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Abbreviations 

    ADCC                               antibody-dependent cell-mediated cytotoxicity 

    Ade motif                          adenosine binding motif  

    ADP                                  Adenosine diphosphate 

    AGC                                    protein kinase A/protein kinase G/protein kinase C 

    AR                                       androgen receptor 

    ATP                                     Adenosine triphosphate 

    Akt/PKB                              Akt/Protein kinase B 

    BAD                                    Bcl-XL/Bcl-2-associated death promoter  

    CaCl2                                  Calcium chloride 

    cAMP                                  cyclic AMP 

    CE                                      Crude extract 

    CO2                                     Carbon dioxide   

    CPA                                    Cyproterone acetate 

    Cre                                      Cre-recombinase 

    CT                                       C-terminal 

    CT-PRK2                            C-terminal fragment of PRK2 

    DMEM                                Dulbecco’s modified Eagle’s medium 

    DMSO                                Dimethyl Sulfoxide 

    EDTA                                  Ethylenediamine tetraacetic acid                                   

    EGF                                    Epidermal growth factor 

    EGTA                                  Ethylene glycol tetraacetic acid 

    ES cells                              Embryonic stem cells 

    FHL2        Four and a half LIM domains 2 

    FOXO                                 forkhead box O 

    GDP                                   Guanosine diphosphate 

    GEFs                                  Guanine nucleotide exchange factors 

    GFP                                    Green fluorescent protein 

    GLUT                                 Glucose transporter 

    GSK-3                                Glycogen synthase kinase-3 

    GST                                    Glutathione S-transferase 

    GTP                                    Guanosine triphosphate 

    HCV                                    Hepatitis C virus 

    HEK293 cells                      Human embryonic kidney 293 cells 
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    HEPES                               4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  

    HER-2                                Human epidermal growth factor (EGF) receptor 2  

    HM                                      Hydrophobic motif 

    HR                                      Homology region 

    HRP                                    Horseradisch Peroxidase-Labeled 

    Hsp                                     Heat shock protein 

    IEF                                      Isoelectric Focusing 

    IgG                                      Immunoglobulin G 

    INF-α                                  Interferon alpha 

    IRS                                     Insulin receptor substrate 

    MAP                                    Mitogen-activated protein  

    MAPK                                  Mitogen-activated protein kinase 

    Mck                                      Muscle creatine kinase 

    MEF                                     mouse embryonic fibroblast 

    MEKK                                  Mitogen-activated protein kinase/extracellular signal   

                                            -regulated kinase kinase kinase  

    mLST8                                 mammalian lethal with SEC13 protein8 

    MR                                       mineralocorticoid receptor 

    MSK                                    Mitogen- and stress-activated protein kinase 

    mTOR                                 mammalian target of rapamycin 

    mTORC                               mTOR complex  

    Na2HPO4                           Disodium hydrogen phosphate 

    NaCl                                    Sodium chloride                    

    Ni-NTA                                Nickel-Nitrilotriacetic acid 

    NS5B                                   nonstructural protein 5B 

    PAGE                                  PolyAcrylamide Gel Electrophoresis 

    PAK                                     Protease Activated Kinase  

    PC-3 cells    PTEN-/- prostate cancer cells 

    PDK1                                  3-phosphoinositide-dependent protein kinase-1 

    PH                                       Pleckstrin homology 

    PI3K                                    Phosphatidylinositol 3-kinase 

    PIF                                       PDK1-interacting fragment 

    PKA                                     cyclic AMP dependent protein kinase  

    PKC                                     Protein kinase C 
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     PKN                                     Protein kinase N 

     PRAS40                               Proline-rich Akt substrate of 40 kDa 

     PRK                                     Protein kinase C-related kinase    

     PR                                        Progesterone receptor         

     PTEN                                   Phosphatase and tensin homolog deleted on    

                                             chromosome ten 

     PtdIns(3,4)P2                        Phosphatidylinositol (3,4) bisphosphate 

     PtdIns(4,5)P2                        Phosphatidylinositol (4,5) bisphosphate 

     PtdIns(3,4,5)P3                     Phosphatidylinositol (3,4,5) trisphosphate 

     RBD                                     Rho binding domain of ROCK-1 

     RdRp                                    RNA-dependent RNA polymerase 

     RNA                                      Ribonucleic acid 

     ROCK               Rho-associated coiled-coil containing protein kinase 

     ROK                                     RhoA-binding kinase 

     RSK                                      p90 ribosomal S6 kinase 

     RTK                            Receptor tyrosine kinases 

     S6K                                       p70 ribosomal S6 kinase 

     SDS                                      Sodium dodecyl sulfate 

     SGK                                      Serum- and glucocorticoid-inducible protein kinase 

     SH2                                       Src homology 2  

     Sin1                                       stress-activated-protein-kinase-interacting protein 1 

     TAU-5                                   transactivation unit 5 

     TEMED                                 N,N,N’,N’-Tetramethylethylendiamin 

     TIF-2                                     transcriptional intermediary factor 2 

     TNF                                      Tumor necrosis factor 

     TSC                                       Tuberous Sclerosis Complex protein 

     Tris-HCl                                Tris- hydrochloric acid 

     UCN-01                                7-hydroxystaurosporine 

     wt                                          wild type          
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1. Abstract 

The AGC group of protein kinases includes the protein kinase B (PKB, also termed 

Akt), p70 ribosomal S6 kinase (p70 S6K), p90 ribosomal S6 kinase (RSK), serum 

and glucocorticoid-induced kinase (SGK) and protein kinase C (PKC) isoforms 

between others.  

Previous publications reported that the AGC family members share a common 

main mechanism of activation based on three phosphorylation sites, which are 

located 1- in the activation loop in the kinase domain, 2- in the middle of a tail/linker 

region C-terminal to the kinase domain (termed the Z/Turn-motif phosphorylation site) 

and 3- within a hydrophobic motif (HM) at the end of the tail region, respectively.  

The mentioned AGC kinases are substrates of the upstream protein kinase 

activator of the insulin signalling, termed the 3-phosphoinositide-dependent protein 

kinase-1 (PDK1). PDK1 itself is also a member of the AGC subfamily, but it is 

atypical since it does not possess a hydrophobic motif. Instead, in most cases, PDK1 

interacts with the hydrophobic motif of its substrates through a site termed the PIF-

binding pocket within the catalytic domain. This interaction leads to PDK1 activation, 

which consequently activates the interacting kinase through phosphorylation of its 

activation loop.  

While the role of the hydrophobic motif and activation loop phosphorylation 

sites in the activation of diverse AGC protein kinases by PDK1 are well 

characterized, at the start of this thesis, the role of the Z/Turn-motif phosphorylation 

site was not known. Thus, we decided to evaluate, whether the Z/Turn-motif 

phosphorylation site was involved in the activity and in the regulation of the 

interaction between PRK2 and PKCζ with PDK1. Therefore, we mutated the Z/Turn-

motif phosphorylation site in PRK2 and PKCζ and we studied the consequences of 

these mutations on the specific activity and on the interaction with PDK1.  

For this purpose, we performed interaction assays and we realized that the 

Z/Turn-motif phosphorylation site played an essential role in mediating the interaction 

of PRK2 with PDK1. Actually, a mutation of this site and the resulting lack of 

phosphorylation at this position increased the binding of PRK2 to PDK1. In contrast, 

our experiments indicated that the Z/Turn-motif phosphorylation site does not affect 

the interaction between PKCζ and PDK1. Additionally, we studied the role of the 

Z/Turn-motif phosphorylation site in regulating the activity of PRK2 and could show 

that a lack of phosphorylation at this site significantly reduced PRK2 kinase activity in 
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vitro. Further attempts to clarify other aspects of the requirements for the interaction 

between PRK2 and PDK1 revealed that both a hydrophobic patch and a negatively 

charged patch, situated in between the hydrophobic motif and the Z/Turn-motif 

phosphorylation site of PRK2, are essential for the high affinity binding between 

PRK2 and PDK1. The achieved results are in accordance with a model that defines 

the role of the Z/Turn-motif phosphorylation site in regulating PRK2 activity in cells: 

First, a phosphorylation of the Z/Turn-motif phosphorylation site directly activates 

PRK2 and secondly, a phosphorylation at this position impairs the interaction 

between PRK2 and PDK1.  
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1. Zusammenfassung 

Die Familie der AGC Proteinkinasen beinhaltet die Proteinkinase B (PKB, die auch 

als Akt bezeichnet wird), p70 ribosomale S6 Kinase (p70 S6K), p90 ribosomale S6 

Kinase (RSK), Serum- und Glukokortikoid-induzierte Kinase (SGK) und Proteinkinase 

C (PKC) Isoformen.  

Frühere Publikationen berichteten, dass sich die Mitglieder der AGC Familie 

einen gemeinsamen Hauptaktivierungsmechanismus teilen, der auf drei 

Phosphorylierungsstellen beruht, die sich 1- im Aktivierungsloop in der 

Kinasedomäne, 2- in der Mitte des zur Kinasedomäne C-terminal liegenden 

Endes/Binders ( als Z/Turn-Motiv-Phosphorylierungsstelle bezeichnet)  und 3- 

innerhalb des hydrophobischen Motivs ( HM) am Schluss des Binders befinden.  

Die erwähnten AGC Kinasen sind Substrate des vorgeschalteten 

Proteinkinaseaktivators des Insulinsignalweges, der als 3-Phosphoinositiden-

abhängige Proteinkinase-1 (PDK1) bezeichnet wird. PDK1 selbst ist auch ein 

Mitglied der AGC Familie, aber es ist atypisch, da es kein hydrophobisches Motiv 

besitzt. Stattdessen interagiert PDK1 in den meisten Fällen mit dem 

hydrophobischen Motiv seiner Substrate über eine Seite innerhalb der katalytischen 

Domäne, die als PIF-Bindungstasche bezeichnet wird. Diese Wechselwirkung führt 

zur Aktivierung von PDK1, welches folglich die interagierende Kinase über die 

Phosphorylierung ihres Aktivierungsloops aktiviert.  

Während die Aufgaben der Phosphorylierungsstellen des hydrophobischen 

Motivs sowie des Aktivierungsloops in der über PDK1 erfolgenden Aktivierung der 

verschiedenen AGC Kinasen gut charakterisiert worden sind, war die Aufgabe der C-

terminal gelegenen Z/Turn-Motiv-Phosphorylierungsstelle am Anfang dieser 

Doktorarbeit nicht bekannt. Aus diesem Grund haben wir uns entschieden zu 

evaluieren, ob die  Z/Turn-Motiv-Phosphorylierungsstelle in der Aktivierung und in 

der Regulierung der Wechselwirkung zwischen PRK2 und PKCζ mit PDK1 beteiligt 

war. Deswegen, haben wir die Z/Turn-Motiv-Phosphorylierungsstelle in PRK2 und 

PKCζ mutiert und die Folgen dieser Mutationen auf die spezifische Aktivität sowie auf 

die Wechselwirkung mit PDK1 untersucht.  

Zu diesem Zwecke haben wir Interaktionsexperimente durchgeführt und wir 

haben festgestellt, dass die Z/Turn-Motiv-Phosphorylierungsstelle eine wesentliche 

Rolle in der Vermittlung der Interaktion zwischen PRK2 und PDK1 spielt. Tatsächlich, 

hat eine Mutation dieser Stelle und der daraus resultierende 
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Phosphorylierungsmangel an dieser Position die Bindung zwischen PRK2 und PDK1 

gesteigert. Im Gegensatz dazu, haben unsere Experimente gezeigt, dass die  

Z/Turn-Motiv-Phosphorylierungsstelle die Wechselwirkung zwischen PKCζ und PDK1 

nicht beeinflusst. Außerdem, haben wir die Rolle der Z/Turn-Motiv-

Phosphorylierungsstelle in der Regulierung der Aktivität von PRK2 untersucht und 

wir zeigen, dass ein Phosphorylierungsmangel an dieser Stelle die in vitro 

Kinaseaktivität von PRK2 wesentlich senkt. Weitere Versuche zur Verdeutlichung 

anderer Aspekte der Bedingungen für die Interaktion zwischen PRK2 und PDK1 

zeigten, dass sowohl eine hydrophobische Stelle als auch eine negativ geladene 

Stelle, die zwischen dem hydrophobischen Motiv und der Z/Turn-Motiv-

Phosphorylierungsstelle von PRK2 liegen, unerlässlich sind für die hohe 

Bindungsaffinität zwischen PRK2 und PDK1. Die erzielten Ergebnisse sind in 

Übereinstimmung mit einem Modell, das die Rolle der Z/Turn-Motiv-

Phosphorylierungsstelle in der Regulierung der Aktivität von PRK2 in Zellen definiert: 

Erstens, eine Phosphorylierung der Z/Turn-Motiv-Phosphorylierungsstelle aktiviert 

direkt PRK2 und zweitens, eine Phosphorylierung an dieser Stelle beeinträchtigt die 

Interaktion zwischen PRK2 und PDK1.   
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2. INTRODUCTION 

2.1. PI3K signalling pathway and PDK1 in health, disease and therapy 

The phosphoinositide 3-kinase (PI3K) signalling pathway plays a key role in the 

regulation of the insulin signalling pathway, cell growth and cell survival. Actually, it 

regulates diverse biological responses, including glucose metabolism, glycogen, lipid 

and protein synthesis, gene expression and cell growth/differentiation. For this 

reason, a misregulation in this pathway is implicated in the development of diabetes, 

many forms of human cancer and heart failure.  

The key effector of the PI3K signalling pathway is the 3-phosphoinositide-

dependent protein kinase-1 (PDK1) which is also involved in the phosphorylation of 

AGC kinase substrates from other signalling pathways. 

2.1.1. The insulin signalling pathway   

Insulin is a proteohormone with an anabolic effect on skeletal and heart muscle, 

adipose tissue and liver, which represent key insulin target organs involved in the 

insulin-mediated regulation of peripheral carbohydrate, lipid and protein metabolism.  

An elevated total blood glucose concentration stimulates the secretion of 

insulin, which binds to its receptor on the plasma membrane. The insulin receptor is a 

transmembrane heterotetrameric glycoprotein with two extracellular identical α-

subunits as insulin-binding sites, and two intracellular identical β-subunits containing 

a substrate binding site, an ATP- binding site and the tyrosine kinase or the 

autocatalytic domain, respectively (Löffler Petrides, 7. Auflage). The insulin binding 

leads to a conformational change of the α-subunits and thus to an abolition of their 

inhibiting effect on the tyrosine kinase located in the β-subunits. Upon ATP-binding, 

the tyrosine kinase is able to autophosphorylate certain tyrosine residues of the β-

subunits (Löffler Petrides, 7. Auflage), leading to the recruitment and tyrosine 

phosphorylation of the insulin receptor substrate-1 (IRS-1), insulin receptor substrate-

2 (IRS-2) and their related family of substrate proteins. Then, the phosphorylated IRS 

proteins act as docking sites for several proteins with Src homology 2 (SH2) 

domains, such as the p85 regulatory subunit of the class I phosphoinositide 3-

kinases (PI3Ks) [140].  

Once PI3K is recruited to the membrane, the p110 catalytic subunit of PI3K 

phosphorylates the glycerophospholipid phosphatidylinositol 4,5-bisphosphate 

(PtdIns(4,5)P2) at the D-3 position of the inositol ring and converts it to the key 
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second messenger phosphatidylinositol 3,4,5-triphosphate PtdIns(3,4,5)P3 (reviewed 

in [55]). The signal is turned off through the action of the SH2-containing inositol 

phosphatases (SHIP1 and SHIP2), which convert PtdIns(3,4,5)P3 to PtdIns(3,4)P2, or 

through the action of the lipid phosphatase called Phosphatase and TENsin 

homologue deleted on chromosome TEN (PTEN), which converts PI(3,4,5)P3 back to 

PtdIns(4,5)P2. (reviewed in [116]).  

 

Fig.1. Insulin/growth factor signalling pathway. Insulin stimulation enables the tyrosine kinase in 
the β-subunits of the insulin receptor to autophosphorylate certain tyrosine residues upon ATP-
binding, leading to the recruitment and tyrosine phosphorylation of the IRS-proteins and their related 
family of substrate proteins. Then, the phosphorylated IRS-proteins act as docking sites for the class I 
phosphoinositide 3-kinases (PI3Ks) which, once recruited to the plasma membrane, lead to the 
generation of PtdIns(3,4,5)P3. These second messengers bind to the PH domain of Akt/PKB and 
PDK1 and promote the co-localization of both AGC kinases to the plasma membrane, where PDK1 is 
enabled to activate Akt/PKB. In addition, PDK1 activates also other members of the AGC subfamily 
upon binding to their hydrophobic motifs in a phosphoinositide-independent (conventional PKC 
isoforms) or phosphoinositide-dependent manner (PKCζ, S6K, SGK). In contrast, the interaction 
between the related PKC-kinase PRK2 and PDK1 occurs by a Rho-dependent mechanism, while RSK 
functions in mitogen-activated protein (MAP) kinase pathways.  
 

In particular PtdIns(3,4,5)P3, but also PtdIns(3,4)P2, are involved in several 

cellular processes by interacting with AGC protein kinases containing a certain type 

of pleckstrin homology domain termed the PH domain, such as the phosphoinositide-
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dependent protein kinase 1 (PDK1) and protein kinase B (PKB, also termed Akt) . 

The generation of the lipid second messengers PtdIns(3,4)P2 and PtdIns(3,4,5)P3 by 

PI3K leads to a co-translocation of PDK1 and Akt/PKB to the plasma membrane, 

enabling PDK1 to phosphorylate and thus activate Akt/PKB (reviewed in [116]).  

In addition, PDK1 also activates other AGC kinases through phosphorylation 

of their activation loops, such as p90 ribosomal S6 kinase (RSK), p70 ribosomal S6 

kinase (p70 S6K), serum and glucorticoid-induced kinase (SGK) and protein kinases 

C isoforms (PKC). In contrast to Akt/PKB, these AGC kinases do not possess a PH 

domain and their activation by PDK1 occurs in a phosphoinositide-independent 

manner in vitro through the binding of a C-terminal region, termed the “ hydrophobic 

motif “ (HM) of the substrates to a docking site in the small lobe of the PDK1 kinase 

domain, termed the “PIF-binding pocket”. Finally, RSK functions in mitogen-activated 

protein (MAP) kinase pathways [82], whereas the related PKC kinase PRK2 

functions in Rho-GTPase signalling [156] (Fig.1). 

2.1.1.1. Regulation of the glucose transport 

In humans and rodents, skeletal muscle accounts for 80% of insulin-stimulated 

glucose uptake, representing the most important tissue in the regulation of 

postprandial glucose homeostasis [10, 52].  

 The major insulin effects consist in an increased glucose uptake to reduce the 

total blood glucose concentration and in the stimulation of glucose utilization and 

storage through the regulation of a variety of specific pathways in the insulin key 

target organs (Löffler Petrides, 7. Auflage).   

 The insulin-mediated translocation of the glucose transporter GLUT4 from an 

intracellular storage site to the plasma membrane and the transverse (T)-tubules in 

muscle tissue occurs upon activation of PI3K and its downstream targets Akt/PKB, 

SGK1 and the atypical PKC isoforms (PKCζ and PKCλ) ([42, 48, 49, 99, 100, 106-

108, 203, 213], reviewed in [97, 125]).  

 Interestingly, previous studies showed that acute hyperglycaemia results in 

increased PDK1 and PKCζ phosphorylation/activity , which occurs parallely in a 

PI3K-Akt/PKB-independent mechanism [182]. According to recent publications, the 

maintenance of normoglycaemia in the insulin-resistant state appears to be mediated 

especially by PKCζ. Actually, studies with rats receiving a continuous glucose 

infusion revealed that PKCζ, rather than Akt/PKB activity, seems to be regulated by 

changes in the extracellular glucose concentration, since 5 day of glucose infusion 
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increased PKCζ activity in the cytosol as well as the translocation of GLUT4 to the 

plasma membrane of skeletal muscle, thus elevating glucose uptake [209]. 

Remarkably, on day 15 of continuous glucose infusion, PKCζ has been described to 

translocate from the cytosol to the plasma membrane with a concomitant reduction of 

PDK1 activity. This resulted in an increased association between PKCζ and Akt/PKB 

and in a reduced interaction between PDK1 and Akt/PKB at the plasma membrane. 

The reduced activity of PKCζ and Akt/PKB and the resulting blunted insulin-mediated 

GLUT4 translocation eventually led to hyperglycaemia in rats with overt type 2 

diabetes, thus underlining the fact that translocation of PKCζ in skeletal muscle 

appears to play a fundamental role in the formation of type 2 diabetes [209].    

 While the translocation of the glucose transporter GLUT4 to the membrane in 

adipose and muscle tissue is mediated by insulin upon activation of PI3K and its 

downstream targets, liver cells dispose of the insulin-independent glucose transporter 

GLUT-2, which is regulated by the extracellular glucose concentration (Löffler 

Petrides, 7. Auflage).  

2.1.1.2. Role of the PDK1 substrate Akt/PKB in glycogen synthesis 

The activation of Akt/PKB by PDK1 contributes to the regulation of glycogen 

synthesis. Actually, activated Akt/PKB inhibits glycogen synthase kinase-3 (GSK-3) 

through phosphorylation, thus preventing GSK-3 from phosphorylating and inhibiting 

its substrate glycogen synthase especially in muscle and hepatic tissue. As a 

consequence, glucose storage as glycogen through glycogen synthesis can occur 

(reviewed in [125]). Besides, the inhibition of GSK3 by Akt/PKB also results in an 

increased lipid production (reviewed in [125]).  

Eventually, Akt/PKB is implicated in the regulation of glucose metabolism 

through stimulation of the expression of glycolytic enzymes (reviewed in [125]).  

2.1.2. Role of the PI3K-PDK1-Akt/PKB-signalling pathway in cell survival 

The PI3K-PDK1-Akt/PKB-signalling pathway plays a crucial role in the regulation of 

cancer cell growth, invasion, survival and tumor progression. Notably, this pathway 

has been described to be activated in several forms of human cancer [64], in which 

Akt/PKB directly phosphorylates and inactivates downstream proapoptotic proteins 

and processes, such as the Bcl-2 family member BAD [50, 210], Forkhead family of 

transcription factors (FKHRLI or Foxo3a) [19], p70S6K [79], glycogen synthase 

kinase 3 (GSK3) [46] and caspase-9 [32]. The predominant mechanism through 
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which Akt/PKB promotes cell growth seems to be through activation of mTOR 

complex 1 (mTORC1 or the mTOR-raptor complex that comprises mTOR, Raptor 

and mLST8 and is inhibited by rapamycin [65, 122, 191]), that is involved in the 

regulation of Akt/PKB mediated cell proliferation and oncogenic transformation 

(reviewed in [125]). The activation of mTORC1 is mediated by insulin and growth 

factors in a PI3K-controlled pathway, that comprises Akt/PKB-mediated 

phosphorylation of PRAS40 (proline-rich Akt substrate of 40 kDa) and tuberous 

sclerosis complex-2 protein as well as activation of Rheb GTPase [83, 171]. 

Furthermore, stimulation of mTORC1 occurs through a pathway that implies 

bidirectional transport of amino acids [148] and the Rag GTPase [101, 170] .    

The Akt/PKB family of Ser/Thr protein kinases consists of three members, 

namely Akt1/PKBα, Akt2/PKBβ, Akt3/PKBγ, which possess a high homology (>85%) 

in their sequence and are largely expressed in several tissues of the human body. 

Their activation is mediated by a variety of growth factors [43, 50] and 

overexpression of these Akt/PKB isoforms, which have been described to have 

isoform-specific functions [193], is tissue-specific [17, 36, 143, 181]. Altogether, 

Akt/PKB activation is induced by signals that promote cell survival and shelter cells 

from apoptotic signals.  

An inverse correlation between apoptosis and constitutively active Akt/PKB 

level has been established, indicating that the higher the level of Akt/PKB in the cell, 

the less the tendency to cell death [98]. Actually, Akt/PKB activation by various 

oncogenes enables cell proliferation under conditions that normally inhibit cell growth 

[61, 211].  

PTEN is a tumor suppressor gene which is involved in the control of cell 

proliferation, differentiation and apoptosis. As a PtdIns(3,4,5)P3-specific 

phosphatase, it functions to downregulate PI3K activity by removing the 3’ phosphate 

of PtdIns(3,4,5)P3 and, as a result, generating PtdIns(4,5)P2.  Inactivation of this 

crucial phosphatase led to elevated levels of phosphoinositides and to an excessive 

Akt/PKB activity in several types of tumors [98].  

2.1.3. PDK1 and animal models      

2.1.3.1. Role of PDK1 in insulin signalling in vivo 

Several studies showed that insulin exhibits a regulatory function in the hepatic 

glucose homoeostasis through a pathway involving the insulin receptor, IRS2, PI3K, 
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PDK1 and PKBβ [135]. In this regard, mice lacking PDK1 exclusively in hepatic cells 

(termed L-PDK1-/- mice) showed a failed stimulation of the activity of the PDK1 

substrate Akt/PKB upon insulin treatment [133, 135, 199]. Besides, the hepatic 

glycogen content as well as the hepatic protein production were considerably 

reduced [135]. Accurate analysis revealed that the absence of PDK1 in the liver in 

the L-PDK1-/- mice did not affect the blood glucose concentrations, the plasma insulin 

levels, the hepatic cell volume, the total islet volume and islet morphology [135].  

The results achieved in this study [135] indicated that the hepatic 

PI3K/PDK1/AGC kinase pathway did not appear to be rate-limiting for glucose uptake 

and storage under normal feeding conditions, while it seemed to be crucial for the 

distribution of the blood glucose upon injection of a large amount of glucose [135].  

In contrast to other mouse strains displaying mutations in the insulin-signalling 

pathway, all of the L-PDK1-/-mice developed liver failure and died at a young age 

[135].  

Further studies focused on the effects of deleting the PDK1 gene specifically 

in pancreatic β cells (βPDK1-/-mice) [80]. The results indicated that PDK1 plays a 

significant role in regulating the distribution of insulin. Remarkably, PDK1 deletion led 

to reduced insulin levels and increased blood glucose levels of the βPDK1-/-mice 

which resulted in the death of all male βPDK1-/-mice because of uncontrolled 

diabetes [80].  

As expected, the phosphorylation of the PDK1 downstream substrates 

Akt/PKB and p70 S6 kinase in the βPDK1-/-mice was significantly inhibited. Since 

ribosomal protein S6 plays a fundamental role in protein synthesis, its reduced 

activity in βPDK1-/- resulted in a reduced β-cells size. Notably, mice with an ablated 

p70 S6 kinase 1 showed a reduced β cell size rather than a lower β cell number 

[159]. 

Recently, homozygous PDK1K465E/K465E mice have been generated by mutating 

Lys465 in the PH domain of PDK1 to a Glu residue [13]. Since Lys465 plays a key 

role in the interactions with the D3 and D4 phosphates of PtdIns(3,4,5)P3, its 

mutation abolished the binding of PDK1 to phosphoinositides and its localization at 

the plasma membrane [134]. Interestingly, the mentioned mutation led to a significant 

glucose and insulin intolerance despite normal plasma glucose levels in the 

PDK1K465E/K465Emice. The results presented in this study [13] suggest that 

PDK1K465E/K465E mice compensate for insulin resistance in the first period through 
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increased insulin production as well as, in the case of young animals, enhanced islet-

cell mass [13]. However, when islet cells are exhausted and not capable anymore of 

producing enough insulin to assure normal glucose homeostasis, levels of blood 

glucose are elevated. In contrast, in the case of older PDK1K465E/K465E mice, the islet 

volume was reduced, indicating an initiating failure of the islet cells. Nevertheless, 

older PDK1 K465E/K465Emice still possessed increased blood insulin and normal blood 

glucose levels [13].  

Furthermore, this study [13] underlined the fact that the PI3-

kinase/PDK1/PKB/mTORC1/S6K signalling pathway may play a decisive role in the 

regulation of cell size. Actually, male and female PDK1K465E/K465E mice were ~35% 

smaller from birth than control PDK1+/+ littermate. In addition, in comparison to the 

according organ size in the wild-type littermate mice, the brain, the spleen and the 

testes of PDK1 K465E/ K465E mice were smaller [13]. Remarkably, the size of the 

kidneys was not significantly affected in the PDK1 K465E/ K465Emice. 

Notably, this study constituted the first genetic evidence in an animal model to 

highlight the fact that the interaction of PDK1 with phosphoinositides is required for 

optimal activation of Akt/PKB, since the insulin-stimulated activation of Akt/PKBα and 

Akt/PKBβ was significantly diminished, but not abolished, in the PDK1K465E/ K465Emice. 

As a consequence, the reduction of Akt/PKB activation in PDK1K465E/K465E mice led to 

a decrease in insulin-mediated activation of mTORC1 and thus to a reduced 

phosphorylation of S6K1 at Thr389 [13]. Remarkably, the phosphorylation of Akt/PKB 

substrates, such as PRAS40, GSK3 and FOXO1 in insulin-stimulated PDK1 
K465E/K465E mice was either not markedly inhibited or only modestly decreased, still 

allowing downstream signalling [13].     

2.1.3.2. Role of PDK1 in tumorigenesis in vivo 

Recent work evaluated whether suppression of PDK1 expression impairs 

tumorigenesis in PTEN+/-mice [11]. 

Since PDK1-/-mice died before embryonic day E9.5, hypomorphic mice (PDK1-

/fl PTEN+/-mice) with markedly reduced PDK1 activity and protein levels in all tissues 

and littermate control mice (PDK1+/fl PTEN+/-mice) were generated [11].  

Remarkably, about ¾ of PDK1+/fl PTEN +/-mice developed several types of 

tumors [35, 162, 203], while the proportion of PDK1-/flPTEN+/-mice that developed 

tumors was 2.5- to 7.5-fold lower [11]. Accurate analysis revealed that the tumors of 

both genotypes were similar and displayed activated forms of Akt/PKB and S6K, 
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which resulted in an increased cell proliferation within the tumor [11]. Importantly, the 

reduced PDK1 activity by 80-90% in the employed PDK1 hypomorphic mice could be 

responsible for a protection or a delay in the onset of tumorigenesis in these animals 

[11].  

Taken together, this study emphasizes the key role of PDK1 in mediating 

tumor development in tissue lacking PTEN [11]. Thus, PDK1 represents a promising 

target in the fight against cancers with increased levels of PtdIns(3,4,5)P3 and/or 

Akt/PKB and S6K activity [11].  

2.1.3.3. Role of PDK1 in heart failure in vivo 

Based on the finding that a hyperactivated PDK1/AGC kinase signalling pathway is 

involved in the occurance of cardiac hypertrophy [185] and on the observation that 

mice lacking PDK1 died at day E9.5 of embryogenesis because of diverse 

abnormalities [111],  mice lacking PDK1 exclusively in skeletal and heart muscle 

(mPDK1-/-mice) were generated to better clarify the role of PDK1 after 

birth/development [133].  

Unlike other genetic models of the PI3K pathway, all mPDK1-/-mice between 5 

and 11 weeks of age suddenly died because of the development of cardiomyopathy 

and of heart failure. This result was presumably due to the loss of PDK1 in mPDK1-/-

mice, thus leading to a completely abolished activity of the PDK1 substrates S6K and 

Akt/PKB [133]. In contrast, PDK1 hypomorphic mice developed markedly hypotrophic 

hearts, but not heart failure [111].  

 Further analysis detected an important reduction of the heart muscle mass 

and of the volume of cardiomyocytes of mPDK1-/-hearts in comparison with 

mPDK1+/+mice, while the number of cardiomyocytes in both genotypes was similar, 

underlining the crucial role of the PI3K/PDK1/AGC kinase pathway in the regulation 

of cell size in all tissues (reviewed in [110], [15, 41, 45, 176, 177]).  

Altogether, it can be concluded that PDK1 regulates heart growth and viability 

and is involved in cardioprotective signalling [133]. 

In addition to the knock-out mutations described above, a knock-in mutation 

was performed by mutating the residue Leu-155 of the PIF-pocket of PDK1 to Glu ( 

this mutation will be described in 2.2.2.2.), thus resulting in a disruption of the PIF-

binding pocket of PDK1. In this way, PDK1fl/L155EMckCre+/- mice were generated, in 

which PDK1 [L155E] was expressed rather than PDK1 wild type specifically in 

skeletal and heart muscle [12]. As expected, insulin stimulation of the skeletal and 
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heart muscle of mice expressing PDK1 wild type or the mutant PDK1[L155E] induced 

similar phosphorylation and activation of Akt/PKB and Akt/PKB substrates, while S6K 

was not phosphorylated in the muscle tissue of mice expressing PDK1[L155E] [12].  

As described above, a lack of PDK1 in heart muscle in conditional knock-out 

mice, in which neither S6K nor Akt/PKB were activated, led to the death of these 

mice at 5-11 weeks of age because of heart failure, after having developed a dilated 

cardiomyopathy [133]. In this study the mice expressing PDK1[L155E] survived 

normally without developing any symptoms of heart failure [117], indicating that the 

lack of Akt/PKB activity represents the major reason for the appearance of heart 

failure in mice lacking PDK1 in cardiac muscle [12].  

2.1.4. Therapeutic strategies for the inhibition of the PI3K signalling pathway  

As already mentioned, the PI3K-PDK1-Akt/PKB-signalling pathway plays a crucial 

role in the regulation of cancer cell growth, invasion, survival and tumor progression. 

For this reason, it represents a promising target for the development of anticancer 

drugs.  

Previous work described three potent and selective inhibitors of PDK1 termed 

BX-795, BX-912 and BX-320 to act as competitive inhibitors of PDK1 activity by 

binding to the ATP-binding site of PDK1 [64]. Consistent with this, BX-795, BX-912 

and BX-320 have been described to block efficiently the phosphorylation of PDK1 

substrates, such as Akt/PKB, S6K1 and PKCδ, as well as PDK1 phosphorylation at 

the activation loop residue Ser421 in PC-3 cells.  

Recently, the effects of BX-795 on the cell cycle have been further elucidated 

in in vivo experiments with PDK1 +/+ and PDK1 -/- ES  cells. The experiments 

presented revealed that, in contrast to the results mentioned above, not only PDK1, 

but also additional several protein kinases were strongly inhibited by 1µM BX-795 

[188]. In order to study the effects of BX-795 on PDK1 activity in ES cells more 

specifically, PDK1 with an enlarged ATP binding site has been developed by 

mutating the large hydrophobic amino acid L159 in PDK1, referred to as the 

gatekeeper residue, to glycine (L159G). The performed experiments showed that BX-

795 inhibits not only PDK1, but also Cdk1, Cdk2, and Aurora A, B and C with similar 

potencies [188] [6]. Thus, the G2/M arrest observed in these essays and at least part 

of the antitumor activity described in allograft models, is probably achieved either by 

Aurora/Cdk inhibition, combined PDK1/Aurora/Cdk inhibition, or by another target not 

yet studied. Interestingly, this study revealed that specific inhibition of PDK1 does not 
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affect intrinsic cell viability when cells are grown in high serum, but it importantly 

sensitizes cells to apoptosis caused by cellular stress. Altogether, it has been 

demonstrated that the lack of PDK1 in cells inhibits tumor formation and that 

inhibition of PDK1 activity results in sensitization to cellular stresses and decreased 

tumor formation [188] 

Further studies showed that the BX-compounds inhibited tumor cell growth 

and promoted apoptosis through caspase-3/7 activation of a considerable number of 

tumor cell lines. Eventually, the BX compounds significantly inhibited anchorage-

dependent growth of tumor cell lines and showed efficacy in an in vivo tumor model 

[64]. Another promising anticancer drug is 7-hydroxystaurosporine (UCN-01) which 

has been shown to inhibit directly PDK1 in vitro and in vivo [1, 175].  

Trastuzumab (Herceptin) is an anti-HER2/neu receptor monoclonal antibody 

which binds to the extracellular domain of the human epidermal growth factor (EGF) 

receptor 2 (HER-2) tyrosine kinase receptor [34], thus, upstream of PI3K and the 

PDK1 signalling. As a humanized IgG1, it binds to Fcγ receptor III (RIII) and mediates 

potently antibody-dependent, cell-mediated cytotoxicity (ADCC) [189]. The 

substantially increased expression of HER2 on cancer cells versus normal epithelial 

tissues allows selective targeting of malignant cells [113].   

Previous publications showed that trastuzumab is capable of enabling PTEN to 

inhibit Akt/PKB and to induce growth arrest [142]. Interestingly, the treatment of HER-

2 overexpressing breast cancer cells with anti-HER2- antibodies inhibited HER2-

HER3 association and, since HER3 contains several consensus binding sites for the 

p85 PI3K subunit, this inhibition prevented the activation of the PI3K-Akt/PKB 

signalling [84, 114, 201], resulting in decreased enzymatic activities of Akt/PKB and 

PDK1 [113]. Indeed, Trastuzumab can disrupt the ligand-independent 

HER2/HER3/PI3K complex in both trastuzumab- sensitive and -insensitive cells 

[189]. Thus, the enhanced sensitivity to docetaxel and other cytotoxic drugs in breast 

cancer therapy could be due to the interruption of the PI3K-Akt/PKB pathway.  

Previous studies reported that PTEN loss, which is commonly observed in 

breast tumors, causes trastuzumab resistance by activating the PI3K/AKT pathway 

[142, 189]. Consistent with this, trastuzumab-resistant cell lines have been shown to 

usually contain activating ‘‘hot spot’’ PI3K mutations or being PTEN null. 

Interestingly, recent work has demonstrated that trastuzumab-resistant, HER2-

amplified breast cancer cells harboring PI3K mutations are sensitive to GDC-0941, a 
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highly specific and efficacious PI3K inhibitor in combination with trastuzumab as well 

as in the treatment of trastuzumab-resistant cells and tumors [189]. Actually, 

trastuzumab and GDC-0941 inhibit synergistically proliferation and cell viability in 

trastuzumab-sensitive cells and the combination of GDC 0941 with trastuzumab has 

been shown to significantly reduce the GDC-0941 concentration that is necessary to 

achieve the threshold of caspase activation and apoptosis [189].   

Furthermore, recent studies reported that trastuzumab induces 

radiosensitization of HER-2 overexpressing breast cancer cell lines through the PI3K-

Akt/PKB signalling pathway [120]. The ability of HER2-antibody to downregulate a 

considerable number of genes especially involved in cell cycle, cell 

growth/maintainance and DNA repair/replication has been linked, at least in part, to 

the inhibition of the PI3K-Akt/PKB signalling [113].   

2.2. PDK1 

PDK1 plays a central role in the activation of the AGC subfamily of protein kinases. 

PDK1 is a 63kDa serine/threonine kinase consisting of an N-terminal catalytic 

domain and a non-catalytic C-terminal PH-domain [3, 183]. The PH-domain binds 

with high affinity to the second messengers PtdIns(4,5)P2 and PtdIns(3,4,5)P3, 

emphasizing the fact that PDK1 can be regulated by PI3K. The gene coding for 

human PDK1 is located in chromosome 16p 13.3 [3, 183] .  

PDK1 itself is a member of the AGC kinase family, but is atypical since it does 

not possess a region located C-terminal to the catalytic domain termed the 

hydrophobic motif. Instead, PDK1 possesses an unoccupied PIF-binding pocket on 

the N-terminal smaller lobe of its kinase domain, in which the residues including Lys-

115, Leu-155, Ile-119 and Gln-150 form a hydrophobic pocket that enables PDK1 to 

interact with the hydrophobic motif of its AGC substrates [22, 24].  

  Further work described a phosphate-binding site located next to the 

hydrophobic pocket of PDK1, which recognizes the phosphorylated serine/threonine 

residue in the hydrophobic motif of PDK1 substrates. Actually, the obtained results 

suggest that PDK1 uses Arg131 in the C-helix and the N-terminal basic residues 

Lys76 and Gln150 in order to identify phosphoserine/phosphothreonine or mimicking 

acidic residues in the hydrophobic motif of its substrates [25, 70]. 

As typical among AGC subfamily members, PDK1 activation requires 

phosphorylation of its activation loop residue Ser-241. Remarkably, PDK1 is 

presumably able to autophosphorylate at this residue in vivo, so that this AGC kinase 
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is constitutively phosphorylated at Ser-241 [198]. Structural analysis of the PDK1 

kinase domain showed that the phosphorylated Ser-241 residue coordinates and 

aligns crucial catalytic motifs, like the αC-helix of the N-terminal lobe [25]. The 

position and/or formation of the αC-helix play a decisive role in the regulation of most 

kinases, since the αC-helix has been described to contribute important residues to 

coordinating ATP as well as hydrophobic and phosphate binding residues to the 

hydrophobic motif pocket [25]. This is in agreement with recent studies of our 

laboratory which showed that the interaction of the C-terminal region of PRK2 

(PIFtide) or small molecule compounds with the hydrophobic motif/PIF-binding 

pocket of PDK1 leads to the stabilization of the αC helix and encourages allosteric 

effects on the ATP binding site, hence activating PDK1 [86]. 

 Previous studies suggested that the interaction of the phosphorylated 

hydrophobic motif of diverse AGC kinases with the PIF-binding pocket of PDK1 

induces a conformational change of PDK1, thus stimulating PDK1 catalytic activity. 

This model suggests that the hydrophobic motif both recruits and activates PDK1 [21, 

22, 71].  In this regard, it has been demonstrated that the interaction of PDK1 with a 

polypeptide comprising the hydrophobic motif of PRK2 (the PDK1-interacting 

fragment of PRK2 (PIF)) increased ~4 fold the rate at which PDK1 phosphorylated its 

substrate T308tide peptide (a peptide substrate that encompasses the activation loop 

of PKBα) [22]. 

2.2.1. Interaction of PDK1 with substrates 

The activation of many members of the AGC family of protein kinases by PDK1 is 

stimulated by insulin and growth factors, which promote the interaction of the AGC 

kinases with PDK1, rather than directly activating PDK1 (reviewed in [134]). 

The AGC protein kinases are activated through phosphorylation of a 

serine/threonine residue in the hydrophobic motif and phosphorylation of a 

serine/threonine residue in the activation loop within the kinase domain. PDK1 

phosphorylates the activation loop of Akt/PKB [3, 184], S6K [4, 53], RSK [94, 163], 

SGK [104, 157], conventional and novel PKC isoforms [59, 112], atypical PKC 

isoforms [37, 57, 112] and PRK [67]. The phosphorylatable Ser/Thr residue in the 

hydrophobic motif (encompassing the sequence Phe-Xaa-Xaa-Phe-Ser/Thr-Phe/Tyr) 

is surrounded by three aromatic residues and its phosphorylation or a phosphate-

mimicking acidic residue at its place are required for an efficient interaction of S6K, 

SGK, RSK, but not Akt/PKB, with PDK1 [7, 24, 71]. 
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As already mentioned, a phosphate-binding site next to the hydrophobic 

pocket of PDK1 functions to recognize the phosphorylated serine/threonine residue 

in the hydrophobic motif of PDK1 substrates. Importantly, sequence alignments and 

structural studies suggest that AGC subfamily members possess equivalent 

phosphate-binding and hydrophobic pockets in the small lobe of their kinase domains 

[70, 134]. The sites equivalent to the PIF-binding pocket and equivalent to the 

phosphate-binding pocket play a crucial role in the regulation of intramolecular as 

well as of intermolecular activation steps of a number of AGC kinases [70].  

Further analysis demonstrated that the intramolecular interaction of the 

phosphorylated hydrophobic motif with its phosphate-binding pocket protects the 

phosphate from dephosphorylation by phosphatases and, additionally, it stimulates 

catalytic activity of the growth factor-activated AGC kinases. In all AGC kinases 

studied up to now, phosphorylation of the activation loop is required for activity. 

However, the phosphorylated hydrophobic motif is not capable of activating the 

kinase on its own. Nevertheless, a synergistic stimulation of catalytic activity results 

from the phosphorylated form of both the hydrophobic motif and the activation loop, 

as both phosphates are thought to stabilize the kinase domain in a closed and active 

conformation via the αC-helix [70, 81]. Thus, crystallography data shows that the 

regulatory PIF-pocket provides a structural link between the hydrophobic and 

phosphate-binding pockets and the phosphoserine in the activation loop. In 

agreement with this, the binding of polypeptides or small compounds to the PIF-

binding pocket stabilizes the αC-helix [86].    

Based on these findings, the following mechanism of activation of the AGC 

kinases by PDK1 has been suggested: in the inactive conformation, the 

unphosphorylated hydrophobic motif of the AGC kinase substrate is exposed. Upon 

phosphorylation of the hydrophobic motif phosphorylation site, the hydrophobic motif 

interacts with PDK1, which then phosphorylates the substrate at the activation loop. 

This results in the stabilization of the αC-helix and the formation of the hydrophobic 

and phosphate-binding-pockets in the kinase domain of the AGC kinase substrate, 

which interact with their own phosphorylated hydrophobic motif upon releasing PDK1 

(reviewed in [21, 134]). This model would imply that PDK1 only detects inactive 

conformations of its substrates, since the phosphorylated hydrophobic motif of the 

active kinase displays a high affinity for its own hydrophobic pocket in order to 

achieve a stable conformation, not being available for interaction with PDK1 anymore 
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(reviewed in [21]). This intramolecular interaction, in synergy with the phosphorylation 

of the activation loop, significantly promotes kinase activity [70].  

Recent work suggested that PDK1 on its own may not be capable of properly 

binding the adenine ring and efficiently transferring the phosphates of ATP to a 

protein substrate [166]. The hypothesis presented suggests that an active ATP 

binding pocket can only be achieved upon binding of the Ade motif of a substrate 

kinase to the N-lobe of PDK1, thus increasing the catalytical efficiency of PDK1. The 

Ade motif corresponds to C-terminal PDK1-interacting residues in the active site that 

normally contributes intramolecularly to the ATP-binding pocket in AGC kinases 

[166]. If this was correct, then the docking of the C-terminal Ade motif from the 

substrate would contribute to the binding of ATP and to the positioning of the glycine 

rich loop for catalysis, suggesting that the C-terminus of AGC kinases has both a cis 

and trans function [166]. 

2.2.2. PDK1 substrates 

2.2.2.1. Akt/PKB 

All Akt/PKB isoforms contain an N-terminal PH domain followed by a kinase catalytic 

domain and a C-terminal tail containing the hydrophobic motif (reviewed in [116]).  

In contrast to other AGC subfamily members, the interaction between Akt/PKB 

and PDK1 is not regulated by the hydrophobic motif of Akt/PKB and the PIF-binding 

pocket of PDK1. The interaction between Akt/PKB and PDK1 is rather regulated by 

the binding of the two AGC kinases to PtdIns(3,4,5)P3/PtdIns(3,4)P2. This interaction 

leads to the co-localization of both AGC kinases to the plasma membrane, where 

PDK1 is enabled to activate Akt/PKB through phosphorylation of the residue Thr308 

[28, 116, 173]. Further experiments indicated that the translocation of Akt/PKB to the 

plasma membrane could be sufficient for maximal activation of the kinase through 

phosphorylation of Thr308 and Ser473 (reviewed in [116]). The binding of 

PtdIns(3,4,5)P3 to Akt/PKB does not lead to the activation, but rather to a 

conformational change of Akt/PKB, which increases the rate at which the kinase is 

phosphorylated by PDK1 (reviewed in [134]).  

Recent publications reported that the residue Ser473 of Akt/PKB, which is 

located in the hydrophobic motif encompassing the sequence Phe-Xaa-Xaa-Phe-

Ser/Thr-Phe/Tyr [116], is likely to be phosphorylated in a mTOR complex 2 

(mTORC2) dependent manner in vivo. mTORC2 is composed of mTOR, Rictor, Sin1, 
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mLST8 as well as Protor and is insensitive to acute rapamycin treatment [35, 38, 69, 

77, 91, 92, 172]. Besides, Sin1 has been shown to be required for the assembly of 

mTORC2 and for the phosphorylation of the hydrophobic motif site of Akt/PKB [69]. 

The activity of mTORC2 has been reported to be regulated by PI3K, but to be 

insensitive to amino acids or energy stress [75].  

Interestingly, previous studies reported that Akt/PKB is still activated in a 

significant manner in mTORC2-deficient cells [77, 91, 178], since it is still 

phosphorylated at Thr308 by PDK1 in a mTORC2-independent way. Furthermore, 

the loss of crucial mTORC2 subunits in Sin1 [91]- or mLST8 [77]-deficient MEFs did 

not significantly affect the phosphorylation of Akt/PKB substrates such as GSK3 and 

TSC2. However, a significant reduction of the phosphorylation of FOXO (forkhead 

box O) 1 (Thr24) and FOXO3a (Thr32) in cells lacking mTORC2 activity [77, 91] has 

been interpreted as related to a different substrate specificity of Akt/PKB 

phosphorylated at Thr308 in comparison to Akt/PKB phosphorylated at both Ser473 

and Thr308 [91]. An additional explanation consists in the fact that inhibition of FOXO 

phosphorylation is due to the lack of SGK activity in mTORC2-deficient cells [74], as 

SGK isoforms have been previously shown to be able to phosphorylate FOXO 

efficiently [30, 192].   

Akt/PKB has been found to activate mTOR complex 1 (mTORC1 or the 

mTOR-raptor complex) through phosphorylation and thus inactivation of the 

Tuberous Sclerosis Complex protein 2 (TSC2) within the TSC1-TSC2 complex. TSC2 

is a GTPase-activating protein and its inactivation leads to an increase in GTP bound 

Rheb. Rheb-GTP activates mTORC1, which is able to phosphorylate downstream 

targets such as the residue Thr389 in the hydrophobic motif of S6K1 (reviewed in 

[125]).  

In response to tyrosine phosphorylation, PDK1 re-localizes, while the activated 

Akt/PKB moves to the cytoplasm and nucleus, where it phosphorylates several 

downstream targets. The very rapid activation of Akt/PKB as well as of PI3K in cells 

could be due to the dependence of their activation on the formation of 

PtdIns(3,4,5)P3/PtdIns(3,4)P2. In contrast, the activation of other AGC kinases like 

S6K1 and SGK1 occurs more slowly. This temporary difference results from the time 

required by PtdIns(3,4,5)P3/PtdIns(3,4)P2 to activate the S6K1/SGK1 hydrophobic 

motif kinase(s) which are most probably rate limiting for the activation of S6K1 and 

SGK1 in vivo [24]. 
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2.2.2.2. S6K and SGK 

The AGC subfamily members S6K1 and SGK1 are activated in vivo through 

phosphorylation of the residues equivalent to Thr308 (Thr252 in S6K1 and Thr256 in 

SGK1) and Ser473 (Thr412 in S6K1 and Ser422 in SGK1) of Akt/PKB. Although the 

phosphorylation of both AGC kinases at their activation loops and hydrophobic motifs 

depends on PI3K activation in vivo, it is still not clear how 

PtdIns(3,4,5)P3/PtdIns(3,4)P2  are involved in the regulation of S6K1 and SGK1 

activation. As both AGC kinases, in contrast to Akt/PKB and PDK1, don’t possess a 

PH domain, they do not interact with PtdIns(3,4,5)P3/PtdIns(3,4)P2 and 

PtdIns(3,4,5)P3 is not required for their in vitro phosphorylation by PDK1. 

The phosphorylation of the Ser/Thr residue in the hydrophobic motifs of S6K 

and SGK significantly enhances the interaction of both kinases with PDK1 [197]. 

Recent studies demonstrated that the hydrophobic motif of SGK1 is phosphorylated 

by activated mTORC2 [74]. S6K activation is also not only related to the 

phosphorylation of its activation loop and hydrophobic motif, but also to the additional 

phosphorylation of the C-terminal residues Ser/Thr-Pro, which is regulated by mTOR 

[90] and occurs independently of PDK1 [129].  

The interaction of PDK1 with the hydrophobic motif of SGK1 and the resulting 

phosphorylation of SGK1 at its activation loop residue by PDK1 does not require the 

binding of phosphoinositide to PDK1 [23]. In agreement with this, the binding of 

PtdIns(3,4,5)P3 to PDK1 is not necessary for the activation of SGK1 in vivo [13]. 

Biochemical work first showed that SGK and S6K required binding to the PIF-

binding pocket on PDK1 for their phosphorylation and activation in vitro [24]. The 

essential role of the PDK1 PIF-binding pocket in the activation of S6K and SGK in 

vivo was later elegantly confirmed by performing a knock-in mutation in embryonic 

stem (ES) cells in order to disrupt the PIF-pocket. The residue Leu155 was mutated 

to glutamate in both copies of the endogenous PDK1 gene, generating the PDK1 

construct PDK1155E/155E. The obtained data showed that, even if the PDK1 mutant 

was fully active in the PDK1155E/155E knock-in cells, it failed to activate S6K1 and 

SGK1, confirming that the activation of these AGC kinases is dependent on their 

interaction with an intact PIF-pocket [39].  

Similarly, biochemical and crystallography work first characterized the 

requirement of Arg131, as part of the PIF-pocket associated phosphate binding site 

of PDK1, on the phosphorylation of S6K and SGK in vitro [25, 70]. Further work 
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generated PDK1131M/131M knockin ES cells in which the residue Arg131, that is 

located in the phosphate-binding pocket of PDK1, was replaced by a Met residue 

[40]. This mutation has been previously reported to inhibit the interaction of PDK1 

with a phosphopeptide encompassing the hydrophobic motif of RSK [70]. Again, the 

results from this study [40] corroborated that the phosphate-binding pocket of PDK1 

plays a crucial role in allowing the maximal activation of S6K and SGK by PDK1 [39].  

2.2.2.3. The PKC family 

The PKC family is divided into three major classes of PKC isoenzymes: the 

conventional PKCs (α, βII and the alternatively spliced βI, and γ), the novel PKCs (δ, 

ε, η/L and θ) and the atypical PKCs (ζ, ι/λ) [147]. Similarly to PKA and PKB/Akt, all 

PKC kinases have a conserved kinase core and a C-terminal extension with two 

conserved phosphorylation sites: the turn motif and the hydrophobic motif.  

The main difference among the PKC isoenzymes consists in the composition 

of domains and membrane targeting modules in the regulatory N-terminal moiety. All 

isoenzymes have an autoinhibitory “pseudosubstrate” sequence N-terminal to a C1 

domain. The C1 domain is the diacylglycerol sensor and the C2 domain is the 

Ca2+sensor. While conventional PKCs respond to diacylglycerol and Ca2+ signals, 

novel PKCs bind to diacylglycerol, but not to Ca2+ signals. In contrast, atypical PKCs, 

which comprise PKCζ, respond to neither diacylglycerol nor Ca2+ [147].    

In conventional PKC isoforms, the binding of the pseudosubstrate sequence to 

the substrate-binding cavity keeps PKC in an inactive conformation. The generation 

of diacylglycerol and Ca2+ and the resulting engagement of the C1 and the C2 

domains on the membrane, leads to the recruitment of PKC to the membrane. This 

membrane interaction provides the energy required for the release of the 

pseudosubstrate from the substrate-binding cavity, rendering PKC available for 

substrate binding and phosphorylation [58, 146]. 

Previous work showed that the catalytic activities and signal transduction 

functions of PKCα, PKCε and PRK1 are regulated in a decisive way by their extreme 

C-terminal tail [121].  

2.2.2.3.1. Interaction of the PKC isoforms with PDK1 

PDK1 preferentially interacts in vitro with the unphosphorylated hydrophobic motif of 

newly synthesized PKC in a phosphoinositide-independent manner [180]. This model 

is supported by further experiments with PDK1131M/131M-knockin ES cells, in which the 
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residue Arg131 in the phosphate-binding pocket of PDK1 was mutated to Met, or 

PDK1L155E/L155E knock-in cells with a disrupted hydrophobic pocket [40]. The achieved 

results underlined the fact that the hydrophobic pocket rather than the phosphate-

binding pocket of PDK1 plays a key role in enabling PDK1 to phosphorylate the 

interacting conventional or novel PKC kinase [40]. 

The phosphorylation of PKC at the activation loop has been shown to be 

necessary for PKC kinase stability and activity (reviewed in [146]). Upon 

phosphorylation of its substrate at the activation loop [73], PDK1 is released from the 

C-terminal docking site of PKC. Phosphorylation by PDK1 has been described to be 

rate-limiting in the maturation of PKC, as it allows the phosphorylation of the PKC 

isoforms at the Z/turn motif and the hydrophobic motif [14]. Additional experiments 

revealed that phosphorylation of the Z/turn motif occurs prior to phosphorylation of 

the hydrophobic motif [60] and eventually, the phosphorylation of these C-terminal 

sites leads to conformational rearrangements of PKC, which result in a more 

thermally stable, protease- and phosphatase-resistant conformation [147]. Then, the 

phosphorylated PKC enzyme is released into the cytosol, where it is kept in a 

catalytically competent, but inactive conformation by the bound pseudosubstrate 

sequence. An increase in the level of intracellular diacylglycerol and Ca2+ results in 

the interaction of conventional PKCs with the membrane and the energy achieved 

from this interaction is used to release the pseudosubstrate from the substrate-

binding cavity. This step results in the localization of mature PKC at the membrane 

and thus allows PKC interaction with its substrates and downstream signalling [146, 

149, 190]. It was originally thought that the Z/turn-motif and hydrophobic motif in 

conventional PKC isoforms were autophosphorylation events [14]. However, recent 

work reported that mTORC2 is required for phosphorylation of the conventional 

PKCα at its hydrophobic motif (S657) [26, 60, 172].  

Notably, while some PDK1 substrates have the ability to exist in inactive and 

active conformations, other substrates, such as conventional PKC isoforms, appear 

to be phosphorylated by PDK1 upon synthesis and seem to exist in vivo exclusively 

in stable active conformations [21]. 

 Atypical PKCs differ from the other classes of PKC isoenzymes as they 

respond to neither Ca2+ nor diacylglycerol, but appear to show an increase in 

activation loop phosphorylation upon PI3K activation. Actually, these enzymes 
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display a high basal level of phosphorylation at the activation loop which is increased 

to 2- or 3-fold after activation of PI3K [147].  

In addition to the three major classes of PKC isoenzymes, another family of 

PKC-related protein kinases has been identified, termed the Protein kinase C-

Related protein Kinase (PRK) family. The PRKs (also termed PAK for Protease 

Activated Kinase [4, 47, 72] and PKN for Protein Kinase N [139]) have been 

described to comprise three members: PRK1, PRK2 and PRK3 [155]. These kinases 

show a close homology to PKC isotypes in the C-terminal located kinase catalytic 

domain, but they are characterized by a distinct amino-terminal regulatory domain, 

since, unlike the PKCs, the PRKs do not possess a C1 domain, but two distinct 

conserved regulatory domains, termed HR1 and HR2 [138, 155].  

In our project we studied the interaction of PDK1 with the atypical PKCζ and 

the PRK family member PRK2. Therefore, we will further focus on the characteristics 

and the functions of these two AGC kinases.  

2.2.2.3.2. Atypical (PKCζ) and related PKC isoforms (PRK2) 

Like other members of the AGC subfamily, the atypical PKC isoforms (PKCζ and 

PKCι) and the related PKC isoforms (PRK1 and PRK2) possess a Thr residue in a 

region equivalent to Thr308 of Akt/PKB, whose phosphorylation is crucial for kinase 

activation (Thr-410 in PKCζ [37, 112], Thr-774 in PRK1 and Thr-816 in PRK2 [56, 

67]). These PKC isoforms also possess a C-terminal hydrophobic motif which, as 

general among the AGC subfamily members, acts as a “docking site” for PDK1. 

While the aromatic residues in the hydrophobic motifs of the mentioned PKC 

isoforms are conserved, the phosphorylatable Ser/Thr residue is replaced by an 

acidic residue, namely Glu-579 in PKCζ and Asp-978 in PRK2. These negatively 

charged amino acids are able to mimic the phosphoserine/ phosphothreonine residue 

[156].  

Previous work demonstrated that the C-terminal fragments of atypical PKC 

isoforms (PKCζ and PKCι) and the PKC-related kinases (PRK1 and PRK2) interact 

significantly with the intact PIF-binding pocket of PDK1 [7]. A mutation of the 

conserved aromatic residues of the hydrophobic motif of PRK2 or PKCζ importantly 

reduced the affinity of these kinases for PDK1 and prevented the phosphorylation of 

PRK2 and PKCζ at their activation loops in vivo [7]. Remarkably, the residue Asp-978 

in the hydrophobic motif of PRK2 has been revealed to be necessary for the 

recognition and phosphorylation of PRK2 by PDK1 in vivo [7]. However, a mutation of 
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the equivalent residue in PKCζ (Glu-579) did not considerably affect the interaction 

between PKCζ and PDK1 [7]. Consistent with this, the specific activity of Glu579Ala-

PKCζ was only slightly lower compared to PKCζ wild type, suggesting that a 

negatively charged residue in the hydrophobic motif of the atypical PKC isoform is 

not required for maximal activity [7].   

The observation of a clear correlation between the activity of wild type and 

mutant PRK2 and PKCζ and the phosphorylation status at their activation loop was in 

agreement with previous findings indicating that the activation of PKCζ [37, 57, 112], 

PRK1, and PRK2 [56, 66] occurs upon phosphorylation of their activation loop. 

Indeed, previous work demonstrated that the PRK1 kinase domain is phosphorylated 

at its activation loop by PDK1 in vitro in a time-dependent- and phosphoinositide-

independent manner, resulting in an increased kinase activity [67]. In addition, the 

performed experiments clearly showed that activation of endogenous and exogenous 

PRK2 in vivo requires phosphorylation at the activation loop residue Thr816. 

Furthermore, the induction of an increased PRK2 phosphorylation level at the 

activation loop led to increased PRK catalytic activity [67].  

  The phosphorylation of PRK2 and PKCζ at their activation loop by PDK1 in 

vivo has been shown to be inhibited, when the C-terminal fragment of PRK2 

containing the PIF-fragment was overexpressed as a GST-fusion protein (termed 

GST-CT-PRK2) in cells [9].  

 Interestingly, phosphorylation of PRK1 and PRK2 was significantly diminished 

in PDK1-/-ES cells. In contrast, 24h incubation with PDK1 inhibitors did not affect the 

phosphorylation of the mentioned AGC kinases [188], emphasizing a possible 

structural role of PDK1 in maintaining activation loop phosphorylation and supporting 

the observation of a direct binding of PDK1 to PRK1 and PRK2 [66]. However, it also 

raises the possibility that the activation loops of diverse AGC kinases show 

differences in their accessibility to phosphatases with different activities [188].   

2.2.2.3.2.1. The PDK1-interacting fragment of PRK2 (PIF) 

The protein kinase C-related kinase-2 (PRK2) interacts with the PIF-binding pocket of 

PDK1 through a region termed the PDK1-interacting fragment (PIF), which 

encompasses the hydrophobic motif of PRK2 [8]. The hydrophobic sequence motif of 

PIF (Phe-Xaa-Xaa-Phe-Asp-Tyr) is similar to that found in other AGC kinases, except 

for the residue corresponding to Ser-473, which is an aspartic acid (Asp-978) in 

PRK2.  
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Previous work reported that the residues Lys115 and Leu155 of the PIF-

binding pocket of PDK1 are predicted to participate in a hydrophobic interaction with 

the residues equivalent to Phe974 and Phe977 of PIF. A mutation of the residues 

that form the PDK1 PIF-binding pocket either abolished or importantly decreased the 

affinity of PDK1 for PIF [22].  

The hydrophobic motif of PRK2 has been described to function both to recruit 

and activate PDK1, since its binding to the PIF-binding pocket augmented the 

catalytic activity of PDK1 several fold [22]. Interestingly, the hydrophobic motif of 

PRK2 (PIF) has been described to interact with >1000-fold higher relative affinity with 

PDK1 than the hydrophobic motifs of S6K1, SGK1 and Akt/PKBα [24]. In addition, 

chimeric proteins where the hydrophobic motifs of Akt/PKB and SGK were replaced 

by PIF (∆PH-Akt/PKBα, full-length Akt/PKBα or SGK1) led to the phosphorylation of 

the mentioned kinases at their activation loops in the absence of stimulus and to 

constitutive activity [24]. The high affinity of PIF for PDK1, which distinguishes PRK2 

from the other AGC kinases S6K1, SGK1 and Akt/PKB in a decisive way, suggests 

that the hydrophobic motif of PRK2 contains additional residues responsible for the 

high affinity of PIF for PDK1, which are missing in the hydrophobic motifs of S6K1, 

SGK1 and PKB [24]. Since the C-terminus of PRK2 has such high affinity for PDK1, it 

is of interest to know if PRK2 coud potentially block the PIF-binding pocket of PDK1 

and thus regulate the availability of the PDK1 PIF-binding pocket.  

2.3. PRK2 is an effector target of Rho-GTPase 

The Ras-related Rho family of proteins, which includes the Rho, Rac, and CDC42 

GTPases, mediates several signalling pathways involved in the rearrangement of the 

actin cytoskeleton  [109, 150, 151, 164, 165], in the changes in nuclear gene 

expression [20, 44, 85, 132], in mitosis and cytokinesis [154, 202], [78], [93]. 

Stimulated by guanine nucleotide exchange factors (GEFs), GTPases are active 

when bound to GTP [27] and inactive when bound to GDP [174].  

In the past, several proteins have been found to bind specifically the activated form of 

Rho-GTPase, but not Rac or CDC42. These effector targets of the activated Rho-

GTPase, which  possess in part a similar structure to PKC and myotonic dystrophy 

kinase proteins, are: p120 PKN, p150 ROKα (RhoA-binding kinase) and ROKβ, p160 

ROCK (Rho-associated coiled-coil containing protein kinase) and p164 Rho kinase 

[5, 89, 118, 119, 126, 195].  
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Remarkably, previous studies defined PRK2 as an “ubiquitous and relatively 

abundant effector target of the Rho-GTPase” [194], since, in contrast to the other 

Rho-binding kinases, it has been detected in many tissues and cell lines. Besides, it 

has been reported that PRK2 is involved in Rho-mediated organization of actin 

cytoskeleton [194], keratinocyte cell-cell adhesion [31] and suppression of epithelial 

cell transformation by farnesyltransferase inhibitors [208]. The finding that PRK2 is 

activated by the GDP- or GTP- bound forms of RhoA or by Rac, but not by CDC42 or 

Ras [194], distinguishes this AGC kinase from the protein kinases listed above in a 

decisive way. Indeed, the binding to Rho did not seem to substantially activate the 

Rho-binding kinases p160 ROCK, p150 ROKα and p164 Rho kinase [89, 119, 126]. 

In contrast to the findings mentioned above, recent experiments revealed that the 

GTP-bound but not the GDP-bound form of RhoA is able to activate PRK2 in cells 

[121].  

Additional assays showed that RhoA-GTP interacts with the homology region 

1 (HR1) of PRK2 and PRK1/PKN, especially with the N-terminal repeat termed HR1a 

[212]. The HR1 domain is located N-terminal of PRK2 and the related kinase 

PKN/PRK1 and consists of three tandem copies of a 60-70 amino acid sequence 

[212]. The binding of RhoA-GTP to HR1 appeared to disrupt an autoinhibitory 

intramolecular interaction, consequently increasing PRK phosphorylation and further 

activation [5, 137, 194, 195]. The Rho kinases (ROKα/ROCK-II/Rho-kinase and 

ROKβ/ROCK-I/p160 ROCK) that are involved in the mediation of Rho-induced stress 

fiber formation are characterized by a different Rho-binding structure [144], termed 

RBD [212]. However, according to recent publications, the binding of RhoA to the 

HR1 region of PRK1 does not suffice to achieve activation of PRK1 [68]. Actually, 

further experiments showed that full activation of PRK1 by RhoA and downstream 

signalling requires the extreme C-terminal tail of five residues of PRK1 [121], while 

full activation of PRK2 by RhoA in cells necessitates the C-terminal segment of 

seven amino acid residues of PRK2 [121].  

Remarkably, cells expressing the kinase-deficient PRK2 protein exhibited a 

disruption of fibroblast actin stress fibers and an increased level of subcortical actin, 

emphasizing the role of PRK2 in the regulation of the cytoskeleton through a Rho-

regulated signalling pathway [194].  

Recent work demonstrated that PRK2 plays a crucial role in mitosis, since 

PRK2-depleted cells were delayed in G2/M progression and failed to undergo 
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abscission, finally resulting in binucleated cells [174]. During mitosis, PRK1 and 

PRK2 are phosphorylated in dependence of Rho GTPases, Cdc25B and cyclin/Cdk1 

activity [174]. 

PRK2 is known to be a lipid-activated protein kinase that is activated by acidic 

phospholipids [47, 153]. Cardiolipin represents the most efficient acidic phospholipid 

activator of PRK2, which has been described to prompt PRK2 autophosphorylation 

[47]. However, it has been shown that the last seven residues in the C-terminus of 

PRK2 negatively regulate the activation of PRK2 by cardiolipin [121]. 

One publication reported that PRK1 and PRK2 interact with PDK1 in a Rho-

dependent manner, as the presence of GTPase-deficient RhoA enhanced the 

complex formation between the two AGC kinases [67]. Interestingly, the activation 

loop phosphorylation level of endogenous PRK1 and PRK2 in HEK293 cells was 

significantly elevated by transfecting both PRK kinases with either PDK1 or the 

GTPase-deficient-RhoA or -RhoB. Besides, the phosphorylation level of PRK was not 

further increased through the combination of transfected Rho plus PDK1 implying 

that further requirements are implicated in PRK phosphorylation [67].   

Based on these findings, the following model has been proposed: the binding 

of a GTPase to PRK enables the interaction of its C-terminal region with PDK1, which 

consequently phosphorylates PRK at the activation loop in the presence of 

PtdIns(3,4,5)P3. At this stage, PRK is able to autophosphorylate and be further 

activated. However, the formation of the Rho-PRK-PDK1 complex and the resulting 

PRK activation loop phosphorylation in vivo can only occur after modification of Rho 

through prenylation, indicating that for the PtdIns(3,4,5)P3-dependent 

phosphorylation of PRK a prior assembly on a membrane is necessary. By contrast, 

in vitro, the HR1 domains of PRK1 and PRK2 are capable of binding to bacterially 

expressed and thus non-prenylated Rho-GTP [68]. Altogether, while the recruitment 

and the maintenance of the RhoB-PRK-PDK1 complex is independent of 

PtdIns(3,4,5)P3 or PtdIns(3,4)P2 and is rather regulated by protein-protein interaction, 

these PI3K products are necessary in vivo for the activation of PRK2 by PDK1 

through activation loop phosphorylation, upon binding of the C-terminal fragment of 

PRK2 to PDK1 [67].  

2.4. Regulation of PRK2 by several cellular pathways 

The execution of apoptosis is mediated in a decisive manner by caspases which 

consist in a family of cysteine proteases with aspartate specificity. Previous work 
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showed that full-length human PRK2 is specifically proteolyzed by caspase-3 at 

Asp117 (in the N-terminal regulatory domain) and Asp700 (in the C-terminal kinase 

domain) in vitro. Besides, PRK2 is cleaved rapidly during Fas- and staurosporine-

induced apoptosis in vivo by caspase-3 or a caspase-3-like subfamily member. Both 

principal cleavage sites of PRK2 and PRK1 in vivo are located within the N-terminal 

regulatory domain [47]. 

Relying on the finding that several protein kinases, such as the p21-activated 

kinase PAK2 [167], MEKK-1 [33] and the PKC isoforms PKCδ [62, 76] and PKCθ [50] 

are cleaved and activated by caspase-3 during apoptosis, it has been speculated that 

PRK2 cleavage during apoptosis might deregulate its activity, since both PRK 

isoforms PRK1 and PRK2 have been reported to be activated by limited tryptic 

proteolysis, possibly by removal of their N-terminal inhibitory domain [47]. 

PRK2 proteolysis at aspartate 117 and 700 by caspases during apoptosis 

leads to the generation of a 36-kDa C-terminal fragment (corresponding to the amino 

acid residues 700-984), termed C1 [47], from which the residues 862-908 are 

required for the binding of the C1 fragment of PRK2 to Akt/PKB. This fragment 

comprises the C-terminal region of PRK2 including an incomplete catalytic domain 

and the PIFtide region (residues 908-984) [8] that has been described above to 

interact with the PIF-binding pocket of PDK1.  

According to this study [105], the N-terminus of PRK2 appeared to interfere 

with the interaction between the C-terminal fragment of PRK2 and Akt/PKB. Accurate 

analysis suggested that the C-terminal fragment of PRK2 is generated during 

apoptosis and specifically associates with Akt/PKB in vivo at an early apoptotic 

stage, while Akt/PKB itself is not cleaved. The association between the PRK2 

fragment and Akt/PKB has been found to inhibit Akt/PKB activity by completely 

abolishing its phosphorylation at Ser473 and, to a smaller extent, at Thr308. In 

addition, the Akt/PKB downstream signalling was specifically inhibited in vivo, while 

Akt/PKB translocation to the membrane was unaffected. Besides, the Akt/PKB-

mediated protection against TNF-induced apoptosis was significantly abolished in the 

presence of wild type PRK2 or C-terminal PRK2 [105]. However, the conclusions 

drawn by the authors in this study did not consider that the C-terminus of PRK2 

interacts with PDK1. In addition, posterior work concluded that the affinity of PIF to 

Akt/PKB is ~ 5mM, which is extremely low affinity (crystal structure paper by 

Bradford). Based on current knowledge, we can hypothesize that the cleavage of 
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PRK2 during apoptosis would prompt the selective blockage of the PIF-binding 

pocket of PDK1 by the C-terminal PIFtide region of PRK2. In this way, cleavage of 

PRK2 along apoptosis would affect PDK1 downstream signalling. 

Altogether, several studies demonstrated that PRK2 is regulated by several 

different regulatory pathways in cells [130, 155] which are thought to rely on a 

protein-protein-interaction induced release of an intramolecular pseudosubstrate 

inhibition of PRK2 kinase activity. In this sense, PRK2 has been shown to be 

activated by RhoA, protease-catalyzed cleavage, cardiolipins and the mitogen-

activated protein kinase (MAPK) kinase kinase MEKK2 [47, 186, 207].  

2.5. Role of PRK2 in HCV replication 

PRK2 has been reported to bind and phosphorylate HCV NS5B at its N-

terminal finger domain (amino acid 1-187) in vitro and in vivo [102]. In addition, the 

results presented in this study [102] emphasized the fact that PRK2 kinase activity 

specifically mediates the phosphorylation of NS5B. HCV NS5B is an RNA-dependent 

RNA polymerase (RdRp) which plays an important role in the replication of the HCV 

RNA genome  [123, 124, 152]. Actually, a reduced PRK2 level has been 

demonstrated to correlate with a suppression of NS5B phosphorylation. Consistent 

with this, PRK2 overexpression markedly increased NS5B phosphorylation and as a 

result HCV RNA replication, underlining the positive effect of NS5B phosphorylation 

in HCV RNA replication [102]. The direct physical interaction between PRK2 und 

NS5B or other mechanisms are thought to be involved in the regulation of apoptosis 

through prevention of PRK2 cleavage. In this way, HCV-infected cells may have the 

possibility to sustain NS5B phosphorylation state and escape from the host immune 

response, which is mediated by liver-infiltrating cytotoxic T lymphocytes [102]. 

 Y27632 and HA1077 inhibitors, which display a high selectivity for PRK2, 

inhibited PRK2 activity while PRK2 expression levels remained unchanged [103]. 

These inhibitors suppressed HCV subgenomic RNA replication of an HCV 

subgenomic replicon RNA [87, 102]. More recently, HA1077 and Y27632 were 

shown to have the ability to inhibit HCV replication in genotype 2a HCV-infected cells 

[103].  

 Experiments performed with Huh7TR-NS cells revealed that PRK2 inhibitors 

reduced the level of phosphorylated NS5B without affecting the level of total NS5B 

protein [103]. This result is in line with previously reported assays, in which the PRK2 
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inhibitor HA1077 specifically inhibited the phosphorylation of full-length, recombinant 

HCV NS5B by immunoprecipitated PRK2 in vitro [102].  

Interestingly, the inhibitory effect of HA1077 and Y27632 arises from the 

competition of both kinase inhibitors with ATP for binding to the target kinase’s 

catalytic domain [29, 191].  However, further experiments in this study [103] showed 

that the PRK2 inhibitors are not able to directly inhibit NS5B RdRp activity, indicating 

that the suppression of HCV RNA replication in R-1 cells by PRK2 inhibitors is not 

due to a direct interference of HA1077 and Y27632 with NS5B RdRp activity [103]. 

 Remarkably, it has been demonstrated that both PRK2 inhibitors potentiate 

the antiviral activity of IFN-α and the combination of the PRK2 inhibitors with 100 

IU/ml IFN-α led to a 99% reduction of viral replication [103]. Interestingly, IFN- α 

treatment in R-1 cells did not affect neither PRK2 nor PI3K activity [103].  

In conclusion, the finding that HA1077 and Y27632 do not have significant 

cytotoxity [103] and the knowledge that these kinase inhibitors possess antitumor 

effects through the inhibition of Rho-dependent kinase activity [51, 80, 187, 202, 

206], raise the possibility that these compounds could be applied in the therapy of 

HCV hepatocarcinoma [103].  

2.6. Role of PRK in prostate cancer 

Interestingly, it has been demonstrated that PKN3, but not PRK1 or PRK2, is 

necessary for the growth of PC-3 prostate cancer cells on matrigel. Actually, the 

employment of several types of gene silencing tools, which inhibited the expression 

of PKN3, disturbed the growth of prostate and breast epithelial cells in 3D assay 

systems [115].  

The experiments performed in this study revealed that an enhancement of the 

expression level of PKN3 requires a hyperactivated PI3K pathway, since activation of 

the PI3K signalling appears to be sufficient for elevated PKN3 expression and 

phosphorylation [115]. Remarkably, PKN3 seems to play a crucial role in the 

mediation of malignant growth of cells which are characterized by an activation of the 

PI3K pathway, such as PTEN-defective tumor cells. A decrease of the level of PKN3 

in the primary tumors was responsible for the reduction of metastases formation.   

Besides, PKN3 is probably involved in the modulation of cell adhesion and/or 

migration. Indeed, diminished PKN3 levels resulted in cytoskeletal rearrangements 

and reduced cell motility, leading to a decreased formation of network-like structures 

on extracellular matrix [115]. 
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Regulation of PKN3 is mediated by several signal transduction pathways 

which are involved in the mediation of cell growth and transformation. According to 

this, transformation of cells by oncogenic Ras has been shown to increase the 

expression level of PKN3 and consequently to contribute to the invasive capability of 

the cells [115]. 

Surprisingly, several studies showed that the malignant potential of tumor cells 

can be better elucidated by analyzing growth in 3D cultures using extracellular matrix 

components than in 2D culture conditions [169, 196, 200]. Actually, tumor cells with 

increased malignant growth are advantaged on matrigel matrix consisting of 

basement membrane components [141, 160]. However, no impairment of matrigel 

growth has been detected after inhibition of PRK1 and PRK2 [115]. 

Remarkably, while PRK1 and PRK2 seem to be ubiquitously expressed, PKN3 

exhibits a low expression level in normal adult tissue, while its expression level is 

increased in human cancer cells [115, 153] and in early mouse embryonic stages 

[115]. Interestingly, in contrast to the results mentioned above, the expression of 

PKN3 in certain cell types appears to take place independently of PI3K as well [115]. 

Further work concentrated on the role of the RhoA effector protein kinase C-

related kinase PRK1 in the transcriptional activation of the androgen receptor (AR) 

[131]. In this regard, RhoA has been described to initiate the translocation of the co-

activator FHL2 from the cell membrane to the nucleus, thus determining the 

transcriptional activation of genes that depend on FHL2 and AR and resulting in the 

activation of the AR by FHL2 [161]. Previous work revealed that the androgen 

receptor and PRK1 interact both in vivo and in vitro [131]. Furthermore, it has been 

shown that ligand-dependent superactivation of AR-regulated genes can be achieved 

by activating PRK1 signalling through extracellular stimuli or through co-expression 

of PRK1 mutants with constitutively active RhoA [131]. 

Remarkably, the transcription activation unit termed TAU-5 [95, 96], which is 

located between amino acids 360 and 528 and is necessary for full activation of the 

androgen receptor [18, 96], has been shown to be sufficient for activation by PRK1 

[131]. In this way, the TAU-5 has been described as a novel, signal-inducible 

transactivation domain [131]. Interestingly, PRK1 signalling promotes the 

transcriptional activity of mineralocorticoid receptor (MR), progesterone receptor (PR) 

and p160 co-activators, thus emphasizing the crucial role of the PRK1 signalling 

pathway for the transcriptional regulation of nuclear receptors. Furthermore, 
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according to the results presented in this study [131], PRK1 as well as Rho family 

members are highly overexpressed in prostate tumours and an agonist-dependent 

coactivation of AR-regulated target genes can be achieved by stimulating the Rho 

signalling pathway [161]. 

Altogether, the data presented in this study provide evidence for the role of 

PRKs in RhoA-regulated activation of AR [131]. Furthermore, it has been 

demonstrated that the AR is stimulated by PRKs in different cell types and that the 

AR and PRK1 associate both in vivo and in vitro [131].  

Further assays in this study [131] revealed that AR-TAU-5 represents the first 

transactivation function that is inducible by PRK. Besides, PRK1 signalling has been 

described to be independent of FHL2 [131]. The data presented further showed that 

TIF-2, AR and PRK1 form a functional complex which mediates PRK1 signalling 

[131]. Taken together, this study provides evidence that PRK1 is clearly 

overexpressed in prostate carcinoma and that PRK1 and AR are co-expressed in 

vivo [131].  

Strikingly, PRK1 is capable of activating AR in the presence of agonists as 

well as in the presence of adrenal androgens or even when the antagonist 

cyproterone acetate (CPA) is present. The fact that PRK signalling together with 

ligands controls the transcriptional activity of AR is the reason why prostate cancer 

growth can occur even in parallel to a therapy based on androgen ablation [131]. 

2.7. Role of the Z/Turn-motif phosphorylation site in the mechanism of AGC 

kinase activation 

The growth factor-activated members of the AGC subfamily are characterized by a 

common main mechanism of activation, which consists of three conserved 

phosphorylation sites. These three sites are situated in the activation loop in the 

kinase domain, in the middle of a tail/linker region C terminus to the kinase domain, 

and within a hydrophobic motif (HM) at the end of the tail region, respectively [81].  

Intense work concentrated on the functions of the hydrophobic motif and the 

activation loop phosphorylation sites in the mechanism of activation of the AGC 

subfamily members [22, 70, 179, 204, 205].  

In contrast to the knowledge acquired about the hydrophobic motif and 

activation loop phosphorylation sites, very little was known about the third 

phosphorylation site in the middle of a tail/linker region C terminus to the kinase 

domain, also termed the Z/Turn-motif phosphorylation site. Its mutation appeared to 
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importantly reduce kinase activity and phosphorylation of the hydrophobic motif of 

some AGC subfamily members [16, 127, 128, 136, 147, 156, 197]. Recent work 

performed in collaboration with our research group during the preparation time of this 

thesis [81] suggested that the Z/Turn-motif phosphate controls the activation of the 

AGC kinases by promoting zipper-like the interaction of the Z/Turn-motif 

phosphorylation site and the hydrophobic motif with the kinase domain [81]. This 

interaction directly stimulates the activity of the AGC kinases by stabilizing the active 

kinase conformation and in some cases, by protecting the hydrophobic motif 

phosphorylation site from dephosphorylation by phosphatases.  

Altogether, the three conserved phosphorylation sites cooperate with each 

other in the stimulation of AGC kinase activity during stimulus-induced activation by 

coordinating the shift of the AGC kinase catalytic domain from the inactive, open 

conformation to the active, closed conformation and vice versa. However, while the 

Z/Turn-motif phosphate alone or together with the activation loop phosphate does not 

possess an activating effect, it synergistically enhances the stimulation of kinase 

activity mediated by the hydrophobic motif phosphate in collaboration with the 

activation loop phosphate [81]. Of note, Lim et al. 2008 state in their paper than an 

intact hydrophobic motif or turn motif are not required for the interaction between 

PRK2 and PDK1 in cells [121]; however, analysis of their data indicates that the 

binding of PRK2 to PDK1 is greatly diminished by these mutations. Furthermore, the 

results presented in the mentioned work revealed that the phosphoacceptor in the 

activation loop and the turn motif, but not the phosphomimetic Asp-978 at the 

hydrophobic motif are crucial for the kinase activity of PRK2 [121].    

Interestingly, recent studies reported that mTORC2 plays a crucial role in the 

phosphorylation of the Z/Turn-motif phosphorylation site of Akt/PKB, PKCα and 

probably of PKCβ I, β II, γ, and ε [88]. In the case of PKCα, phosphorylation of the 

Z/Turn-motif phosphorylation site does not require intramolecular 

autophosphorylation [88]. The data of this research group [88] indicate that mTOR 

kinase activity is necessary for phosphorylation of the hydrophobic motif and of the 

Z/Turn-motif phosphorylation site of PKCα as well as of Akt/PKB. Besides, their 

results raise the possibility that mTORC2 does not directly phosphorylate the 

hydrophobic motif and Z/Turn-motif phosphorylation site of PKCα and the Z/Turn-

motif phosphorylation site of Akt/PKB, but leads to the activation of a kinase(s) which 
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phosphorylates Akt/PKB and PKC, without excluding the possibility of an 

autophosphorylation mechanism in the case of the hydrophobic motif of PKCα [88].   

In addition, mTORC2 dependent phosphorylation of the Z/Turn-motif 

phosphorylation site of conventional PKCs and Akt/PKB has been described to be 

decisive for their folding and stability. In the case of a lack of phosphorylation of the 

Z/Turn-motif phosphorylation site, Hsp90 is supposed to protect in part Akt/PKB and 

conventional PKCs for stability [63]. 

2.7. Aims of the project 

The introduction highlights the extensive knowledge on the role of PDK1 and PRK2 

in signalling and to some degree on their structure and regulation. However, still, we 

are far from understanding all the molecular details involved in their regulation. In the 

present study we aimed at evaluating the molecular mechanisms of recognition 

between the AGC upstream kinase PDK1 and its substrates, in particular of the PKC-

related kinase PRK2 and the atypical PKC isoform PKCζ. In this regard, we were 

interested in studying the role of the Z/Turn-motif phosphorylation in the regulation of 

the interaction between the mentioned AGC kinases and its role in the mediation of 

PRK2 kinase activity.
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3. Materials and methods 

3.1. Materials 

3.1.1. Antibodies 

Table 1. 
Primary 
and 
secondary 
antibodies 
employed 
 

 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 Epitope Crude 
extract 
(dilution) 

  Pull 
down 
(dilution) 

Company 

Primary antibody: 
c-Myc (9E10): 
sc-40 
 
Secondary 
antibody: 
Anti-Mouse IgG 
(Whole Molecule) 
Peroxidase 
Conjugate 

Myc-tag 1:800 
   
 
 
1:10000 
    

1:400 
 
 
 
1:5000 

Santa Cruz 
Biotechnology 
 
 
Sigma 

Primary antibody: 
Anti-Flag M5 
monoclonal 
antibody (mouse) 
 
Secondary 
antibody: 
Anti-Mouse IgG 
(Whole Molecule) 
Peroxidase 
Conjugate 

FLAG-tag 1:800 
   
 
 
 
1:10000 
    

1:400 
 
 
 
 
1:5000 

Sigma 
 
 
 
 
Sigma 

Primary antibody: 
GST (B-14): sc-
138 
 
Secondary 
antibody: 
Anti-Mouse IgG 
(Whole Molecule) 
Peroxidase 
Conjugate   

GST-tag  
 

1:1000 
 
 
1:5000 

Santa Cruz 
Biotechnology 
 
Sigma 

Primary antibody: 
Anti-phospho-PRK 
(rabbit antiserum) 
 
Secondary 
antibody: 
Goat anti-Rabbit 
HRP Conjugate 

Anti-phospho-
activation 
Loop 
 
 
 
 

 1:1000 
 
 
 
1:5000 

upstate 
 
 
 
BIO-RAD 

Primary antibody: 
PKC beta 2 
(phospho T641) 
antibody 
 
Secondary 
antibody: 
Goat anti-Rabbit 
HRP Conjugate 

Anti-Z/Turn-motif 
phosphorylation site 

 1:1000 
 
 
 
1:5000 

GeneTex, Inc. 
 
 
 
BIO-RAD 
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3.1.2. Buffers and solutions 

All chemical products have been purchased in the highest available purity from the 

companies Sigma, Roth, Fluka and Merck. All buffers and solutions were prepared 

with high quality water (Aqua ad iniectabilia Braun). 

  

HBS (2X):                           275 mM              NaCl                                   

                                                  2,8 mM          Na2HPO4 

                                                   55 mM           HEPES 

 

Lysis buffer:                                50 mM            Tris-HCl pH 7.5    

                                                  270 mM          Sucrose               

                                                      1 mM           Sodium Ortho-Vanadate  

                                                                                 pH 10                    

                                                      1 mM           EDTA 

                                                      1 mM           EGTA 

                                                    10 mM          Sodium B glycerophosphate 

                                                    50 mM          Sodium fluoride   

                                                      5 mM           Sodium pyrophosphate 

                                         1% (by mass)          Triton X-100 

                                  0.1% ( by volume)           β-mercaptoethanol 

                                                    1 tablet         protease inhibitor mixture  

                                                                                 per 50 ml  of lysis buffer 

 

Electrophoresis buffer:                25 mM           Tris 

                                                   250 mM            Glycine (electrophoresis       

                                                                                 grade)  

                                                                                 pH 8,3 

                                                        0,1%          SDS 

 

 

Towbin transfer buffer (1X):         24 mM           Tris 

                                                   192 mM          Glycine 

                                                         20%           Methanol 
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TBS/Tween:                                 10 mM           Tris-Cl (pH 8.0) 

                                                   150 mM           NaCl 

                                                      0,05%           Tween-20 

    

   Coomassie Brilliant Blue                 0,25 g          Coomassie Brilliant Blue     

   R250 

   (staining solution):                            90 ml         Methanol:H2O (1:1) 

                                                            10 ml         Glacial acetic acid     

                                                                

   Destaining solution:                          10 ml          Acetic acid 

                                                            30 ml        Methanol 

                                                            60 ml        deionized/distilled H2O 

       

   Wash Buffer A:                               50 mM            Tris pH 7.5  

                                                     0.1 mM         EGTA   

 

   SDS-PAGE loading buffer :                     Roti-load  

                                                                [Roth; 1X: 50 mM Tris-Cl, (pH 6.8) 

                                                                100 mM dithiothreitol 

                                                                2% SDS (electrophoresis grade)  

                                                                0.1% bromophenol blue 

                                                                10% glycerol]                                                            

3.1.3. Equipment 

Hoefer miniVE Vertical Electrophoresis System from Amersham Biosciences 

                      - electrophoresis module with tank 

                      - Blot module  

                           - Hoefer Multiple Gel Caster   

                           - Gel sandwich (Glass plate, notched alumina plate, side spacers) 

    Cold microcentrifuge / Refrigerated microcentrifuge 

- for eppendorf tubes: Mikro 22R, Hettich Zentrifugen 

- for falcon tubes: Centrifuge 5804R, Eppendorf 

    Fluorescent microscope 

    DU 800 Spectrophotometer  ( Beckman Coulter)  
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 3.1.4. Other 

The oligonucleotides used to perform mutagenesis, the performed transformations, 

the prepared minipreps and the subsequent sequencing to verify the mutations were 

performed during the preparation time of our present work [54] for the most part by 

Lucas Meyer. Besides, Lucas Meyer performed most part of the protein kinase 

assays presented in our published work [54]. 

 
 Table 2. 

 Materias Providers 

Complete protease inhibitor cocktail Roche Applied Science 

Glutathione Sepharose Amersham Biosciences 

Ni Sepharose High Performance Amersham Biosciences 

PROTRAN Nitrocellulose Transfer 

     Membrane      

Whatman    

High Performance 

chemiluminescence 

     film           

Amersham Biosciences 

Chemiluminescence detection kit 

(Roti-Lumin) 

Roth 

Restore TM Western Blot Stripping 

Buffer 

Pierce 

Prestained Protein Molecular Weight 

Marker (MW: 118 kDa, 90 kDa, 

48kDa, 36 kDa, 27 kDa, 20 kDa) 

Fermentas 

 

CaCl2 , for molecular biology, 

approx. 99 % 

Sigma 
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3.2. Methods 

3.2.1. Cell  culture  

HEK (human embryonic kidney) 293 cells were kept in cell culture flasks in 

incubators at 37°C and a CO2-concentration of 5%. The cell media contained 10% of 

Gibco Foetal bovine serum and 1% of Antibiotics Antimycotics to Dulbecco’s modified 

Eagle’s Medium, DMEM 1° (Invitrogen). 80-90% confluent cells were trypsinised and 

transferred to cell culture dishes. The splitting of the cell culture dishes began by 

aspirating the cell media of the cell flask (175 cm2), adding 3 ml of trypsin and leaving 

the flask for 5 min at 37°C in the incubator. During this incubation period, trypsin 

digests extracellular proteins which participate in cell attachment to the dish. After 

this incubation, the cells detached from the flask and the separation of the cells was 

improved by repeatedly aspirating and releasing the cells in 10 ml media using an 

appropriate electronic pipette. After this step, we added the necessary volume of cell 

media to the suspension, mixed well, and distributed the cell suspension in the 

corresponding flask or dish, achieving a final dilution of the cells in each flask or dish 

of 1/10 (25 ml for 175 cm2 flasks or 10 ml for 10 cm diameter 20 cm2 Petri-dishes).  

3.2.2. Transient cell-Transfection using CaCl2 protocol 

We used the CaCl2 transfection method because it works very efficiently in HEK293 

cells.  

The first step consisted in splitting the cells into 10 cm dishes containing 10 ml of 

media (to 10-20% confluency) 5-6 hours prior to transfection. All steps were 

performed under sterile conditions, thus all solutions except the plasmids were 

sterilized by filtration. The solutions required for cell-transfection according to the 

CaCl2 protocol are: 2M CaCl2 (Calcium chloride dihydrate, for molecular biology, 

approx. 99% from Sigma; 2.92 g of CaCl2 dissolved in 10 ml of high quality water), 

HBS (2X) and the chosen DNA plasmids. 

Then, the CaCl2 /HBS /DNA precipitate was prepared. To this end, we first added 0.5 

ml HBS (2X) to individual falcon tubes. In separate tubes we added 60 µl of 2M 

CaCl2, 10 µg of each DNA and enough Q water to bring the total volume to 0.5 ml. 

After that, the CaCl2/ DNA mix was added dropwise to the HBS (2X) with a P1000 or 

similar pipette, mixing gently during the addition. The mix has been added directly to 

cells by dropping slowly and evenly into medium trying to cover as much of the plate 
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as possible. Then, the dishes were placed at 37°C / 5% CO2. After 16-24 hours, the 

media of the dishes was changed with warm media and further incubated for 16-24 

hours prior to cell lysis. 

Besides the plasmids coding for the studied proteins, in parallel, we also transfected 

duplicate dishes with a plasmid coding for the green fluorescent protein (GFP). 

These controls were used to verify the transfection efficiency with the fluorescent 

microscope (16-24 h after cell transfection). The percentage of transfected cells 

varied in the different experiments up to approx. 90% and corresponded to the 

transfection efficiency.   

3.2.3. Protein-Protein interaction assay (pull-down) 

For the protein-protein interaction assay (pull-down) we co-transfected HEK293 cells 

with a plasmid coding for a GST-fusion protein and a plasmid coding for a tagged 

protein. The specific binding of the glutathione Sepharose resin to GST allowed us to 

pull-down the GST-fusion protein. After washing, the specific binding of the tagged 

co-transfected protein to the GST-fusion protein was evaluated by separating the 

pulled-down proteins on SDS-PAGE and detecting the interacting protein by 

immunoblotting with a specific antibody against the tag.   

All procedures of the protein-protein interaction assay took place at 4° C. 36 h 

after co-transfection, the cell media was aspirated and the cells were lysed in 0.8 ml 

lysis buffer/ 10 cm2 Petri-dish. The lysates were cleared by centrifugation at 14,000 x 

g for 10 min and 30 µl of the supernatant (crude extract, CE) were diluted with 30 µl 

of SDS-PAGE loading buffer (2X) and heated at 95°C for 3 minutes. The remaining 

crude extract (approximately 0.8 ml) was incubated with 30 µl of pre-washed 

glutathione Sepharose resin (pipetted from resin solution containing equal volume of 

lysis buffer and resin) on a platform shaker for 2 h. After incubation with glutathione 

Sepharose resin, the washing of the beads was performed in batch. To this end, the 

mix was centrifuged at 14,000 x g for 1 minute and the pulled down resin was mixed 

with 1 ml of wash buffer and immediately centrifuged at 14,000 x g for 1 minute. 

Then, the wash buffer was aspirated and the whole procedure was repeated four 

times, namely two washes with lysis buffer containing 0,5 mM NaCl, followed by two 

further washes with 50 mM Tris pH 7.5 and 1 mM EDTA. After that, the beads were 

resuspended in 30 µl of SDS-PAGE loading buffer (2X; Roti-load 1 from Roth) and 

heated 3 minutes at 95°C. The SDS (Sodium dodecyl sulfate) contained in the SDS-

PAGE loading buffer is an anionic detergent with the ability to denature the proteins 
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and apply a negative charge to each protein in proportion to its mass. In this manner, 

the negatively charged proteins would be ready for SDS/polyacrylamide gel 

electrophoresis and the following steps consisting in either staining with Coomassie 

Blue or immunoblot. 

3.2.4. SDS-PAGE 

SDS-PAGE (“Sodium DodecylSulfate PolyAcrylamide Gel Electrophoresis”) is a 

common technique used to separate proteins according to their size. For this 

purpose, we first prepared SDS-PAGE gels, each consisting of a notched alumina 

plate, a rectangular glass plate and two side spacers. To prepare a higher amount of 

gels at the same time, we used a Hoefer multiple gel caster and separated the 

individual plate assemblies from each other with a thin weighing paper. Then, we 

mixed the ingredients of the resolving gel solution (Table 3) and poured the mix in the 

plate assembly. To guarantee a plane surface of the gel and avoid an inhibition of the 

polymerization reaction of acrylamide / bisacrylamide through the influence of O2, we 

covered the gel surface with isobutanol. After a waiting period of about 20 minutes to 

allow the gel solution to polymerize, we discharged the isobutanol and prepared the 

stacking solution according to Table 4. Afterwards, we poured the stacking solution 

onto the polymerized resolving solution in the plate assembly and in addition, we 

placed appropriate combs on top of the stacking solution to provide bags for sample 

loading. The total percent of acrylamide in the resolving gel determines the pore size, 

which is responsible for the separation of the proteins. Actually, smaller proteins 

migrate more easily through the pores further down the gel, while larger proteins 

come across more resistance and consequently remain closer to the starting point.  

 
Table 3. 

Protocol to prepare resolving gel solution (10% Acrylamide; for 10 gels): 

H2O 16 ml 
30% acrylamide, 0,8% bisacrylamide 20 ml 
1,88 M Tris/HCl pH 8,8 12 ml 
0,5% SDS 12 ml 
10% ammonium persulfate 300 µl 
TEMED (N,N,N’,N’-
Tetramethylethylendiamin) 

50 µl  
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Table 4. 

Protocol to prepare stacking gel solution (10% Acrylamide; for 10 gels): 

H2O 8,7 ml 
30% acrylamide, 0,8% bisacrylamide 3,3 ml 
0,625 M Tris /HCl pH 6,8 4 ml 
0,5% SDS 4 ml 
10% ammonium persulfate 100 µl 
TEMED (N,N,N’,N’-
Tetramethylethylendiamin) 

20 µl 

 
Upon having placed the electrophoresis module with the secured gel in the tank filled 

with electrophoresis buffer, we loaded the wished amount of each sample in the bags 

of the stacking gel. Besides, we loaded ~5 µl of the prestained protein molecular 

weight marker in one position to be able to establish the molecular weight of the 

loaded proteins in the following steps. Then, we ran the gel for about 40 min by a 

constant current of 25 mA/gel. The electric current applied across the gel triggered 

the negatively charged proteins to migrate across the gel towards the cathode. The 

stacking gel focuses the samples in the gel, while the resolving gel has the main 

function to separate the proteins based on their size and support the formation of 

visible bands.  

3.2.5. Immunoblot 

After SDS-PAGE, the separated proteins in the gel were transferred to a 

nitrocellulose membrane for immunoblot. To this end, we first prepared the Towbin 

transfer buffer (1X) and assembled a transfer stack on the black half of the Hoefer 

Blot module following a strict order: sponge, filter paper, gel, nitrocellulose 

membrane, filter paper and sponges. After that, we closed the module, filled it with 

Towbin transfer buffer (1X) and positioned it in the tank, which had to be filled with 

distilled water. The electrophoresis transfer conditions for blotting proteins in Towbin 

buffer were 300 mA and 25 V for 1h. Thus, the molecules in the gel migrate to the 

nitrocellulose membrane by transferring from the black side (cathode) towards the 

red side (anode) of the module, as typical for negatively charged macromolecules 

such as proteins run in a SDS gel. 

The nitrocellulose membrane was then incubated in a blocking solution  

(TBS/Tween containing 2.5% of non-fat dry milk) for 1h. After that, the membrane 

was incubated for 1 h with the monoclonal primary antibody diluted in TBS/Tween 

containing 2.5% non-fat dry milk. After 4 washes with TBS/Tween during 45 minutes, 
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the membrane was subjected to a further 1h of incubation with the secondary 

antibody, which recognized the primary antibody. In the case of using phospho-

specific antibodies, we exchanged the 2.5% dry milk-non-fat with 2.5% Albumin, 

Bovine (Fraction V, Sigma), while the rest of the protocol remained the same. After 4 

more washes with TBS/Tween, the antibody detection was performed by using the kit 

of Roti-Lumin from Roth. The latter is a luminol-based chemiluminescent substrate 

designed for use with peroxidase-labeled (HRP) reporter molecules, such as the 

secondary antibodies employed in our experiments. In the presence of hydrogen 

peroxide, HRP converts luminol to an excited intermediate dianion. This dianion 

emits light on return to its ground state and in this way it creates the final signal 

visible on the chemiluminescence films.   

 3.2.6. Pull-down with chemical compounds 

The following chemical compounds have been used to study their effects on 

protein interaction:  

 

Table 5. 

 

The chemical compounds LY294002 and Okadaic acid were diluted in DMSO, a 

frequently used solvent for small organic molecules. Orthovanadate was diluted in 

high quality water. The HEK293 cell co-transfection was performed according to the 

usual protocol and 2 hours prior to cell lysis, the cell media of each dish was 

exchanged for 5 ml of warm media containing 5 µl of the according chemical 

compound (final concentration of the chemical compound in the dish: 1/1000). In the 

case of the higher concentrated Orthovanadate, we achieved the final concentration 

of 1mM by adding 50 µl of the chemical compound to 5 ml of media. Then, upon a 

waiting period of 2 hours, in which the dishes were incubated at 37°C / 5% CO2, the 

cells were subjected to cell lysis, pull down, SDS-PAGE and immunoblot as 

described above. 

Chemical Compound Concentration  Company 

DMSO (Dimethyl 
Sulfoxide) 

5 µl of 100% conc. Roth 

Orthovanadate (stock) 100 mM LCLaboratories 
LY 294002 (stock) 1mM Alexis Biochemicals 
Okadaic acid (stock) 1mM LCLaboratories 
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3.2.7. Purification of GST-fusion proteins expressed in HEK293 cells 

The purification of GST-fusion proteins expressed in HEK293 cells allowed us to 

perform quantitative protein kinase assays and in vitro pull downs. To purify the GST-

fusion proteins, we first transfected HEK293 cells with plasmids coding for the 

desired proteins fused to GST following the CaCl2 protocol, e.g. 20 dishes (10cm). 

From this point onwards, all procedures were performed at 4°C with pre-cooled 

solutions. Then, we lysed the transfected HEK293 cells as described above and 

centrifuged the cell lysate at 3700 rpm for 15 minutes. We then incubated the 

supernatant for 2 hours on a platform shaker with the required amount of glutathione 

Sepharose resin, usually 1.5-2 ml of resin for the equivalent of 20 dishes (10 cm). In 

this way, glutathione Sepharose beads bind to GST and permit us to pull-down the 

GST-fusion proteins by centrifugation. Upon centrifugation of the resin-extract mix at 

3700 rpm for 2 minutes, we discarded the supernatant and subjected the pulled-

down GST-fusion proteins to the following washes: 4 washes with Lysis buffer 

containing in addition 500 mM NaCl, 8 washes with Wash Buffer A containing 0.1% β 

–Mercaptoethanol and 2 washes with Wash Buffer A containing Sucrose 0.26M and 

0.1% β-Mercaptoethanol. Then, we resuspended the washed proteins in 600 µl of 

Wash Buffer A containing sucrose 0.26M, 0.1% β-Mercaptoethanol and 400 µl of 

Glutathione (200 mM). The whole mixture was incubated on ice during at least 30 

minutes, with vey mild sporadic gentle shaking. The purified protein fraction was 

filtered through Spin columns with Collection tube (Spin-X, Sigma-Aldrich) and the 

protein concentration was measured by Bradford (Pierce). Finally, we aliquotted the 

purified protein, froze it in liquid nitrogen and kept it at –80°C. In order to analyze the 

purity of the purified proteins, one aliquot was thawed, run on SDS-PAGE and 

stained with Coomassie Brilliant Blue. 

3.2.8. Estimation of protein concentration by Bradford 

The Bradford protein assay is a colorimetric assay used to determine the total protein 

concentration in solutions, relying on the observation that the dye Coomassie Brilliant 

Blue G-250 binds to protein. By taking into consideration that the absorbance 

maximum for the anionic blue form of the dye, which binds to protein, shifts from 465 

nm to 595 nm upon protein binding, an increase in protein concentration 

consequently leads to an increase in  absorbance at 595 nm. The measurements 

were performed by using the spectrophotometer with visible light at a wavelength of 
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595 nm and the “Coomassie Plus protein assay” solution from Pierce. The protein 

amount necessary to permit a reliable measurement of the protein concentration by 

Bradford was displayed by an alteration of the dark colour of the Coomassie Plus 

protein assay solution into blue upon protein addition. The protein sample was 

pipetted in a 1 ml plastic cuvette (Sarstedt) containing 800 µl of the Coomassie Plus 

protein assay solution. In addition, another plastic cuvette containing exclusively the 

Coomassie Plus protein assay solution was used as the reagent blank. First of all, 

the blank cuvette was placed in the machine and the absorbance was read and 

considered 0.00 Abs. Then, the cuvette containing the purified protein was placed in 

the spectrophotometer and the measurements were performed. The achieved results 

permitted us to calculate the protein concentration by considering that 1 µg of protein 

in 800 µl of Coomassie Plus reagent corresponds to 0,055 Abs. The coefficient was 

obtained using BSA as standard. 

3.2.9. Protein kinase assay (using phosphocellulose p81 papers) 

The protein kinase assay allows us to test the intrinsic activity of the studied proteins. 

The assay was performed in a final volume of 20 µl containing 2 µl of 500 mM Tris 

pH 7.5, 1% β-mercaptoethanol, 2 µl of 100mM Mg, 2µl of 1mM ATP and 50-200 ng of 

PRK2. We started the reaction by adding the peptide substrate to a concentration of 

100 µM in order to achieve the widest possible linearity in the assay. The peptide 

was diluted in dilution buffer (50 mM Tris pH 7.5, 0.1% β-mercaptoethanol, 1 mg/ml 

BSA). We terminated the reaction by adding 20 µl of Phosphoric acid (88%, 1/100). 

At this stage, we spotted 35 µl of the samples onto p81 phosphocellulose papers 

(Chromatography paper p81, fromWhatman) and washed the papers 4 times during 

1h with phosphoric acid (88%, 50 ml in 10 l of deionized water). The last wash was 

performed with technical ethanol to help in the drying process. Then, the next step 

consisted in drying the papers and finally count radioactivity with the “phospho 

imager” (Typhoon, GE Healthcare). Proper controls were included in the exposition to 

the phospho imager in order to estimate the specific activity of the kinase. One unit of 

activity was that amount of kinase that catalyzed the phosphorylation of 1nmol of 

substrate in 1 min.  
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3.2.10. Pull-down using purified proteins 

Part of the experiments performed in vivo have been repeated in vitro in order to 

exclude the influence of intracellular factors on the investigated interaction patterns. 

The in vitro experiments were performed at 4°C by mixing the according purified 

GST-PRK2 fusion proteins expressed in HEK293 cells with purified His-tagged PDK1 

protein. 

The experiment consisted in mixing the established GST-fusion protein together with 

a mix comprising 12 µl of high quality water and the needed amount of Sucrose 0.26 

M solved in Buffer A to achieve the final volume of 18µl. Then, we incubated the 

whole mixture with 2 µl of His-PDK1 (1mg/ml) for 35 minutes. After this, we further 

incubated the mixture with 20 µl of Nickel (Ni-NTA) Sepharose resin for 2 hours at 

4°C in order to bind the resin to the His-tagged PDK1 protein. After that, we washed 

the pulled-down proteins in batch following the usual pull-down protocol and 

subjected the obtained proteins to SDS-PAGE and immunoblot as explained above. 

However, this method showed a significant unspecific binding of GST to Nickel (Ni-

NTA) Sepharose resin in the absence of His-PDK1, not allowing us to come to any 

reliable conclusions. Thus, the protocol of in vitro assays has to be improved further 

on, possibly by decreasing incubation time of the employed proteins with Nickel (Ni-

NTA) Sepharose resin, increasing washing and including excess of an unrelated 

protein, such as BSA, to avoid unspecific binding.  

3.2.11. Plasmid transfection of bacteria and preparation of plasmid DNA maxi 

prep 

The first step consists in preparing the SOC Medium (0.5 g NaCl, 5 g yeast extract 

and 20 g tryptone to 950 ml of deionized H2O). Upon shaking, we added 10 ml of a 

250 mM solution of KCl and adjusted the pH to 7.0 with NaOH. Then, we filled up the 

solution to 1 liter with deionized H2O and sterilized by autoclaving for 20 minutes at 

15 psi (1.05 kg/cm2) on liquid cycle. Upon autoclaving and cooling to 60 °C or less, 

we added 20 mM of glucose and 5 ml of a sterile solution of 2 M MgCl2. Then, we 

aliquoted SOC medium in 1 ml eppendorf tubes and kept them at -20°C until 

required. 

The plasmids required for the transfection of HEK293 cells were prepared 

using maxi prep kit (“JET star” from Genomed) or a mega-prep kit (Qiagen). First, we 
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transformed DH5α CaCl2 chemically competent bacteria with the plasmid of interest. 

To this end, 30-50 µl of competent bacteria were aliquoted in an eppendorf tube and 

mixed with 2 µl of the appropriate DNA. After an incubation time on ice of about 20 

minutes, the mixture had to be heat shocked at 42°C for 40 seconds and incubated 

again on ice for 2 minutes. Then, we added 450 µl of 42°C heated SOC medium to 

the eppendorf tube and shaked the tube for about 45 minutes at 37°C. Afterwards, 

we plated the mixture on agar plates containing ampicilline and incubated them 

overnight at 37°C. The next step consisted in pipetting 4 ml of LB medium (25 g of 

Luria Broth (Sigma) were added to 1 l of deionized H2O and sterilized by autoclaving) 

and 4 µl of Carbenicillin (concentration: 50 mg/ml) to a PP-tube (greiner bio-one). 

Then, we added one peaked colony of bacteria from the according agar plates to the 

PP-tube and incubated it for at least 8 hours at 37°C and a speed of 220 rpm. This 

preparation was used to inoculate ~2 l Erlenmeyer containing 300 ml LB medium. 

We established the DNA concentration of the plasmids by setting the 

spectrophotometer at UV-light and a wavelength of 260 nm. Then, we pipetted 3 µl of 

DNA and 1 ml of high quality water in a quartz cuvette and measured the 

absorbance. The DNA concentration of the plasmid was calculated by considering 

that 1 Abs corresponds to 50 µg/ ml of DNA. 
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4. Experiments and results 

4.1. The Z/Turn-motif phosphorylation of PRK2 and PKCζ 

Previous work showed that several members of the AGC family of protein kinases 

interact with PDK1 through their hydrophobic motif (e.g. S6K, RSK and SGK). 

Phosphorylation of S6K, RSK and SGK at the HM phosphorylation site triggers the 

binding of the HM to the PIF-pocket of PDK1. In this manner, the interaction of S6K, 

RSK and SGK with PDK1 is regulated by the phosphorylation of the HM (see 

alignment, Fig.1). However, PKCζ and PRK2 possess a hydrophobic motif but don’t 

possess a hydrophobic motif phosphorylation site at the equivalent position. 

Therefore, the interaction of PRK2 and PKCζ with PDK1 cannot be regulated in a 

similar manner. Former unpublished work of Ricardo Biondi and Dario Alessi showed 

that these two AGC kinases were phosphorylated at their activation loop and at the 

Z/Turn-motif phosphorylation sites. Thus, these were the only two phosphorylated 

residues observed after inorganic 32P labelling of HEK293 cells which had been 

transfected with vectors expressing GST-PRK2 and GST-PKCζ.   

 

 
FIG. 1. Alignment of the C-terminal amino acid sequence of PRK2 with the equivalent region of 
selected AGC subfamily kinases. The Z/Turn-motif phosphorylation sites are in boldface, the 
hydrophobic motif phosphorylation site is underlined and shown in boldface. The hydrophobic residues 
Ile965/Leu966 and the negatively charged residues Glu968-Glu969-Glu970 of the C-terminal fragment 
of PRK2 are underlined. The residues Thr389 in S6K1 and Ser113 in SGK1 are the same hydrophobic 
motif phosphorylation sites as Thr412 in S6K1 and Ser422 in SGK1, respectively. The numbering 
differs according to the long and short S6K1 splice variants. 

4.2. Mutation of the Z/Turn-motif phosphorylation site of PRK2 increases its 

interaction with PDK1 

In order to study the effect of the Z/Turn-motif phosphorylation site on the ability of 

PRK2 to interact with PDK1, we co-transfected HEK293 cells with plasmids coding 

for Myc-PDK1 together with constructs coding for GST-PRK2 wt or GST-PRK2 with a 
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mutated Z/Turn-motif phosphorylation site (GST- PRK2 [Thr958Ala], where the 

Threonine residue is mutated to an Alanine residue, and GST- PRK2 [Thr958Glu] 

with a Glutamic acid residue in place of the Threonine residue). As a control, we also 

co-transfected Myc-PDK1 with a plasmid coding for the C-terminal 67 residues of 

PRK2 fused to GST (GST-CT-PRK2), which was previously characterized to interact 

with high affinity with PDK1 [8]. To better evaluate the obtained results, we prepared 

duplicates for each co-transfection. The cells were lysed 36 h after transfection and 

the clarified lysate was incubated with glutathione-Sepharose resin. Since 

glutathione-Sepharose binds to GST, the use of this resin allowed us to pull-down the 

GST-fusion proteins by centrifugation. Afterwards, we washed the pulled-down 

proteins 4 times in batch and subjected them to SDS-PAGE and immunoblot. By 

using anti-Myc as primary antibody, we aimed at detecting the presence of Myc-

PDK1 through the specific binding of the antibody to the Myc-tag. However, Myc-

PDK1 would only be found in the pull-down if Myc-PDK1 interacted with high affinity 

with GST-PRK2. In addition, we prepared a Coomassie staining to evaluate the 

expression level of the GST-fusion proteins. Furthermore, we performed an anti-Myc 

immunoblot on the clarified lysate to verify the equal expression of Myc-PDK1 in all 

samples. 

By looking at Fig.2A bottom panel, we realized that the expression level of 

Myc-PDK1 in the crude extract was similar in all cases. Furthermore, we verified the 

presence of anti-Myc signal on the pull down corresponding to the co-transfection of 

Myc-PDK1 with GST-PRK2 wt, indicating that Myc-PDK1 bound to GST-PRK2. 

Interestingly, GST- PRK2 [Thr958Ala], even if lower expressed than GST-PRK2 wt 

(see Coomassie staining, top panel), seemed to pull-down more Myc-PDK1 protein 

than GST-PRK2 wt. In accordance with previous work, a high level of interaction was 

detected between GST-CT-PRK2 and Myc-PDK1. 

At this point we wanted to confirm that the interaction between the studied 

proteins, namely PRK2 and PDK1, was not mediated by unspecific interactions and 

that the achieved results were indeed due to the specific interaction between the 

proteins themselves. In order to verify that PRK2 [Thr958Ala] had increased capacity 

to interact with PDK1, we then co-transfected GST-PDK1 with FLAG-tagged versions 

of PRK2 wt and Thr958 mutants. In this experiment, we pulled-down GST-PDK1 and 

verified the interaction by probing the pull-down with anti-FLAG. The results 

presented in Fig.2B showed that the FLAG-PRK2 mutants were similarly expressed 
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in the FLAG-immunoblot of crude extract (bottom panel). Importantly, the FLAG-

immunoblot of the pull-down confirmed that the interaction between PDK1 and PRK2 

[Thr958Ala] was stronger than with PRK2 wt. Again, similarly to Fig.2A PRK2 

[Thr958Glu] had somehow intermediate level of interaction. Thus, this result further 

supported the previous finding that the mutation of the Threonine residue of the 

Z/Turn-motif phosphorylation site to Alanine increases the binding of PRK2 to PDK1.  

 

 

FIG. 2. The interaction between PRK2 and PDK1 is increased by mutating the Z/Turn-motif 
phosphorylation site of PRK2. A, HEK293 cells were transiently trasfected with DNA constructs 
expressing Myc-PDK1 together with constructs expressing either GST-PRK2 wt or the mutants  GST-
PRK2 [Thr958Ala] and GST-PRK2 [Thr958Glu]. B, HEK293 cells were transiently transfected with 
DNA constructs expressing GST-PDK1 together with constructs expressing either Flag-PRK2 wt or the 
mutants Flag-PRK2 [Thr958Ala] and Flag-PRK2 [Thr958Glu]. C, HEK293 cells were transiently 
transfected with DNA constructs expressing Myc-PDK1 together with constructs expressing GST-
PRK2 wt. C, 2 h prior to cell lysis, the transfected cells were incubated with the according chemical 
compounds, namely DMSO, Orthovanadate (O.A.) and LY294002. 36 h post-transfection the cells 
were lysed and the cell lysate was incubated with glutathione-Sepharose resin in order to pull-down 
the GST-constructs. The pulled-down proteins were subjected to SDS-PAGE, stained with Coomassie 
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Blue, and immunoblotted using an anti-Myc antibody to detect Myc-PDK1 that bound to GST-PRK2 
(A) or an anti-FLAG antibody to detect FLAG-PRK2 that bound to GST-PDK1 (B). To verify the similar 
expression of Myc-PDK1(A,C) or of the wild type and mutant FLAG-PRK2 (B), the total cell lysate was 
subjected to SDS-PAGE and immunoblotted using anti-Myc antibody (A,C) or anti-FLAG antibody (B). 
Duplicates of each condition are shown. 

 

Since the interaction between PRK2 and PDK1 appeared to be dependent on 

the phosphorylation status of the Z/Turn-motif phosphorylation site of PRK2, we 

decided to evaluate whether the employment of chemical compounds which are 

known to affect the phosphorylation of protein kinases in vivo would also affect the 

binding of PRK2 to PDK1. To this end, we employed the protein tyrosine 

phosphatases inhibitor Orthovanadate and the selective PI3 kinase (PI3K) inhibitor 

LY294002. Besides, we also used the solvent DMSO as a control.  

Similarly to the experiments described above, we co-transfected HEK293 cells 

with Myc-PDK1 and GST-PRK2 wt, however, 2 h prior to cell lysis, we incubated the 

transfected cells with warm media containing the according chemical compounds, 

namely, DMSO as a control, Orthovanadate and LY294002. Upon cell lysis, we 

pulled-down the GST-fusion proteins with glutathione-Sepharose resin and washed 

them several times in batch. After that, we subjected the pulled-down proteins to 

SDS-PAGE and immunoblot with Anti-Myc. By looking at Fig.2C, we realized that the 

expression level of Myc-PDK1 in the Myc-immunoblot of crude extract as well as the 

amount of GST-PRK2 wt shown in the Coomassie staining was similar in all cases. 

Interestingly, Orthovanadate abolished the interaction between GST-PRK2 wt and 

Myc-PDK1, as shown in the Myc-immunoblot of GST pull-down. Since 

Orthovanadate inhibits tyrosine phosphatases and thus is expected to cause 

hyperphosphorylation at the tyrosine residues in the cell, it is likely that an 

unidentified tyrosine kinase mediates phosphorylation of PRK2, thus impairing its 

interaction with PDK1. Strikingly, LY294002 did not appear to affect the binding of 

PRK2 to PDK1 in the Myc immunoblot of GST pull-down, suggesting that the PI 3-

kinase pathway does not regulate the interaction between PDK1 and PRK2. 

However, this result is inconsistent with previous work [67] and will be further treated 

in the discussion.  

In addition, we also took into consideration the role of the hydrophobic pocket 

of PDK1, which is responsible for the interaction of the kinase with its substrates. 

Thus, the hydrophobic motif within the PDK1-interacting fragment (PIF) sequence 

was shown to interact with PDK1 hydrophobic PIF-binding pocket. The hydrophobic 

pocket of PDK1 is located in the small lobe of its kinase domain and contains several 
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residues, from which Leu 155 forms part of the hydrophobic binding site and 

participates in a hydrophobic interaction with the residues equivalent to Phe974 and 

Phe977 in the hydrophobic motif of PRK2 (present in PIF) [22]. The mutation of the 

Leu 155 residue (Leu155Glu) of the HM/PIF-binding pocket  of PDK1 led to a loss of 

interaction with PRK2 in all cases, indicating the essential role of this region for the 

measured interaction (data not shown). 

4.3. Mutation of the Z/Turn-motif phosphorylation site in PKCζ does not affect 

the interaction with PDK1 

In parallel experiments, we analysed the effect of the mutation of the Z/Turn-motif 

phosphorylation site in PKCζ. For this purpose, we co-transfected HEK293 cells with 

plasmids coding for Myc-PDK1 together with plasmids coding for GST-PKCζ or GST-

PKCζ [Thr560Ala]. Thereafter, we followed the same protocol as for the pull-down 

experiments between PDK1 and PRK2 (Fig.2A-B).  

However, the results did not reveal any relevant difference in the Myc-

immunoblot of the pull-down. In this way, we realized that, in contrast to the results 

achieved with PRK2, the mutation of the Z/Turn-motif phosphorylation site Thr560 to 

Ala in PKCζ (Thr560Ala) did not significantly influence the interaction with PDK1 

(Fig.3A). As for the experiments with PRK2 described above, we repeated the essay 

by co-transfecting GST-PDK1 together with FLAG-PKCζ or FLAG-PKCζ [Thr560Ala] 

and by performing an immunoblot with anti-FLAG. In this manner, we were able to 

confirm the already described result, since we did not see any particular difference in 

the interaction level between FLAG- PKCζ or FLAG-PKCζ [Thr560Ala] and GST-

PDK1 (Fig.3B). We reasoned that the lack of difference could be due to a surprisingly 

low level of Thr560 phosphorylation in both constructs of PKCζ. This was unlikely 

since Ricardo M. Biondi´s and M. Frödin´s previous work suggested that PKCζ was 

highly phosphorylated at the Z/Turn-motif phosphorylation site and the protein was 

homogeneous by IEF. 

However, in order to further evaluate if a low stoichiometry of phosphorylation 

of the Z/Turn-motif phosphorylation site could explain this result, we co-transfected 

the plasmids coding for GST-PKCζ or GST-PKCζ [Thr560Ala] with a plasmid coding 

for Myc-PDK1 and, in parallel, we repeated the same experiment with the addition of 

okadaic acid 2 h prior to cell lysis. 
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FIG. 3. Mutation of the Z/Turn-motif phosphorylation site does not significantly influence the 
interaction between PKCζ and PDK1. A, C, D HEK293 cells were transiently trasfected with DNA 
constructs expressing Myc-PDK1 together with constructs expressing either GST-PKCζ wt or the 
mutants  GST-PKCζ [Thr560Ala] and GST-PKCζ [Thr560Glu]. B, HEK293 cells were transiently 
transfected with DNA constructs expressing GST-PDK1 together with constructs expressing either 
FLAG-PKCζ wt or the mutants FLAG-PKCζ [Thr560Ala] and FLAG-PKCζ [Thr560Glu]. D, 2 h prior to 
cell lysis, the transfected cells were incubated with Okadaic acid (O.A.). 36 h post-transfection the 
cells were lysed and the cell lysate was incubated with glutathione-Sepharose resin in order to pull-
down the GST-constructs. The pulled-down proteins were subjected to SDS-PAGE, stained with 
Coomassie Blue, and immunoblotted using an anti-Myc antibody to detect Myc-PDK1 that bound to 
GST-PKCζ (A, C, D) or an anti-FLAG antibody to detect FLAG-PKCζ that bound to GST-PDK1 (B). To 
establish if the expression level of Myc-PDK1 (A, C, D)  or of the wild type and mutant FLAG-PKCζ (B) 
was similar in all cases, the total cell lysate was subjected to SDS-PAGE and immunoblotted using 
anti-Myc antibody (A, C, D) or anti-FLAG antibody (B). Duplicates of each condition are shown. 
 

Okadaic acid is a potent inhibitor of protein serine/threonine phosphatase. 

Therefore we used this compound to increase protein phosphorylation levels at the 

Z/Turn motif phosphorylation site. Unfortunately, this treatment led to a detachment 

of the HEK293 cells employed for transfection. However, we could conclude that the 

use of the protein phosphatase did not affect the interaction pattern between PKCζ 

and PDK1 (Fig 3C-D), further confirming that the phosphorylation of the Z/Turn-motif 

phosphorylation site does not affect the interaction between PKCζ and PDK1. 

Eventually, the results of the interaction between PDK1 and PRK2 or PKCζ 

suggested that the lack of phosphorylation at the Z/Turn-motif phosphorylation site in 

PRK2 -due to the mutation of the Threonine residue at this position to Alanine- 

increased the binding of PRK2 to PDK1; thus, the phosphorylation of the Z/Turn-motif 

phosphorylation site in PRK2 may inhibit its binding to PDK1 and may play a role for 

the regulation of PRK2 activity in vivo. 

In contrast to that, the binding of PKCζ to PDK1 was unaffected by mutation of the 

Z/Turn-phosphorylation site. For this reason, we conclude that the phosphorylation of 
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PKCζ at the Z/Turn-motif phosphorylation site cannot regulate the interaction of PKCζ 

with PDK1. 

4.4. Mutation of the Z/Turn-motif phosphorylation site in SGK and S6K does not 

affect the interaction with PDK1  

Previous studies revealed that the interaction of two further members of the AGC 

family, namely S6K and SGK, with PDK1 is promoted by the phosphorylation of their 

hydrophobic motifs. In these two cases, the hydrophobic motif phosphorylation 

prompts the interaction with PDK1 and hence their phosphorylation at the activation 

loop by PDK1. The presence of the hydrophobic motif phosphorylation site in S6K 

and SGK distinguishes these two proteins from PRK2 and PKCζ in a decisive way, 

since PRK2 and PKCζ have a negatively charged residue at its place. Based on the 

information about PRK2 and PKCζ described above, we decided to investigate 

whether the Z/Turn-motif phosphorylation site could also play a role in the interaction 

between PDK1 and its substrates S6K and SGK. In order to simplify the system and 

thus compare S6K and SGK with the two AGC kinases PRK2 and PKCζ, we 

generated S6K and SGK constructs with a mutation at the hydrophobic motif 

phosphorylation site. To this end, we mutated S6K Thr412 to Glutamic acid [S6K-

T2(Thr412Glu)] and SGKSer422 to Aspartic acid [SGK(Ser422Asp)]. In addition, the 

S6K-T2 construct employed in these experiments lacked the last 104 amino acids, 

while the ∆N SGK construct lacked the N-terminal 60 amino acids. Previous work 

showed that [S6K-T2(Thr412Glu)] and [SGK(Ser422Asp)] interact significantly with 

PDK1 and have a comparable intrinsic activity as the respective wild type constructs. 

By using these two mutants, we avoided a possible dephosphorylation at the 

hydrophobic motif phosphorylation site and so we were able to evaluate in a 

convincing manner the effect of mutation of the Z/Turn motif phosphorylation site in 

S6K and SGK on the interaction with PDK1. Therefore, as performed with PRK2 and 

PKCζ, we co-transfected HEK293 cells with several S6K and SGK mutants and 

studied their interaction pattern with Myc-PDK1. 

The co-transfection assays were performed with a plasmid coding for Myc-

PDK1 together with the plasmids coding for the GST-S6K mutants S6K-T2, S6K-

T2[Thr412Glu], S6K-T2[Thr412Glu/Ser394Ala], S6K-T2[Thr412Glu/Thr399Ala] or the 

GST-SGK mutants ∆N SGK, SGK[Ser422Asp], ∆N SGK [Ser422Asp/Ser401Ala] or 

the GST-Vector as a control. In the following steps we proceeded as already 

described above and finally we performed an immunoblot with Anti-Myc. The results 
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did not reveal any obvious difference between the wild type constructs of S6K and 

SGK and all the S6K and SGK mutants in their interaction with PDK1 (data not 

shown), suggesting that most probably the Z/Turn-motif phosphorylation site does 

not regulate the interaction of these two AGC kinases with PDK1.   

4.5. Effect of the Z/Turn-motif phosphorylation site on the activity of PRK2  

Based on the fact that the Z/Turn-motif phosphorylation site plays a key role in the 

interaction between PRK2 and PDK1, we decided to further characterize the Thr958 

mutants. Therefore, we first co-transfected HEK293 cells with the appropriate 

plasmids, incubated the cell lysate with glutathione Sepharose resin and purified 

GST-PRK2 wt, GST-PRK2 [Thr958Ala] and GST-PRK2 [Thr958Glu]. 

The purified proteins were subjected to a protein kinase activity assay using a 

polypeptide (Crosstide) as a substrate. Under our assay conditions, the specific 

activity of GST-PRK2 wt was approximately 4.8 U/mg. On the other hand, both GST-

PRK2 mutants had significantly lower activity (Fig. 4A), suggesting that the Z/Turn-

motif phosphorylation site may be required for the activity of PRK2.  In order to 

establish if the Z/Turn-motif phosphorylation was directly involved in this effect, we 

decided to probe the phosphorylation status of GST-PRK2 wt and mutants. To this 

end, we subjected the purified protein kinases to immunoblot using as primary 

antibodies anti-phospho-PRK (Upstate Biotechnologies) to detect the 

phosphorylation degree at the activation loop phosphorylation site, and PKC beta 2 

(phospho T641) (GeneTex, Inc) antibody in order to detect the phosphorylation 

status at the Z/Turn-motif phosphorylation site. To control the amount of protein 

loaded in each lane, we stripped the two membranes and incubated them again with 

Anti-GST as primary antibody. In this way, we verified the loading of the GST-PRK2 

wt and mutants used in the experiment (Fig.4). The results shown in Fig. 4B 

indicated that the GST-PRK2 wt protein was indeed phosphorylated at the Z/Turn-

motif phosphorylation site and that this site was not phosphorylated in GST-PRK2 

[Thr958Ala] and GST- PRK2 [Thr958Glu]. The analysis of the activation loop 

phosphorylation site however, indicated that GST-PRK2 wt and GST-PRK2  

[Thr958Ala] were phosphorylated at the activation loop at approximately similar 

levels, but, surprisingly, GST- PRK2 [Thr958Glu] was significantly less 

phosphorylated at this site (Fig. 4C). 
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FIG. 4. The lack of phosphorylation at the Z/Turn-motif phosphorylation site leads to a 
significant loss of activity of PRK2. HEK293 cells were transiently transfected with DNA constructs 
expressing GST-PRK2 wt, GST-PRK2[Thr958Ala] and GST-PRK2[Thr958Glu]. 36 h post-transfection 
the cells were lysed and the cell lysate was incubated with glutathione-Sepharose resin in order to 
pull-down the GST-fusion proteins. The pulled-down GST-constructs were purified and either assayed 
for activity (A) or subjected to SDS-PAGE and immunoblotted using a PKC beta 2 (phospho T641) 
antibody to establish the phosphorylation status at the Z/Turn-motif phosphorylation site (B) or an anti-
phospho PRK antibody to detect the phosphorylation status at the activation loop (C). To verify the 
equal amount of protein loaded in each lane, the two membranes were stripped and immunoblotted 
again with an anti-GST antibody (B, C).  
    

The main difference between GST-PRK2 wt and GST-PRK2 [Thr958Ala] was 

the lack of Z/Turn-motif phosphorylation of the mutant. The result indicated that the 

mutation of the Z/Turn-motif phosphorylation site and consequently the lack of 

phosphorylation at this site in GST-PRK2 [Thr958Ala] led to a significant loss of 

activity of this mutant in relation to GST-PRK2 wt. The result further suggests that the 

Z/Turn-motif phosphorylation has a direct role in PRK2 activity. 

In spite of low degree of phosphorylation at the activation loop, the activity of 

GST- PRK2 [Thr958Glu] was higher than in the case of GST-PRK2 [Thr958Ala]. 

Therefore we concluded that the negatively charged Glutamic acid present in GST- 

PRK2 [Thr958Glu] in place of the Threonine residue could mimic to a certain degree 

the phosphorylation at the Z/Turn-motif phosphorylation site, increasing the in vitro 

activity of the mutated kinase. 
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4.6. Effect of the Z/Turn-motif phosphorylation on the interaction of the isolated 

C-terminal segment of PRK2 with PDK1 

Based on the interaction assays described above, we concluded that 2 distinct 

general models could explain the increased binding of PRK2 [Thr958Ala] to PDK1. In 

a first model (Fig.5A-B), we could assume an increased affinity of the C-terminal 

PRK2 residue to PDK1 in the absence of phosphorylation (Fig. 5A); upon 

phosphorylation, the affinity of the C-terminal PRK2 segment for PDK1 would be lost 

(Fig. 5B).  In a second model (Fig.5C-D), the phosphorylation of the Z/Turn-motif 

phosphorylation site promotes an intra-molecular interaction with the PRK2 catalytic 

domain (Fig. 5C); the mutation would inhibit the intramolecular binding of the C-

terminal fragment of PRK2 to PRK2 catalytic domain and thus promote indirectly the 

interaction of the C-terminal fragment of PRK2 with the PDK1 PIF pocket (Fig.5D).  

In order to evaluate these two possible explanations, we decided to test the ability of 

the wild type, [Thr958Ala] and [Thr958Glu] C-terminal fragments of PRK2 to interact 

with PDK1. To do this, we generated plasmids coding the C-terminal 67 amino acids 

of PRK2 fused to GST and the corresponding [Thr958Ala] and [Thr958Glu] mutants. 

We then co-transfected HEK293 cells with plasmids coding for Myc-PDK1 together 

with plasmids coding for the C-terminal residues of PRK2 as fusion proteins with 

GST, namely GST-CT-PRK2 wt, GST-CT-PRK2 [Thr958Ala] and GST-CT-

PRK2[Thr958Glu]. 
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FIG. 5. Possible explanations for the role of the Z/Turn-motif phosphorylation site in the 
regulation of interaction between PRK2 and PDK1. (A)  An absence of phosphorylation at the 
Z/Turn-motif phosphorylation site of PRK2 increases the binding affinity of the hydrophobic motif of 
PRK2 to the PIF binding pocket of PDK1. (B) Phosphorylation of the Z/Turn-motif phosphorylation site 
of PRK2 impairs the binding of the hydrophobic motif of PRK2 to the PIF binding pocket of PDK1. 
Phosphorylation of the Z/Turn-motif phosphorylation site of PRK2 promotes the binding of the 
hydrophobic motif of PRK2 to its own catalytic domain (C), while mutation of the Z/Turn-motif 
phosphorylation site of PRK2 leads to a lack of phosphorylation at this position, inhibiting the binding 
of the hydrophobic motif of PRK2 to its own catalytic domain and thus making it available for 
interaction with PDK1 (D).  
 

After cell lysis, we pulled-down the GST-CT-PRK2 constructs with glutathione-

Sepharose resin and washed several times in batch. Interestingly, the Myc 

immunoblot of the pull down showed that GST-CT-PRK2 wt, GST-CT-PRK2 

[Thr958Ala] and GST-CT-PRK2 [Thr958Glu] interacted similarly with Myc-PDK1 

(middle panel). In addition, we performed a Coomassie staining in order to verify the 
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expression level of the GST-CT-PRK2 constructs (top panel). We also performed an 

anti-Myc immunoblot of the crude extract to check the amount of Myc-PDK1 (bottom 

panel). In all cases, the expression level was comparable for all employed mutants 

(Fig.6A).  

 

FIG. 6. The Z/Turn-motif phosphorylation site does not affect the binding affinity of the C-
terminal fragment of PRK2 to the PIF binding pocket of PDK1. A, HEK293 cells were transiently 
trasfected with DNA constructs expressing Myc-PDK1 together with constructs expressing either GST, 
GST-CT-PRK2 wt or the mutants  GST-CT-PRK2 [Thr958Ala] and GST-CT-PRK2[Thr958Glu]. B, 
HEK293 cells were transiently transfected with DNA constructs expressing GST-CT-PRK2 wt or the 
mutants GST-CT-PRK2 [Thr958Ala] and GST-CT-PRK2 [Thr958Glu]. A, B, 36 h post-transfection the 
cells were lysed and the cell lysate was incubated with glutathione-Sepharose resin in order to pull-
down the GST-constructs. The pulled-down proteins were washed several times in batch (A) or 
purified (B) and subjected to SDS-PAGE (A, B). The electrophoresed proteins were stained with 
Coomassie Blue (A, B) and immunoblotted using an anti-Myc antibody to detect Myc-PDK1 that bound 
to GST-CT-PRK2 (A) or immunoblotted using PKC beta 2 (T641) to detect the phosphorylation status 
at the Z/Turn-motif phosphorylation site of GST-CT-PRK2 (B). A, To verify if the expression level of 
Myc-PDK1 was similar in all cases, the total cell lysate was subjected to SDS-PAGE and 
immunoblotted using anti-Myc antibody. A, Duplicates of each condition are shown. 

 

Thus, the results indicated that GST-CT-PRK2 wt and mutants interacted 

equally well with PDK1. Such result is not compatible with the first model (Fig. 5A-B) 

since under such model, the GST-CT-PRK2 [Thr958Ala] mutant would have been 

expected to interact with higher affinity with PDK1. Therefore, the lack of 

phosphorylation at the Z/Turn-motif phosphorylation site of PRK2 may impair the 

binding of the C-terminal fragment of PRK2 to its own catalytic domain and indirectly 

promote its interaction with the PIF binding pocket of PDK1. However, in order to 

exclude the possibility that GST-CT-PRK2 was not phosphorylated at the Z/Turn-
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motif phosphorylation site, we performed an immunoblot with purified constructs of 

GST-CT-PRK2 wt, GST-CT-PRK2 [Thr958Ala] and GST-CT-PRK2 [Thr958Glu]. By 

using anti-phospho-PRK (Upstate Biotechnologies) in order to check the 

phosphorylation status of the GST-CT-PRK2 constructs at the Z/Turn-motif 

phosphorylation site, we verified that GST-CT-PRK2 wt, but not GST-CT-PRK2 

[Thr958Ala] or GST-CT-PRK2 [Thr958Glu], was phosphorylated at the Z/Turn-motif 

phosphorylation site (Fig.6B). Altogether, our results support the PRK2-PDK1 

interaction model described in Fig. 5C-D. 

4.7. PRK2 C-terminal negatively charged patch Glu968-Glu970 and hydrophobic 

patch Ile965/Leu966 are required for the high affinity interaction of PRK2 with 

PDK1 

As already mentioned, the PDK1-interacting fragment (PIF) of PRK2 represents a 

“docking site” consisting in a hydrophobic sequence motif defined as Phe-Xaa-Xaa-

Phe-Asp-Tyr, which allows PRK2 to interact with PDK1 by binding to the PDK1 PIF-

binding pocket. In previous studies it has been proved that the C-terminal 

hydrophobic motif of PRK2 requires the hydrophobic residues Phe974, Phe977, 

Tyr979 and the negatively charged residue Asp978, for high affinity binding to PDK1. 

Indeed, mutation of any of the mentioned residues to Alanine abolished the 

interaction with PDK1 in pull down experiments [8]. 

We were interested to test if any other residues in the C-terminal fragment of 

PRK2 would contribute to the interaction with PDK1. Since an isolated polypeptide 

comprising the last 24 aminoacids of PRK2 possesses high affinity for PDK1 and 

shorter versions of the polypeptide have decreased affinity, additional high affinity 

determinants may be located within this region somewhere upstream of the 

hydrophobic motif. To study this hypothesis, we mutated the C-terminal Glutamic 

residues 968-969-970 to Alanine as well as the hydrophobic residues Ile965 and 

Leu966 of GST-CT-PRK2 to Alanine and tested the ability of GST-CT-PRK2 wt and 

the corresponding mutants to interact with Myc-PDK1 (the aminoacid residues 

mutated are those underlined in the sequence 

REPRILSEEEQEMFRDFDYIADWC). 
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FIG. 7.  Not only the hydrophobic motif, but also further residues within the C-terminal 
fragment of PRK2 mediate the interaction between GST-CT-PRK2 and PDK1. HEK293 cells were 
transiently trasfected with DNA constructs expressing Myc-PDK1 together with constructs expressing 
either GST, GST-CT-PRK2 wt or the mutants GST-CT-PRK2 [Ile965Ala; Leu966Ala] and GST-CT-
PRK2 [Glu968Ala; Glu969Ala; Glu970Ala]. 36 h post-transfection the cells were lysed and the cell 
lysate was incubated with glutathione-Sepharose resin in order to pull-down the GST-constructs. The 
pulled-down proteins were subjected to SDS-PAGE, stained with Coomassie Blue, and immunoblotted 
using an anti-Myc antibody to detect Myc-PDK1 that bound to GST-CT-PRK2. To verify the equal 
expression of Myc-PDK1, the total cell lysate was subjected to SDS-PAGE and immunoblotted using 
anti-Myc antibody. Duplicates of each condition are shown. 

 

In order to analyse the effect of the mutations on the interaction with PDK1, we 

co-transfected HEK293 cells with plasmids coding for Myc-PDK1 and for GST-CT-

PRK2 wt and those containing the mentioned mutations. After incubating the cell 

lysate with glutathione Sepharose resin and washing several times in batch, we 

performed an immunoblot with Anti-Myc to detect the presence of Myc-PDK1 bound 

to the pulled down GST-CT-PRK2 wt and mutants. The presence of Myc-PDK1 was 

greatly reduced in the pull-down from GST-CT-PRK2 [Ile965Ala; Leu966Ala] and 

GST-CT-PRK2 [Glu968Ala; Glu969Ala; Glu970Ala] (Fig. 7) indicating that there was 

a very significant loss of interaction with PDK1 when the hydrophobic patch [Ile95; 

Leu96] or acidic patch [Glu968; Glu969; Glu970] were mutated. These results 

suggested that the interaction between GST-CT-PRK2 and PDK1 is not only 

mediated by the hydrophobic motif, but also by other residues within the C-terminal 

fragment of PRK2.  
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5. DISCUSSION                             

Many AGC subfamily members have been described to share a common core 

mechanism of activation based on three conserved phosphorylation sites, namely the 

activation loop, the Z/Turn-motif phosphorylation site and the hydrophobic motif (HM) 

phosphorylation site [21, 81, 158]. Previous studies demonstrated that the 

phosphorylation of the AGC subfamily members S6K, RSK and SGK at their 

hydrophobic motif phosphorylation sites stimulates the binding of their hydrophobic 

motif to the PIF-binding pocket of PDK1, enabling PDK1 to phosphorylate the 

interacting kinase at the activation loop [24, 71]. In contrast, the conventional PKC 

isoforms (PKCα, β and γ) appear to interact with PDK1 through their 

unphosphorylated hydrophobic motif to become phosphorylated at their activation 

loop (reviewed in [147]). Notably, considerable information had been acquired about 

the activation loop and hydrophobic motif phosphorylation sites. However, at the start 

of this thesis, there were still many unanswered questions about the role of the 

Z/Turn-motif phosphorylation site in the regulation of AGC kinase activities and on 

the interaction between PDK1 and its AGC kinase substrates. 

Given the central role of the PDK1 signalling pathway in the regulation of the 

insulin signalling, cell growth and cell survival and consequently in the development 

of diabetes, human cancer and heart failure, we decided to further characterize the 

interaction between PDK1 and its AGC substrates, especially PRK2 and PKCζ. The 

knowledge that the PKC-related PRK2 and the atypical PKCζ possess a hydrophobic 

motif, but instead of a hydrophobic motif phosphorylation site they contain an acidic 

residue at its place (aspartic acid in PRK2 and glutamic acid in PKCζ, respectively), 

raised the possibility that the third phosphorylation site, namely the Z/Turn-motif 

phosphorylation site, could be involved in the interaction of these two PKC kinases 

with PDK1. 

Thus, we decided to investigate the possible role of the Z/Turn-motif 

phosphorylation site in the regulation of the interaction of PRK2 and PKCζ with their 

upstream protein kinase activator PDK1 by performing interaction assays, in which 

we studied the consequences of mutating the Z/Turn-motif phosphorylation site in 

PRK2 and PKCζ on their interaction with PDK1 and further characterized 

determinants for the interaction between PDK1 and PRK2. Our experiments revealed 
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that a mutation of the Z/Turn-motif Threonine phosphorylation site to Alanine 

increased the binding of the hydrophobic motif of PRK2 to the PIF binding pocket of 

PDK1. In contrast, the Z/Turn-motif phosphorylation did not affect the interaction 

between PKCζ and PDK1.  

Based on these results, we decided to further investigate the role of the 

Z/Turn-motif phosphorylation site in regulating the activity of PRK2 and showed that 

a lack of phosphorylation at this position drastically reduced PRK2 activity in vitro. 

We also characterized other aspects of the requirements for the interaction between 

PRK2 and PDK1. Our findings suggest that both a hydrophobic patch and a 

negatively charged patch located in between the hydrophobic motif and the Z/Turn-

motif phosphorylation site directly support the binding of the C-terminal fragment of 

PRK2 (GST-CT-PRK2) to PDK1 and are responsible for the high affinity interaction. 

Finally, we characterized aspects of the molecular mechanism by which PRK2 

mutation at the Z/Turn-motif phosphorylation site increases the interaction with 

PDK1. The results are compatible with a model in which PRK2 activity may be 

regulated in cells by the Z/Turn-motif phosphorylation in two ways: 1- Z/Turn-motif 

phosphorylation directly activates PRK2 and 2- phosphorylation would decrease the 

interaction of PRK2 with PDK1.  

5.1. Role of the Z/Turn-motif phosphorylation site in the regulation of the 

interaction of PRK2 with PDK1 

In order to study the role of the Z/Turn-motif phosphorylation site in the regulation of 

the interaction between PRK2 and PDK1, we performed interaction assays with Myc-

PDK1 together with GST-PRK2 wt, GST-PRK2 [Thr958Ala] and GST-PRK2 

[Thr958Glu]. The achieved results (Fig. 1A) revealed that a mutation of the Threonine 

residue of the Z/Turn-motif phosphorylation site of GST-PRK2 to Alanine (GST-PRK2 

[Thr958Ala]) significantly increased the binding of the hydrophobic motif of PRK2 to 

PDK1. An increased interaction with PDK1 also occured for PRK2 [Thr958Glu], 

however, to a lower extent than for GST-PRK2 [Thr958Ala]. These important findings 

were confirmed by further experiments, in which we analysed the interaction between 

GST-PDK1 and the wild-type and the [Thr958Ala] and [Thr958Glu] mutants of FLAG-

PRK2. Again, we observed a higher binding of FLAG-PRK2 [Thr958Ala] to GST-

PDK1 compared to FLAG-PRK2 wt, as well as an intermediate level of interaction 

between FLAG-PRK2 [Thr958Glu] and GST-PDK1 (Fig.1B).  
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Thus, the results obtained in these experiments suggested that the Z/Turn-

motif phosphorylation site can play an important role in the regulation of the 

interaction between PRK2 and PDK1. Actually, a lack of phosphorylation at this site 

upon mutation significantly increased the binding of the hydrophobic motif of PRK2 to 

PDK1 in pull-down experiments. In additional experiments, we generated C-terminal 

fragments of PRK2 as GST-fusion proteins with a mutated Z/Turn-motif 

phosphorylation site and analyzed their interaction with PDK1. In these assays we 

realized that GST-CT-PRK2 wt and GST-CT-PRK2 [Thr958Ala] are both able to 

interact equally well with PDK1, suggesting that the C-terminal fragment of PRK2 is 

sufficient to permit the binding to PDK1. Posterior work in our group showed that 

peptides derived from the C-terminal fragment of PRK2 (PIF) and PIF Thr/Ala 

interacted equally well with PDK1 and stimulated PDK1 activity with similar AC 50 

(the concentration necessary to achieve 50% of the maximal activation), which 

corresponds to the concentration that is required to obtain half maximal activity. 

Altogether, the results did not support a model in which the lack of phosphorylation at 

the HM triggered the binding to PDK1. Rather, our results are compatible with a 

model in which the phosphorylation of the Z/Turn-motif phosphorylation triggers an 

increased binding to the Z/ Turn-motif phosphate binding site within the catalytic 

domain of PRK2. In this manner, the binding to PRK2 catalytic domain would prevent 

its binding to the PIF pocket on PDK1. 

 To further characterize the role of the Z/Turn-motif phosphorylation site in the 

regulation of the interaction between PRK2 and PDK1, we performed interaction 

assays with Myc-PDK1 and GST-PRK2 wt and evaluated whether the employment of 

chemical compounds, such as the protein tyrosine phosphatases inhibitor 

Orthovanadate and the selective PI3 kinase (PI3K) inhibitor LY294002, would affect 

the binding of PRK2 to PDK1. 

Through the inhibition of tyrosine phosphatases, Orthovanadate is expected to 

augment the phosphorylation status of the tyrosine residues within all proteins in the 

cell. Remarkably, Orthovanadate seemed to abolish the interaction between GST-

PRK2 wt and Myc-PDK1 (Fig.2C), suggesting that the higher level of phosphorylation 

at tyrosine residues could impair the interaction of the AGC kinase with PDK1.  

Thus, it is possible that an unknown kinase, distinct from the serine/threonine 

kinase PDK1, phosphorylates PRK2 and influences its binding properties for its 

upstream kinase activator PDK1. One possibility is that the Z/Turn-motif 
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phosphorylation site-kinase increases its activity upon increased tyrosine residues 

phosphorylation. This increase in activity would translate to increased Z/Turn-motif 

phosphorylation and decreased binding to PDK1. 

Since PRK2 activity is linked to Rho activation, and Rho GTPases are 

downstream of multiple Receptor Tyrosine Kinases (RTK), it is tempted to speculate 

that the Orthovanadate effect may be related to the activation of RTK. Kinases that 

efficiently phosphorylate phosphorylation sites followed by a Pro residue are typically 

from the MAPK family or CDK family of protein kinases. Given the RTK link to PRK2 

activation, it can be envisaged that MAP Kinases, which are typically activated by 

RTK, could be involved in the phosphorylation of the Z/Turn-motif phosphorylation 

site on PRK2, which is likewise followed by a proline residue (Fig.1). Specifically 

blocking the activity of the Z/Turn-motif phosphorylation site kinase is expected to 

increase the interaction of PRK2 with PDK1. Based on this indirect method, we can 

discard the MAP kinase family members MEK1 and its substrates ERK1/2, since the 

MEK1 kinase inhibitor PD 98059 [168] did not affect the interaction of PRK2 with 

PDK1 (data not shown). 

In our cellular system, LY294002 did not appear to affect the binding of GST-

PRK2 wt to PDK1 (Fig.2C). This result suggests that the Z/Turn-motif 

phosphorylation site-kinase is not a kinase which requires PI3K activation nor is 

regulated transiently by PI3K signalling. In this way, we can discard any relation 

between the PI3K downstream kinases (such as PKB/Akt, S6K, SGK, RSK, and their 

downstream kinase targets, such as GSK3) on the Z/Turn-motif phosphorylation site-

kinase activation and the interaction between PDK1 and PRK2. This conclusion is 

further supported by the finding that the unspecific kinase inhibitor staurosporine 

(which inhibits several of the above stated kinases) did not affect the interaction 

between PDK1 and PRK2.  

In the past, Flynn and co-workers also studied the effects of inhibiting PI3K 

activity by using LY294002 on endogenous PRK activation loop phosphorylation [67]. 

This work reported that while the basal phosphorylation level at the activation loop 

residue Thr-774 of PRK1 was slightly lower upon inhibitor treatment, the increased 

signals expected after transfection of PRK1 with either GTPase-deficient and thus 

overactive Rho or PDK1 was decreased to nearly basal levels by the inhibition of 

PI3K activity. These results have been interpreted as related to the requirement of a 

PtdIns(3,4,5)P3-dependent PDK1 localization/allosteric event for PRK 
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phosphorylation. However, as the activation loop phosphorylation of PRK by 

PDK1∆PH (residues 51-404) was also inhibited by LY294002 and therefore 

obviously dependent on PI3K activity, it has been assumed that PI3K influences PRK 

in a pathway that does not involve PDK1, but probably endogenous GTPase.  

In apparent contrast, in our experiments LY294002 did not affect the binding of 

PRK2 to PDK1. This is presumably due to the fact that, while Flynn and co-workers 

employed endogenous PRK proteins, we used overexpressed PRK2 in our 

interaction assays. It is possible that the overexpression of PRK2 made the kinase 

more resistant to outside influences, such as PI3K inhibition. Altogether, the 

conditions in our assays did not reflect the normal intracellular conditions or the 

conditions in the experiments performed with endogenous PRK constructs by Flynn 

and co-workers, thus influencing to some extent our findings. The Orthovanadate 

experiments, on the other hand, provided evidence that protein phosphorylation can 

influence the interaction between PRK2 and PDK1 in a cellular environment.  

5.2. Effect of the Z/Turn-motif phosphorylation site on the activity of PRK2 

In addition to the interaction assays performed to define the role of the Z/Turn-motif 

phosphorylation site in the regulation of the interaction between PRK2 and PDK1, we 

decided to evaluate the consequences of mutating the Z/Turn-motif phosphorylation 

site on PRK2 activity in vitro, by subjecting the purified GST-fusion proteins GST-

PRK2 wt, GST-PRK2 [Thr958Ala] and GST-PRK2 [Thr958Glu] to a protein kinase 

assay. 

As presented in Fig. 4A, the mutants GST-PRK2 [Thr958Ala] and GST-PRK2 

[Thr958Glu] had considerably lower activity than GST-PRK2 wt. The immunoblot 

assays showed that, as expected, PRK2 wt was phosphorylated at the Z/Turn-motif 

phosphorylation site, while the mutation of this site in both PRK2 mutants led to a 

lack of phosphorylation at this position (Fig.4B). Thus, the lack of phosphorylation at 

the Z/Turn-motif phosphorylation site of GST-PRK2 [Thr958Ala] and GST-PRK2 

[Thr958Glu] was associated with an important loss of activity of both GST-PRK2 

mutants. 

Our findings with the full-length PRK2 constructs agree with the recently 

presented results by Hauge and co-workers [81], which showed that a mutation of 

the Z/Turn-motif phosphorylation site or of its phosphate-binding site in the kinase 

domain of PKBα, S6K1, MSK1, RSK1 as well as of the truncated PRK2 lacking the 

N-terminal region (PRK2∆1-500) likewise significantly reduced kinase activity in all 
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cases. These results emphasized the crucial role of the Z/Turn-motif phosphorylation 

site and of its binding site in mediating kinase activity of the AGC subfamily members 

[81].  

Furthermore, Hauge and co-workers [81] proposed a model, in which the 

bound Z/Turn-motif phosphorylation site supports the formation of a closed and 

active kinase conformation. Even if the phosphorylated Z/Turn-motif phosphorylation 

site has no effect on its own on kinase activity, it directly stimulates kinase activity by 

synergistically enhancing kinase activation by the hydrophobic motif phosphate in 

cooperation with the activation loop phosphate. In the case of some AGC kinases, 

such as S6K1, MSK1 and RSK2, a mutation of the Z/Turn-motif phosphorylation site 

importantly diminished phosphorylation of the hydrophobic motif, suggesting that the 

function of this phosphorylation site to promote the binding of the hydrophobic motif 

to its own hydrophobic pocket, not only stabilizes the phosphorylated hydrophobic 

motif in the pocket, but also reduces the exposure of its phosphate to phosphatases 

[81].  

Surprisingly, single to triple mutation of the basic residues in the Z/Turn-motif 

phosphate binding site of PKBα has been described to importantly increase basal 

and insulin-stimulated kinase activity, which appeared to result from the augmented 

phosphorylation of the hydrophobic motif and activation loop [81]. For this reason, in 

an even more general scenario, the Z/Turn-motif phosphorylation site can help 

regulate the level of phosphorylation and dephosphorylation of the hydrophobic motif 

and activation loop phosphorylation sites. 

Previous publications reported that PDK1 activates both PRK1 and PRK2 by 

phosphorylating the conserved threonine residue in their activation loops (Thr-774 for 

PRK1 and Thr-816 for PRK2) in vitro and in vivo. In addition, an increased 

phosphorylation status at the activation loop led to a significant activity increase of 

both PRK kinases [67]. Consistent with these findings, the activity level of GST-PRK2 

wt - as the GST-PRK2 construct with the highest phosphorylation degree at the 

activation loop (Fig.4 C) - was ~4 times higher than the activity level measured for 

GST-PRK2 [Thr958Ala] or GST-PRK2 [Thr958Glu] (Fig.4A). In parallel experiments 

performed in our laboratory, the activity of PKCζ constructs with a mutated Z/Turn-

motif phosphorylation site was completely abolished. Thus, it appears that the 

requirement of the Z/Turn-motif phosphorylation site in the full length PRK2 protein is 
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not as important as the phosphorylation of the Z/Turn-motif phosphorylation site in 

other AGC kinases, such as PKCζ. 

Surprisingly, even if the phosphorylation status at the activation loop was 

considerably lower compared to GST-PRK2 wt or GST-PRK2 [Thr958Ala] (Fig. 4C), 

the kinase activity of GST-PRK2 [Thr958Glu] was higher than in the case of GST-

PRK2 [Thr958Ala] (Fig.4A). This suggests that the negatively charged Glutamic acid 

inserted in place of the Threonine residue in GST-PRK2 [Thr958Glu] could be able to 

mimic the phosphorylated Z/Turn-motif phosphorylation site, thus promoting kinase 

activation to some extent. However, this assumption is not concordant with recent 

work, in which mutation of the Z/Turn-motif phosphorylation site to a phosphate-

mimicking Glu could replace phosphorylation in PKBα and RSK2, but not in the 

truncated PRK2 lacking the N-terminal region [81]. It is possible that Glu can 

substitute the phosphorylation status in the full length PRK2, but not in the isolated 

catalytic domain of PRK2. It is also notorious that the [Thr958Glu] mutant in the 

context of the catalytic domain of PRK2 [81] had lower level of activation loop 

phosphorylation.  

Therefore, the effects of mutations in the catalytic domain of PRK2 and in the 

full length of PRK2 are not always identical. Both forms of PRK2 are equally 

phosphorylated at the activation loop when the Threonine residue of the Z/Turn-motif 

phosphorylation site is mutated to Alanine and both forms have decreased specific 

activity. However, more detailed inspection of the data suggests that the activity of 

the catalytic domain appears to be more affected by this mutation then the activity of 

the full length PRK2. A further difference is observed when the Threonine residue of 

the Z/Turn-motif phosphorylation site is mutated to Glu. In this regard, the full length 

PRK2 protein has substantially more activity when the Threonine residue of the 

Z/Turn-motif phosphorylation site is mutated to Glu with respect to the non-mutated 

form of the kinase. Altogether, we are tempted to speculate that the N-terminus of the 

kinase does indeed have an effect on the kinase activity. To do this, it should be 

expected that at least parts of the N-terminus are folding back onto the catalytic 

domain. However, further experiments to clarify this aspect are required. In order to 

confirm the above stated observation, an obvious test would be to purify the PRK2 

mutant described by Hauge et al. and perform the assay with both forms of the 

PRK2, in parallel. 
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Eventually, we can claim that the Z/Turn-motif phosphorylation site is directly 

involved in the mediation of PRK2 activity.  

5.3. Mutation of the Z/Turn-motif phosphorylation site does not increase the 

binding of the C-terminal fragment of PRK2 to PDK1  

According to the results achieved in the interaction assays described above, we 

developed 2 distinct general models which could elucidate the increased binding of 

GST-PRK2 [Thr958Ala] to PDK1. The first model suggests a higher affinity of the C-

terminal fragment of PRK2 (CT-PRK2) to PDK1 in the absence of phosphorylation at 

the Z/Turn-motif phosphorylation site (Fig. 5A). The increased binding would be lost 

upon phosphorylation of PRK2 at this site (Fig. 5B).  

To evaluate this possible model, we generated C-terminal fragments of PRK2 

as GST-fusion proteins with the according mutations at the Z/Turn-motif 

phosphorylation site (GST-CT-PRK2 wt, GST-CT-PRK2 [Thr958Ala] and GST-CT-

PRK2 [Thr958Glu]) and analysed their capability to interact with PDK1. All the 

employed GST-CT-PRK2 constructs interacted equally well with PDK1 (Fig.6A). In 

addition, to assure that GST-CT-PRK2 wt was indeed phosphorylated at the Z/Turn-

motif phosphorylation site, we subjected the purified GST-CT-PRK2 constructs to an 

immunoblot with anti-phospho PRK and showed that GST-CT-PRK2 wt, but not the 

mutants GST-CT-PRK2 [Thr958Ala] or GST-CT-PRK2 [Thr958Glu], was 

phosphorylated at this phosphorylation site (Fig.6B). Thus, since the C-terminus 

phosphorylated at the Z/Turn-motif phosphorylation site interacted equally well as the 

Ala or Glu mutants of the phosphorylation site, we confidently discard the first model, 

which suggested that a lack of phosphorylation at the Z/Turn-motif phosphorylation 

site of GST-CT-PRK2 [Thr958Ala] and GST-CT-PRK2 [Thr958Glu] would increase 

the affinity of their C-terminal fragments to PDK1. 

In a second model, we propose that the phosphorylation of the Z/Turn-motif 

phosphorylation site promotes an intramolecular binding of the phosphorylated C-

terminal fragment of PRK2 to PRK2 polypeptide (Fig. 5C), while a mutation of the 

Z/Turn-motif phosphorylation site would inhibit this intramolecular interaction and, in 

this manner, indirectly promote the binding of the C-terminal fragment of PRK2 to the 

PIF-binding pocket of PDK1 (Fig.5D). Our results are compatible with this second 

model (Fig. 5C-D). Since the increased binding of the PRK2 [Thr958Ala] mutant to 

PDK1 was also found using the catalytic domain of PRK2 in follow up work, we 

conclude that the putative phosphorylation dependent intramolecular interaction does 
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not require the N-terminal 500 aminoacids of PRK2 and is most likely located within 

the catalytic domain of PRK2. In parallel work to this research, in collaboration with 

Prof. Frödin (Copenhagen) our laboratory provided evidence about the existence of a 

Z/Turn-motif-phosphate binding site on the small lobe of the catalytic domain of 

multiple AGC kinases, including PRK2. Thus, the mutation of the PRK2 basic 

residues Arg (665), Lys (670), Lys (689) and His (732) forming part of the putative 

phosphate binding site resulted in a reduced kinase activity to comparably low levels 

as obtained by mutating the Z/Turn-motif phosphorylation site of PRK2 [81]. Besides, 

the phosphorylation level of the Z/Turn-motif phosphorylation site of PRK2 upon 

mutating the basic residues in the catalytic domain of the kinase was profoundly 

diminished, suggesting that the binding of the phosphorylated Z/Turn-motif 

phosphorylation site to the mentioned basic residues protects it from 

dephosphorylation [81].  

If the Z/turn-motif phosphate binding site was indeed participating in the 

mechanism by which interaction to PDK1 is increased, then it should be possible test 

this by mutation of residues within the phosphate binding site. Indeed follow-up 

experiments confirmed that mutation of the Z/turn-motif phosphate binding site also 

increased the interaction of PRK2 with with PDK1 [54].  

5.4. Role of the Z/Turn-motif phosphorylation site in the regulation of the 

interaction of PDK1 with other AGC substrates 

Within AGC kinases, PKCζ is similar to PRK2 in that it possesses a Z/Turn-motif 

phosphorylation site and does not have a hydrophobic motif phosphorylation site. 

Surprisingly, in sharp contrast to the findings with PRK2, in parallel experiments we 

could show that a mutation of the Threonine residue of the Z/Turn-motif 

phosphorylation site of PKCζ to Alanine (GST-PKCζ [Thr560Ala]) did not affect its 

interaction with PDK1 (Fig.3A). These results were confirmed by additional 

interaction assays, in which we analysed the interaction between GST-PDK1 and 

FLAG-PKCζ constructs (FLAG-PKCζ wt and FLAG-PKCζ [Thr560Ala]). As already 

observed in the case of the GST-PKCζ proteins, both FLAG-PKCζ constructs 

interacted equally well with PDK1 (Fig.3B). 

In order to exclude the possibility that a low stoichiometry of phosphorylation 

of the Z/Turn-motif phosphorylation site could be responsible for the obtained results, 

we performed again the co-transfection of GST-PKCζ wt and GST-PKCζ [Thr560Ala] 

with PDK1 and in parallel, we repeated this assay with the addition of the protein 
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serine/threonine phosphatase inhibitor Okadaic acid 2 h prior to cell lysis. Again, no 

difference could be detected in the interaction between PDK1 and the GST-PKCζ 

constructs GST-PKCζ wt and GST-PKCζ [Thr560Ala] (Fig.3 C-D), suggesting that the 

phosphorylation of the Z/Turn-motif phosphorylation site does not affect the 

interaction of PKCζ with PDK1. Thus, we can conclude that, in contrast to PRK2, the 

Z/Turn-motif phosphorylation site is not involved in the regulation of the interaction 

between PKCζ and PDK1.  

Interestingly, PKCζ was also shown to possess a Z/Turn-motif-phosphate 

binding site, similar to PRK2. Thus, it is not easy to explain why the Z/Turn-motif-

phosphate could regulate the interaction of PRK2 with PDK1 while not affecting, 

indirectly, the PKCζ interaction. One possible explanation is the level of affinity 

between the Z/Turn-motif phosphate and the phosphate binding site. The higher 

affinity of the Z/Turn-motif phosphate to the corresponding phosphate binding site, 

the more it is likely to regulate the interaction with PDK1. Alternatively, it is possible 

that other more complex mechanisms take place in PKCζ. Indeed, PKCζ mechanism 

of regulation is highly complex, possessing multiple N-terminal regulatory modules: a 

PB1 domain (involved somehow in activation of PKCζ by interaction with partner 

proteins), a putative “pseudo-substrate” region (thought to mediate intramolecular 

inhibition as a pseudo-substrate) and a C1 domain (involved in the regulation of the 

activation of PKCζ by phospholipids). Thus, it can be reasonably contemplated that 

the C-terminus of PKCζ, comprising the Z/Turn-motif phosphate, could have a more 

complex relationship to other portions of the PKCζ protein. In order to test this 

possibility, future work could evaluate the effect of mutating the Z/Turn-motif 

phosphate residue in a construct comprising the catalytic domain of PKCζ.  

Remarkably, the interaction of PKCζ with PDK1 is likely to be regulated in a 

decisive way by its hydrophobic motif, since the mutation of the residue Leu155 of 

the PIF-binding pocket of PDK1 to Glutamic acid (Leu155Glu) significantly reduced 

the interaction of the GST-PKCζ constructs GST-PKCζ wt and GST-PKCζ 

[Thr560Ala] with PDK1 (data not shown).  

In overexpression systems, SGK and S6K interaction with PDK1 were also not 

regulated by Z/Turn-motif phosphorylation. Again, it is not clear why this same 

mechanism does not happen in other AGC kinases different from PRK2 which also 

have a Z/Turn-motif phosphorylation site and a putative Z/Turn-motif phosphate 
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binding site, such as SGK and S6K. It is possible that S6K and SGK have evolved to 

only rely on the HM phosphorylation to regulate the interaction with PDK1.  

In the case of S6K, previous work suggested a possible model, in which 

phosphorylation of its C-terminal autoinhibitory domain induces a conformational 

change, enabling the hydrophobic motif of S6K to interact with the PIF-binding pocket 

of PDK1 and thus allowing S6K phosphorylation at the activation loop by PDK1 [24, 

40]. In addition, the activation of S6K and SGK by PDK1 is regulated in a decisive 

manner by the phosphorylation of the hydrophobic motifs of both AGC kinases, as 

phosphorylation of S6K and SGK at this position enhances their interaction with 

PDK1 (reviewed in [134]).  

In accordance with the finding that the Z/Turn-motif phosphorylation site plays 

a key role in the regulation of kinase activity among the AGC subfamily members by 

an intramolecular activation mechanism, a mutation of the Z/Turn-motif 

phosphorylation site of S6K to Alanine or a mutation of the basic residues situated in 

its phosphate-binding pocket in the kinase domain markedly reduced S6K activation 

[81].  

Finally, we should contemplate that the studies here presented were either 

performed in vitro or in cellular overexpression systems, where, if low abundant third 

components were required, these would not be represented. Thus, it is conceivable 

that the PKCζ Z/Turn-motif phosphate may participate in the regulation of the 

interaction with PDK1 in in vivo physiological situations which were not tested in the 

present work.  

5.5. Role of the N-terminal extension of PRK2 on the interaction with PDK1 

To clarify the role of the N-terminal extension of PRK2 on the interaction of the AGC 

kinase with PDK1, we generated GST-PRK2 constructs with a disrupted auto-

inhibitory N-terminal domain (∆NT-PRK2), namely GST-∆NT-PRK2 wt and GST-

∆NT-PRK2 [Thr958Ala], and analysed the consequences of these mutations on the 

interaction with PDK1, in vivo. In parallel, we repeated the same experiment with 

PDK1 and, instead of the GST-∆NT-PRK2 constructs, we employed the GST-PRK2 

full-length constructs GST-PRK2 wt and GST-PRK2 [Thr958Ala] as a control. In this 

way, we hoped to be able to compare the results obtained with the GST-PRK2 full-

length constructs with the data achieved with the GST- ∆NT-PRK2 mutants lacking 

the N-terminal regulatory domain.  
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Interestingly, previous publications suggested that the N-terminus is likely to 

have an inhibiting effect on PRK2 activity, since ∆NT-PRK2 has been shown to 

possess a ~10-fold higher specific activity than full-length PRK2 [7]. 

Despite a lower expression level of both GST-∆NT-PRK2 wt and GST-∆NT-

PRK2 [Thr958Ala] compared to GST-PRK2 wt and GST-PRK2 [Thr958Ala] (data not 

shown), the results achieved in the pull-down suggested that the GST-∆NT-PRK2 

constructs still interacted with PDK1 (data not shown). For this reason, we can 

assume that, under these assay conditions, the N-terminus is not required for the 

intermolecular interaction between PRK2 and PDK1. Besides, according to follow up 

work, we can state that the GST-∆NT-PRK2 [Thr958Ala] mutant also interacted 

better with PDK1 than GST-∆NT-PRK2 wt. 

However, Flynn and co-workers [67] previously suggested an interaction 

model between PRK2 and PDK1, in which the prior binding of a GTPase (such as 

RhoA-GTP) to the N-terminal of PRK2 located HR1 domain enables PRK2 to interact 

with PDK1, which consequently phosphorylates PRK2 at the activation loop in a 

phosphoinositide-dependent manner. Based on this work, it would be interesting to 

repeat the experiments performed with the GST-∆NT-PRK2 and GST-PRK2 full-

length constructs together with PDK1 as described above in the presence of a 

GTPase, such as RhoA-GTP.  However, the formation of the Rho-PRK2-PDK1 

complex and the resulting activation of PRK2 by PDK1 in vivo has been reported to 

take place only upon prenylation of Rho, indicating that the PtdIns(3,4,5)P3-

dependent phosphorylation of PRK2 by PDK1 requires a prior assembly on a 

membrane [67]. To avoid this, the planned experiment constellation could also be 

realized in vitro, since under these conditions the HR1 domain of PRK2 has been 

reported to be able to bind to bacterially expressed and consequently non-prenylated 

Rho-GTP [68]. 

Concerning this matter, we attempted to repeat the experiments fully in vitro to 

exclude the influence of other factors which may influence the interaction. For this 

purpose, we incubated the purified GST-fusion proteins GST-PRK2 wt, GST-∆NT-

PRK2 wt, GST-PRK2 [Thr958Ala] and GST-∆NT-PRK2 [Thr958Ala] with His-tagged 

PDK1 and pulled down the amount of His-PDK1 bound to the GST-fusion proteins 

with Nickel (Ni-NTA) Sepharose. However, we were not able to distinguish between 

specific and unspecific binding between ∆NT-PRK2 and PDK1 and further efforts are 

required in order to augment the specificity of this in vitro method.  
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5.6. PRK2 C-terminal acidic and hydrophobic patch as well as the PIF-binding 

pocket of PDK1 are required for high affinity interaction between PRK2 and 

PDK1 

Previous publications reported that the PDK1-interacting fragment of PRK2 (PIF) 

interacts with PDK1 by binding to the PDK1 PIF-binding pocket. Besides, the C-

terminal located hydrophobic residues Phe974, Phe977, Tyr979 and the acidic 

residue Asp978 have been shown to be necessary for the high affinity binding of the 

hydrophobic motif of PRK2 to PDK1 [8].  

In our interaction assays, we investigated whether further residues located 

upstream of the hydrophobic motif in the C-terminal fragment of PRK2 interacted with 

PDK1. For this purpose, we analysed the consequences of mutating the C-terminal 

Glutamic residues 968-969-970 to Alanine (GST-CT-PRK2 [Glu968Ala; Glu969Ala; 

Glu970Ala]) or of mutating the hydrophobic residues Ile965 and Leu966 to Alanine 

(GST-CT-PRK2 [Ile965Ala; Leu966Ala]) on the interaction with PDK1, in comparison 

with GST-CT-PRK2 wt. Interestingly, while GST-CT-PRK2 wt interacted with PDK1, 

we observed a significant loss of interaction between the mentioned GST-CT-PRK2 

mutants and PDK1 (Fig.7), indicating that the C-terminal hydrophobic residues 

Ile965, Leu966 and the negatively charged residues Glu968, Glu969, Glu970 of 

PRK2 are also essential for the high affinity interaction between PRK2 and PDK1.  

Based on these findings, it would be interesting to perform additional 

experiments in order to detect the exact residues of PDK1 that are involved in the 

interaction with the mentioned C-terminal residues of PRK2. Applying on the fact that 

the binding of the hydrophobic motif of PRK2 to the PIF-pocket of PDK1 is the 

precondition for the interaction between the two AGC kinases and by considering that 

a mutation of the C-terminal PRK2 residues Ile965, Leu966 and Glu968, Glu969, 

Glu970 significantly decreased the interaction between PRK2 and PDK1, we can 

speculate that these PRK2 residues interact with PDK1 residues located close to the 

PIF-binding pocket. However, it is not clear why mutation of the hydrophobic patch of 

PRK2 significantly reduced the interaction between the mentioned GST-CT-PRK2 

mutants and PDK1 without affecting the interaction of full length PRK2 with PDK1. 

One possible explanation is that the hydrophobic patch plays a comparable role in 

the intermolecular binding of the C-terminal of PRK2 to PDK1 as well as in the 

intramolecular binding to the catalytic core of PRK2 [54]. Besides, recent studies 

suggested an additional motif located in the C-terminal region of PRK2, termed the 
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adenosine binding (Ade) motif, which may be involved in a decisive manner in the 

interaction of the C-terminus of PRK2 with PDK1 [166].  

Remarkably, the hydrophobic patch of PRK2 described above is not 

conserved among the AGC subfamily members that interact with PDK1. As a 

consequence, it is thought to be responsible for the higher binding affinity of the C-

terminal region of PRK2 (PIFtide) to PDK1 in comparison to the C-terminal regions of 

other AGC kinases [23]. In accordance with this, Leu966 has been recently detected 

as a PIFtide determinant for interaction with PDK1 [166].  

As a summary, the results presented thus far indicate that the CT extension to 

the catalytic core harbours the main determinants for the interaction of PRK2 with 

PDK1 [54]. 

5.7. Regulation of the interaction between PRK2 and PDK1   

As already mentioned, Flynn and co-workers reported that PRK2 interacts with PDK1 

in a Rho-dependent manner [67], whereas the binding of a GTPase to PRK2 

promotes the interaction of its hydrophobic motif with PDK1. As a consequence, the 

authors suggested that PDK1 phosphorylates the activation loop of PRK2 in the 

presence of PtdIns(3,4,5)P3, enabling PRK2 to autophosphorylate and be further 

activated [67].  

Since a mutation of the Z/Turn-motif phosphorylation site of PRK2 to Alanine 

in our assays increases the interaction between PRK2 and PDK1 in vivo, it is 

possible that this mutation adopts to some extent the promoting effect of Rho-

GTPase on the interaction of PRK2 with PDK1, rendering the influence of Rho in the 

presence of a PRK2 construct with a lack of phosphorylation at the Z/Turn-motif 

phosphorylation site superfluous.  

Since PRK2 does not contain a hydrophobic motif phosphorylation site, but a 

phosphate-mimicking aspartic acid at the equivalent position, the Z/Turn-motif 

phosphorylation site seems to be the only C-terminal phosphorylation site which has 

to be phosphorylated in order to achieve maximal kinase activation, upon 

phosphorylation at the activation loop by PDK1. Thus, the activation mechanism of 

PRK2 appears to be less complex in comparison with that of most PKC isoforms, 

which, upon phosphorylation by PDK1 at their activation loops, are thought to 

undergo an intramolecular autophosphorylation mechanism at both the hydrophobic 

motif and Z/Turn-motif phosphorylation sites to achieve maximal activation.  
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Whether PRK2, in analogy to the PKC isoforms, phosphorylates really itself at 

the Z/Turn-motif phosphorylation site or if the kinase is phosphorylated at this site by 

another kinase is not clear, yet. Our experiments were not designed to evaluate this 

possibility. However, hints to this answer could be obtained by treatment of cells with 

Yoshitomi compound Y-27632 which is known to inhibit ROCK and PRK2 [2]. If the 

Z/Turn-motif-phosphorylation is not inhibited, it may be tempted to speculate that the 

phosphorylation may not be an auto-phosphorylation. 

5.8. Role of the phosphorylation sites of PKCζ in kinase stability and activity 

As already mentioned, the glutamic acid in place of the hydrophobic motif 

phosphorylation site in PKCζ is not required for the interaction of PKCζ with PDK1, 

while a mutation of the aromatic residues of the hydrophobic motif significantly 

reduced the binding of the AGC kinase to its upstream activator PDK1 [7]. By 

considering that, as an atypical PKC isoform, PKCζ responds to neither diacylglycerol 

nor to Ca 2+ and its activation differs from the intramolecular autophosphorylation 

mechanism described for conventional PKCs [14], another activation mechanism 

must exist for atypical PKC isoforms which has not been clarified, yet. 

As general among PKC isoforms, PKCζ binds to PDK1 with its C-terminal 

docking site. PDK1 preferentially interacts with the unphosphorylated hydrophobic 

motif of PKCs [73] and indeed the lack of a phosphorylation site in the hydrophobic 

motif of PKCζ does not affect this interaction with PDK1 [7]. Activation loop 

phosphorylation of atypical PKC isoforms has been reported to be increased upon PI 

3-kinase activation, a fact that distinguishes the atypical PKCs from the conventional 

and novel PKCs (reviewed in [147]). The authors suggest that PtdIns(3,4,5)P3 

assumes the role of tethering PKCζ in the open conformation to membranes, which is 

accomplished by Ca2+ and diacylglycerol in the case of conventional and novel PKCs 

(reviewed in [147]). Thus, it has been suggested that the recruitment of PKCζ to the 

membrane would allow its phosphorylation at the activation loop and thus activation 

by PDK1. However, in overexpression experiments performed by Ricardo M. Biondi 

and Dario Alessi, they never observed a PI 3-kinase dependence on the activation of 

overexpressed PKCζ, while this effect was clearly observed in using Akt/PKB. Thus, 

in our laboratory we are tempted to believe that the mechanism may be more 

complicated than the postulated model. 

Recently, the conventional PKCα has been found to be phosphorylated at the 

hydrophobic motif by mTORC2 [77]. This finding raises the possibility that additional 
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pathways, apart from the intramolecular autophosphorylation mechanism presumed 

until now, could be involved in the activation and stabilization of the conventional and 

novel, but also of the atypical PKC isoforms. Therefore, the C-terminal Z/Turn-motif 

phosphorylation site - currently assumed to be an autophosphorylation in all PKC 

isoforms - could likewise be phosphorylated by a still unknown kinase. 

Previous work reported that phosphorylation of the hydrophobic motif 

phosphorylation site in PKC is not required for kinase function, but rather for kinase 

stability (reviewed in [145, 147]). This seems also to apply for the equivalent glutamic 

acid in the hydrophobic motif of PKCζ, since its mutation did not significantly 

influence PKCζ activity, but it was shown to reduce kinase stability in a particular 

heat-inactivation test [7].  

At this stage, it would be interesting to evaluate the role of the Z/Turn-motif 

phosphorylation site in mediating PKCζ activity. This phosphorylation site has been 

described to be necessary for kinase activity of several PKC isoforms, since its 

mutation led to a relevant loss of kinase stability and activity (reviewed in [147]). 

Remarkably, previous work reported that negative charge at the turn motif is required 

and sufficient for the function of mature protein kinase C, since upon enzyme 

maturation, the Z/Turn-motif phosphate is all that is necessary for the catalytic 

function of the PKC kinase (reviewed in [145]). According to these findings, the 

Z/Turn-motif phosphorylation site in PKCζ is presumably necessary for kinase 

stability and activity.  However, the work on PKCζ suggests that this may not be the 

case for atypical PKC isoforms. 

Altogether, the findings thus far suggest that PKCζ activation is dependent 

especially on activation loop phosphorylation by PDK1 and phosphorylation at the 

Z/Turn-motif phosphorylation site, while an intact acidic residue in the hydrophobic 

motif of the kinase appears to be necessary for kinase stability in vivo. 

Recent studies about the role of the Z/Turn-motif phosphorylation site of the 

atypical PKCι have revealed that the phosphorylation at this site is less crucial for 

PKCι compared to its relevance for other analysed AGC kinases [81]. Actually, the 

results presented showed that mutation of the phosphorylated Z/Turn-motif 

phosphorylation site resulted in a ~25% reduction of kinase activity. In comparison 

with the data concerning the loss of kinase activity of other AGC kinases upon 

performing the same mutations (60%-98% for S6K1 or 40-60% for RSK1 [81]), the 

results indicate that the reduction in kinase activity observed in this atypical PKC is 
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not representative of atypical PKCs since our laboratory has shown that the activity 

of PKCζ constructs with a mutated Z/Turn-motif phosphorylation site was completely 

abolished. Thus, our analysis of another atypical PKC isoform showed that the 

Z/Turn-motif phosphorylation site was essential for its activity. We cannot explain 

such a difference, since both atypical PKC isoforms are rather conserved.  

5.9. Conclusion 

PDK1 plays a key role in the insulin signalling, cell growth and cell survival by 

regulating several biological responses, including glucose metabolism, glycogen, lipid 

and protein synthesis, gene expression and cell growth/differentiation.  

 Along apoptosis, PRK2 is cleaved and the cleaved CT terminus, can 

potentially bind the PIF pocket of PDK1, influencing insulin and growth factor 

signalling. On the other hand, PKCζ interaction with PDK1 may determine glucose 

uptake in response to insulin signals.  

This project helped in the characterization of the PDK1 signalling pathway by 

studying the interaction between the central AGC protein kinase activator and several 

AGC kinase substrates, especially PRK2 and PKCζ. In particular, we showed that the 

Z/Turn-motif phosphorylation site plays a crucial role in the regulation of the 

interaction between PRK2 and PDK1 and emphasized the direct involvement of the 

Z/Turn-motif phosphorylation site in the regulation of PRK2 kinase activity. Our 

results suggest that phosphorylation of the Z/Turn-motif phosphorylation site 

promotes an intra-molecular interaction with the PRK2 catalytic domain, while a 

mutation of the Z/Turn-motif phosphorylation site would inhibit the intramolecular 

binding of the C-terminal fragment of PRK2 to PRK2 catalytic domain, thus promoting 

indirectly the interaction of the C-terminal fragment of PRK2 with the PDK1 PIF 

binding pocket.  

In summary, in our recent work [54] we propose a general model in which the 

C-terminal region of inactive PRK2 interacts with the Ade and PIF pocket bindings 

sites on PDK1. The approximation of PRK2 to PDK1 enhances the intrinsic catalytic 

activity of PDK1 to phosphorylate the activation loop of PRK2. The following 

phosphorylation of the Z/Turn-motif phosphorylation site of PRK2 promotes the 

intramolecular interaction of the Z/Turn-motif phosphate with its binding site, leading 

to the intramolecular binding of the Ade and hydrophobic motifs to the respective 

binding sites on the catalytic core of PRK2. The described intramolecular interactions 

trigger the dissociation of PRK2 from PDK1 and the activation loop and Z/Turn-motif 
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phosphorylation sites, together with the phosphate mimicking aspartic acid in the 

hydrophobic motif, contribute locally and allosterically to the stabilization of the 

hydrophobic motif/PIF-binding pocket and of the active site of PRK2 in the active 

conformation. The closed-active conformation of PRK2 displays a low affinity for 

PDK1 and leads to the stabilization of the active conformation of PRK2 by protecting 

the phosphorylated Z/Turn-motif phosphorylation site from dephosphorylation by 

phosphatases.   

 Altogether, our work made a contribution to the elucidation of the mechanism 

of activation of members of the AGC subfamily of protein kinases. Understanding of 

the molecular mechanism of regulation of protein kinases is a possible step for the 

development of new strategies against human disease, such as diabetes, human 

cancer, heart failure and hepatitis C.  

 

 



 87 

6. REFERENCES 

 
 
1. Akinaga S, Gomi K, Morimoto M, Tamaoki T, Okabe M (1991) Antitumor 

activity of UCN-01, a selective inhibitor of protein kinase C, in murine and 
human tumor models. Cancer Res 51:4888-4892 

2. Alabed YZ, Grados-Munro E, Ferraro GB, Hsieh SH, Fournier AE (2006) 
Neuronal responses to myelin are mediated by rho kinase. J Neurochem 
96:1616-1625 

3. Alessi DR, James SR, Downes CP, Holmes AB, Gaffney PR, Reese CB, 
Cohen P (1997) Characterization of a 3-phosphoinositide-dependent protein 
kinase which phosphorylates and activates protein kinase Balpha. Curr Biol 
7:261-269. 

4. Alessi DR, Kozlowski MT, Weng QP, Morrice N, Avruch J (1998) 3-
Phosphoinositide-dependent protein kinase 1 (PDK1) phosphorylates and 
activates the p70 S6 kinase in vivo and in vitro. Curr Biol 8:69-81 

5. Amano M, Mukai H, Ono Y, Chihara K, Matsui T, Hamajima Y, Okawa K, 
Iwamatsu A, Kaibuchi K (1996) Identification of a putative target for Rho as the 
serine-threonine kinase protein kinase N. Science 271:648-650 

6. Bain J, Plater L, Elliott M, Shpiro N, Hastie CJ, McLauchlan H, Klevernic I, 
Arthur JS, Alessi DR, Cohen P (2007) The selectivity of protein kinase 
inhibitors: a further update. Biochem J 408:297-315 

7. Balendran A, Biondi RM, Cheung PC, Casamayor A, Deak M, Alessi DR 
(2000) A 3-phosphoinositide-dependent protein kinase-1 (PDK1) docking site 
is required for the phosphorylation of protein kinase Czeta (PKCzeta ) and 
PKC-related kinase 2 by PDK1. J Biol Chem 275:20806-20813. 

8. Balendran A, Casamayor A, Deak M, Paterson A, Gaffney P, Currie R, 
Downes CP, Alessi DR (1999) PDK1 acquires PDK2 activity in the presence of 
a synthetic peptide derived from the carboxyl terminus of PRK2. Curr Biol 
9:393-404. 

9. Balendran A, Currie R, Armstrong CG, Avruch J, Alessi DR (1999) Evidence 
that 3-phosphoinositide-dependent protein kinase-1 mediates phosphorylation 
of p70 S6 kinase in vivo at Thr-412 as well as Thr-252. J Biol Chem 
274:37400-37406 

10. Baron AD, Brechtel G, Wallace P, Edelman SV (1988) Rates and tissue sites 
of non-insulin- and insulin-mediated glucose uptake in humans. Am J Physiol 
255:E769-774 

11. Bayascas JR, Leslie NR, Parsons R, Fleming S, Alessi DR (2005) 
Hypomorphic mutation of PDK1 suppresses tumorigenesis in PTEN(+/-) mice. 
Curr Biol 15:1839-1846 

12. Bayascas JR, Sakamoto K, Armit L, Arthur JS, Alessi DR (2006) Evaluation of 
approaches to generation of tissue-specific knock-in mice. J Biol Chem 
281:28772-28781 

13. Bayascas JR, Wullschleger S, Sakamoto K, Garcia-Martinez JM, Clacher C, 
Komander D, van Aalten DM, Boini KM, Lang F, Lipina C, Logie L, Sutherland 
C, Chudek JA, van Diepen JA, Voshol PJ, Lucocq JM, Alessi DR (2008) 
Mutation of the PDK1 PH domain inhibits protein kinase B/Akt, leading to 
small size and insulin resistance. Mol Cell Biol 28:3258-3272 



 88 

14. Behn-Krappa A, Newton AC (1999) The hydrophobic phosphorylation motif of 
conventional protein kinase C is regulated by autophosphorylation. Curr Biol 
9:728-737 

15. Belke DD, Betuing S, Tuttle MJ, Graveleau C, Young ME, Pham M, Zhang D, 
Cooksey RC, McClain DA, Litwin SE, Taegtmeyer H, Severson D, Kahn CR, 
Abel ED (2002) Insulin signaling coordinately regulates cardiac size, 
metabolism, and contractile protein isoform expression. J Clin Invest 109:629-
639 

16. Bellacosa A, Chan TO, Ahmed NN, Datta K, Malstrom S, Stokoe D, 
McCormick F, Feng J, Tsichlis P (1998) Akt activation by growth factors is a 
multiple-step process: the role of the PH domain. Oncogene 17:313-325 

17. Bellacosa A, de Feo D, Godwin AK, Bell DW, Cheng JQ, Altomare DA, Wan 
M, Dubeau L, Scambia G, Masciullo V, Ferrandina G, Benedetti Panici P, 
Mancuso S, Neri G, Testa JR (1995) Molecular alterations of the AKT2 
oncogene in ovarian and breast carcinomas. Int J Cancer 64:280-285 

18. Bevan CL, Hoare S, Claessens F, Heery DM, Parker MG (1999) The AF1 and 
AF2 domains of the androgen receptor interact with distinct regions of SRC1. 
Mol Cell Biol 19:8383-8392 

19. Biggs WH, 3rd, Meisenhelder J, Hunter T, Cavenee WK, Arden KC (1999) 
Protein kinase B/Akt-mediated phosphorylation promotes nuclear exclusion of 
the winged helix transcription factor FKHR1. Proc Natl Acad Sci U S A 
96:7421-7426 

20. Binetruy B, Smeal T, Karin M (1991) Ha-Ras augments c-Jun activity and 
stimulates phosphorylation of its activation domain. Nature 351:122-127 

21. Biondi RM (2004) Phosphoinositide-dependent protein kinase 1, a sensor of 
protein conformation. Trends Biochem Sci 29:136-142 

22. Biondi RM, Cheung PC, Casamayor A, Deak M, Currie RA, Alessi DR (2000) 
Identification of a pocket in the PDK1 kinase domain that interacts with PIF 
and the C-terminal residues of PKA. Embo J 19:979-988. 

23. Biondi RM, Kieloch A, Currie RA, Deak M, Alessi DR (2001) The PIF-binding 
pocket in PDK1 is essential for activation of S6K and SGK, but not PKB. Embo 
J 20:4380-4390 

24. Biondi RM, Kieloch A, Currie RA, Deak M, Alessi DR (2001) The PIF-binding 
pocket in PDK1 is essential for activation of S6K and SGK, but not PKB. Embo 
J 20:4380-4390. 

25. Biondi RM, Komander D, Thomas CC, Lizcano JM, Deak M, Alessi DR, van 
Aalten DM (2002) High resolution crystal structure of the human PDK1 
catalytic domain defines the regulatory phosphopeptide docking site. Embo J 
21:4219-4228. 

26. Bornancin F, Parker PJ (1997) Phosphorylation of protein kinase C-alpha on 
serine 657 controls the accumulation of active enzyme and contributes to its 
phosphatase-resistant state. J Biol Chem 272:3544-3549 

27. Bourne HR, Sanders DA, McCormick F (1990) The GTPase superfamily: a 
conserved switch for diverse cell functions. Nature 348:125-132 

28. Brazil DP, Hemmings BA (2001) Ten years of protein kinase B signalling: a 
hard Akt to follow. Trends Biochem Sci 26:657-664. 

29. Breitenlechner C, Gassel M, Hidaka H, Kinzel V, Huber R, Engh RA, 
Bossemeyer D (2003) Protein kinase A in complex with Rho-kinase inhibitors 
Y-27632, Fasudil, and H-1152P: structural basis of selectivity. Structure 
11:1595-1607 



 89 

30. Brunet A, Park J, Tran H, Hu LS, Hemmings BA, Greenberg ME (2001) 
Protein kinase SGK mediates survival signals by phosphorylating the forkhead 
transcription factor FKHRL1 (FOXO3a). Mol Cell Biol 21:952-965 

31. Calautti E, Grossi M, Mammucari C, Aoyama Y, Pirro M, Ono Y, Li J, Dotto GP 
(2002) Fyn tyrosine kinase is a downstream mediator of Rho/PRK2 function in 
keratinocyte cell-cell adhesion. J Cell Biol 156:137-148 

32. Cardone MH, Roy N, Stennicke HR, Salvesen GS, Franke TF, Stanbridge E, 
Frisch S, Reed JC (1998) Regulation of cell death protease caspase-9 by 
phosphorylation. Science 282:1318-1321 

33. Cardone MH, Salvesen GS, Widmann C, Johnson G, Frisch SM (1997) The 
regulation of anoikis: MEKK-1 activation requires cleavage by caspases. Cell 
90:315-323 

34. Carter P, Presta L, Gorman CM, Ridgway JB, Henner D, Wong WL, Rowland 
AM, Kotts C, Carver ME, Shepard HM (1992) Humanization of an anti-
p185HER2 antibody for human cancer therapy. Proc Natl Acad Sci U S A 
89:4285-4289 

35. Chen ML, Xu PZ, Peng XD, Chen WS, Guzman G, Yang X, Di Cristofano A, 
Pandolfi PP, Hay N (2006) The deficiency of Akt1 is sufficient to suppress 
tumor development in Pten+/- mice. Genes Dev 20:1569-1574 

36. Cheng JQ, Ruggeri B, Klein WM, Sonoda G, Altomare DA, Watson DK, Testa 
JR (1996) Amplification of AKT2 in human pancreatic cells and inhibition of 
AKT2 expression and tumorigenicity by antisense RNA. Proc Natl Acad Sci U 
S A 93:3636-3641 

37. Chou MM, Hou W, Johnson J, Graham LK, Lee MH, Chen CS, Newton AC, 
Schaffhausen BS, Toker A (1998) Regulation of protein kinase C zeta by PI 3-
kinase and PDK-1. Curr Biol 8:1069-1077 

38. Coghlan MP, Culbert AA, Cross DA, Corcoran SL, Yates JW, Pearce NJ, 
Rausch OL, Murphy GJ, Carter PS, Roxbee Cox L, Mills D, Brown MJ, Haigh 
D, Ward RW, Smith DG, Murray KJ, Reith AD, Holder JC (2000) Selective 
small molecule inhibitors of glycogen synthase kinase-3 modulate glycogen 
metabolism and gene transcription. Chem Biol 7:793-803. 

39. Collins BJ, Deak M, Arthur JS, Armit LJ, Alessi DR (2003) In vivo role of the 
PIF-binding docking site of PDK1 defined by knock-in mutation. Embo J 
22:4202-4211. 

40. Collins BJ, Deak M, Murray-Tait V, Storey KG, Alessi DR (2005) In vivo role of 
the phosphate groove of PDK1 defined by knockin mutation. J Cell Sci 
118:5023-5034 

41. Condorelli G, Drusco A, Stassi G, Bellacosa A, Roncarati R, Iaccarino G, 
Russo MA, Gu Y, Dalton N, Chung C, Latronico MV, Napoli C, Sadoshima J, 
Croce CM, Ross J, Jr. (2002) Akt induces enhanced myocardial contractility 
and cell size in vivo in transgenic mice. Proc Natl Acad Sci U S A 99:12333-
12338 

42. Cong LN, Chen H, Li Y, Zhou L, McGibbon MA, Taylor SI, Quon MJ (1997) 
Physiological role of Akt in insulin-stimulated translocation of GLUT4 in 
transfected rat adipose cells. Mol Endocrinol 11:1881-1890 

43. Conover CA, Bale LK, Durham SK, Powell DR (2000) Insulin-like growth factor 
(IGF) binding protein-3 potentiation of IGF action is mediated through the 
phosphatidylinositol-3-kinase pathway and is associated with alteration in 
protein kinase B/AKT sensitivity. Endocrinology 141:3098-3103 



 90 

44. Coso OA, Chiariello M, Yu JC, Teramoto H, Crespo P, Xu N, Miki T, Gutkind 
JS (1995) The small GTP-binding proteins Rac1 and Cdc42 regulate the 
activity of the JNK/SAPK signaling pathway. Cell 81:1137-1146 

45. Crackower MA, Oudit GY, Kozieradzki I, Sarao R, Sun H, Sasaki T, Hirsch E, 
Suzuki A, Shioi T, Irie-Sasaki J, Sah R, Cheng HY, Rybin VO, Lembo G, 
Fratta L, Oliveira-dos-Santos AJ, Benovic JL, Kahn CR, Izumo S, Steinberg 
SF, Wymann MP, Backx PH, Penninger JM (2002) Regulation of myocardial 
contractility and cell size by distinct PI3K-PTEN signaling pathways. Cell 
110:737-749 

46. Cross DA, Alessi DR, Cohen P, Andjelkovich M, Hemmings BA (1995) 
Inhibition of glycogen synthase kinase-3 by insulin mediated by protein kinase 
B. Nature 378:785-789. 

47. Cryns VL, Byun Y, Rana A, Mellor H, Lustig KD, Ghanem L, Parker PJ, 
Kirschner MW, Yuan J (1997) Specific proteolysis of the kinase protein kinase 
C-related kinase 2 by caspase-3 during apoptosis. Identification by a novel, 
small pool expression cloning strategy. J Biol Chem 272:29449-29453 

48. Cushman SW, Wardzala LJ (1980) Potential mechanism of insulin action on 
glucose transport in the isolated rat adipose cell. Apparent translocation of 
intracellular transport systems to the plasma membrane. J Biol Chem 
255:4758-4762 

49. Czech MP, Corvera S (1999) Signaling mechanisms that regulate glucose 
transport. J Biol Chem 274:1865-1868 

50. Datta SR, Brunet A, Greenberg ME (1999) Cellular survival: a play in three 
Akts. Genes Dev 13:2905-2927. 

51. Davies SP, Reddy H, Caivano M, Cohen P (2000) Specificity and mechanism 
of action of some commonly used protein kinase inhibitors. Biochem J 351:95-
105 

52. DeFronzo RA, Jacot E, Jequier E, Maeder E, Wahren J, Felber JP (1981) The 
effect of insulin on the disposal of intravenous glucose. Results from indirect 
calorimetry and hepatic and femoral venous catheterization. Diabetes 
30:1000-1007 

53. Dennis PB, Pullen N, Pearson RB, Kozma SC, Thomas G (1998) 
Phosphorylation sites in the autoinhibitory domain participate in p70(s6k) 
activation loop phosphorylation. J Biol Chem 273:14845-14852. 

54. Dettori R, Sonzogni S, Meyer L, Lopez-Garcia LA, Morrice NA, Zeuzem S, 
Engel M, Piiper A, Neimanis S, Frodin M, Biondi RM (2009) Regulation of the 
interaction between protein kinase C-related protein kinase 2 (PRK2) and its 
upstream kinase, 3-phosphoinositide-dependent protein kinase 1 (PDK1). J 
Biol Chem 284:30318-30327 

55. Dillon RL, White DE, Muller WJ (2007) The phosphatidyl inositol 3-kinase 
signaling network: implications for human breast cancer. Oncogene 26:1338-
1345 

56. Dong LQ, Landa LR, Wick MJ, Zhu L, Mukai H, Ono Y, Liu F (2000) 
Phosphorylation of protein kinase N by phosphoinositide-dependent protein 
kinase-1 mediates insulin signals to the actin cytoskeleton. Proc Natl Acad Sci 
U S A 97:5089-5094 

57. Dong LQ, Zhang RB, Langlais P, He H, Clark M, Zhu L, Liu F (1999) Primary 
structure, tissue distribution, and expression of mouse phosphoinositide-
dependent protein kinase-1, a protein kinase that phosphorylates and 
activates protein kinase Czeta. J Biol Chem 274:8117-8122 



 91 

58. Dutil EM, Toker A, Newton AC (1998) Regulation of conventional protein 
kinase C isozymes by phosphoinositide-dependent kinase 1 (PDK-1). Curr 
Biol 8:1366-1375. 

59. Dutil EM, Toker A, Newton AC (1998) Regulation of conventional protein 
kinase C isozymes by phosphoinositide-dependent kinase 1 (PDK-1). Curr 
Biol 8:1366-1375 

60. Edwards AS, Faux MC, Scott JD, Newton AC (1999) Carboxyl-terminal 
phosphorylation regulates the function and subcellular localization of protein 
kinase C betaII. J Biol Chem 274:6461-6468 

61. El-Deiry WS (2001) Akt takes centre stage in cell-cycle deregulation. Nat Cell 
Biol 3:E71-73 

62. Emoto Y, Manome Y, Meinhardt G, Kisaki H, Kharbanda S, Robertson M, 
Ghayur T, Wong WW, Kamen R, Weichselbaum R, et al. (1995) Proteolytic 
activation of protein kinase C delta by an ICE-like protease in apoptotic cells. 
Embo J 14:6148-6156 

63. Facchinetti MM, De Siervi A, Toskos D, Senderowicz AM (2004) UCN-01-
induced cell cycle arrest requires the transcriptional induction of 
p21(waf1/cip1) by activation of mitogen-activated protein/extracellular signal-
regulated kinase kinase/extracellular signal-regulated kinase pathway. Cancer 
Res 64:3629-3637 

64. Feldman RI, Wu JM, Polokoff MA, Kochanny MJ, Dinter H, Zhu D, Biroc SL, 
Alicke B, Bryant J, Yuan S, Buckman BO, Lentz D, Ferrer M, Whitlow M, Adler 
M, Finster S, Chang Z, Arnaiz DO (2005) Novel small molecule inhibitors of 3-
phosphoinositide-dependent kinase-1. J Biol Chem 280:19867-19874 

65. Ferkey DM, Kimelman D (2002) Glycogen synthase kinase-3 beta 
mutagenesis identifies a common binding domain for GBP and Axin. J Biol 
Chem 277:16147-16152. 

66. Flynn P, Mellor H, Casamassima A, Parker PJ (2000) Rho GTPase control of 
protein kinase C-related protein kinase activation by 3-phosphoinositide-
dependent protein kinase. J Biol Chem 275:11064-11070 

67. Flynn P, Mellor H, Casamassima A, Parker PJ (2000) Rho GTPase control of 
protein kinase C-related protein kinase activation by 3-phosphoinositide-
dependent protein kinase. J Biol Chem 275:11064-11070. 

68. Flynn P, Mellor H, Palmer R, Panayotou G, Parker PJ (1998) Multiple 
interactions of PRK1 with RhoA. Functional assignment of the Hr1 repeat 
motif. J Biol Chem 273:2698-2705 

69. Frias MA, Thoreen CC, Jaffe JD, Schroder W, Sculley T, Carr SA, Sabatini 
DM (2006) mSin1 is necessary for Akt/PKB phosphorylation, and its isoforms 
define three distinct mTORC2s. Curr Biol 16:1865-1870 

70. Frodin M, Antal TL, Dummler BA, Jensen CJ, Deak M, Gammeltoft S, Biondi 
RM (2002) A phosphoserine/threonine-binding pocket in AGC kinases and 
PDK1 mediates activation by hydrophobic motif phosphorylation. Embo J 
21:5396-5407 

71. Frodin M, Jensen CJ, Merienne K, Gammeltoft S (2000) A phosphoserine-
regulated docking site in the protein kinase RSK2 that recruits and activates 
PDK1. Embo J 19:2924-2934. 

72. Gabrielli B, Wettenhall RE, Kemp BE, Quinn M, Bizonova L (1984) 
Phosphorylation of ribosomal protein S6 and a peptide analogue of S6 by a 
protease-activated kinase isolated from rat liver. FEBS Lett 175:219-226 



 92 

73. Gao T, Toker A, Newton AC (2001) The carboxyl terminus of protein kinase c 
provides a switch to regulate its interaction with the phosphoinositide-
dependent kinase, PDK-1. J Biol Chem 276:19588-19596 

74. Garcia-Martinez JM, Alessi DR (2008) mTOR complex 2 (mTORC2) controls 
hydrophobic motif phosphorylation and activation of serum- and 
glucocorticoid-induced protein kinase 1 (SGK1). Biochem J 416:375-385 

75. Garcia-Martinez JM, Moran J, Clarke RG, Gray A, Cosulich SC, Chresta CM, 
Alessi DR (2009) Ku-0063794 is a specific inhibitor of the mammalian target of 
rapamycin (mTOR). Biochem J 421:29-42 

76. Ghayur T, Hugunin M, Talanian RV, Ratnofsky S, Quinlan C, Emoto Y, 
Pandey P, Datta R, Huang Y, Kharbanda S, Allen H, Kamen R, Wong W, Kufe 
D (1996) Proteolytic activation of protein kinase C delta by an ICE/CED 3-like 
protease induces characteristics of apoptosis. J Exp Med 184:2399-2404 

77. Guertin DA, Stevens DM, Thoreen CC, Burds AA, Kalaany NY, Moffat J, 
Brown M, Fitzgerald KJ, Sabatini DM (2006) Ablation in mice of the mTORC 
components raptor, rictor, or mLST8 reveals that mTORC2 is required for 
signaling to Akt-FOXO and PKCalpha, but not S6K1. Dev Cell 11:859-871 

78. Hall A (1994) Small GTP-binding proteins and the regulation of the actin 
cytoskeleton. Annu Rev Cell Biol 10:31-54 

79. Harada H, Andersen JS, Mann M, Terada N, Korsmeyer SJ (2001) p70S6 
kinase signals cell survival as well as growth, inactivating the pro-apoptotic 
molecule BAD. Proc Natl Acad Sci U S A 98:9666-9670 

80. Hashimoto N, Kido Y, Uchida T, Asahara S, Shigeyama Y, Matsuda T, Takeda 
A, Tsuchihashi D, Nishizawa A, Ogawa W, Fujimoto Y, Okamura H, Arden KC, 
Herrera PL, Noda T, Kasuga M (2006) Ablation of PDK1 in pancreatic beta 
cells induces diabetes as a result of loss of beta cell mass. Nat Genet 38:589-
593 

81. Hauge C, Antal TL, Hirschberg D, Doehn U, Thorup K, Idrissova L, Hansen K, 
Jensen ON, Jorgensen TJ, Biondi RM, Frodin M (2007) Mechanism for 
activation of the growth factor-activated AGC kinases by turn motif 
phosphorylation. Embo J 26:2251-2261 

82. Hauge C, Frodin M (2006) RSK and MSK in MAP kinase signalling. J Cell Sci 
119:3021-3023 

83. Hay N, Sonenberg N (2004) Upstream and downstream of mTOR. Genes Dev 
18:1926-1945 

84. Hermanto U, Zong CS, Wang LH (2001) ErbB2-overexpressing human 
mammary carcinoma cells display an increased requirement for the 
phosphatidylinositol 3-kinase signaling pathway in anchorage-independent 
growth. Oncogene 20:7551-7562 

85. Hill CS, Wynne J, Treisman R (1995) The Rho family GTPases RhoA, Rac1, 
and CDC42Hs regulate transcriptional activation by SRF. Cell 81:1159-1170 

86. Hindie V, Stroba A, Zhang H, Lopez-Garcia LA, Idrissova L, Zeuzem S, 
Hirschberg D, Schaeffer F, Jorgensen TJ, Engel M, Alzari PM, Biondi RM 
(2009) Structure and allosteric effects of low-molecular-weight activators on 
the protein kinase PDK1. Nat Chem Biol 5:758-764 

87. Huang X, Begley M, Morgenstern KA, Gu Y, Rose P, Zhao H, Zhu X (2003) 
Crystal structure of an inactive akt2 kinase domain. Structure (Camb) 11:21-
30. 

88. Ikenoue T, Inoki K, Yang Q, Zhou X, Guan KL (2008) Essential function of 
TORC2 in PKC and Akt turn motif phosphorylation, maturation and signalling. 
Embo J 27:1919-1931 



 93 

89. Ishizaki T, Maekawa M, Fujisawa K, Okawa K, Iwamatsu A, Fujita A, 
Watanabe N, Saito Y, Kakizuka A, Morii N, Narumiya S (1996) The small 
GTP-binding protein Rho binds to and activates a 160 kDa Ser/Thr protein 
kinase homologous to myotonic dystrophy kinase. Embo J 15:1885-1893 

90. Isotani S, Hara K, Tokunaga C, Inoue H, Avruch J, Yonezawa K (1999) 
Immunopurified mammalian target of rapamycin phosphorylates and activates 
p70 S6 kinase alpha in vitro. J Biol Chem 274:34493-34498 

91. Jacinto E, Facchinetti V, Liu D, Soto N, Wei S, Jung SY, Huang Q, Qin J, Su B 
(2006) SIN1/MIP1 maintains rictor-mTOR complex integrity and regulates Akt 
phosphorylation and substrate specificity. Cell 127:125-137 

92. Jacinto E, Loewith R, Schmidt A, Lin S, Ruegg MA, Hall A, Hall MN (2004) 
Mammalian TOR complex 2 controls the actin cytoskeleton and is rapamycin 
insensitive. Nat Cell Biol 6:1122-1128 

93. Jaffe AB, Hall A (2005) Rho GTPases: biochemistry and biology. Annu Rev 
Cell Dev Biol 21:247-269 

94. Jensen CJ, Buch MB, Krag TO, Hemmings BA, Gammeltoft S, Frodin M 
(1999) 90-kDa ribosomal S6 kinase is phosphorylated and activated by 3-
phosphoinositide-dependent protein kinase-1. J Biol Chem 274:27168-27176 

95. Jenster G (1999) The role of the androgen receptor in the development and 
progression of prostate cancer. Semin Oncol 26:407-421 

96. Jenster G, van der Korput HA, Trapman J, Brinkmann AO (1995) Identification 
of two transcription activation units in the N-terminal domain of the human 
androgen receptor. J Biol Chem 270:7341-7346 

97. Jeyaraj S, Boehmer C, Lang F, Palmada M (2007) Role of SGK1 kinase in 
regulating glucose transport via glucose transporter GLUT4. Biochem Biophys 
Res Commun 356:629-635 

98. Kandasamy K, Srivastava RK (2002) Role of the phosphatidylinositol 3'-
kinase/PTEN/Akt kinase pathway in tumor necrosis factor-related apoptosis-
inducing ligand-induced apoptosis in non-small cell lung cancer cells. Cancer 
Res 62:4929-4937 

99. Kandror KV, Pilch PF (1996) Compartmentalization of protein traffic in insulin-
sensitive cells. Am J Physiol 271:E1-14 

100. Kanoh Y, Bandyopadhyay G, Sajan MP, Standaert ML, Farese RV (2000) 
Thiazolidinedione treatment enhances insulin effects on protein kinase C-zeta 
/lambda activation and glucose transport in adipocytes of nondiabetic and 
Goto-Kakizaki type II diabetic rats. J Biol Chem 275:16690-16696 

101. Kim E, Goraksha-Hicks P, Li L, Neufeld TP, Guan KL (2008) Regulation of 
TORC1 by Rag GTPases in nutrient response. Nat Cell Biol 10:935-945 

102. Kim SJ, Kim JH, Kim YG, Lim HS, Oh JW (2004) Protein kinase C-related 
kinase 2 regulates hepatitis C virus RNA polymerase function by 
phosphorylation. J Biol Chem 279:50031-50041 

103. Kim SJ, Kim JH, Sun JM, Kim MG, Oh JW (2009) Suppression of hepatitis C 
virus replication by protein kinase C-related kinase 2 inhibitors that block 
phosphorylation of viral RNA polymerase. J Viral Hepat 16:697-704 

104. Kobayashi T, Cohen P (1999) Activation of serum- and glucocorticoid-
regulated protein kinase by agonists that activate phosphatidylinositide 3-
kinase is mediated by 3-phosphoinositide-dependent protein kinase-1 (PDK1) 
and PDK2. Biochem J 339 ( Pt 2):319-328 

105. Koh H, Lee KH, Kim D, Kim S, Kim JW, Chung J (2000) Inhibition of Akt and 
its anti-apoptotic activities by tumor necrosis factor-induced protein kinase C-
related kinase 2 (PRK2) cleavage. J Biol Chem 275:34451-34458 



 94 

106. Kohn AD, Barthel A, Kovacina KS, Boge A, Wallach B, Summers SA, 
Birnbaum MJ, Scott PH, Lawrence JC, Jr., Roth RA (1998) Construction and 
characterization of a conditionally active version of the serine/threonine kinase 
Akt. J Biol Chem 273:11937-11943 

107. Kohn AD, Summers SA, Birnbaum MJ, Roth RA (1996) Expression of a 
constitutively active Akt Ser/Thr kinase in 3T3-L1 adipocytes stimulates 
glucose uptake and glucose transporter 4 translocation. J Biol Chem 
271:31372-31378 

108. Kotani K, Ogawa W, Matsumoto M, Kitamura T, Sakaue H, Hino Y, Miyake K, 
Sano W, Akimoto K, Ohno S, Kasuga M (1998) Requirement of atypical 
protein kinase clambda for insulin stimulation of glucose uptake but not for Akt 
activation in 3T3-L1 adipocytes. Mol Cell Biol 18:6971-6982 

109. Kozma R, Ahmed S, Best A, Lim L (1995) The Ras-related protein Cdc42Hs 
and bradykinin promote formation of peripheral actin microspikes and filopodia 
in Swiss 3T3 fibroblasts. Mol Cell Biol 15:1942-1952 

110. Kozma SC, Thomas G (2002) Regulation of cell size in growth, development 
and human disease: PI3K, PKB and S6K. Bioessays 24:65-71 

111. Lawlor MA, Mora A, Ashby PR, Williams MR, Murray-Tait V, Malone L, 
Prescott AR, Lucocq JM, Alessi DR (2002) Essential role of PDK1 in 
regulating cell size and development in mice. Embo J 21:3728-3738 

112. Le Good JA, Ziegler WH, Parekh DB, Alessi DR, Cohen P, Parker PJ (1998) 
Protein kinase C isotypes controlled by phosphoinositide 3-kinase through the 
protein kinase PDK1. Science 281:2042-2045. 

113. Le XF, Lammayot A, Gold D, Lu Y, Mao W, Chang T, Patel A, Mills GB, Bast 
RC, Jr. (2005) Genes affecting the cell cycle, growth, maintenance, and drug 
sensitivity are preferentially regulated by anti-HER2 antibody through 
phosphatidylinositol 3-kinase-AKT signaling. J Biol Chem 280:2092-2104 

114. Le XF, Vadlamudi R, McWatters A, Bae DS, Mills GB, Kumar R, Bast RC, Jr. 
(2000) Differential signaling by an anti-p185(HER2) antibody and heregulin. 
Cancer Res 60:3522-3531 

115. Leenders F, Mopert K, Schmiedeknecht A, Santel A, Czauderna F, Aleku M, 
Penschuck S, Dames S, Sternberger M, Rohl T, Wellmann A, Arnold W, Giese 
K, Kaufmann J, Klippel A (2004) PKN3 is required for malignant prostate cell 
growth downstream of activated PI 3-kinase. Embo J 23:3303-3313 

116. Leslie NR, Biondi RM, Alessi DR (2001) Phosphoinositide-regulated kinases 
and phosphoinositide phosphatases. Chem Rev 101:2365-2380. 

117. Lester HA, Fonck C, Tapper AR, McKinney S, Damaj MI, Balogh S, Owens J, 
Wehner JM, Collins AC, Labarca C (2003) Hypersensitive knockin mouse 
strains identify receptors and pathways for nicotine action. Curr Opin Drug 
Discov Devel 6:633-639 

118. Leung T, Chen XQ, Manser E, Lim L (1996) The p160 RhoA-binding kinase 
ROK alpha is a member of a kinase family and is involved in the 
reorganization of the cytoskeleton. Mol Cell Biol 16:5313-5327 

119. Leung T, Manser E, Tan L, Lim L (1995) A novel serine/threonine kinase 
binding the Ras-related RhoA GTPase which translocates the kinase to 
peripheral membranes. J Biol Chem 270:29051-29054 

120. Liang K, Lu Y, Jin W, Ang KK, Milas L, Fan Z (2003) Sensitization of breast 
cancer cells to radiation by trastuzumab. Mol Cancer Ther 2:1113-1120 

121. Lim WG, Chen X, Liu JP, Tan BJ, Zhou S, Smith A, Lees N, Hou L, Gu F, Yu 
XY, Du Y, Smith D, Verma C, Liu K, Duan W (2008) The C-terminus of 



 95 

PRK2/PKNgamma is required for optimal activation by RhoA in a GTP-
dependent manner. Arch Biochem Biophys 479:170-178 

122. Loewith R, Jacinto E, Wullschleger S, Lorberg A, Crespo JL, Bonenfant D, 
Oppliger W, Jenoe P, Hall MN (2002) Two TOR complexes, only one of which 
is rapamycin sensitive, have distinct roles in cell growth control. Mol Cell 
10:457-468 

123. Lohmann V, Korner F, Koch J, Herian U, Theilmann L, Bartenschlager R 
(1999) Replication of subgenomic hepatitis C virus RNAs in a hepatoma cell 
line. Science 285:110-113 

124. Luo G, Hamatake RK, Mathis DM, Racela J, Rigat KL, Lemm J, Colonno RJ 
(2000) De novo initiation of RNA synthesis by the RNA-dependent RNA 
polymerase (NS5B) of hepatitis C virus. J Virol 74:851-863 

125. Manning BD, Cantley LC (2007) AKT/PKB signaling: navigating downstream. 
Cell 129:1261-1274 

126. Matsui T, Amano M, Yamamoto T, Chihara K, Nakafuku M, Ito M, Nakano T, 
Okawa K, Iwamatsu A, Kaibuchi K (1996) Rho-associated kinase, a novel 
serine/threonine kinase, as a putative target for small GTP binding protein 
Rho. Embo J 15:2208-2216 

127. Matsuzaki H, Yamamoto T, Kikkawa U (2004) Distinct activation mechanisms 
of protein kinase B by growth-factor stimulation and heat-shock treatment. 
Biochemistry 43:4284-4293 

128. McCoy CE, Campbell DG, Deak M, Bloomberg GB, Arthur JS (2005) MSK1 
activity is controlled by multiple phosphorylation sites. Biochem J 387:507-517 

129. McManus EJ, Alessi DR (2002) TSC1-TSC2: a complex tale of PKB-mediated 
S6K regulation. Nat Cell Biol 4:E214-216 

130. Mellor H, Parker PJ (1998) The extended protein kinase C superfamily. 
Biochem J 332 ( Pt 2):281-292 

131. Metzger E, Muller JM, Ferrari S, Buettner R, Schule R (2003) A novel 
inducible transactivation domain in the androgen receptor: implications for 
PRK in prostate cancer. Embo J 22:270-280 

132. Minden A, Lin A, Claret FX, Abo A, Karin M (1995) Selective activation of the 
JNK signaling cascade and c-Jun transcriptional activity by the small GTPases 
Rac and Cdc42Hs. Cell 81:1147-1157 

133. Mora A, Davies AM, Bertrand L, Sharif I, Budas GR, Jovanovic S, Mouton V, 
Kahn CR, Lucocq JM, Gray GA, Jovanovic A, Alessi DR (2003) Deficiency of 
PDK1 in cardiac muscle results in heart failure and increased sensitivity to 
hypoxia. Embo J 22:4666-4676 

134. Mora A, Komander D, van Aalten DM, Alessi DR (2004) PDK1, the master 
regulator of AGC kinase signal transduction. Semin Cell Dev Biol 15:161-170 

135. Mora A, Lipina C, Tronche F, Sutherland C, Alessi DR (2005) Deficiency of 
PDK1 in liver results in glucose intolerance, impairment of insulin-regulated 
gene expression and liver failure. Biochem J 385:639-648 

136. Moser BA, Dennis PB, Pullen N, Pearson RB, Williamson NA, Wettenhall RE, 
Kozma SC, Thomas G (1997) Dual requirement for a newly identified 
phosphorylation site in p70s6k. Mol Cell Biol 17:5648-5655 

137. Mukai H (2003) The structure and function of PKN, a protein kinase having a 
catalytic domain homologous to that of PKC. J Biochem (Tokyo) 133:17-27 

138. Mukai H, Kitagawa M, Shibata H, Takanaga H, Mori K, Shimakawa M, 
Miyahara M, Hirao K, Ono Y (1994) Activation of PKN, a novel 120-kDa 
protein kinase with leucine zipper-like sequences, by unsaturated fatty acids 
and by limited proteolysis. Biochem Biophys Res Commun 204:348-356 



 96 

139. Mukai H, Ono Y (1994) A novel protein kinase with leucine zipper-like 
sequences: its catalytic domain is highly homologous to that of protein kinase 
C. Biochem Biophys Res Commun 199:897-904 

140. Muller D, Huang GC, Amiel S, Jones PM, Persaud SJ (2006) Identification of 
insulin signaling elements in human beta-cells: autocrine regulation of insulin 
gene expression. Diabetes 55:2835-2842 

141. Muthuswamy SK, Li D, Lelievre S, Bissell MJ, Brugge JS (2001) ErbB2, but 
not ErbB1, reinitiates proliferation and induces luminal repopulation in 
epithelial acini. Nat Cell Biol 3:785-792 

142. Nagata Y, Lan KH, Zhou X, Tan M, Esteva FJ, Sahin AA, Klos KS, Li P, Monia 
BP, Nguyen NT, Hortobagyi GN, Hung MC, Yu D (2004) PTEN activation 
contributes to tumor inhibition by trastuzumab, and loss of PTEN predicts 
trastuzumab resistance in patients. Cancer Cell 6:117-127 

143. Nakatani K, Sakaue H, Thompson DA, Weigel RJ, Roth RA (1999) 
Identification of a human Akt3 (protein kinase B gamma) which contains the 
regulatory serine phosphorylation site. Biochem Biophys Res Commun 
257:906-910 

144. Narumiya S, Ishizaki T, Watanabe N (1997) Rho effectors and reorganization 
of actin cytoskeleton. FEBS Lett 410:68-72 

145. Newton AC (2001) Protein kinase C: structural and spatial regulation by 
phosphorylation, cofactors, and macromolecular interactions. Chem Rev 
101:2353-2364. 

146. Newton AC (2001) Protein kinase C: structural and spatial regulation by 
phosphorylation, cofactors, and macromolecular interactions. Chem Rev 
101:2353-2364 

147. Newton AC (2003) Regulation of the ABC kinases by phosphorylation: protein 
kinase C as a paradigm. Biochem J 370:361-371 

148. Nicklin P, Bergman P, Zhang B, Triantafellow E, Wang H, Nyfeler B, Yang H, 
Hild M, Kung C, Wilson C, Myer VE, MacKeigan JP, Porter JA, Wang YK, 
Cantley LC, Finan PM, Murphy LO (2009) Bidirectional transport of amino 
acids regulates mTOR and autophagy. Cell 136:521-534 

149. Nishizuka Y (1995) Protein kinase C and lipid signaling for sustained cellular 
responses. Faseb J 9:484-496 

150. Nobes C, Hall A (1994) Regulation and function of the Rho subfamily of small 
GTPases. Curr Opin Genet Dev 4:77-81 

151. Nobes CD, Hall A (1995) Rho, rac, and cdc42 GTPases regulate the assembly 
of multimolecular focal complexes associated with actin stress fibers, 
lamellipodia, and filopodia. Cell 81:53-62 

152. Oh JW, Ito T, Lai MM (1999) A recombinant hepatitis C virus RNA-dependent 
RNA polymerase capable of copying the full-length viral RNA. J Virol 73:7694-
7702 

153. Oishi K, Mukai H, Shibata H, Takahashi M, Ona Y (1999) Identification and 
characterization of PKNbeta, a novel isoform of protein kinase PKN: 
expression and arachidonic acid dependency are different from those of 
PKNalpha. Biochem Biophys Res Commun 261:808-814 

154. Olson MF, Ashworth A, Hall A (1995) An essential role for Rho, Rac, and 
Cdc42 GTPases in cell cycle progression through G1. Science 269:1270-1272 

155. Palmer RH, Ridden J, Parker PJ (1995) Cloning and expression patterns of 
two members of a novel protein-kinase-C-related kinase family. Eur J Biochem 
227:344-351 



 97 

156. Parekh DB, Ziegler W, Parker PJ (2000) Multiple pathways control protein 
kinase C phosphorylation. Embo J 19:496-503 

157. Park J, Leong ML, Buse P, Maiyar AC, Firestone GL, Hemmings BA (1999) 
Serum and glucocorticoid-inducible kinase (SGK) is a target of the PI 3- 
kinase-stimulated signaling pathway. Embo J 18:3024-3033. 

158. Pearl LH, Barford D (2002) Regulation of protein kinases in insulin, growth 
factor and Wnt signalling. Curr Opin Struct Biol 12:761-767. 

159. Pende M, Kozma SC, Jaquet M, Oorschot V, Burcelin R, Le Marchand-Brustel 
Y, Klumperman J, Thorens B, Thomas G (2000) Hypoinsulinaemia, glucose 
intolerance and diminished beta-cell size in S6K1-deficient mice. Nature 
408:994-997 

160. Petersen OW, Ronnov-Jessen L, Howlett AR, Bissell MJ (1992) Interaction 
with basement membrane serves to rapidly distinguish growth and 
differentiation pattern of normal and malignant human breast epithelial cells. 
Proc Natl Acad Sci U S A 89:9064-9068 

161. Piiper A, Dikic I, Lutz MP, Leser J, Kronenberger B, Elez R, Cramer H, Muller-
Esterl W, Zeuzem S (2002) Cyclic AMP induces transactivation of the 
receptors for epidermal growth factor and nerve growth factor, thereby 
modulating activation of MAP kinase, Akt, and neurite outgrowth in PC12 cells. 
J Biol Chem 277:43623-43630 

162. Podsypanina K, Ellenson LH, Nemes A, Gu J, Tamura M, Yamada KM, 
Cordon-Cardo C, Catoretti G, Fisher PE, Parsons R (1999) Mutation of 
Pten/Mmac1 in mice causes neoplasia in multiple organ systems. Proc Natl 
Acad Sci U S A 96:1563-1568 

163. Richards SA, Fu J, Romanelli A, Shimamura A, Blenis J (1999) Ribosomal S6 
kinase 1 (RSK1) activation requires signals dependent on and independent of 
the MAP kinase ERK. Curr Biol 9:810-820 

164. Ridley AJ, Hall A (1992) The small GTP-binding protein rho regulates the 
assembly of focal adhesions and actin stress fibers in response to growth 
factors. Cell 70:389-399 

165. Ridley AJ, Paterson HF, Johnston CL, Diekmann D, Hall A (1992) The small 
GTP-binding protein rac regulates growth factor-induced membrane ruffling. 
Cell 70:401-410 

166. Romano RA, Kannan N, Kornev AP, Allison CJ, Taylor SS (2009) A chimeric 
mechanism for polyvalent trans-phosphorylation of PKA by PDK1. Protein Sci 
18:1486-1497 

167. Rudel T, Bokoch GM (1997) Membrane and morphological changes in 
apoptotic cells regulated by caspase-mediated activation of PAK2. Science 
276:1571-1574 

168. Ryder JW, Fahlman R, Wallberg-Henriksson H, Alessi DR, Krook A, Zierath 
JR (2000) Effect of contraction on mitogen-activated protein kinase signal 
transduction in skeletal muscle. Involvement Of the mitogen- and stress-
activated protein kinase 1. J Biol Chem 275:1457-1462 

169. Sahai E, Marshall CJ (2003) Differing modes of tumour cell invasion have 
distinct requirements for Rho/ROCK signalling and extracellular proteolysis. 
Nat Cell Biol 5:711-719 

170. Sancak Y, Peterson TR, Shaul YD, Lindquist RA, Thoreen CC, Bar-Peled L, 
Sabatini DM (2008) The Rag GTPases bind raptor and mediate amino acid 
signaling to mTORC1. Science 320:1496-1501 



 98 

171. Sancak Y, Thoreen CC, Peterson TR, Lindquist RA, Kang SA, Spooner E, 
Carr SA, Sabatini DM (2007) PRAS40 is an insulin-regulated inhibitor of the 
mTORC1 protein kinase. Mol Cell 25:903-915 

172. Sarbassov DD, Ali SM, Kim DH, Guertin DA, Latek RR, Erdjument-Bromage 
H, Tempst P, Sabatini DM (2004) Rictor, a novel binding partner of mTOR, 
defines a rapamycin-insensitive and raptor-independent pathway that 
regulates the cytoskeleton. Curr Biol 14:1296-1302 

173. Scheid MP, Woodgett JR (2001) PKB/AKT: functional insights from genetic 
models. Nat Rev Mol Cell Biol 2:760-768 

174. Schmidt A, Durgan J, Magalhaes A, Hall A (2007) Rho GTPases regulate 
PRK2/PKN2 to control entry into mitosis and exit from cytokinesis. Embo J 
26:1624-1636 

175. Seynaeve CM, Stetler-Stevenson M, Sebers S, Kaur G, Sausville EA, Worland 
PJ (1993) Cell cycle arrest and growth inhibition by the protein kinase 
antagonist UCN-01 in human breast carcinoma cells. Cancer Res 53:2081-
2086 

176. Shioi T, Kang PM, Douglas PS, Hampe J, Yballe CM, Lawitts J, Cantley LC, 
Izumo S (2000) The conserved phosphoinositide 3-kinase pathway 
determines heart size in mice. Embo J 19:2537-2548 

177. Shioi T, McMullen JR, Kang PM, Douglas PS, Obata T, Franke TF, Cantley 
LC, Izumo S (2002) Akt/protein kinase B promotes organ growth in transgenic 
mice. Mol Cell Biol 22:2799-2809 

178. Shiota C, Woo JT, Lindner J, Shelton KD, Magnuson MA (2006) Multiallelic 
disruption of the rictor gene in mice reveals that mTOR complex 2 is essential 
for fetal growth and viability. Dev Cell 11:583-589 

179. Smith KJ, Carter PS, Bridges A, Horrocks P, Lewis C, Pettman G, Clarke A, 
Brown M, Hughes J, Wilkinson M, Bax B, Reith A (2004) The structure of 
MSK1 reveals a novel autoinhibitory conformation for a dual kinase protein. 
Structure (Camb) 12:1067-1077 

180. Sonnenburg ED, Gao T, Newton AC (2001) The phosphoinositide-dependent 
kinase, PDK-1, phosphorylates conventional protein kinase C isozymes by a 
mechanism that is independent of phosphoinositide 3-kinase. J Biol Chem 
276:45289-45297 

181. Staal SP, Hartley JW, Rowe WP (1977) Isolation of transforming murine 
leukemia viruses from mice with a high incidence of spontaneous lymphoma. 
Proc Natl Acad Sci U S A 74:3065-3067 

182. Steiler TL, Galuska D, Leng Y, Chibalin AV, Gilbert M, Zierath JR (2003) Effect 
of hyperglycemia on signal transduction in skeletal muscle from diabetic Goto-
Kakizaki rats. Endocrinology 144:5259-5267 

183. Stephens L, Anderson K, Stokoe D, Erdjument-Bromage H, Painter GF, 
Holmes AB, Gaffney PR, Reese CB, McCormick F, Tempst P, Coadwell J, 
Hawkins PT (1998) Protein kinase B kinases that mediate phosphatidylinositol 
3,4,5-trisphosphate-dependent activation of protein kinase B. Science 
279:710-714 

184. Stokoe D, Stephens LR, Copeland T, Gaffney PR, Reese CB, Painter GF, 
Holmes AB, McCormick F, Hawkins PT (1997) Dual role of 
phosphatidylinositol-3,4,5-trisphosphate in the activation of protein kinase B. 
Science 277:567-570. 

185. Sugden PH (2001) Signalling pathways in cardiac myocyte hypertrophy. Ann 
Med 33:611-622 



 99 

186. Sun W, Vincent S, Settleman J, Johnson GL (2000) MEK kinase 2 binds and 
activates protein kinase C-related kinase 2. Bifurcation of kinase regulatory 
pathways at the level of an MAPK kinase kinase. J Biol Chem 275:24421-
24428 

187. Tada S, Iwamoto H, Nakamuta M, Sugimoto R, Enjoji M, Nakashima Y, 
Nawata H (2001) A selective ROCK inhibitor, Y27632, prevents 
dimethylnitrosamine-induced hepatic fibrosis in rats. J Hepatol 34:529-536 

188. Tamguney T, Zhang C, Fiedler D, Shokat K, Stokoe D (2008) Analysis of 3-
phosphoinositide-dependent kinase-1 signaling and function in ES cells. Exp 
Cell Res 314:2299-2312 

189. Tanner M, Kapanen AI, Junttila T, Raheem O, Grenman S, Elo J, Elenius K, 
Isola J (2004) Characterization of a novel cell line established from a patient 
with Herceptin-resistant breast cancer. Mol Cancer Ther 3:1585-1592 

190. Toker A (1998) Signaling through protein kinase C. Front Biosci 3:D1134-1147 
191. Tsuru M, Katagiri H, Asano T, Yamada T, Ohno S, Ogihara T, Oka Y (2002) 

Role of PKC isoforms in glucose transport in 3T3-L1 adipocytes: insignificance 
of atypical PKC. Am J Physiol Endocrinol Metab 283:E338-345 

192. Tullet JM, Hertweck M, An JH, Baker J, Hwang JY, Liu S, Oliveira RP, 
Baumeister R, Blackwell TK (2008) Direct inhibition of the longevity-promoting 
factor SKN-1 by insulin-like signaling in C. elegans. Cell 132:1025-1038 

193. Vanhaesebroeck B, Alessi DR (2000) The PI3K-PDK1 connection: more than 
just a road to PKB. Biochem J 346 Pt 3:561-576. 

194. Vincent S, Settleman J (1997) The PRK2 kinase is a potential effector target 
of both Rho and Rac GTPases and regulates actin cytoskeletal organization. 
Mol Cell Biol 17:2247-2256 

195. Watanabe G, Saito Y, Madaule P, Ishizaki T, Fujisawa K, Morii N, Mukai H, 
Ono Y, Kakizuka A, Narumiya S (1996) Protein kinase N (PKN) and PKN-
related protein rhophilin as targets of small GTPase Rho. Science 271:645-
648 

196. Weaver VM, Petersen OW, Wang F, Larabell CA, Briand P, Damsky C, Bissell 
MJ (1997) Reversion of the malignant phenotype of human breast cells in 
three-dimensional culture and in vivo by integrin blocking antibodies. J Cell 
Biol 137:231-245 

197. Weng QP, Kozlowski M, Belham C, Zhang A, Comb MJ, Avruch J (1998) 
Regulation of the p70 S6 kinase by phosphorylation in vivo. Analysis using 
site-specific anti-phosphopeptide antibodies. J Biol Chem 273:16621-16629 

198. Wick MJ, Ramos FJ, Chen H, Quon MJ, Dong LQ, Liu F (2003) Mouse 3-
phosphoinositide-dependent protein kinase-1 undergoes dimerization and 
trans-phosphorylation in the activation loop. J Biol Chem 278:42913-42919 

199. Williams MR, Arthur JS, Balendran A, van der Kaay J, Poli V, Cohen P, Alessi 
DR (2000) The role of 3-phosphoinositide-dependent protein kinase 1 in 
activating AGC kinases defined in embryonic stem cells. Curr Biol 10:439-448 

200. Wolf K, Mazo I, Leung H, Engelke K, von Andrian UH, Deryugina EI, Strongin 
AY, Brocker EB, Friedl P (2003) Compensation mechanism in tumor cell 
migration: mesenchymal-amoeboid transition after blocking of pericellular 
proteolysis. J Cell Biol 160:267-277 

201. Yakes FM, Chinratanalab W, Ritter CA, King W, Seelig S, Arteaga CL (2002) 
Herceptin-induced inhibition of phosphatidylinositol-3 kinase and Akt Is 
required for antibody-mediated effects on p27, cyclin D1, and antitumor action. 
Cancer Res 62:4132-4141 



 100 

202. Yamamoto M, Marui N, Sakai T, Morii N, Kozaki S, Ikai K, Imamura S, 
Narumiya S (1993) ADP-ribosylation of the rhoA gene product by botulinum 
C3 exoenzyme causes Swiss 3T3 cells to accumulate in the G1 phase of the 
cell cycle. Oncogene 8:1449-1455 

203. Yamazaki T, Akada T, Niizeki O, Suzuki T, Miyashita H, Sato Y (2004) 
Puromycin-insensitive leucyl-specific aminopeptidase (PILSAP) binds and 
catalyzes PDK1, allowing VEGF-stimulated activation of S6K for endothelial 
cell proliferation and angiogenesis. Blood 104:2345-2352 

204. Yang J, Cron P, Good VM, Thompson V, Hemmings BA, Barford D (2002) 
Crystal structure of an activated Akt/protein kinase B ternary complex with 
GSK3-peptide and AMP-PNP. Nat Struct Biol 9:940-944. 

205. Yang J, Cron P, Thompson V, Good VM, Hess D, Hemmings BA, Barford D 
(2002) Molecular mechanism for the regulation of protein kinase B/Akt by 
hydrophobic motif phosphorylation. Mol Cell 9:1227-1240. 

206. Yin L, Morishige K, Takahashi T, Hashimoto K, Ogata S, Tsutsumi S, Takata 
K, Ohta T, Kawagoe J, Takahashi K, Kurachi H (2007) Fasudil inhibits 
vascular endothelial growth factor-induced angiogenesis in vitro and in vivo. 
Mol Cancer Ther 6:1517-1525 

207. Yoshinaga C, Mukai H, Toshimori M, Miyamoto M, Ono Y (1999) Mutational 
analysis of the regulatory mechanism of PKN: the regulatory region of PKN 
contains an arachidonic acid-sensitive autoinhibitory domain. J Biochem 
(Tokyo) 126:475-484 

208. Zeng Z, Samudio IJ, Zhang W, Estrov Z, Pelicano H, Harris D, Frolova O, Hail 
N, Jr., Chen W, Kornblau SM, Huang P, Lu Y, Mills GB, Andreeff M, 
Konopleva M (2006) Simultaneous inhibition of PDK1/AKT and Fms-like 
tyrosine kinase 3 signaling by a small-molecule KP372-1 induces 
mitochondrial dysfunction and apoptosis in acute myelogenous leukemia. 
Cancer Res 66:3737-3746 

209. Zhang JF, Yang JP, Wang GH, Xia Z, Duan SZ, Wu Y Role of PKCzeta 
translocation in the development of type 2 diabetes in rats following 
continuous glucose infusion. Diabetes Metab Res Rev 26:59-70 

210. Zhao S, Konopleva M, Cabreira-Hansen M, Xie Z, Hu W, Milella M, Estrov Z, 
Mills GB, Andreeff M (2004) Inhibition of phosphatidylinositol 3-kinase 
dephosphorylates BAD and promotes apoptosis in myeloid leukemias. 
Leukemia 18:267-275 

211. Zhou BP, Liao Y, Xia W, Spohn B, Lee MH, Hung MC (2001) Cytoplasmic 
localization of p21Cip1/WAF1 by Akt-induced phosphorylation in HER-2/neu-
overexpressing cells. Nat Cell Biol 3:245-252. 

212. Zong H, Raman N, Mickelson-Young LA, Atkinson SJ, Quilliam LA (1999) 
Loop 6 of RhoA confers specificity for effector binding, stress fiber formation, 
and cellular transformation. J Biol Chem 274:4551-4560 

213. Zorzano A, Munoz P, Camps M, Mora C, Testar X, Palacin M (1996) Insulin-
induced redistribution of GLUT4 glucose carriers in the muscle fiber. In search 
of GLUT4 trafficking pathways. Diabetes 45 Suppl 1:S70-81 

 
 
 
 
 
 



 101 

7. Publications /Acknowledgements 

7.1. Publications 

Regulation of the Interaction between Protein Kinase C-related Protein Kinase 2 

(PRK2) and Its Upstream Kinase, 3-Phosphoinositide-dependent Protein Kinase 1 

(PDK1), 2009 The Journal of Biological Chemistry, 284, 30318-30327. 

Rosalia Dettori, Silvina Sonzogni, Lucas Meyer, Laura A. Lopez-Garcia, Nick A. 

Morrice, Stefan Zeuzem, Matthias Engel, Albrecht Piiper, Sonja Neimanis, Morten 

Frödin, Ricardo M. Biondi 

 

7.2. Acknowledgements 

First of all, I would like to thank Prof. Dr. med. S. Zeuzem for giving me the possibility 

to participate to a project in his laboratory.  

I thank Priv.-Doz. Dr. Dr. Albrecht Piiper for giving me his support during my time in 

the laboratory. 

I thank Dr. Ricardo M. Biondi for giving me the opportunity to participate to such a 

challenging and interesting project, culminating in a publication. I’m grateful to 

Ricardo for his support during the preparation and writing time of this thesis. I thank 

him for teaching me and transmitting me his passion for scientific work. I also thank 

him for his efforts to create a nice atmosphere in the research group, even outside of 

the laboratory, making my time in the laboratory a pleasure and not a burden.  

I thank Laura A. Lopez-Garcia, Nina Müller and Lucas Meyer for their support during 

the preparation time of this thesis and for their friendship. Besides, I thank Lucas and 

Laura for their help during the writing time of this thesis.  

I thank Iris Adrian for teaching me and giving me her support during the preparation 

time of this thesis. I also thank Jochen Imig, Leila Idrissova, Valerie Hindie and all the 

members of the laboratory for their helpfulness during the preparation time of this 

thesis.  



 102 

Eventually, I thank my parents and my brother for the love, understanding and 

support that they demonstrate me in each step of my life. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


