancer and 3.8% in melanoma cancer. Specific point mutation 

frequencies of these CK1 isoforms in cBioportal using available datasets are even 

lower and the highest point mutation frequencies exist in CSNK1A1 (only about 

2.4%). In addition, on the primary structure of corresponding CK1 isoforms, no 

obviously accumulation or hotspot mutations in certain domains could be observed. 

Therefore, CK1 isoform mutations in tumorigenesis seem to be seldom events [26, 

63, 160]. 

Additionally, knowing the regulatory role of CK1 in circadian rhythm, dysregulation 

or mutations of CK1 are supposed to be involved in the development of sleeping 

disorders [124, 187]. The CK1ε tau expression is the first identified functional 

mutation in Syrian hamster leading to clock acceleration. In addition, CK1δ 

mutation at T44A is found in FASPS (familial advanced sleep phase syndrome) 

[173, 199]. 

 

1.5.2 CK1 and neurodegenerative diseases 

Alzheimer’s disease (AD) is a chronic neurodegenerative disease with increased 

neurotoxic β-amyloid (Aβ) production and hyperphosphorylation of tau. In 

Alzheimer’s disease, mRNA level of CK1δ is increased up to 24.4-fold in the 

hippocampus compared with the control position [200]. In addition, CK1δ was 

found to hyperphosphorylate tau resulting in the dissociation of tau from 

microtubules (MTs), the formation of neurofibrillary tangles (NFTs), the 

destabilization of MTs, and the final death of neurons [81]. Additionally, CK1 is also 

hypothesized to attend in the processing of Aβ production. Aβ is derived from the 

successive cleavage of β-amyloid precursor protein (β-APP) by β-secretase and 

γ-secretase. In silico analysis reveals that several consensus sequences for CK1 

exist in the amino acid sequence of β-APP and β/γ-secretase. Furthermore, 

β-secretase has been verified to be phosphorylated by CK1 at Ser-498 [145]. 

Parkinson’s disease (PD) is a degenerative disorder of the central nervous system 

(CNS), mainly characterized by abnormal aggregation of α-synuclein in neurons 

known as Lewy bodies. Hyperphosphorylation plays a crucial role in the 
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aggregation of α-synuclein. CK1 has been verified to phosphorylate α-synuclein at 

Ser-129 [190]. In addition, Postmortem human studies and studies in transgenic 

mice link this phosphorylation to PD [18]. 

 

1.6 CK1 specific inhibitors 

Knowing the involvement of CK1 isoforms in the diverse signal pathways and 

various diseases, small molecular inhibitors or activators of CK1 are becoming a 

research hotspot as therapeutic application option [31, 172]. Several CK1-specific 

inhibitors already used in in vitro experiments or animal models. These inhibitors 

are mainly ATP-competitive type 1 inhibitors, and range from the first CKI-7 

(N-(2-aminoethyl)-5-chloroisoquinoline-8-sulfonamide) [31] to the widely used, 

isoform specific inhibitor IC261 (3-[(2,4,6-trimethoxyphenyl)-methylidenyl] 

-indolin-2-one) [118] further to D4476 (4-[4-(2,3-dihydro-benzo)[1,4]dioxin-6-yl) 

-5-pyridin-2-yl-1H-imidazol-2-yl]-benzamide) [151] and amino-anthraquinone 

analogs [34], roscovitine derivatives [142], and benzimidazole based inhibitors [12, 

16, 78]. In addition, synthetic peptides are also used as an alternative for small 

inhibitors to avoid side effects. Synthetic CK1α peptides can be used to block the 

interaction of CK1α and MDM2, thereby influencing the degradation of p53 [80]. 

 

1.7 Protein kinase C 

Protein kinases C (PKC) is a family of serine/threonine kinases belonging to the 

branch of AGC kinases in the kinome [115]. In mammalian tissues, PKCs are 

widely expressed and at least 11 isoforms have been identified. Depending on the 

structure and biochemical properties, they are classified into three groups: 

conventional PKC (cPKC, α, βI, βII, and γ), novel PKC (nPKC, δ, ε, η, and θ), and 

atypical PKC (aPKC, ζ and ι) [102, 137, 192]. PKCµ and PKCν have been allocated 

to protein kinase D (PKD) [85]. All family members share almost the same structure: 

a C-terminal catalytic domain and a N-terminal regulatory domain, linked by a 

flexible hinge segment. However, the primary structure of the three subgroups differ 

from each other in conserved (C1, C2, C3, and C4) and variable regions (V1, V2, 

V3, V4, and V5) (Newton 2009). 

Conventional PKC is activated by diacylglycerol (DAG), calcium (Ca2+), and acidic 

phospholipids, and its primary structure contains all the regions (conserve regions 

(C1, C2, C3, and C4) and variable regions (V1, V2, V3, V4, and V5)). C1 region 
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mainly contains a pseudosubstrate domain and two cysteine-rich (CR) domains. 

The pseudosubstrate domain, without serine or threonine, resembles with the PKC 

substrate motif to inhibit the activity of PKC. The CR domains mainly recognize 

DAG. In addition, the C2 region is responsible for the binding of calcium. The 

catalytic domain, encompassing the C3 and C4 regions, contains binding sites for 

ATP and substrate, respectively [143, 167]. Novel PKC activation depends on the 

DAG and acidic phospholipids, and its primary structure comprises all the 

conserved and variable regions in the cPKC. However, owing to the absence of 

aspartate residue, C2 region in the nPKC cannot bind with calcium [140]. Atypical 

PKC, independent of DAG and calcium, can be activated by acidic phospholipids 

like ceramides and phosphorylation. While aPKC is also incapable of 

calcium–binding, because of the loss of C2 region and one copy of CR domain [2].  

In general, PKC is presented in cytosol in an inactive state. PKC activation requires 

the removal of the pseudosubstrate domain. The hallmark of active PKC is the 

translocation from cytosol to plasma membrane or other cellular organelles 

(reviewed in [133]). In addition, PKC can also be activated by protein-protein 

interactions, post-translational modifications, subcellular distribution, 

phosphorylation, oxidation, acetylation, and nitration [127, 134, 164]. Although PKC 

is ubiquitously expressed in almost all tissues, the functions and roles of PKC 

isozymes differ from each other in both normal and disease states. Sometimes 

even the same isoform has opposing roles in the same cell [8, 28, 131].  

Additionally, abnormal activation of PKCs is verified in various diseases: multiple 

cancers, diabetes complications, heart failure and diseases, lung and kidney 

diseases, dermatological and autoimmune diseases, neurological and psychiatric 

diseases [20, 42, 52, 54, 66, 82, 103, 174]. Because of the crucial roles in cell 

processes and diseases, several efforts are used to search for effective 

pharmacological tools to modulate PKC activity [7, 191]. Until now, various 

inhibitors are developed and some of them already used in the clinical trials [114, 

128, 159]. 

 

1.7.1 Protein kinase C alpha (PKCα) 

As a member of conventional PKC (cPKC), PKCα consists of 672 amino acids and 

can be activated by various stimuli, including receptor activation, physical stresses, 

and cell contact. In response to these stimuli, the intracellular phospholipase C is 
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activated thereby leading to the subsequent aggregation of DAG and Ca2+, thereby 

driving the pseudosubstrate domain release from the active site. These events 

finally result in the activation of PKCα [127, 132, 136, 143]. Upon activation, PKCα 

translocates from the cytosol to cell compartments (including nuclei, focal 

adhesions, and plasmid membranes) where it phosphorylates variety substrates, 

such as p53 [201], protein phosphtase 2A (PP2A) [92], Ra1B (Ras-like 1B) [117], 

and PAF (platelet-activating factor) [130] depending on the types of stimuli and cells. 

In addition, PKCα is verified to act as a central signaling node and a therapeutic 

target for breast cancer stem cells [169].  

Additionally, the pathologic alterations of PKCα are observed in tumorigenesis, 

cardiovascular disease, arterial thrombosis, and inflammation [132, 136, 144]. 

However, the exact role of PKCα in these disease is still unclear because of the 

diverse cellular processes [98]. Nonetheless, PKCα is an attractive target for 

therapeutic approach in various disease especially in cancer [76].  
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1.8 Aim of the study 

Cellular signal transduction components are usually regulated not only on the 

transcriptional or translational level, but also on protein level by posttranslational 

modifications. Among these, reversible phosphorylation represents the most 

abundant modification. In particular, phosphorylation events in general are 

essential for regulating the activity of central signal transduction proteins, also 

including kinases themselves. Members of the CK1 family have been shown to act 

as central signal transduction proteins in numerous cellular pathways. Due to its 

wide range of cellular functions the activity of CK1 isoforms has to be tightly 

regulated. Previously it has been shown that PKA and Chk1 are able to 

phosphorylate CK1δ within its C-terminal regulatory domain, finally leading to 

chances in the activity of CK1. Furthermore, there is evidence that additional 

kinase are able to phosphorylate CK1δ within its C-terminal domain. Among these 

cellular kinases PKCα seems to be a CK1δ C-terminal targeting kinase.  

Therefore, the aims of the study are 

(i) to identify the phosphorylation sites in regulatory C-terminal domain of CK1δ 

targeted by PKCα, by performing mass spectrometry analyses and classic 

biochemical assays using wild type and potential phosphorylation sites mutant 

GST-CK1δ fusion proteins. 

(ii) to characterize the kinetic properties of wild type and mutant GST-CK1δ fusion 

proteins baring alanine substitutions at potential phosphorylation sites targeted by 

PKCα.  

(iii) to analyze the effects of PKCα on substrate phosphorylation of CK1δ  

(iv) to characterize the effects of pharmacological inhibition of PKCα on CK1δ in an 

appropriate cell culture model  

We expect that the results of this thesis will contribute to a deeper understanding of 

cellular signal transduction networks thereby helping to form a basis for the 

development of future therapeutic concepts. 
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2 Materials and Methods 

 

2.1 Materials 

 

2.1.1 Chemicals und biochemicals 

 

Acetic acid      VWR, Fontenay-Sous Bois, France 

Acetone      Sigma-Aldrich, St. Louis, USA 

Acrylamide (Rotiporese® Gel 30)   Carl Roth, Karlsruhe, Germany 

Agarose (SeaKem® LE Agarose)  Lonza, Rockland, USA  

AgNO3      Merck, Darmstadt, Germany 

Ampicillin     Carl Roth, Karlsruhe, Germany 

Aprotinin     Sigma-Aldrich, St. Louis, USA 

APS      Sigma-Aldrich, St. Louis, USA 

ATP      Sigma-Aldrich, St. Louis, USA 

[γ-32P]-ATP Hartmann Analytic GmbH, Braunschweig, 

Germany  

Benzamidine     Sigma-Aldrich, St. Louis, USA 

Bisindolylmaleimide I   Cayman Chemical, Michigan, USA 

Brij-35      Sigma-Aldrich, St. Louis, USA 

Bromphenol blue     Sigma-Aldrich, St. Louis, USA 

BSA       Serva, Heidelberg, Germany 

Calcium chloride (CaCl2)   Sigma-Aldrich, St. Louis, USA 

α-casein     Sigma-Aldrich, St. Louis, USA 

Coomassie Brilliant Blue R-250   Waldeck/Chroma, Münster, Germany 

DTT      Sigma-Aldrich (Fluka®), St. Louis, USA 

DMEM     Gibco® Life Technologies, Paisley,  

    Scotland 

DMSO     Sigma-Aldrich, St. Louis, USA 

DPBS      Life Technologies GmbH, Darmstadt,  

      Germany 

EDTA      Sigma-Aldrich, St. Louis, USA 

EGTA      Sigma-Aldrich, St. Louis, USA 

Enzastaurin     Cayman Chemical, Michigan, USA 

Ethanol      Sigma-Aldrich, St. Louis, USA 
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FACS flow     BD Biosciences, San Jose, USA 

FACS Clean     BD Biosciences, San Jose, USA 

FCS      Biochrom, Berlin, Germany 

Formaldehyde (37 %)   Sigma-Aldrich, St. Louis, USA 

Formic acid     Merck, Darmstadt, Germany 

Glutathione Sepharose 4 Fast Flow  GE Healthcare, Chalfont St Giles, UK 

Glutathione      Sigma-Aldrich, St. Louis, USA 

Glycerol      Sigma-Aldrich, St. Louis, USA 

Glycine     AppliChem, Darmstadt, Germany 

Glutamine     Biochrom, Berlin, Germany 

Go-6983     Absource Diagnostics GmbH, Munich,  

      Germany 

HCl, 6 N     Sigma-Aldrich (Fluka®), St. Louis, USA 

HCl, 37 %     Merck, Darmstadt, Germany 

H2O2      Mallinckrodt Baker, New Jersey, USA 

IPTG      Fermentas, St. Leon-Rot, Germany 

Isopropanol     VWR, Radnor, USA 

KOAc      Sigma-Aldrich, St. Louis, USA 

KH2PO4     Merck, Darmstadt, Germany 

L-Glutamine     GE Healthcare, Chalfont St Giles, UK 

L-Glutathione reduced   Sigma-Aldrich, St. Louis, USA 

Luminol     Sigma-Aldrich, St. Louis, USA 

Methanol     Sigma-Aldrich, St. Louis, USA 

MgCl2      Sigma-Aldrich, St. Louis, USA 

MgSO4     Merck, Darmstadt, Germany 

Milk powder, blotting grade   Carl Roth, Karlsruhe, Germany 

MnCl2      Sigma-Aldrich, St. Louis, USA 

MOPS      Sigma-Aldrich, St. Louis, USA 

MSH      Sigma-Aldrich, St. Louis, USA 

MTT      Sigma-Aldrich, St. Louis, USA 

NaCl      Sigma-Aldrich, St. Louis, USA 

NaF      Sigma-Aldrich, St. Louis, USA 

NaHCO3     Sigma-Aldrich (Fluka®), St. Louis, USA 
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NaOAc     Sigma-Aldrich, St. Louis, USA 

NaOH (pellet)     AppliChem, Darmstadt, Germany 

Na2CO3     Merck, Darmstadt, Germany 

Na2HPO4     Merck, Darmstadt, Germany 

Na3VO4     Sigma-Aldrich, St. Louis, USA 

NH3      Sigma-Aldrich, St. Louis, USA 

NH4HCO3     Sigma-Aldrich, St. Louis, USA 

NH4Cl      Sigma-Aldrich, St. Louis, USA 

Ninhydrine     Sigma-Aldrich, St. Louis, USA 

NP40      Sigma-Aldrich (Fluka®), St. Louis, USA 

PBS      Invitrogen (Gibco®), Carlsbad, USA 

Penicillin/Streptomycin    Life Technologies GmbH, Darmstadt,  

   Germany  

Phospho-L-threonine    Sigma-Aldrich, St. Louis, USA 

Phospho-L-tyrosine    Sigma-Aldrich, St. Louis, USA 

Phospho-L-serine    Sigma-Aldrich, St. Louis, USA 

PMSF      Sigma-Aldrich, St. Louis, USA 

Protein G sepharose   GE Healthcare, Chalfont St Giles, UK 

Protein S sepharose   GE Healthcare, Chalfont St Giles, UK 

Pyridine     Merck, Darmstadt, Germany 

RNase-free water    Qiagen, Hilden, Germany 

RPMI 1640     Life Technologies GmbH, Darmstadt,  

      Germany 

SDS       Carl Roth, Karlsruhe, Germany 

Sucrose     Sigma-Aldrich, St. Louis, USA 

TEMED      Sigma-Aldrich, St. Louis, USA 

Tris       USB Europe GmbH, Staufen, Germany 

Triton X-100     Sigma-Aldrich (Fluka®), St. Louis, USA 

Trypsin-EDTA     GE Healthcare, Chalfont St Giles, UK 

Trypton/Penton    Carl Roth, Karlsruhe, Germany  

Tween 20     Sigma-Aldrich, St. Louis, USA 
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2.1.2 Consumables 

 

Amersham HyperfilmTM MP  GE Healthcare, Chalfont St Giles, UK 

Cell culture plate Sarstedt AG & Co., Nümbrecht, Germany 

Cell culture scraper Corning Costar, Bodenheim, Germany 

CX-BL+ Medical X-ray film Typon Röntgen-Film GmbH, Frankenthal, 

Germany 

Falcon (15 and 50 ml) BD Biosciences, San Jose, USA  

Filtropur S 0.2 μm Sarstedt AG & Co., Nümbrecht, Germany 

Ion exchange column Resouce Q GE Healthcare, Chalfont St Giles, UK 

Minisart® high flow Syringe Filters, Sartorius, Göttingen, Germany 

NuncTM MicroWellTM 96-well  Thermo Fisher Scientific Inc., Waltham, 

microplate USA 

Pipette tips  VWR International GmbH, Darmstadt,  

(0.1-10 μl, 0.5-20 μl, 2-200 μl,  Germany 

100-1000 μl, 500-5000 μl) 

PVDF membrane Roche Applied Science, Mannheim, 

 Germany 

Reaction tubes  Eppendorf AG, Hamburg, Germany 

Serological Stripette® (5-25 ml) Corning® Costar, St. Louis, USA 

Tissue culture dish (100 x 20 mm) BD Biosciences, San Jose, USA 

Whatman qualitative filter paper, Sigma-Aldrich, St. Louis, USA 

Grade 5, diam. 55 mm 

 

2.1.3 Reagent systems (kits) 

 

BD Cycletest™ Plus (DNA reagent kit) BD Biosciences, San Jose, USA 

Pierce® BCA Protein Assay kit Thermo Scientific, Waltham, USA 

QuickChange II SDM kit  Agilent Technologies, Sta. Clara, USA 

QIAEX II Gel Extraction Kit Qiagen, Hilden, Germany 

QIAGEN Plasmid Plus Midi Kits Qiagen, Hilden, Germany 

Rapid DNA Dephos and Ligation kit Roche Applied Science, Mannheim, 

 Germany 

SmartSeq kit Eurofins genomics, Ebersberg, Germany 

StrataClone PCR cloning kit Agilent Technologies, Sta. Clara, USA 
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2.1.4 Molecular weight markers 

 

GeneRuler 1 kb DNA Ladder Fermentas, St. Leon-Rot, Germany  

Precision Plus Protein Standard BioRad Laboratories, Hercules, USA 

(Dual Color) 

 

2.1.5 Enzymes 

 

CK1δ kinase domain (CK1δ kd) New England Biolabs, Ipswich, USA 

Illustra rTaq DNA polymerase GE Healthcare, Chalfont St Giles, UK 

Lysozyme Sigma-Aldrich, St. Louis, USA 

Protein Kinase C α (PKCα) ProSpec, Ness Ziona, Israel 

Restriction endonucleases New England Biolabs, Ipswich, USA 

RNase A Invitrogen, Carlsbad, USA 

TPCK-trypsin Thermo Fisher Scientific Inc., Waltham, 

USA 

 

2.1.6 Antibodies 

 

Amersham ECL Anti-Mouse IgG, NA931V; GE Healthcare, Chalfont St Giles, 

HRP-linked secondary antibody UK 

Amersham ECL Anti-Rabbit IgG, NA934V; GE Healthcare, Chalfont St Giles, 

HRP-linked secondary antibody UK 

Anti-Goat IgG H&L, HRP-linked 605-4302; Rockland Immunochemicals,  

polyclonal secondary antibody Gilbertsville, USA 

Monoclonal Anti-Glutathione-S-  G7781; Sigma-Aldrich, St. Louis, USA 

Transferase (GST) primary antibody 

Monoclonal Anti-PKCα (H-7), sc-8393; Santa Cruz Biotechnology Inc., 

primary antibody Heidelberg, Germany 

Monoclonal Anti-β-Actin (AC-15) A5441; Sigma-Aldrich, St. Louis, USA 

primary antibody  

Polyclonal Anti-CK1δ (R-19), sc-6474; Santa Cruz Biotechnology Inc., 

primary antibody Heidelberg, Germany 
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2.1.7 Oligonucleotides 

Table 1: Sequences of specific primers for amplification of CK1δ fragments and site directed 

mutagenesis 

All oligonucleotides were synthesized by Eurofins MWG Operon (Ebersberg, Germany). P1-P7: 
primes for amplification of CK1δ fragments, S1-S24: primers for site-directed mutagenesis, 5’: 
forward primer, 3’: reverse primer, Numbers in the primer designation indicate amino acid positions 

of rat CK1δ sequence. Abbreviations: CK1δ: casein kinase 1 delta; SDM: site directed mutagenesis. 
In the column of designation: A: alanine; S: serine; T: threonine. In the column of sequence: A: 
adenine; G: guanine; C: cytosine; T: thymine.  

# designation sequence (5’ → 3’) 

P1 5’-CK1δ-305 CGAATTCCATGGAGCGGGAACGCCG 

P4 5’-CK1δ-375 CCATGGGGGCCCCAGTCAACGTCTCCTCA 

P5 3’-CK1δ-428  GGATCCTCAGTAGGTGGTACGTCGTGG 

P6 5’-CK1δ-428 (T427A) GGATCCATGGAGCTGAGGGTCGGGAATAG 

P7 3’-CK1δ-428 (T427A) CTCGAGTCAGTAGGCGGTACGTCGTGG 

S1 5’-SDM-S318A GAACGATTAAGACACGCCCGGAATCCAGCC 

S2 3’-SDM-S318A GGCTGGATTCCGGGCGTGTCTTAATCGTTC 

S3 5’-SDM-S328A CCACTCGTGGCCTCCCTGCTACAGCTTCCGGCCG 

S4 3’-SDM-S328A GCCGGCCTTCGACATCGTCCCTCCGGTGCTCACC 

S5 5’-SDM-T329A GGCCTCCCTTCTGCAGCTTCCGGCCGTCTG 

S6 3’-SDM-T329A CAGACGGCCGGAAGCTGCAGAAGGGAGGCC 

S7 5’-SDM-S331A CCCTTCTACAGCTGCCGGCCGTCTGCGGG 

S8 3’-SDM-S331A CCCGCAGACGGCCGGCAGCTGTAGAAGGG 

S9 5’-SDM-S328A, T329A GGCCTCCCTGCTGCAGCTTCCGGCC 

S10 3’-SDM-S328A, T329A GGCCGGAAGCTGCAGCAGGGAGGCC 

S11 5’-SDM-S361A CTCCTAGACCCGTCGCTGGCATGGAACGAG 

S12 3’-SDM-S361A CTCGTTCCATGCCAGCGACGGGTCTAGGAG 

S13 5’-SDM-S370A CGAGAACGGAAAGTGGCTATGCGGCTGCACCGTGGG 

S14 3’-SDM-S370A CCCACGGTGCAGCCGCATAGCCACTTTCCGTTCTCG 

S15 5’-SDM-S382A CCCAGTCAACGTCGCCTCATCTGATCTCACGGGC 

S16 3’-SDM-S382A GCCCGTGAGATCAGATGAGGCGACGTTGACTGGG 

S17 5’-SDM-T392A CGGGCCGACAAGATGCCTCTCGCATGTCCAC 

S18 3’-SDM-T392A GTGGACATGCGAGAGGCATCTTGTCGGCCCG 

S19 5’-SDM-S393A GGCCGACAAGATACCGCTCGCATGTCCACC 

S20 3’-SDM-S393A GGTGGACATGCGAGCGGTATCTTGTCGGCC 

S21 5’-SDM-T392A+S393A GGCCGACAAGATGCCGCTCGCATGTCCACC 

S22 3’-SDM-T392A+S393A GGTGGACATGCGAGCGGCATCTTGTCGGCC 

S23 5’-SDM-T397A ATACCTCTCGCATGTCCGCCTCACAGAGGAGCAGGGACAT 

S24 3’-SDM-T397A TATGGAGAGCGTACAGGCGGAGTGTCTCCTCGTCCCTGTA 
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2.1.8 Vectors 

 

pGEX2  GE Healthcare, Chalfont St Giles, UK 

pGEX-4T-3  Vector for recombinant protein expression 

in bacteria cultures using the GST gene 

fusion system (GE Healthcare, Chalfont St 

Giles, UK).  

pGEX-6P-3  GE Healthcare, Chalfont St Giles, UK 

pSC-A-amp/kan Agilent Technologies, Sta. Clara, USA 

(StrataClone PCR cloning kit) 

 

2.1.9 Fusion proteins 

 
Table 2: Generated fusion proteins of CK1δ-specific fragments and mutants  

CK1δ-specific fragments and mutants were generated as described by using the indicated primer 
pairs. The respective rat pGEX-CK1δ plasmids served as templates, each of them based on the rat 
CK1δ sequence (L07578 [69]). Abbreviations: A: alanine; CK1δ: casein kinase 1 delta; FP: fusion 

protein; GST: glutathione-S-transferase; S: serine; T: threonine. 

GST-CK1δ fusion protein vector FP # template 

GST-CK1δ fragments: wild type (from rat CK1δ) 

GST-CK1δ
305-350

 pGEX-4T-3 FP889 FP449 

GST-CK1δ
305-375

 pGEX-4T-3 FP1006 FP449 

GST-CK1δ
341-375

 pGEX-4T-3 FP1020 FP449 

GST-CK1δ
330-375

 pGEX-4T-3 FP1011 FP449 

GST-CK1δ
353-375

 pGEX-4T-3 FP1022 FP449 

GST-CK1δ
375-428

 pGEX-4T-3 FP1183 FP449 

GST-CK1δ fragments: mutants (from rat CK1δ) 

GST-CK1δ
353-375 S370A

 pGEX-4T-3 FP1021 FP1022 

GST-CK1δ
305-375 S318A

 pGEX-4T-3 FP1294 FP1006 

GST-CK1δ
305-375 S328A

 pGEX-4T-3 FP1269 FP1006 

GST-CK1δ
305-375 T329A

 pGEX-4T-3 FP1344 FP1006 

GST-CK1δ
305-375 T331A

 pGEX-4T-3 FP1340 FP1006 

GST-CK1δ
305-375 S361A

 pGEX-4T-3 FP1295 FP1006 

GST-CK1δ
305-375 S370A

 pGEX-4T-3 FP1317 FP1006 

GST-CK1δ
305-375 S328A+T329A

 pGEX-4T-3 FP1359 FP1006 

GST-CK1δ
375-428 S382A

 pGEX-4T-3 FP1347 FP1183 

GST-CK1δ
375-428 T392A

 pGEX-4T-3 FP1322 FP1183 

GST-CK1δ
375-428 S393A

 pGEX-4T-3 FP1456 FP1183 

GST-CK1δ
375-428 T397A

 pGEX-4T-3 FP1221 FP1183 
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GST-CK1δ
375-428 T392A+S393A

 pGEX-4T-3 FP1457 FP1183 

GST-CK1δ full length: wild type and mutants (from rat CK1δ) 

GST-CK1δ
1-428

 pGEX2T FP449 Frwt648 cDNA 

GST-CK1δ
1-428 S318A

 pGEX2T FP1455 FP449 

GST-CK1δ
1-428 S328A

 pGEX2T FP1267 FP449 

GST-CK1δ
1-428 T329A

 pGEX2T FP1486 FP449 

GST-CK1δ
1-428 T331A

 pGEX2T FP1364 FP449 

GST-CK1δ
1-428 S370A

 pGEX-4T-3 FP1030 FP449 

GST-CK1δ
1-428 T392A

 pGEX2T FP1454 FP449 

GST-CK1δ
1-428 T427A

 pGEX2T FP1461 FP449 

GST-CK1δ
1-428 T331A+S370A

 pGEX2T FP1364 FP449 

GST-CK1δ
1-428 S318A+T331A+S370A

 pGEX2T FP1466 FP449 

Table 3: Generated fusion proteins used as substrates in in vitro kinase reactions 

GST-p53
1-64

 and GST-β-catenin
1-181

 were used as substrates in in vitro kinase reactions. 
Abbreviations: aa: amino acid; bp: base pair; FP: fusion protein; GST: glutathione-S-transferase.  

GST-fusion protein vector FP # template 

GST-p53
1-64 

(containing the first 192 bp of 
murine p53, coding for aa 1-64 ) 

pGEX-2T FP267 [126] 

GST-β-catenin
1-181 

(containing the first 543 
bp of murine β-catenin, coding for aa 1-181) 

pGEX-6P-3 FP1355 [23] 

 

2.1.10 Bacterial tribes 

 

SoloPack Gold Agilent Technologies, Santa Clara, USA 

XL1-Blue Agilent Technologies, Santa Clara, USA 

 

2.1.11 Human cell lines 

 

AC1-M88  Human extravillous trophoblasts fused with 

AC1-1, a mutant of the choriocarcinoma 

cell line Jeg-3 [59, 62] 

COLO357 Human pancreatic adenocarcinoma cell 

line described by Morgan et al., 1980 [129] 

MIA PaCa-2 Human pancreatic adenocarcinoma 

cancer cell line [202] 

PANC89  Human pancreatic adenocarcinoma cell 

line described by Okabe et al., 1983 [139] 
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2.1.12 Culture media 

 

AC1-M88 DMEM/F12 (1:1), 10 % (v/v) FCS, 2 mM 

glutamine, 1 % (v/v) penicillin/streptomycin 

COLO357 DMEM/RPMI-1640 (1:1), 10 % (v/v) FCS, 

2 mM glutamine, 1 % (v/v) 

penicillin/streptomycin 

LB ampicillin agar  LB medium, 15 µg/ml Agar 

LB medium 10 g/l NaCl, 5 g/l yeast extract, 10 g/l 

peptone, sterilized by autoclaving 

MIA PaCa-2 DMEM, 10 % (v/v) FCS, 1 % (v/v) 

penicillin/streptomycin 

PANC89 DMEM, 10 % (v/v) FCS, 1 % (v/v) 

penicillin/streptomycin 

 

2.1.13 Devices  

 

Bio Photometer Eppendorf AG, Hamburg, Germany 

CERTOMAT® BS-1 Bacterial incubator Sartorius Group, Goettingen, Germany 

Centrifuge 5424R/5810R Eppendorf AG, Hamburg, Germany 

Cherenkov counter LS6500IC Beckman Coulter, Brea, USA 

EttanLC FPLC-system GE Healthcare, Chalfont St Giles, UK  

FACScan™ Flow cytometer Becton Dickinson, San Jose, USA 

Heraeus HeraCell incubator Thermo Scientific, Waltham, USA 

HerasafeTM Biological Safety Cabinet Thermo Scientific, Waltham, USA 

Kodak X-OMAT developing machine Kodak, Rochester, USA  

MP220 pH meter Mettler Toledo GmbH, Gießen, Germany 

Olympus® CK2 inverted microscope  Olympus Optical Co. (Europa) GmbH, 

Hamburg, Germany 

Pipettes Eppendorf AG, Hamburg, Germany 

Pipet boy Integra Bioscience AG, Zizers, Switzerland 

Resource Q anion exchange column GE Healthcare, Chalfont St Giles, UK 

Refrigerated Vapor Trap RVT100/400 Thermo Savant, New York, USA 

Savant Speed Vac® Thermo Savant, New York, USA 

SGD 2000 Slab Gel Dryer Thermo Savant, New York, USA 

TECAN Spectra (Classic) Plate Reader TECAN, Männedorf, Switzerland 
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Thermal cycler  Eppendorf AG, Hamburg, Germany 

Thermomixer comfort Eppendorf AG, Hamburg, Germany  

Ultrasonic Sonifier 250 Branson, Danbury, USA 

Vacuum pump Vacuubrand GmbH + Co. KG, Wertheim, 

Germany 

Water bath W80 Labortechnik Medingen, Dresden, 

Germany 

Western blot system BioRad Laboratories, Hercules, USA 

 

2.1.14 Softwares 

 

Absorbance data analysis: Magellan 3, TECAN, Männedorf, 

 Switzerland 

Flow cytometry data analysis: CellQuest, BD Biosciences, San Jose, 

 USA 

FPLC data analysis  UNICORN version 3.10, Freiburg, 

Germany 

Image processing: CorelDRAW 12, Corel, Ottawa, Canada 

Literature management: Endnote X7, Philadelphia, USA 

Optical analysis: TINA 2.0, Raytest GmbH, Straubenhardt, 

Germany 

Statistical analysis: GraphPad Prism 6, San Diego, USA  
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2.2 Methods 

 

2.2.1 Molecular biological techniques 

 

2.2.1.1 Site-directed mutagenesis(SDM) 

Potential phosphorylation sites in rat full length CK1δ (FP449) or C-terminal 

fragments (FP1022, FP1006, and FP1183) were created through the QuickChange 

II SDM kit (Agilent Technologies, Sta. Clara, USA). Briefly, the template plasmids 

were purified by the QIAGEN Plasmid Plus Midi Kits (Qiagen, Hilden, Germany) 

and the primer pairs carrying the desired point mutation were synthesized by 

Eurofins MWG Operon (Ebersberg, Germany). Thin-walled tubes were added with 

50 µl reaction solutions containing 5 µl of 10x reaction buffer, 50 ng of template 

vector, 125 ng of each SDM oligonucleotide primer, 1 µl of dNTP mix, ddH2O, and 

2.5 U of PfuUltra HF DNA polymerase. Then thin-walled tubes were put on a 

thermal cycler (Eppendorf AG, Hamburg, Germany) with appropriate cycling 

conditions (Table 4). The time for the complementary strands synthesis was 

determined depending on plasmid length (1 minute/kb). For the introduction of 

mutations in the template plasmids, 16 cycles were chosen. After cooling the 

reaction on ice for 2 min, 10 U DpnI were added to digest the methylated parental 

DNA through incubation at 37°C for 1 hour. Finally, 1 µl of reaction was used to 

transform 50 µl of XL1-Blue supercompetent bacteria. In order to verify the 

successful mutagenesis, plasmids from resulting clones were isolated and sent for 

sequencing.  

Table 4: PCR cycling parameters for site-directed mutagenesis 

In order to introduce mutations in the fusion protein, site-directed mutagenesis was used. The 

parameters of the PCR for site-directed mutagenesis were listed. In the column of the temperature: 
the first 95°C indicates the temperature of the initial denaturation, the second 95°C refers to the 
temperature of the denaturation, the 55°C presents the temperature of the annealing, the 68°C 
indicates the temperature of the extension. Abbreviations: kb: kilo bases; min: minute; PCR: 
polymerase chain reaction; SDM: site directed mutagenesis. sec: second; °C: degree Celsius. 

product 
PCR conditions 

temperature duration cycles 

site-directed mutagenesis (SDM) 

95°C 

95°C 

55°C 

68°C 

30 sec 

30 sec 

1 min 

1 min/kb 

 

 

16x 
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2.2.1.2 Polymerase chain reaction (PCR)  

PCR was used to amplify the destination sequence. It contains a total volume of 

25 µl (1 µl of template DNA and 24 µl of master mix). Master mix solution containing 

2.5 µl of 10x PCR buffer, 250 µM of dNTPs, 100 nM of forward primers and reverse 

primers, and 2.5 U of Taq DNA polymerase. After briefly mix and centrifugation, 

reactions were transferred to a thermal cycler (Eppendorf AG, Hamburg, Germany). 

A program was run with the cycling parameters are given in Table 5. 

Table 5: PCR product and cycling parameters 

In order to amplify the destination sequence, PCR were performed. The parameters of the PCR 

were listed. In the column of the temperature: the first 94°C indicates the temperature of the initial 
denaturation, the second 95°C refers to the temperature of the denaturation, the 60°C presents the 
temperature of the annealing, the first 72°C indicates the temperature of the extension, the second 
72°C refers to the temperature of the final extension. Abbreviations: CK1δ: casein kinase 1 delta;  
kb: kilo base; PCR: polymerase chain reaction; SDM: site directed mutagenesis; min: minute; °C: 
degree Celsius. 

product primers 
PCR conditions 

temperature duration cycles 

rat CK1δ full length P6/P7 in Table 1 

94°C 

95°C 

60°C 

72°C 

72°C 

10 min 

1 min 

1 min 

1 min 

10 min 

 

 

35x 

 

2.2.1.3 Ligation of products in cloning vectors 

PCR products (rat CK1δ full length) were first ligated into the pSC-A vector with a 

StrataClone PCR cloning kit (Agilent Technologies, Sta. Clara, USA). Ligation 

reaction comprises 3 µl of strataclone cloning buffer, 2 µl of PCR product and 1 µl 

of strataclone vector mix. After incubation for 5 min at room temperature (RT), 2 µl 

of ligation mixture were transformed into SoloPack Gold bacteria (Agilent 

Technologies, Santa Clara, USA). Thereafter the transformation reaction was 

incubated for 30 min on ice and 45 sec at 42 °C in sequence. Finally, 200 µl of 

transformation reaction was inoculated on LB-ampicillin Agar plates (containing 

100 µg/ml ampicillin).  

 

2.2.1.4 Cleavage of vector DNA by restriction endonucleases 

In order to cleave vector DNA, specific endonucleases were used. Each reaction 

contains 0.5-2 µg of plasmid DNA, 1x reaction buffer (specific for each 

endonuclease), 100 µg/ml BSA (depending on the endonuclease), 5 U of restriction 
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enzyme and water in a final volume of 50 µl. After incubation for 1 h at 37°C, 10 µl 

of aliquot were analyzed on 1 % (w/v) agarose gels (1.5 g agarose in 150 ml of 1x 

TAE buffer) containing 20 µg/ml ethidium bromide. 

TAE buffer:   40 mM Tris-acetate [pH 8.0], 1 mM EDTA 

6x DNA loading buffer: 10 mM Tris-HCl [pH 7.6], 0.03 % (w/v) bromophenol 

blue, 0.03 % (w/v) xylene cyanol FF, 60 % (v/v) glycerol,  

   60 mM EDTA 

 

2.2.1.5 Elution of DNA fragments from agarose gels 

After electrophoresis on 1 % (w/v) agarose gels, DNA fragments were purified by 

the QIAEX II gel extraction kit (Qiagen, Hilden, Germany). Briefly, agarose gels 

were excised to small pieces and mixed with 3 volumes QX1 buffer. Then the 

mixture was incubated with 30 μl QIAEX II (selectively bind to DNA) for 10 min at 

50°C (solubilize the gels). After centrifugation, the pellet was washed extensively 

with QX1 buffers and PE buffer to remove the left agarose gel and salt 

contaminants. Thereafter, the gel particles were air dried. The DNA were finally 

eluted in water (20 μl) for 5 minutes at 50°C and subsequently used in the ligation 

reaction. 

 

2.2.1.6 Dephosphorylation of vector DNA and ligation of DNA fragments 

Rapid DNA Dephos and Ligation kit (Roche Applied Science, Mannheim, Germany) 

was used to dephosphorylate vector DNA and ligate desired DNA fragments to the 

vector. Firstly, the gel-extracted vector DNA (1 µg, final concentration) were mixed 

with rAPid Alkaline phosphatase buffer and rAPid Alkaline phosphatase (1 U, final 

concentration). After incubation for 10 min at 37°C, rAPid Alkaline phosphatases 

were inactivated at 75°C for 2 min. Then DNA fragments were ligated to the 

dephosphorylated vector DNA. Vector (50 ng, final concentration) and insert DNA 

(150 ng, final concentration) were diluted in DNA dilution buffer before T4 DNA 

ligation buffer and T4 DNA ligase were added. After incubation at room temperature 

for 5 min, 1 µl of the ligation reaction was used to transform SoloPack Gold 

bacteria. 
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2.2.2 Bacterial operational techniques 

 

2.2.2.1 Maintenance of E. coli bacteria tribes 

For long term storage of transformed E. coli tribes (Solopack competent cells or 

XL1-Blue supercompetent bacteria), glycerol preserved culture was used. Briefly, 

bacteria culture (750 µl) were mixed with equal amount 1:1 (v/v) LB 

medium/glycerol mixture (750 µl). Then glycerol added culture (1.5 ml) were mixed 

thoroughly, shock frozen in liquid nitrogen and finally kept at -80°C. 

 

2.2.2.2 Transformation of chemically competent E. coli 

After plasmids were constructed, competent E. coli cells were transformed to 

express the target proteins. Firstly, plasmids (1 µl) were incubated with competent 

E. coli cells (50 µl) for 20 min on ice. Then the reactions were heated at 42°C for 45 

sec and restored on ice for 2 min. After addition of 250 µl preincubated LB medium 

(without ampicillin), the reactions were incubated again at 37°C for 1 hour with 

shaking at 850 rpm (revolutions per minute) to allow bacteria growth. Subsequently, 

two different amount transformation mix, 50 µl and 250 µl, were plated on 

LB-ampicillin agar plates (containing 100 µg/ml ampicillin). After overnight growth 

at 37°C, plasmids from white bacteria colonies were finally prepared and sent for 

sequencing. 

 

2.2.2.3 Preparation of plasmid DNA for sequencing (Minipreparation)  

In order to prepare plasmid DNA for sequencing, bacteria colonies were first picked 

up and inoculated in sterile tubes with 3 ml LB medium and incubated at 37°C for 

16 h with shaking at 130 rpm. Subsequently, 2 ml of culture were transferred to a 

Eppendorf tube (the left culture was kept at 4°C) and centrifuged at highest speed 

for 10 min at 4°C. The pellet was resuspended in solution 1 (200 µl) with acute 

shaking and then incubated with 200 µl solution 2 for 5 min on ice. After the 

addition of solution 3 and incubation on ice for another 10 min, the mixture was 

centrifuged at 4°C for 10 min at highest speed and the supernatant was transferred 

to a new tube. Then 600 µl isopropanol were used to precipitate DNA. After 

centrifugation for 10 min, the pellet (contain plasmid DNA) was washed with 75 % 

ethanol and finally air-dried and diluted in dH2O (30 µl). 
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Solution 1:   50 mM Tris-HCl [pH 8.0], 10 mM EDTA, 

100 µg/ml RNase A in dH2O 

Solution 2:    200 mM NaOH, 1 % (w/v) SDS in dH2O 

Solution 3:    2.8 M potassium acetate [pH 5.1] in dH2O 

 

2.2.2.4 Sample preparation for sequencing 

Sample for sequencing was prepared by using the SmartSeq kit (Eurofins 

genomics, Ebersberg, Germany). Briefly, the concentration of the plasmid DNA 

were determined by Bio Photometer (Eppendorf AG, Hamburg, Germany). Then 

1500 ng of purified DNA were selected and mixed completely with water in a test 

SmartSeq tube with a final volume of 18 µl. Thereafter, 2 µl of each sequencing 

primer (pGEX forward and pGEX reverse) were added to the test SmartSeq tube. 

After the sample was completely mixed and the tube was sealed with blue lid, the 

sequence was finally tested by the biotechnology company Eurofins Genomics. 

pGEX forward primer:   5’-ATAGCATGGCCTTTGCAGG-3’ 

pGEX reverse primer:   5’-GAGCTGCATGTGTCAGAGG-3’ 

 

2.2.2.5 Preparation of plasmid DNA for transfection 

QIAGEN Plasmid Plus Midi Kit was used to purify transfection-grade plasmid DNA. 

Bacteria culture were grown in LB medium (containing 100 µg/ml ampicillin) at 

37°C for 16 hours with shaking at 130 rpm. After centrifugation for 15 min at 5,000 

rpm, the pellet was resuspended in 4 ml Buffer P1. Then 4 ml Buffer P2 were 

added and mixed completely until the viscous appear in the lysate and incubated at 

room temperature for 3 min. Subsequently, 4 ml Buffer S3 were used and mixed 

thoroughly by inverting the tube several times. The lysate was transferred into the 

QIAfilter cartridges and incubated for 10 min at RT. Then the plunger was gently 

inserted into the QIAfilter cartridges and the lysate was filtered into a falcon tube 

(50 ml). After 2 ml Buffer BB were added to the lysate, the mixture was poured into 

a QIAGEN plasmid plus spin column attached on the QIAvac 24 plus. Through the 

vacuum, the lysate was drawn from the spin column and then Buffer ETR (700 µl) 

and Buffer PE (700 µl) were used to wash the DNA. After spin column was 

centrifuged at highest speed for 1 min, column was transferred to another clean 

tube in each case. The DNA were eluted from column with 200 µl water by keeping 
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them standing in the tube for 1 min. After centrifugation for 1 min at 14,000 rpm, 

plasmid DNA were finally collected. 

 

2.2.2.6 Purification of glutathione-S-transferase (GST) fusion proteins from 

bacterial 

Bacteria tribes were inoculated in 50 ml LB medium (containing 100 µg/ml 

ampicillin) and incubated overnight at 37°C with constant shaking at 140 rpm. 

Thereafter, additional LB medium (400 ml, containing 100 µg/ml ampicillin) was 

added and the culture were further incubated at the same condition until the OD600 

reached 0.7-0.9. Thereafter, 450 µl IPTG (0.5 mM) were used to induce the 

expression of the target protein at 37°C. Alternatively, recombinant kinases were 

induced at 15°C to enhance kinases activity. In each case, the culture was 

centrifuged for 30 min at 5000 rpm at 4°C to harvest the bacteria. After the pellet 

was frozen at -80°C at least for 20min, 10 ml lysis buffer were added to resuspend 

the pellet. After incubation on ice for 30 min with 2.5 mg lysozyme, another 10 ml 

lysis buffer were added. Then ultrasonic treatment (Ultrasonic Sonifier 250, 

Branson, Danbury, USA) for 2 sec was applied to fragmentate the viscous DNA. 

The lysate was centrifuged for another 30 min at 10000 rpm at 4°C and the 

supernatant was mixed with 600 µl glutathione sepharoses solution (1:1 in PBS) 

and rotated for 2 h at 4°C. The GST-tag of the target protein was bound on 

glutathione sepharoses. After additional centrifugation, glutathione sepharoses 

were collected and washed with wash buffer 1 and wash buffer 2. Following the 

washing steps, 1000 µl elution solution containing reduced glutathione were added 

to elute the GST-proteins from the sepharoses. Glycerol was added to the final 

elution solution (containing the GST-proteins) for long term storage. After aliquoting 

and freezing in liquid nitrogen, protein solution was finally kept at -80°C. 

Lysis buffer:  20 mM Tris-HCl [pH 7.6], 150 mM NaCl, 10 % (v/v) glycerol,  

0.5 % (v/v) NP40, 2.5 mM DTT, 2.5 mM EDTA, 0.8 mM EGTA, 

50 µM benzamidine, 25 µg/ml aprotinin 

Washing buffer:  20 mM Tris-HCl [pH 7.6], 50 mM NaCl, 10 % (v/v) glycerol,  

1 mM EDTA, 25 µg/ml aprotinin 

Elution solution: 50 nM Tris-HCl [pH 7.0], 0.1 % (w/v) reduced glutathione,  

1 mM EDTA, 25 µg/ml aprotinin 
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2.2.3 Protein biochemical techniques 

 

2.2.3.1 Protein quantification by Bicinchoninic acid (BCA) assay  

After cells were lysed in NP40 lysis buffer or Sucrose lysis buffer, the protein 

concentration of cell lysate was determined by Pierce® BCA Protein Assay kit 

(Thermo Scientific, Waltham, Germany). Briefly, protein standards (0.1, 0.3, 0.5, 

and 0.7 µg/µl) were first prepared by the dilution of the BSA protein stock. Then cell 

lysate was selectively diluted with dH2O in ratio 1:8, 1:16, or 1:32 and loaded in a 

96-well plate with the blank (dH2O) and protein standards (0.1, 0.3, 0.5, and 

0.7 µg/µl). After staining solution was added, the 96-well plate was covered and 

incubated for 30 min at 37°C. Finally, the sample concentration was determined by 

measuring the absorbance at 570 nm wavelength on the TECAN Spectra (Classic) 

Plate Reader and analysed by using the Magellan 3 software (both from TECAN, 

Männedorf, Switzerland). 

Solution A:   bicinchoninic acid, sodium tartrate, Na2CO3 and  

  NaHCO3 in 0.1 M NaOH 

Solution B:    4 % CuSO4 

Staining solution:   solution A:solution B=1:50 

 

2.2.3.2 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) 

In order to separate proteins, polyacrylamide gel was used in discontinuous gel 

electrophoresis under denaturing conditions. The polyacrylamide gel consists of an 

upper collecting gel and a lower separating gel. The percentage of the lower 

separating gel was selected depending on the molecular weight of the target 

proteins. Firstly, the loading sample was prepared with 5x SDS sample buffer (SDS 

helps to denature and equally charge proteins, thereby separating proteins 

according to their molecular weight and avoid the intrinsic charge interference) and 

boiled for 5 min at 99°C. After cooling down for 5 min at 4°C, the sample was 

centrifuged and loaded onto the lanes of the polyacrylamide gel. After loading the 

sample, a voltage of 80 V was used to let proteins concentrate in the upper gel. 

Then the voltage was changed to 200 V and the proteins were finally separated in 

the lower gel.  

Upper gel:  289 mM Tris-HCl [pH 6.6], 0.19 % (w/v) SDS,  
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 4.4 % (v/v) acrylamide, 0.6 % (w/v) APS and  

 0.19 % (v/v) TEMED 

Lower gel (10 %/12.5 %): 310 mM Tris-HCl [pH 8.8], 0.19 % (w/v) SDS,  

10 % / 12.5 % (v/v) acrylamide, 0.09 % (w/v) APS and 

 0.06 % (v/v) TEMED 

10x Running buffer:  250 mM Tris, 1 % (w/v) SDS, 1.9 M glycine 

5x SDS sample buffer: 250 mM Tris-HCl [pH 6.6], 10 % (w/v) SDS, 0.5 % (w/v) 

bromphenol blue (BPB), 50 % (v/v) glycerol, 25 % (v/v) 

β-mercapto-ethanol (MSH); store at 4°C. 

 

2.2.3.3 Proteins Staining with Coomassie Brilliant Blue 

Separated proteins in the polyacrylamide gels were further visualized by 

Coomassie Brilliant Blue staining. Following 15-20 min staining at room 

temperature with constant shaking (100 rpm), gels were washed in destaining 

solution until discoloration of the background (about 45-60 min). After swaying in 

water, gels were finally dried on the Whatman filter paper (Sigma-Aldrich, St. Louis, 

USA) at 80°C for 60 min on a gel dryer (SGD 2000 Slab Gel Dryer, Thermo Savant, 

New York, USA). 

Coomassie staining solution: 0.15% (w/v) Coomassie Brilliant Blue R-250 in  

  45% (v/v) methanol, 10% (v/v) acetic acid and 

   45% (v/v) dH2O 

Coomassie destaining solution:10 % (v/v) isopropanol, 10 % (v/v) Glacial acetic 

      acid, 80% (v/v) dH2O 

 

2.2.3.4 Silver Staining of proteins  

For the slightly expressed protein, silver staining was used to visualize the proteins 

in the polyacrylamide gels. Briefly, proteins in the polyacrylamide gels were first 

fixed in fixation solution 1 at room temperature for 45 min and subsequently in 

fixation solution 2 for 2 hours with constant shaking at 100 rpm. Then the gels were 

washed in water for 4 times (15 min per time) and impregnated in silver nitrate 

solution for 30 min. Following the staining step, the gels were shortly washed in 

2.5 % (w/v) sodium carbonate and further developed in developing solution. Then 

1 % (w/v) glycine was added to stop the developing reaction. After additional 
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washing steps, the gels were finally conserved in 3 % (v/v) glycerol for 1 hour and 

dried on the Whatman filter paper at 80°C for 60 min. 

Fixation solution 1: 30 % (v/v) ethanol, 10 % (v/v) acetic acid in dH2O  

Fixation solution 2: 0.2 N sodium acetate, 30 % (v/v) ethanol in dH2O, 

freshly add 0.1 % (v/v) glutardialdehyde and sodium 

thiosulfate to a final concentration of 80 µg/ml. 

Silver nitrate solution: 0.2 % (w/v) silver nitrate , 0.01 % (v/v) formaldehyde  

Developing solution: 2.5 % (w/v) sodium carbonate in dH2O, freshly add 

0.015 % (v/v) formaldehyde and sodium thiosulfate to a 

final concentration of 8 µg/ml. 

 

2.2.3.5 Western blot analysis 

Protein extracts were first separated by SDS-PAGE and blotted to a pre-activated 

PVDF membrane in a wet blot Western blot system (BioRad Laboratories, Hercules, 

USA) at 60 V and 4°C for 2 hours in 1x transfer buffer. Thereafter, PVDF membrane 

was incubated with 5 % (w/v) milk in TBS-Tween (TBST) at RT for 1h to block the 

unspecific sites. Following the blocking, primary antibodies which were diluted in 

appropriate milk were incubated with the membrane overnight at 4°C or for 2 hours 

at RT with constant rotation. After three washing steps in TBST, the membrane was 

incubated with the secondary antibody at room temperature for 1 h. After additional 

washing steps, proteins on the membrane were detected by the ECL (enhanced 

chemiluminescence) solution (solution A : solution B in ratio of 1:1). The detected 

proteins were finally exposed on a radiographic film for an appropriate time.  

10x TBS:   200 mM Tris-HCl [pH 8.0], 1.4 M NaCl in dH2O 

TBS-Tween:   0.1 % (v/v) Tween-20 in 1x TBS 

ECL solution A:   100 mM Tris-HCl [pH 8.5], 2.5 mM luminol, 400 µM  

  p-coumaric acid 

ECL solution B:    100 mM Tris-HCl [pH 8.5], 13 mM H2O2 

10x Transfer buffer:  500 mM Tris, 780 mM glycine in dH2O 

 

2.2.3.6 Cells fractionation using Fast Protein Liquid Chromatography (FPLC) 

In order to partially purify the target protein kinase, Go-6983 or DMSO (1:1000) 

treated COLO357 cells were lysed in sucrose lysis buffer. Thereafter, 2.5 mg of 
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each lysate were filled up to 1 ml pre-filtered Buffer A. After filtering through a 0.45 

mm filter, samples were injected to a Resource Q anion exchange column attached 

to an EttanLC FPLC-system (both from GE Healthcare, Chalfont St Giles, UK). 

Proteins which were bound on the cation surface of the column were eluted with a 

linear ascending NaCl gradient through gradually added Buffer B (contains 1M 

NaCl). Eluted proteins were separated depending on their affinity to the column and 

collected in a 96-well plate. Thereafter, 2 µl of each fractions were used in in vitro 

kinase reactions to detect kinase activities in single fractions. 

Buffer A:    50 mM Tris-HCl [pH 7.0], 1 mM EDTA, 1 mM EGTA,  

  5 % (v/v) glycerol, 0.03 % Brij-35 (w/v), 0.1 % (v/v)  

  β-mercapthoethanol (MSH), 25 µg/ml aprotinin in dH2O  

Buffer B:   equal to buffer A, but additionally contains 1 M NaCl   

Sucrose lysis buffer: 20 mM Tris-HCl [pH 7.0], 0.27 M sucrose, 1 mM EDTA,  

    1 mM EGTA, 1 % Triton X-100, 1 mM benzamidine, 

    25 µg/ml aprotinin 

 

2.2.3.7 In vitro kinase reactions 

In vitro kinase reactions were performed to identify the capacity of kinase to 

phosphorylate substrates. The basic components in reaction include kinase buffer 

with or without ATP, [γ-32P]-ATP, dH2O, corresponding kinases, and substrates. 

After the mixture was incubated at 30°C for 30 min, 5 μl 5x SDS loading buffer were 

added to stop the kinase reaction. Thereafter, phosphorylated substrates were 

separated by SDS-PAGE and stained with Coomassie Brilliant Blue. After gels 

were dried and phosphorylated proteins were visualized by autoradiography, bands 

were excised corresponding to the X-ray film. Finally, phosphate incorporation was 

measured by Cherenkov counting and analyzed by GraphPad Prism 6 (GraphPad, 

San Diego, USA). 

Kinases:    Recombinant PKCα (Prospec, Israel), GST-CK1δ full 

    length (see Table 2), fractions of fractionated  

COLO357 cell extracts 

Substrates:   GST-CK1δ fragments (see Table 2),  

    GST-p531-64 (FP267), GST-β-catenin1-181 (FP1355), 

     α-casein (Sigma-Aldrich, St. Louis, USA) 
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10x Kinase buffer:  250 mM Tris-HCl [pH 7.5], 100 mM MgCl2, 1 mM EDTA  

(without ATP)   

10x Kinase buffer:  250 mM Tris-HCl [pH 7.5], 100 mM MgCl2, 1 mM EDTA, 

(with ATP)   100 µM ATP 

 

2.2.3.8 Two-dimensional phosphopeptide analysis (PPA) 

Two-dimensional phosphopeptide analysis was used to further detect the 

phosphorylation sites in vitro kinase reactions. Firstly, kinase assays were 

performed with different GST-CK1δ fragments (FP1022, FP1006, FP1183, and 

corresponding mutants) as substrates and PKCα as kinase. After phosphorylated 

proteins were separated by SDS-PAGE, Western Blot system was used to transfer 

the [γ-32P]-ATP labeled proteins to a PVDF membrane (Roche Applied Science, 

Mannheim, Germany) at 60 V and 4°C for 2 hours. The membrane containing the 

labeled proteins was identified by autoradiography. These membrane fragments 

were then excised to small pieces and incubated in 0.5 % polyvinylpyrrolidone 

(PVP) in 100 mM acetic acid at 37°C for 30 min. The pieces were extensively 

washed in 50 mM NH4HCO3 (ammonium bicarbonate) and digested in digestion 

buffer at 30°C for 4 hours. After that another TPKC-trypsin (10-15 μg) were added 

for the further digestion. Thereafter, digested pieces were spun down and the 

supernatant was transferred into tubes. Then, samples were shock frozen in liquid 

nitrogen and lyophilized in SpeedVac (Savant Speed Vac®, Thermo Fisher 

Scientific Inc., Waltham, USA). Subsequently, samples were oxidized by performic 

acid for 2 hours at 4°C. Finally, the reactions were stopped with water (100 μl). After 

additionally lyophilized in SpeedVac, the phosphopeptides were solved in pH 3.6 

buffer and adjusted to the suitable activity (1000-3000 CPM/μl). The 

phosphopeptides were separated on thin-layer cellulose (TLC) plates by 

electrophoresis at pH 1.9 at 1500 V in the first dimension and in the following 

second dimension by ascending chromatography. Briefly, the prepared samples 

and colored marker were loaded on a TLC plate. Then the plate was wetted with pH 

1.9 buffer (excluding the positions of sample and marker) and analyzed by 

electrophoresis in pH 1.9 buffer (1.5 KV, at 15°C and 2 bar pressure for 30 min). 

Thereafter, phosphopeptides were separated in the second dimension by 

ascending chromatography for 17 hours. Finally, positions of radioactive labeled 

phosphopeptides were determined by exposure on X-ray films. 
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Digest buffer:   100 μl 50 mM NH4HCO3, 10μg TPKC-trypsin,  

10 μg BSA 

Performic acid:  90 % (v/v) formic acid,10 % (v/v) H2O2   

    (pre-incubation for 1 h at room temperature) 

pH 3.6 buffer :  3.3 % acetic acid, 0.33 % pyridine in dH2O 

pH 1.9 buffer :  6 % formic acid, 1.25 % acetic acid, 0.25 % pyridine  

    in dH2O 

Colored marker :  5 mg/ml Dinitrophenyl-lysine, 1 mg/ml xylene cyanol FF 

Chromatography buffer : 37.5 % n-butanol, 7.5 % acetic acid, 25 % pyridine  

    in dH2O 

 

2.2.3.9 Phosphoamino acid analysis (PAA) 

In order to identify the phosphorylated amino acid in the phosphopeptide, 

phosphoamino acid analysis was performed. Firstly, phosphopeptides on the TLC 

plates were scrapped according to the autoradiography film and eluted in the pH 

3.6 buffer. After shaking at RT for 1 hour, samples were centrifuged and transferred 

to a new tube. Then samples were shock frozen and lyophilized in a SpeedVac. 

Thereafter, samples were hydrolyzed with 6 N HCl at 120°C for 2 hour. The 

reactions were stopped by the adding of water (500 μl). After another lyophilisation, 

hydrolyzed amino acid samples were mixed with pH 3.6 buffer and phosphoamino 

acid standards (phospho-Ser, phospho-Thr, and phospho-Tyr). Thereafter, samples 

were analyzed by two dimensional electrophoresis (the first dimension in the pH 

1.9 buffer and the second dimension in the pH 3.6 buffer) at the same conditions 

(15 min at 1.5 kV,15°C and 2 bar pressure). In addition, phosphoamino acid 

positions on the TLC plate were detected by the staining of phosphoamino acid 

standards with ninhydrin solution at 60°C for 6 min. After plates were exposed on 

X-ray films for several days, radioactively labeled phosphoamino acids were finally 

visualized. 

pH 3.6 running buffer: 5.0 % acetic acid , 0.5 % pyridine in dH2O  

pH 1.9 running buffer : 7.8 % acetic acid, 2.5 % formic acid in dH2O 

Ninhydrin solution: 0.2 % ninhydrin (w/v) in acetone; 4 % acetic acid  

    in dH2O 
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2.2.3.10 Nano LC-MS/MS analysis of purified GST-CK1δ305-428 

PKCα-phosphorylated fusion proteins FP1006 (GST-CK1δ305-375) and FP1183 

(GST-CK1δ375-428) were loaded on a NuPAGE Bis-Tris 4-12% gradient gel 

(Invitrogen, Carlsbad, USA), Then the Coomassie stained bands were pooled and 

digested in gel with trypsin, Glu-C and Asp-N, respectively. LC-MS/MS (liquid 

chromatography-mass spectrometry/mass spectrometry) was directly carried out 

with 10% of the digest sample, and the left 90 % of peptide mixture were diluted 

with acetonitrile and the pH was adjusted to 2-3. Following dilution, titanium dioxide 

chromatography was used to enrich phosphopeptides. Thereafter, phosphopeptide 

elution from the beads was performed three times with 40 % ammonia hydroxide 

solution (100 µl) in 60 % acetonitrile at a pH >10.5. Eluted peptides were analyzed 

on a Proxeon Easy-LC system (Proxeon Biosystems, Odense, Denmark) coupled 

to a LTQ-Orbitrap-XL (Thermo Fisher Scientific Inc., Waltham, USA) equipped with 

a nanoelectrospray ion source (Proxeon Biosystems, Odense, Denmark). The five 

most intense precursor ions were fragmented by neutral loss ions activation at 

-32.6, -49, and -98 relative to the precursor ion. 

Suite MaxQuant (version 1.014.3) software was used to analysis the data from the 

mass spectra. The data were checked against a target-decoy E. coli database 

containing 4163 forward protein sequences. Trypsin, Glu-C, and Asp-N were set as 

proteases and two missed cleavage sites were allowed. In addition, N-terminal 

acetylation, oxidation of methionine and phosphorylation of serine, threonine, and 

tyrosine were set as variable modifications, while carbamidomethylation of cysteine 

was set as fixed modification. Initial precursor mass tolerance at the precursor ion 

and the fragment ion level was set to 7 ppm (parts per million) and 0.5 Da, 

respectively. Modified peptides spectra were manually validated. 

 

2.2.4 Cell culture techniques 

 

2.2.4.1 Eukaryotic cell lines culture 

Frozen cells in the liquid nitrogen were first thawed at 37 °C for 5 min. 1 ml of 

thawed cells was pipetted to a culture dish with 9 ml fresh growth medium and 

maintained at 37 °C in a humidified atmosphere (85 % humidity) containing 5 % 

CO2. In addition, the growth medium was changed to remove DMSO after cells had 

attached on the culture dish. 
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When cells growth reach about the 80 % confluence, cells were passaged. Briefly, 

cells were first washed once with pre-warmed DPBS and detached with 

trypsin-EDTA solution (1 ml). Then, 9 ml fresh growth medium were added to 

inactivate the trypsin. After proper resuspending, cells were finally seeded on a new 

culture dish. If necessary, cells were counted in a counting Neubauer counting 

chamber (Sigma-Aldrich, St. Louis, USA) and seeded on a culture dish in the 

desired dilution. 

For long storage of the cell line, the cultured cells were firstly detached from the 

culture dish with trypsin-EDTA solution. Then cells were counted and concentrated 

by centrifugation at 1000 rpm for 5 min. Cell pellet was resuspended in pre-filtered 

freezing medium and transferred to a cryo tube on ice. The cells were first placed at 

-20°C for one hour and then overnight at -80°C. Finally, the cells were kept in liquid 

nitrogen. 

Freezing medium:  80 % growth medium, 10 % (v/v) DMSO,10 % (v/v) FCS 

 

2.2.4.2 Preparation of cell extracts 

In order to detect protein by Western blot or FPLC, appropriate cells were lysed by 

NP40 or sucrose lysis buffer. Briefly, cells were first washed with pre-cooled DPBS 

for two times. Thereafter, lysis buffer was added and the cells were scraped from 

the culture dish into a new tube. After incubation on ice for 30 min, cell lysate was 

centrifuged at 14,000 rpm and 4°C for 15 min. Finally, the supernatant was 

collected and used for the corresponding experiment. 

NP40 lysis buffer: 50 mM Tris-HCl [pH 8.0], 120 mM NaCl, 0.5 % NP40, 

10 % glycerol, 5 mM DTT, 1 mM EGTA, 1 mM 

benzamidine, 25 µg/ml aprotinin 

 

2.2.4.3 MTT cell viability assay 

Cytotoxic effect of kinase inhibitors on the growth of carcinoma cells was analyzed 

by performing MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

cell viability assay. Firstly, cell lines were selected and seeded in a sterile 96-well 

plate at a concentration of 5x104 cells/ml. After cells were attached to the culture 

plate for 24 hours at 37°C in a humidified atmosphere (85 % humidity) containing 

5 % CO2, old culture medium was changed with new medium (containing serially 

diluted inhibitor (Table 6) and without or with DMSO as controls) and incubated for 
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another 48 hours. Thereafter, MTT solution (15 μl) was added and the culture plate 

was additionally incubated for 4 hours at 37°C. Then medium was removed 

carefully and 150 μl acidic isopropanol were added to dissolve formazan crystals by 

shaking in dark condition for 30 min. The optical density (OD) of the resulting purple 

solution was finally measured on the TECAN Spectra (Classic) Plate Reader with 

software Magellan 3.  

MTT solution:    12 mM MTT in DPBS 

Acidic isopropanol:  0.04 N HCl in 2-propanol 

Table 6: Serial dilution of inhibitor stocks to be used for MTT cell viability assay 

Inhibitor stock (10 mM) is serially diluted from 50 μM to 0.02 μM. The final concentration refers to 
the resulting concentration of the inhibitor in the final kinase reaction. Abbreviation: ml: milli liter; mM: 

millimolar; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; μM: micromolar. 

final concentration 

[µM] 
Inhibitor dilution # 

50 15 μl (10 mM stock) + 3 ml medium 1 

40 12 μl (10 mM stock) + 3 ml medium 2 

20 12 μl (10 mM stock) + 6 ml medium 3 

10 1:2 (#3) 4 

5 1:2 (#4) 5 

2.5 1:2 (#5) 6 

1.25 1:2 (#6) 7 

0.625 1:2 (#7) 8 

0.313 1:2 (#8) 9 

0.156 1:2 (#9) 10 

0.078 1:2 (#10) 11 

0.039 1:2 (#11) 12 

0.020 1:2 (#12) 13 

2.2.4.4 Flow cytometry and cell cycle analysis 

In order to detect the cell cycle distribution, flow cytometry was performed using the  

BD Cycletest™ Plus (DNA reagent kit) (BD Biosciences, San Jose, USA). Firstly, 

cell line was selected and seeded in a 6-well plate at a concentration of 1x105 

cells/ml. After plate was incubated at 37°C for 24 hours in a humidified atmosphere 

(85 % humidity) containing 5 % CO2, old culture medium was changed with new 

medium (containing diluted inhibitor and without or with DMSO served as controls) 

and incubated for another 24 hours or 48 hours. Following the incubation, medium 
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was taken out and the plate was washed with DPBS. After 1 ml Cycle Test buffer 

solution was added, cells were harvested with a scraper. Then, cells were 

centrifuged at 900 rpm for 5 min and the pellet was carefully resuspended in 200 µl 

solution A with incubation for 10 min at RT. Subsequently, solution B (180 µl) was 

added with another incubation for 10 min. Finally, solution C was used and the 

reaction was incubated for 1 hour at 4°C in the dark condition.  

For the measurement, cells were filtered through a metal mesh after staining by 

propidium iodide in the solution C, and then cell cycle profiles were detected with 

Becton Dickinson FACScanTM flow cytometer (Becton Dickinson, San Jose, USA) 

with software CellQuest. 

 

2.2.5 Statistical analysis 

During the determination of kinase activity, results are presented as normalized bar 

graphs. Every bar indicates the mean of at least three independent experiments. 

The standard deviation (SD) of the mean is indicated by error bars. Data were 

normalized towards appropriate control measurements. All statistical differences 

were calculated by the application of an unpaired t-test using GraphPad Prism 6 

software. p values <0.05 were considered to be statistically significant 

EC50 values were determined using GraphPad Prism 6 software. Enzyme kinetic 

parameters were fitted to the Michaelis-Menten equation by nonlinear regression 

with Prism 6, the results of Michaelis constants (Km) and catalytic efficiency (Km/Kcat) 

are shown as normalized bar graphs. The standard error of the best-fit values is 

denoted by error bars. 
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3 Results 

 

Autophosphorylation and site-specific phosphorylation by cellular kinases as 

important post-translational modifications are involved in altering the function and 

kinase activity of CK1δ. To date, we provided evidence that several serine and 

threonine residues within the C-terminal regulatory domain of CK1δ are targeted by 

several cellular kinases, among them PKA and Chk1 [17, 67]. Furthermore, our 

own preliminary results indicated that PKCα is a another potential kinase, able to 

phosphorylate CK1δ in vitro [67]. Therefore, interest increased to identify the 

phosphorylation sites targeted by PKCα and to characterize the role of PKCα in 

modulation of CK1δ activity. 

 

3.1 CK1δ is phosphorylated by PKCα in vitro 

A Scansite-based online motif scan [138] was first performed to identify residues 

within the C-terminal regulatory domain of rat CK1δ which contains potential targets 

for PKCα-mediated phosphorylation. Potential PKCα-targeted phosphorylation 

sites which were detected in this scan are listed in Table 7.  

Table 7. Potential phosphorylation sites for PKCα in the CK1δ C-terminal domain as detected 

by Scansite 

Positions of Scansite-detected [138] potential phosphorylation sites for PKCα in the CK1δ 
C-terminal domain and their surrounding sequences are indicated. Residues that are potentially 
targeted by PKCα are marked with a frame. Percentile values indicate the stringency level of the 
Scansite-based result. As defined in the website, lower percentile values stand for increased actual 
phosphorylation probability. Abbreviations: A: alanine; aa: amino acid; CK1δ: casein kinase 1 delta; 

D: aspartic acid; E: glutamic acid; G: glycine; H: histidine; K: lysine; L: leucine; M: methionine; N: 
asparagine; P: proline; Q: glutamine; R: arginine; S: serine; T: threonine; V: valine; Y: tyrosine.  

CK1δ aa position Percentile Sequence 

S331 2.093% RGLPSTASGRLRGTQ 

S370 3.787% MERERKVSMRLHRGA 

T392 13.987% DLTGRQDTSRMSTSQ 

S396 14.684% RQDTSRMSTSQRSRD 

S398 8.568% DTSRMSTSQRSRDMA 

S406 5.655% QRSRDMASLRLHAAR 
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According to the Scansite-based motif scan PKCα potentially phosphorylates the 

C-terminal domain of rat CK1δ at residues Ser-331, Ser-370, Thr-392, Ser-396, 

Ser-398, and Ser-406. However, it should be realized that residues Thr-392, 

Ser-396, Ser-398, and Ser-406 could only be detected when the motif scan was 

performed at minimum stringency, while Ser-331 and Ser-370 could also be 

detected when the stringency level was set to “low”. 

In order to experimentally prove the ability of PKCα to phosphorylate rat CK1δ, in 

vitro kinase reactions were performed using GST-CK1δ fusion proteins containing 

different fragments of the CK1δ C-terminal domain (GST-CK1δ305-350 (FP889), 

GST-CK1δ305-375 (FP1006), GST-CK1δ341-375 (FP1020), GST-CK1δ330-375 (FP1011), 

GST-CK1δ353-375 (FP1022), GST-CK1δ375-428 (FP1183)) as well as GST (FP579, 

negative control) as substrates and PKCα as kinase. For eliminating the influences 

of intramolecular autophosphorylation, these fragments did not contain any parts of 

the CK1δ kinase domain (amino acids 1-300) (Figures 3 and 4). Results reveal that 

PKCα actually has the ability to phosphorylate different GST-CK1δ fusion proteins 

to a different extent. However, the rather strong phosphorylation of each GST-CK1δ 

fusion protein indicates that PKCα-targeted residues can be found distributed all 

over the CK1δ C-terminal domain (Figures 3B). 

 

Figure 3: Phosphorylation of GST-CK1δ C-terminal fusion proteins by PKCα 

GST fusion proteins containing the fragments of the CK1δ C-terminal domain were phosphorylated 
by PKCα in vitro using 

32
P-labeled ATP. (A) Similar amounts of the different GST-CK1δ fusion 

proteins were used as substrates in in vitro kinase reactions. Phosphorylated, radioactively labeled 
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proteins were separated by SDS-PAGE and visualized by Coomassie Brilliant Blue. Incorporation of 
radioactively-labelled phosphate was detected by autoradiography. (B) Phosphate incorporation in 
the substrates was quantified by Cherenkov counting and is shown as bar graph. Error bars indicate 

the standard deviation (SD). Abbreviations: CK1δ: casein kinase 1 delta; CPM: counts per minute; 
FP: fusion protein; GST: glutathione-S-transferase; kDa: kilo dalton; PKCα: protein kinase C alpha; 
SD: standard deviation. 

In addition, mass spectrometry was used to investigate phosphorylation of the 

trypsin, Glu-C and Asp-N digested, PKCα phosphorylated fusion proteins FP1006 

(GST-CK1δ305-375) and FP1183 (GST-CK1δ375-428) in collaboration with the 

Proteomics Core Facility of the University of Tübingen. Results indicate that 

Ser-318, Ser-329, Ser-331, Ser-370, Ser-392, Ser-393, Ser-396, Thr-397, and 

Ser-398 are phosphorylated by PKCα. Phosphorylation of Ser-331 of rat CK1δ 

could only be detected after conventional trypsin protein digestion, all other sites 

could be detected after Glu-C and Asp-N mediated digestion. It is noteworthy that 

phosphorylation propabilities of Thr-329 (0.403), Ser-393 (0.534), Ser-396 (0.534), 

Thr-397 (0.524), and Ser-398 (0.507) are rather low in comparison to Ser-318 (1), 

Ser-331 (0.989), and Ser-370 (1) (Table 8). 

Table 8. Nano LC-MS/MS analysis of PKCα-phosphorylated GST-CK1δ
305-375

 (FP1006) and 

GST-CK1δ
375-428

 (FP1183) 

PKCα-phosphorylated GST-CK1δ
305-375

 (FP1006) and GST-CK1δ
375-428

 (FP1183) were either 
digested by trypsin, Glu-C, or Asp-N. The resulting phosphopeptides were then analyzed by Nano 
LC-MS/MS (liquid chromatography-mass spectrometry/mass spectrometry) analysis as described in 

Materials and Methods. Mass spectra were analyzed using the software suite MaxQuant, version 
1.0.14.3. Potential phosphorylated peptides and residues matching the sequence of rat CK1δ are 
shown. Site positions marked with the asterisk were identified analyzing trypsin digested peptides. 
The other sites were identified by using Glu-C and Asp-N digested protein. Abbreviations: A: alanine; 
CK1δ: casein kinase 1 delta; D: aspartic acid; E: glutamic acid; G: glycine; GST: 
glutathione-S-transferase; H: histidine; K: lysine; L: leucine; LS-MS/MS: liquid 

chromatography-mass spectrometry/mass spectrometry; M: methionine; N: asparagine; P: proline; 
ph: phosphorylation; Q: glutamine; R: arginine; S: serine; T: threonine; V: valine; Y: tyrosine. First 
published in and modified from Meng et al., 2016 [125]. Copyright (2016) Meng, Bischof, Ianes, 
Henne-Bruns, Xu and Knippschild. This figure is licensed under a Creative Commons Attribution 4.0 
International (CC BY) <http://creativecommons.org/licenses/by/4.0/>.  

site position modified sequence 
peptide 

range 
phosphorylation probability 

S318
*
 LRHS(ph)RNPATR 315-324 LRHS(1)RNPATR 

S318, T329 
RLRHS(ph)RNPATRGLP 

ST(ph)ASGRLRGTQE 
314-339 

RLRHS(0.865)RNPAT(0.122)RGLP 
S(0.14)T(0.403)AS(0.37)GRLRGT(0.1)QE 

S331
*
 GLPSTAS(ph)GR 325-333 GLPS(0.001)T(0.01)AS(0.989)GR 

S370 RKVS(ph)MRLHR 367-375 RKVS(1)MRLHR 

T392, S393, 
S396, T397, 

S398 

DT(ph)S(ph)RMS(ph) 
T(ph)S(ph)QRSR 

391-402 
DT(0.849)S(0.534)RMS(0.534) 
T(0.524)S(0.507)QRS(0.051)R 
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3.2 Validation of PKCα-targeted phosphorylation sites within the C-terminal 

domain of CK1δ in vitro 

In order to validate the so far predicted and detected PKCα-targeted sites, 

GST-CK1δ fusion proteins containing serine/threonine to alanine substitutions at 

potential phosphorylation sites were generated and used as substrates in in vitro 

kinase reactions. Figure 4 shows a summary of all residues in the C-terminal 

domain of rat CK1δ which were predicted by Scansite or detected by mass 

spectrometry.  

 

Figure 4. The CK1δ C-terminal domain contains potential phosphorylation sites targeted by 

PKCα 

(A) Schematic presentation of the domain structure of rat CK1δ. CK1δ consists of a short N-terminal 
domain, a highly conserved kinase domain, and a regulatory C-terminal domain. (B) 
Phosphorylation sites within the C-terminal domain predicted by the Scansite motif scan and 
detected by mass spectrometry are shown. Abbreviations: C-: carboxy-; CK1δ: casein kinase 1 
delta; FP: fusion protein; GST: glutathione-S-transferase; KHD: kinesin homology domain; N-: NH2-; 

NLS: a putative nuclear localization signal sequence; S: serine; T: threonine. First published in and 
modified from Meng et al., 2016 [125]. Copyright (2016) Meng, Bischof, Ianes, Henne-Bruns, Xu 
and Knippschild. This figure is licensed under a Creative Commons Attribution 4.0 International (CC 
BY) <http://creativecommons.org/licenses/by/4.0/>. 

The first set of phosphorylation-site mutant fusion proteins was constructed based 

on wild type GST-CK1δ305-375 (FP1006) covering amino acids 305 to 375 of the 

CK1δ C-terminal domain. GST-CK1δ305-375 (FP1006) as well as the mutants 

GST-CK1δ305-375 S318A (FP1294), GST-CK1δ305-375 S328A (FP1269), GST-CK1δ305-375 

T329A (FP1344), GST-CK1δ305-375 S331A (FP1340), GST-CK1δ305-375 S361A (FP1295), 
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and GST-CK1δ305-375 S370A (FP1317) were phosphorylated by PKCα in vitro, 

reactions were separated in a SDS-PAGE and incorporation of radioactively 

labeled phosphate was detected by autoradiography (Figure 5A). Quantification of 

the phosphorylation of the different wild-type and mutant GST-CK1δ fusion proteins 

revealed that phosphorylation intensities of GST-CK1δ305-375 S328A (FP1269), 

GST-CK1δ305-375 T329A (FP1344), and GST-CK1δ305-375 S370A (FP1317) are greatly 

reduced in comparison with that of wild-type GST-CK1δ305-375 (FP1006), whereas 

the changes in the phosphorylation levels of GST-CK1δ305-375 S318A (FP1294), 

GST-CK1δ305-375 S331A (FP1340), and GST-CK1δ305-375 S361A (FP1295) are less 

striking (Figure 5B). 

 

Figure 5: Phosphorylation of wild-type and mutant GST-CK1δ
305-375

 (FP1006) fragments by 
PKCα 

GST-CK1δ
305-375

 (FP1006), phosphorylation site mutants, and GST (FP579, negative control) were 
phosphorylated by PKCα in vitro. (A) Similar amounts of fusion proteins were used as substrates of 
PKCα. Phosphorylated proteins were separated by SDS-PAGE and visualized by Coomassie 
Brilliant Blue. Incorporation of radioactively-labelled phosphate was detected by autoradiography. 

(B) Phosphate incorporation into the substrates was further quantified by Cherenkov counting and is 
shown as normalized bar graph relative to the phosphorylation of FP1006. Error bars indicate the 
standard deviation (SD). Abbreviations: A: alanine; CK1δ: casein kinase 1 delta; CPM: counts per 
minute; FP: fusion protein; GST: glutathione-S-transferase; kDa: kilo dalton; PKCα: protein kinase C 
alpha; S: serine; SD: standard deviation; WT: wild type. First published in and modified from Meng 
et al., 2016 [125]. Copyright (2016) Meng, Bischof, Ianes, Henne-Bruns, Xu and Knippschild. This 

figure is licensed under a Creative Commons Attribution 4.0 International (CC BY) 
<http://creativecommons.org/licenses/by/4.0/> 
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In order to further validate the significance of these finding points, phosphopeptide 

analyses were performed using wild-type GST-CK1δ305-375 (FP1006) and the 

corresponding Ser-318, Ser-328, Thr-329, Ser-331, Ser-361, and Ser-370 

phosphorylation-site mutants. In accordance with the result from the kinase 

reactions, the phosphopeptide pattern of GST-CK1δ305-375 S370A (FP1317) clearly 

shows that one phosphopeptide is lost compared to the wild-type fragment 

confirming Ser-370 as a residue phosphorylated by PKCα (Figure 6A). In the same 

way, phosphorylation of Ser-318, Ser-328, and Thr-329 could also be confirmed by 

comparing the phosphorylation patterns of wild-type GST-CK1δ305-375 (FP1006) 

and the phosphorylation-site mutants GST-CK1δ305-375 S318A (FP1294), 

GST-CK1δ305-375 S328A (FP1269), and GST-CK1δ305-375 T329A (FP1344) (Figure 6A).  

For two phosphopeptides (labeled P1 and P2) phosphoamino acid analysis was 

performed. Phosphoamino acid analysis of P1 clearly confirms the occurrence of 

phospho-serine in P1, while the analysis of P2 obviously proofs that the analyzed 

phosphopeptide contains both, phospho-serine and phospho-threonine (Figure 6B). 

Thereby, these results provide additional evidence for the phosphorylation of 

Ser-328 and Thr-329 as indicated by phosphopeptide analysis (Figure 6A). 

In contrast to above described results, phosphopepetide patterns of 

GST-CK1δ305-375 S331A (FP1340) and GST-CK1δ305-375 S361A (FP1295) could not 

confirm phosphorylation of Ser-331 and Ser-361 by PKCα although the motif scan 

and mass spectrometry provided strong evidence (data not shown). 
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Figure 6. Phosphopeptide and phosphoamino acid analyses of PKCα-phosphorylated 
wild-type and mutant GST-CK1δ

305-375
 (FP1006) 

In vitro, GST-CK1δ
305-375

 (FP1006) and phosphorylation-site mutants were first phosphorylated by 
PKCα. (A) Phosphorylated proteins were prepared for and analyzed in two-dimensional 

phosphopeptide analysis as described in Materials and Methods. Arrow positions indicate identical 
phosphopeptide positions. The black cross indicates the loading point. The mark of “(+)” and “(-)” 
indicates the positive and negative electrodes. (B) Phosphoamino acid analyses were performed for 
the indicated peptides (P

1
 and P

2
). The black cross indicates the loading point. Abbreviations: A: 

alanine; CK1δ: casein kinase 1 delta; FP: fusion protein; GST: glutathione-S-transferase; PKCα: 
protein kinase C alpha; P-Ser, P-Thr, and P-Tyr: phospho-serine, phospho-threonine, and 

phospho-tyrosine; S: serine. First published in and modified from Meng et al., 2016 [125]. Copyright 
(2016) Meng, Bischof, Ianes, Henne-Bruns, Xu and Knippschild. This figure is licensed under a 
Creative Commons Attribution 4.0 International (CC BY) 
<http://creativecommons.org/licenses/by/4.0/> 

The second set of fusion proteins consists of GST-CK1δ353-375 (FP1022) and 

GST-CK1δ353-375 S370A (FP1021), containing CK1δ amino acids from 353 to 375. 

PKCα-mediated phosphate incorporation into GST-CK1δ353-375 S370A (FP1021) was 
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considerably decreased compared to wild-type GST-CK1δ353-375 (FP1022), 

confirming the phosphorylation of Ser-370 by PKCα (Figure 7). 

 

Figure 7: Phosphorylation of GST-CK1δ
353-375

 and GST-CK1δ
353-375 S370A

 by PKCα 

GST-CK1δ
305-375

 (FP1022), GST-CK1δ
305-375 S370A

 (FP1021), and GST (FP579, negative control) 

were phosphorylated by PKCα in vitro. (A) Similar amounts of fusion proteins were used as 
substrates of PKCα. Phosphorylated proteins were separated by SDS-PAGE and visualized by 
Coomassie Brilliant Blue. Incorporation of radioactively-labelled phosphate was detected by 
autoradiography. (B) Phosphate incorporation into the substrates was further quantified by 
Cherenkov counting and is shown as normalized bar graph relative to the phosphorylation of 
FP1022. Error bars indicate the standard deviation (SD). Abbreviations: A: alanine; CK1δ: casein 

kinase 1 delta; CPM: counts per minute; FP: fusion protein; GST: glutathione-S-transferase; kDa: 
kilo dalton; PKCα: protein kinase C alpha; S: serine; SD: standard deviation; WT: wild type. First 
published in and modified from Meng et al., 2016 [125]. Copyright (2016) Meng, Bischof, Ianes, 
Henne-Bruns, Xu and Knippschild. This figure is licensed under a Creative Commons Attribution 4.0 
International (CC BY) <http://creativecommons.org/licenses/by/4.0/> 

In subsequent phosphopeptide analyses, PKCα-mediated phosphorylation of 

Ser-370 was further confirmed. By comparing the phosphorylation patterns of 

GST-CK1δ305-375 S370A (FP1021) and GST-CK1δ305-375 (FP1022), obviously one 

major phosphopeptide is missing in the pattern of GST-CK1δ305-375 S370A (FP1021) 

(Figure 8A). Phosphoamino acid analysis of this peptide (P3) proofed the presence 

of phospho-serine (Figure 8B2). In addition, phosphoamino acid analysis for total 

GST-CK1δ305-375 (FP1022) confirmed that only serine is phosphorylated in the 

range of amino acid 353 to 375 of CK1δ (Figure 8B1). 



   Results 

50 
 

 

Figure 8. Phosphopeptide and phosphoamino acid analyses of PKCα-phosphorylated 
GST-CK1δ

353-375
 and GST-CK1δ

353-375 S370A 

Fusion proteins GST-CK1δ
305-375

 (FP1022) and GST-CK1δ
305-375 S370A

 (FP1021) were 
phosphorylated by PKCα in vitro. (A) Phosphorylated proteins were prepared for and analyzed by 
two-dimensional phosphopeptide analysis as described in Materials and Methods. Arrow positions 
indicate identical phosphopeptide positions. The black cross indicates the loading point. The mark 
of “(+)” and “(-)” indicates the positive and negative electrodes. (B) Phosphoamino acid analyses for 
total GST-CK1δ

305-375
 (FP1022) and the peptide indicated in the panel of the mixed FP1022/FP1021 

(P
3
). The black cross indicates the loading point. Abbreviations: A: alanine; CK1δ: casein kinase 1 

delta; FP: fusion protein; GST: glutathione-S-transferase; PKCα: protein kinase C alpha; P-Ser, 
P-Thr, and P-Tyr: phospho-serine, phospho-threonine, and phospho-tyrosine; S: serine. First 
published in and modified from Meng et al., 2016 [125]. Copyright (2016) Meng, Bischof, Ianes, 
Henne-Bruns, Xu and Knippschild. This figure is licensed under a Creative Commons Attribution 4.0 
International (CC BY) <http://creativecommons.org/licenses/by/4.0/> 

The final set of CK1δ fusion proteins derivated from GST-CK1δ375-428 (FP1183) with 

the amino acid sequence from 375 to 428. The potential phosphorylation sites 

Ser-382, Thr-392, Ser-393, Thr-397, and Thr-427 were mutated to alanine from 

wild-type GST-CK1δ375-428 (FP1183) (Figure 9B). 

All tested mutants including GST-CK1δ375-428 S382A (FP1347), GST-CK1δ375-428 T392A 

(FP1322), GST-CK1δ375-428 S393A (FP1456), GST-CK1δ375-428 T397A (FP1221), and 

GST-CK1δ375-428 T427A (FP1262) presented a clearly reduced phosphorylation 

intensity compared to that of wild-type GST-CK1δ375-428 (FP1183) (Figure 9).  
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Figure 9: Phosphorylation of wild-type and mutant GST-CK1δ
375-428

 (FP1183) fragments by 
PKCα 

GST-CK1δ
375-428

 (FP1183), phosphorylation site mutants, and GST (FP579, negative control) were 
phosphorylated by PKCα in vitro. (A) Similar amounts of fusion proteins were used as substrates of 
PKCα. Phosphorylated proteins were separated by SDS-PAGE and visualized by Coomassie 

Brilliant Blue. Incorporation of radioactively-labeled phosphate was detected by autoradiography. (B) 
Phosphate incorporation in these substrates was further quantified by Cherenkov counting and is 
shown as normalized bar graph relative to the phosphorylation of FP1183. Error bars indicate the 
standard deviation (SD). Abbreviations: A: alanine; CK1δ: casein kinase 1 delta; CPM: counts per 
minute; FP: fusion protein; GST: glutathione-S-transferase; kDa: kilo dalton; PKCα: protein kinase C 
alpha; S: serine; SD: standard deviation; WT: wild type. First published in and modified from Meng 

et al., 2016 [125]. Copyright (2016) Meng, Bischof, Ianes, Henne-Bruns, Xu and Knippschild. This 
figure is licensed under a Creative Commons Attribution 4.0 International (CC BY) 
<http://creativecommons.org/licenses/by/4.0/> 

However, in subsequent phosphopeptide analyses, only the phosphopeptide 

pattern of GST-CK1δ375-428 T427A (FP1262) presented a weakened signal at the 

arrow position in comparison with the pattern of wild-type GST-CK1δ375-428 

(FP1183), while the patterns of GST-CK1δ375-428 S382A (FP1347), GST-CK1δ375-428 

T392A (FP1322), GST-CK1δ375-428 S393A (FP1456), and GST-CK1δ375-428 T397A 

(FP1221) did not show any difference in comparison with the wild-type fragment 

(Figure 10). 
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Figure 10. Phosphopeptide analyses of PKCα-phosphorylated GST-CK1δ
375-428

 (FP1183) and 
GST-CK1δ

375-428 T427A
 (FP1262) 

In vitro, GST-CK1δ
375-428

 (FP1183) and GST-CK1δ
375-428 T427A

 (FP1262) were phosphorylated by 
PKCα. Phosphorylated proteins were prepared for and analyzed by two-dimensional 
phosphopeptide analysis as described in Materials and Methods. Arrow positions indicate identical 
phosphopeptide positions. The black cross indicates the loading point. The mark of “(+)” and “(-)” 

indicates the positive and negative electrodes. Abbreviations: A: alanine; CK1δ: casein kinase 1 
delta; FP: fusion protein; GST: glutathione-S-transferase; PKCα: protein kinase C alpha; S: serine. 

In conclusion, combined data of mass spectrometric and classical biochemical 

approaches provide evidence that the PKCα-targeted CK1δ C-terminal residues 

are Ser-318, Ser-328, Thr-329, Ser-370, and Thr-427. Additional residues detected 

in mass spectrometry or predicted by the scansite motif scan could not clearly be 

confirmed by our biochemical assays. A summary of all presented data can be 

found in table 9. 

 
Table 9. Summary of data demonstrating PKCα-mediated phosphorylation of CK1δ in vitro 

Data obtained from in vitro phosphorylation experiments using PKCα-phosphorylated CK1δ 
C-terminal protein fragments are shown for mass spectrometry analyses (MS), in vitro kinase 
reactions, and two-dimensional phosphopeptide analyses (PPA). Sites predicted by Scansite 

are indicated as well. The totality of results provides evidence for phosphorylation of S318, 
S328, T329, S370, and T427. ●, predicted/detected site; (●), predicted/detected site (unclear 
data); -, site not predicted/detected; o: not tested. Abbreviations: MS, mass spectrometry; 
PPA, two-phosphopeptide analysis; S: serine; T: threonine. First published in and modified 
from Meng et al., 2016 [125]. Copyright (2016) Meng, Bischof, Ianes, Henne-Bruns, Xu and 
Knippschild. This figure is licensed under a Creative Commons Attribution 4.0 International 
(CC BY) <http://creativecommons.org/licenses/by/4.0/> 

site position Scansite MS 
kinase 

reaction 
PPA 

S318 - ● (●) ● 

S328 - - ● ● 

T329 - (●) ● ● 

S331 ● ● - - 
S361 - - (●) - 

S370 ● ● ● ● 

S382 - - ● - 
T392 (●) ● ● - 
S393 - (●) ● - 
S396 (●) (●) o o 

T397 - (●) ● - 
S398 (●) (●) o o 

S406 (●) - o o 
T427 - - ● ● 
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3.3 PKCα-targeted phosphorylation sites are crucial in the regulation of 

CK1δ kinase activity in vitro 

In order to characterize the roles of the previously identified PKCα-targeted sites 

within the C-terminal domain of CK1δ (Figure 11A), Ser-318, Ser-328, Thr-329, 

Ser-370, and Thr-427 were exchanged to alanine in full length (FP449). Thereafter, 

the kinetic parameters of rat GST-CK1δ (FP449) and the single 

phosphorylation-site mutants were experimentally determined using α-casein as 

substrate. Results show that mutation of Ser-318 or Thr-427 to alanine cannot lead 

to significant differences in substrate affinity (as expressed by the Michaelis 

constant Km), while recombinant kinases with S328A, T329A, or S370A mutation 

showed up to four-fold increased Km values compared to that of FP449. In addition, 

the catalytic efficiency (expressed by the Kcat/Km ratio) was remarkably increased 

up to five-fold for S328A and T329A mutants (Figure 11B). 

 

Figure 11. Kinetic parameters of CK1δ fusion proteins are changed after mutation of 
PKCα-targeted sites 

Kinetic parameters of GST-CK1δ (FP449) and phosphorylation-site mutant GST-CK1δ 
proteins were determined by in vitro kinase reactions by using α-casein as substrate. (A) 
Schematic presentation of the phosphorylation sites on the full length of GST-CK1δ. (B) 
Substrate phosphorylation was quantified by Cherenkov counting and data were fitted to 

the Michaelis-Menten equation with GraphPad Prism 6 software. The kinetic parameter Km 
and the catalytic efficiency (Kcat/Km) are presented as normalized bar graphs. 
Abbreviations: A: alanine; CK1δ: casein kinase 1 delta; FP: fusion protein; GST:  
glutathione-S-transferase; Kcat: turnover number; Km: Michaelis constant; PKCα: protein 
kinase C alpha; S: serine; T: threonine; WT: wild type. First published in and modified from 
Meng et al., 2016 [125]. Copyright (2016) Meng, Bischof, Ianes, Henne-Bruns, Xu and 

Knippschild. This figure is licensed under a Creative Commons Attribution 4.0 
International (CC BY) <http://creativecommons.org/licenses/by/4.0/> 
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3.4 CK1δ kinase activity is down-regulated after pre-incubation with PKCα 

in vitro 

In order to determine the influence of PKCα-mediated phosphorylation on the CK1δ 

kinase activity, both kinases were co-incubated for 10 minutes (allowing the 

phosphorylation of CK1δ by PKCα) prior to the addition of the CK1-specific 

substrate GST-p531-64 (FP267). As controls, CK1δ, PKCα, and H2O alone were 

also incubated with the substrate. 

PKCα alone showed no notable phosphorylation of the substrate GST-p531-64 

(FP267), while it could be extensively phosphorylated by GST-CK1δ (FP449) alone. 

In this case the phosphate incorporation in GST-p531-64 (FP267) reached about 

4000 CPM (count per minute). However, when GST-CK1δ (FP449) is 

pre-incubated with PKCα, phosphorylation of the CK1-specific substrate 

GST-p531-64 (FP267) was markedly reduced by approximately 20% compared to 

phosphorylation by GST-CK1δ without pre-incubation with PKCα (Figure 12). 

 

Figure 12. CK1δ kinase activity is decreased after 
PKCα-mediated phosphorylation of CK1δ 

GST-CK1δ (FP449) was pre-incubated with PKCα for 10 min. 
Subsequently, substrate GST-p53

1-64
 (FP267) was added and 

incubated for additional 30 min. Data are presented as 

normalized bar graph. Error bars indicate the standard deviation 
(SD). The asterisk reflects results from unpaired t-test with *, p 
<0.05. Abbreviations: CK1δ: casein kinase 1 delta; CPM: counts 
per minute; FP: fusion protein; GST: glutathione-S-transferase; 
PKCα: protein kinase C alpha; SD: standard deviation. First 
published in and modified from Meng et al., 2016 [125]. 

Copyright (2016) Meng, Bischof, Ianes, Henne-Bruns, Xu and 
Knippschild. This figure is licensed under a Creative Commons 
Attribution 4.0 International (CC BY) 
<http://creativecommons.org/licenses/by/4.0/> 
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3.5 PKCα-mediated phosphorylation influences CK1δ kinase activity in 

cells 

So far, we investigated PKCα-targeted residues in the C-terminal domain of CK1δ 

and identified a down-regulating effect of PKCα-mediated phosphorylation on the 

CK1δ kinase activity in vitro. Now we want to verify whether or not this regulatory 

effect also exists in cells. 

 

3.5.1 Characterization of PKCα inhibitors  

In order to analyze the effect of PKCα-mediated phosphorylation on the activity of 

CK1δ in cells, the kinase activity of cellular PKCα will be inhibited by a specific 

inhibitor. As prerequisite for this experiment, unspecific inhibition of CK1δ had to be 

excluded. Therefore, the PKCα-specific inhibitors Go-6983, enzastaurin, and 

bisindolylmaleimide I (BIM I) were tested in vitro. The tested PKCα-specific 

inhibitors were used at 10 μM for in vitro kinase reactions by using GST-p531-64 as 

substrate and GST-CK1δ (FP449) as enzyme (Figure 13A), or GST-CK1δ375-428 

(FP1183) as substrate and recombinant PKCα as enzyme (Figure 13B). 

Go-6983 inhibited PKCα by approximately 95 %, whereas no inhibition for CK1δ 

was observed. Enzastaurin also strongly suppressed PKCα kinase activity (about 

87%), while no significant effect on CK1δ could be detected. The inhibitory effects 

of BIM I for PKCα and CK1δ reached about 88% and 34%, respectively. Although 

all compounds have the ability to inhibit PKCα, Go-6983 showed best inhibition of 

PKCα while demonstrating no inhibition of CK1δ. Therefore, enzastaurin and BIM I 

were excluded from further cell culture experiments (Figure 13). 

 

Figure 13. Validation of PKCα-specific inhibitor effects in vitro  

(A) In vitro kinase reactions were performed by using GST-p53
1-64

 (FP267) as substrate and 
GST-CK1δ (FP449) as enzyme, or using (B) GST-CK1δ

375-428
 (FP1183) as substrate and 

recombinant PKCα as enzyme in combination with one of the three PKC-specific inhibitors 
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(Go-6983, enzastaurin, or bisindolylmaleimide I (BIM I), respectively). Data are presented as 
normalized bar graph relative to the negative control DMSO. Error bars indicate the standard 
deviation (SD). Abbreviations: BIM I: bisindolylmaleimide I; CK1δ: casein kinase 1 delta; CPM: 

counts per minute; DMSO: dimethyl sulfoxide; FP: fusion protein; GST: 
glutathione-S-transferase; µM: micromolar; PKCα: protein kinase C alpha; SD: standard 
deviation. First published in and modified from Meng et al., 2016 [125]. Copyright (2016) 
Meng, Bischof, Ianes, Henne-Bruns, Xu and Knippschild. This figure is licensed under a 
Creative Commons Attribution 4.0 International (CC BY) 
<http://creativecommons.org/licenses/by/4.0/> 

3.5.2 Selection of a sensitive cell line by MTT cell viability assay 

In order to identify the ability of inhibitor Go-6983 to pass cell membrane and to 

select a sensitive cell line for further analyses, MTT cell viability assays were 

performed in COLO357, PANC89, AC1-M88, and MIA PaCa-2 cell lines. 

COLO357 showed the lowest EC50 value (8.0 µM), whereas for cell lines PANC89, 

AC1-M88, and MIA PaCa-2, the EC50 values reached 15.37 μM, 10.55 μM, and 

11.09 μM, respectively. Therefore, cell line COLO357 was selected and used for 

further experiments (Figure 14). 

 

Figure 14. Selection of a sensitive cell line by MTT cell viability assay 

MTT viability assays were performed in COLO357, PANC89, AC1-M88, and MIA PaCa-2 cell lines. 
Inhibitor Go-6983 (0.1 μM-100 μM) or DMSO (as control) was added and incubated for 48 h prior to 
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the cell viability measurement as described in Materials and Methods. EC50 values were determined 
by using GraphPad Prism 6. Abbreviations: CK1δ: casein kinase 1 delta; DMSO: dimethyl sulfoxide; 
EC50: half maximal effective concentration; h: hour; µM: micromolar. First published in and modified 

from Meng et al., 2016 [125]. Copyright (2016) Meng, Bischof, Ianes, Henne-Bruns, Xu and 
Knippschild. This figure is licensed under a Creative Commons Attribution 4.0 International (CC BY) 
<http://creativecommons.org/licenses/by/4.0/> 

3.5.3 Cell cycle analysis of PKCα inhibitor Go-6983 in COLO357 cells 

In order to investigate the cell cycle distribution after the inhibition of PKCα,  

propidium iodide-stained cells were analyzed by flow cytometry. After seeding cells, 

PKCα inhibitor Go-6983 was added and incubated with COLO357 cells for 48 h, 

DMSO and fresh medium were used as the negative controls. After that cells were 

prepared for cell cycle analysis as described in Materials and Methods. Distribution 

into the different phases of the cell cycle were reported depending on the recorded 

cell cycle distribution profiles. Between PKCα inhibitor Go-6983 treated cells and 

control cells no obvious differences in the different phases (subG1, G0/G1, S, G2/M, 

aneuploid) of the cell cycle could be detected, indicating the low influence of 

Go-6983 on the COLO357 cell cycle distribution (Figure 15). 
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Figure 15. Cell cycle distribution of COLO357 cells after treatment with Go-6983  

(A) Cell cycle analyses in COLO357 cells were performed after treatment with the PKCα inhibitor 

Go-6983 (8 μM, EC50 value) or DMSO and fresh medium (as the negative controls). After incubation 
for 48 h, cells were harvested and stained with BD Cycletest™ Plus (DNA reagent kit), and finally 
analyzed on a flow cytometer. (B) Graphic presentation of obtained cell phase data from (A). 
Abbreviations: DMSO: dimethyl sulfoxide; EC50: half maximal effective concentration; G0/G1: 
Gap0/Gap1 phase; G2/M: Gap 2/mitotic phase; h: hour; µM: micromolar; S: synthesis phase; 
Sub-G1: sub-Gap1. 

3.5.4 Inhibition of PKCα influences CK1δ kinase activity in cells 

By so far presented results, the interaction of PKCα and CK1δ was verified in vitro. 

In addition, co-incubation of PKCα and CK1δ in vitro indicated a down-regulating 

role of PKCα on the CK1δ activity. Based on these findings, we suppose that PKCα 

can also regulate the kinase activity of CK1δ in cells. To verify this hypothesis, 

PKCα was inhibited in COLO357 cells by treatment with Go-6983 supplemented 
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growth medium. Protein lysates of untreated and Go-6983-treated COLO357 cells 

were fractionated via an anion exchange column as described in Materials and 

Methods.  

Subsequently, fractions from A11 to C4 were selected to test for CK1 kinase activity 

by using the canonic CK1-specific substrate GST-p531-64 (FP267) as substrate for 

in vitro kinase reactions. Phosphorylation intensities of fractionated extracts 

showed different levels. CK1-specific peaks for untreated and Go-6983 treated 

cells could be observed at fraction B8 and B9, respectively. The CK1-specific 

kinase activity of peak fraction B9 in Go-6983 treated cells was dramatically 

increased by more than 1.5-fold compared to the peak fraction B8 in untreated cells 

(Figure 16A). 

Western blot analyses were performed to check the expression levels of total CK1δ 

and PKCα. Results show that the level of CK1δ remained nearly stable (a minor 

increase), while the level of PKCα was significantly reduced (p < 0.001) (Figure 

16B). 

In order to verify that the detected kinase activity peaks of GST-p531-64 (FP267) 

phosphorylation are mainly due to CK1δ activity, kinase reactions of the 

kinase-containing peak fractions B8 (untreated cells) and B9 (Go-6983-treated 

cells) were performed in the presence and absence of the CK1-specific inhibitor 

IC261 [118] and the CK1δ-specific compound 2 [153]. Since the kinase activities of 

the peak fractions (B8 and B9) were clearly decreased in presence of both 

CK1-specific inhibitors, the detected activity could clearly be assigned to the kinase 

activity of CK1δ (Figure 16C). 

In summary, in addition to the already demonstrated functional in vitro relation 

between PKCα and CK1δ, presented in cells data also clearly indicate a 

physiologic connection of PKCα and CK1δ in cellular context. 
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Figure 16. PKCα influences the CK1δ-specific kinase activity in COLO357  

(A) Kinase activity of CK1 in fractionated extracts from COLO357 cells which were either untreated 
(DMSO) or treated with 8 µM Go-6983 for 48 h was determined using GST-p53

1–64
 (FP267) as 

substrate for in vitro kinase reactions. The detected kinase activity was normalized towards the 
untreated control and the graph in (A) reflects data from one representative experiment. (B) 
Expression levels of CK1δ, PKCα, and β-actin (as a loading control) in untreated cells (DMSO) or 

cells treated with 8 µM Go-6983 were detected by Western blot analyses with specific antibodies. 
Densitometric quantification of the Western blot results is shown as normalized bar graph. (C) 
Presence of CK1δ in the kinase peak fractions is shown in (A) was confirmed by using the 
CK1-specific inhibitor IC261 (5 µM) [118] and the CK1δ-specific compound 2 (120 nM) [153]. 
Results are shown as normalized bar graph. The asterisks in (B) and (C) reflect results from 
unpaired t-test with *, p < 0.05 , **, p < 0.01*** , p < 0.001 and ns, no significant. Abbreviations: 

CK1δ: casein kinase 1 delta; CPM: counts per minute; DMSO: dimethyl sulfoxide; FP: fusion protein; 
GST: glutathione-S-transferase; h: hour; kDa: kilo dalton; PKCα: protein kinase C alpha; mM: 
millimolar; nM: nanomolar; µM: micromolar. First published in and modified from Meng et al., 2016 
[125]. Copyright (2016) Meng, Bischof, Ianes, Henne-Bruns, Xu and Knippschild. This figure is 
licensed under a Creative Commons Attribution 4.0 International (CC BY) 
<http://creativecommons.org/licenses/by/4.0/> 
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4 Discussion 

 

In cellular signal transduction networks, regulatory functions are quite versatile and 

not only involving in the regulation of protein expression levels and protein lifetime 

by transcription, translation, and degradation processes. In addition, protein 

function, localization, and activity may be regulated by posttranslational 

modifications like methylation, acetylation, palmitoylation, or phosphorylation. 

Especially for protein kinases playing important roles in nearly all signal 

transduction pathways, site-specific phosphorylation by other cellular kinases or by 

intramolecular autophosphorylation can result in changes of kinase activity and 

subsequently modification of the signal transduction pathway. For protein kinase 

CK1δ, which is among others essentially involved in regulating Wnt- and 

p53-specific functions, we previously described that its activity is regulated by 

cellular kinases, among them PKA and Chk1 [17, 67, 96]. Both kinases have the 

ability to site-specifically phosphorylate amino acids within the C-terminal 

regulatory domain of CK1δ finally leading to changes in the kinase activity of CK1δ 

in vitro and in cells. 

 

4.1 Identification of PKCα-mediated phosphorylation sites within the 

C-terminal domain of CK1δ in vitro 

An earlier report of our work group already provided evidence that PKCα is able to 

phosphorylate CK1δ at S370 and presumably also at additional C-terminal 

residues [67]. However, the individual residues and number of amino acid residues 

phosphorylated by PKCα as well as the functional consequences for CK1δ have 

not been characterized in detail. By combining data from mass spectrometry 

analyses and classic biochemical assays, we could detect five residues within the 

CK1δ regulatory C-terminal domain that could be phosphorylated by PKCα, namely: 

S318, S328, T329, S370, and T427. 

Phosphorylation of numerous sites was emphasized by Scansite motif scan. In 

addition, initially performed mass spectrometric analysis also gave evidence for the 

phosphorylation of several residues. However, only four sites (S318, S331, S370, 

and T392) were identified with satisfying probability (>0.75) among all these 

residues. Subsequently, kinase reactions by using three sets of fusion proteins, 

most of the sites identified by mass spectrometry could be confirmed. However, 

data from kinase reactions and mass spectrometry are not inconsistent especially 
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in the sites of Ser-328 and Ser-331. Although Ser-328 could be clearly identified as 

a target of PKCα by the employed in vitro kinase reaction, it was failure to be 

detected by mass spectrometry. Vice versa, Ser-331 could be clearly forecasted by 

Scansite and detected by mass spectrometry. However, the performed in vitro 

kinase reaction could not confirm the phosphorylation of Ser-331 by PKCα. 

In order to shed clear light on these so far rather inconsistent data, two-dimensional 

phosphopeptide analyses were performed to validate the suggested 

phosphorylation events. Phosphopeptide analyses definitely confirmed 

phosphorylation of S318, S328, T329, S370, and T427 while phosphorylation of all 

other proposed target sites could not clearly be detected.  

Unfortunately, not in each case the peptide positions of the indicated 

phosphopeptides were corresponding to the phosphopeptide analyses of the 

wild-type fragments due to poor resolution of some analyses. Nevertheless, clear 

conclusions could be drawn by considering wild-type, mutant, and mixed analyses.  

After all, data from in vitro analyses performed with GST-CK1δ305-375, 

GST-CK1δ353-375, and the respective phosphorylation site mutants are in 

accordance with phosphopeptide data. However, these in vitro analyses also 

provided evidence for phosphorylation of several residues within aa 380 to 400 

which could not be confirmed by phosphopeptide analyses.  

These findings clearly show that phosphorylation data always have to be seen in a 

broadened context involving the use and comparison of several methods in order to 

obtain proper and reliable results. 

 

4.2 PKCα-targeted phosphorylation sites are involved in modulating CK1δ 

kinase activity in vitro 

Our workgroup previously published the remarkable influence of the CK1δ 

C-terminal phosphorylation sites Ser-328 and Ser-370 on the kinetic parameters of 

CK1δ [17]. The results obtained in this thesis confirm the former results that S to A 

exchange at positions S328 (FP1267) and T329 (FP1486) not only results in 

remarkably increased catalytic efficiency, but also leads to an increase of the Km 

values being indicative for a decrease in the kinase’s substrate affinity. The highest 

Km value could be determined for the S370A mutant which once more prove the 

great influence of S370 on proper substrate affinity of CK1δ kinase compared to the 

low catalytic efficiency which was indicated by Kcat/Km ratio. Exchanging S318 or 
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T427 to alanine, however, only lead to minor influences on the determined kinetic 

parameters pointing to minor effects of the S318 and T427 phosphorylation sites on 

the regulation of CK1δ kinase activity. In addition, additional experiments using the 

phosphomimietic mutants (exchanging from serine or threonine to glutamate or 

aspartate) should be performed to underline the physiological importance of our 

findings.  

In accordance with the kinetic studies presented in this thesis and previous reports 

on Chk1-mediated phosphorylation of CK1δ, we could show that substrate 

(GST-p531-64) phosphorylation mediated by CK1δ is significantly reduced after 

pre-incubation of CK1δ with PKCα [17]. This in vitro result already provides first 

insight to PKCα-mediated regulatory effects on CK1δ.  

 

4.3 PKCα influences the kinase activity of CK1δ in cells 

In order to characterize PKCα-mediated regulatory effects on CK1δ in cell culture, 

an appropriate PKCα inhibitor and cellular model were chosen. PKCα-specific 

inhibitor Go-6983 was selected depending on the best inhibitory effects on PKCα 

without affecting CK1δ kinase activity [73]. Our own experiments are in line with 

literature data [5, 64]. Additionally, the pancreatic adenocarcinoma cell line 

COLO357 was chosen as cellular model. This cell line exhibits robust expression of 

both, PKCα and CK1δ. Furthermore, COLO357 cells are highly resistant to the 

treatment with conventional chemotherapeutics, and therefore best suited for 

analyzing cellular effects of kinase-specific inhibitors and potentially cytotoxic 

agents. 

When COLO357 cells were treated with Go-6983 in its determined EC50 

concentration a remarkable increase in CK1δ kinase peak activity was observed 

probably due to reduced cellular PKCα activity in the presence of Go-6983. 

Reduction of PKCα-mediated inhibitory site-specific phosphorylation of CK1δ 

results in an increase of CK1δ kinase activity. In addition, CK1δ expression levels 

are slightly increased in Go-6983 treated cells. However, this insignificant increase 

is unlikely to result in a CK1δ kinase activity increase by more than 150% after 

treatment with Go-6983. Interestingly, PKCα expression levels are highly 

decreased in Go-6983 treated COLO357 cells pointing to a mechanism eliminating 

inhibitor-inactivated kinases by degradation. 
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To confirm the presence of CK1 in the kinase peak fractions of COLO357 lysates 

two structurally unrelated CK1 specific small molecule inhibitors were used: the 

widly used and well established inhibitor IC261 [118] and compound 2, a newly 

identified potent CK1δ/ε isoform-selective inhibitor [153]. However, in the presented 

in vitro experiment, the inhibition of the present kinase activity of the peak fractions 

is statistically significant but not remarkable. Neither IC261 nor compound 2 have 

the ability to decrease the kinase activity in the peak fractions of DMSO- (fraction 

B8) and Go-6983 (fraction B9) treated COLO357 cells below 50%. This finding 

indicates that other kinases may be present in the detected peak fractions (fraction 

B8 and B9) able to phosphorylate the substrate GST-p531-64 (FP267). As predicted 

by Scansite, among others also ATM, CDK1 and 5, Erk1, GSK3, and PLK1 are able 

to phosphorylate GST-p531-64 (FP267). Nevertheless, the observed reduction of the 

peak kinase activity (about 30%) in the presence of the chosen inhibitors clearly 

points to the presence of CK1 isoforms within the kinase peak fractions. 

In conclusion, we confirmed the findings described by Giamas and colleagues [67] 

and showed furthermore that PKCα can phosphorylate CK1δ at several amino acid 

residues within its regulatory C-terminal domain. In addition to S370, two new sites 

(S328 and T329) were identified as targets for PKCα mediated phosphorylation. 

Furthermore, the consequences of PKCα-mediated phosphorylation on CK1δ 

kinase activity have been described. For the point of S328, CK1δ previous 

large-scale proteomic studies already described phosphorylation by other 

(unfortunately unidentified) cellular kinases [38, 44, 48, 206]. Based on the results 

of our work group, phosphorylation of S370 turned out to be one of the major 

events in regulation of CK1δ since it can be targeted by numerous cellular kinases 

leading to the remarkable changes of the kinase activity [17, 67]. To date, 

phosphorylation of S318 or T329 has not been reported. In addition, the CK1δ that 

we were used are rat origin, sites S318, S328, T329, and S370 are also identic in 

human as well as in mouse CK1δ. Therefore, the phosphorylation events described 

here could easily be transferred to human CK1δ variants. 

With the presented data, the understanding of cellular signal transduction was 

further deepened and an unknown regulatory connection between PKCα and CK1δ 

was established. The signal transduction networks are indispensable in the context 

of basic oncological research and represent the basis of future therapeutic 

intervention strategies.
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5 Summary 

 

CK1 (casein kinase 1) was among the first kinases having been characterized, 

which forms a phylogenetically independent family of serine/threonine-specific 

kinases. CK1 family members are evolutionarily highly conserved in organisms 

from yeast to human and play crucial roles in the regulation of various cellular 

processes, including cell cycle, apoptosis, centrosome specific functions, and 

vesicle transport processes. Consequently, deregulation of CK1 expression and/or 

activity as well as the occurrence of point mutation within their coding regions may 

contribute to the development of disorders and diseases, like circadian rhythm 

diseases (e.g. familiar advanced sleep phase syndrome), neurodegenerative 

diseases (Alzheimer’s and Parkinson’s disease), and cancer. Because of the 

pivotal role of CK1 and the dramatic consequences of its deregulation, tight  

regulatory mechanisms are indispensable to control the activity of CK1 kinase 

family members.  

In this thesis, we enrich the site-specific phosphorylation of CK1δ (casein kinase 1 

delta) by cellular kinases and provide evidence pointing toward a role of PKCα 

(protein kinase C alpha) as another CK1δ C-terminal targeting protein kinase. The 

use of several methods indicates that PKCα is able to phosphorylate CK1δ at 

residues Ser-318 (serine residue at amino acid 318), Ser-328, Thr-329 (threonine 

residue at amino acid 329), and Ser-370 within its C-terminal regulatory domain. 

Furthermore, analyses of the functional consequences of PKCα-mediated 

phosphorylation on CK1δ kinase activity revealed that the phosphorylation of 

Ser-318 seems to have only a minor impact, whereas mutation of Ser-328, Thr-329, 

and Ser-370 to alanine dramatically alters the kinetic parameters of CK1δ. By using 

the PKCα-specific small molecule inhibitor Go-6983 in the pancreatic 

adenocarcinoma cell line COLO357, it could finally been shown that the in vitro 

detected regulatory connection between PKCα and CK1δ is also relevant in the 

cellular context.  

Taken together the data presented in this thesis contribute to a deeper 

understanding of cellular signal transduction networks thereby helping to form a 

basis for the development of future therapeutic concepts. 
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