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Preface

The selection of “Protein Kinase CK2 Cellular Function in Normal and Disease
State,” as part of the Springer series “Advances in Biochemistry in Health and
Disease” (Volume 12) under the leadership of Professor Naranjan S. Dhalla, repre-
sents an important mark of the recognition of the emerging importance of Protein
Kinase CK2 as a “master regulator” of cell function.

The field of protein kinases represents a particularly important area of biochemistry
with over 500 corresponding genes (representing about 1.7 % of the genome). In the
human kinome, most of the protein kinases form a “network” of relationships; how-
ever, protein kinase CK2 appears to stand on its own. Protein kinase CK2 (the acro-
nym being derived from the misnomer casein kinase 2) is primarily a protein Ser/Thr
kinase, although a small activity to certain Tyr residues has been detected. Its structure
consists of a tetrameric complex with two catalytic subunits (o and a”) that are linked
via the regulatory subunit (f); the abundance and composition of the subunits vary
with tissues. As far as we know, CK2 does not require “activation” by chemical modi-
fications, which suggests that it is a constitutively active protein kinase. This raises the
question as to how its diverse functions are regulated. A number of hypotheses exist to
address this paradox and include shuttling to various loci in response to specific sig-
nals, aggregation/disaggregation of the holoenzyme as a modulator of its activity, and
interaction with a number of other proteins that allow for the signal transduction.

Function of CK2 in cells in normal and disease states has been the subject of
much investigation for over four decades. Given the very large number of its poten-
tial substrates localized in different parts of the cell, numerous investigations have
contributed to its role in, for example, the regulation of protein and nucleic acid
synthesis, signals associated with cell growth, proliferation and cell death, diverse
signal transduction pathways, viral activity, inflammation, angiogenesis, neuronal
function, and organogenesis. These aspects highlight the importance of CK2 in dif-
ferent areas of cell biology in normal and disease states; however, as mentioned
below, a preponderant number of investigations on CK2 focus on its function in
cancer biology.



vi Preface

A number of important features of CK2 are well recognized—this is one of the
most highly conserved and ubiquitous eukaryotic enzymes and it is essential for cell
survival. Originally, it was thought that CK2 was predominantly involved in cell
growth and proliferation in normal and cancer cells. However, later it became appar-
ent that besides its role in cell proliferation, CK2 is also able to regulate cell death,
and this aspect of CK2 function has provided a key link of the kinase to the cancer
cell phenotype. Indeed, an important observation on CK2 in cancer is that it has
been found to be elevated in all cancers examined compared with its level in corre-
sponding normal cells. Importantly, this elevation is observed consistently at the
protein level. Equally of note is the observation that its dysregulation in cancer is
not due to any detected mutations or isoforms. Further, it appears that even a moder-
ate downregulation of CK2 in cancer cells (compared with the normal cells) induces
potent death activity in cancer cells. Thus, currently there is a large interest in
CK2 in the cancer field, with much effort being directed toward developing strate-
gies toward its targeting for cancer therapy. The theoretical concept is that targeting
CK?2 for cancer therapy would serve as a double-edged sword since both prolifera-
tion and evasion from death would be impacted, and further since cells cannot sur-
vive without CK2, the result would be elimination of the cancer cells.

It may be worth noting that working on protein kinase CK2 has distinct chal-
lenges largely due to the fact that it is not a trivial task to determine the activity of
CK?2 relating to specific functions. This attributes to the fact that it is not easy to
identify precise modulations in the activity of CK2 in cells because of its localiza-
tion in various cellular compartments. Further, unlike protein kinases such as MAP
kinase where phospho-specific antibodies can be used to follow their “activation,”
no such approach is possible for CK2. Thus, one has to largely rely on measuring
the changes in activity by following the alterations in phosphorylation levels of
downstream targets of CK2. This in its own right can be a challenge due to the exis-
tence of a large number of CK2 substrates localized at different subcellular loca-
tions. Thus, one has to be careful in selecting these markers that can be used for
following the effects on CK2 activity in the cell; a few examples include tracking
changes in phosphorylation of molecules such as NFkB p65, Cdc37, and AKT, as
well as changes in protein B23. This issue becomes particularly important in devel-
oping cancer therapy approaches targeting CK2 where it may be important to follow
several marker substrates to determine the activity response in cells. Several contri-
butions in this book provide an insight into these issues.

The book is divided into several sections to provide a cohesive set of topics and
associated articles. The various headings in the order of presentation are as follows:
Regulation and Structure—Function Studies of CK2; CK2 Control of Organismal
and Cellular Functions; Function of CK2 in Cancer and its Therapeutic Targeting;
and Studies Involving Small Molecule Inhibitors.

The first section (Part I) entitled “Regulation and Structure—Function Studies of
CK2” includes four chapters. The first chapter is by Baier et al. and presents a
review of the general aspects of yeast CK2 biology discussing aspects of structure
and interacting partners of CK2, with a detailed discussion of the mechanism of
regulation of yeast CK2 by the anti-silencing protein 1 (Asfl). The second chapter



Preface vii

is by Hochscherf et al. and focuses on their pioneering studies on crystallographic
structure of CK2 subunits. The authors review the extensive data they have gener-
ated on the structural dynamics of CK2 and the insights gained from these studies
on the activity of the enzyme. The third chapter is by Lolli and Battistutta and is also
devoted to the structural aspects of CK2 describing the structural nature of the inter-
action of the CK2 subunits which contribute to its enzymic activity. The fourth
chapter in this section by Vélez-Bermiidez and Riera deals with maize CK2 (as a
model of plant CK2) and discusses the unique characteristics of the regulation of
this enzyme dealing with the functional aspects of CK2p1, resulting in the identifi-
cation of ZmTGH as a novel partner of this subunit with a possible role in splicing
process in the plant enzyme.

The second section (Part II) entitled “CK2 Control of Organismal and Cellular
Functions” covers nine ensuing chapters. The first chapter in this section is by
Ortega et al. and deals with the function of CK2 in organ development. The authors
discuss their pioneering studies on the involvement of CK2 in embryonic develop-
ment in different models as well as the role of CK2a in organ formation, homeosta-
sis, and physiology. The chapter by Majot et al. continues along similar lines and
presents an elaborate discussion of the function of CK2 in the developmental
aspects of Drosophila through interaction of CK2 with numerous E(spl) proteins,
thereby regulating different signaling pathways. The chapter by Welker et al.
focuses on tissue-specific functions of CK2. These authors discuss their studies that
have contributed to the investigation of novel substrates/partners and unique fea-
tures of CK2 interactions with them in a tissue-specific manner. The subsequent
contributions focus largely on the cellular functions of CK2. In this context, the
chapter by Girardi and Ruzzene presents a detailed account of the function of CK2
as it pertains to the phosphorylation of Akt and effect on the Akt pathway. The
chapter by Nimmanon and Taylor describes the knowledge that has emerged on the
function of CK2 in zinc signaling, identifying ZIP channels as novel substrates of
CK2 and the function of these interactions on cell biology and pathology. The chap-
ter by Trembley et al. presents the original conceptual development of the function
of CK2 as a suppressor of apoptosis and attempts to link the functional activity of
CK2 to diverse pathways in the cell death machinery. The chapter points to a novel
role of CK2 inhibition in triggering Ca** signaling that rapidly targets mitochondria
to initiate the earliest events in the induction of apoptosis. The chapter by Litchfield
and Gyenis continues on the theme of CK2 interaction with other protein substrates
and provides a detailed discussion of the novel approaches employed to study the
involvement of CK2-mediated phosphorylation of substrates and regulation of other
cellular pathways that impact on the cellular biology in normal and disease states.
The chapter by Homma et al. describes the identification of CK2 substrate targets in
the nucleus during cell cycle progression, identifying the involvement of CK2 in the
dynamics of gene regulation. The final chapter in this section is by Tibaldi et al. and
addresses the issue of CK2’s distinction from the genuine casein kinases. Their
contribution to the identification of G-CK/Fam20C protein kinase and aspects of its
similarity to CK2 in terms of pleiotropy and involvement of certain pathological
states is discussed.
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The next series of chapters under Part III fall under the heading “Function of
CK2 in Cancer and Its Therapeutic Targeting.” This section covers several articles
that discuss the extensive work currently in progress for the function of CK2 in
cancer and its targeting for cancer therapy. The chapter by Roelants et al. details
their novel studies on the role of CK2 in the pathogenesis of renal cell carcinoma
(RCC) and discusses the observations on the expression of various subunits of
CK2 in a cohort of RCC samples and the potential of CK2 targeting for therapy of
RCC. The contribution by Benveniste et al. discusses the involvement of CK2 in the
oncogenic inflammatory signaling pathways with a focus on two important signal-
ing pathways (NFxB and JAK/STAT) in glioma, breast cancer, pancreatic cancer,
multiple myeloma, leukemia, head and neck squamous cell carcinoma, and non-
small cell lung cancer. The chapter by Perea et al. describes the progress in their
originally described therapeutic agent CIGB-300 for targeting CK2 phosphoryla-
tion sites in target proteins. They present the current status of their investigations on
the pharmacokinetic studies of this therapeutic drug and the latest information on
their observations of clinical evaluation in Phase II trial in women with cervical
cancer. The final chapter in this series by Ahmed et al. provides the account of their
ongoing approach to molecular targeting of CK2 in cancer therapy. Based on their
original postulate that targeting of CK2 in cancer therapy may be most usefully
employed by a cancer cell directed approach, they provide the latest information on
the use of a nanoencapsulated RNAi approach to specifically target CK2 catalytic
subunits in prostate cancer and head and neck squamous cell carcinoma.

The final section (Part IV) of the book focuses on “Studies Involving CK2 Small
Molecule Inhibitors.” The various articles in this section describe the ongoing effort
at identifying new small molecule inhibitors that may be useful for therapeutic tar-
geting of CK2 and for other biochemical studies of the enzyme function. The first
chapter under this section is by Rasmussen et al. who have described the screening
of the Drug Therapeutic Program (DTP) library of the NIH/NCI against CK2 and
the identification of several small molecule compounds that exert varying degrees of
inhibition of CK2 in vitro and in cell culture models, thus indicating the potential
development of novel inhibitors of diverse natural background. The chapter by
Miyata discusses in detail the inhibitors of CK2 and DYRK family protein kinases
describing the overlap in their activity and the biological and clinical implications
of the two kinases. The final chapter in this section by Baier and Szyszka discusses
the underlying mechanisms that may influence the activity of CK2 inhibitors, point-
ing to the role of the nature of the substrate/enzyme complex which might be influ-
enced by the composition of CK2 tetramer.

The various chapters in this book are authored by individuals who have main-
tained a keen dedication to the field of protein kinase CK2. An international com-
mittee on protein kinase CK2 holds an International Conference on CK2 every
3 years, and the latest meeting was held at The John Paul II Catholic University of
Lublin in 2013 sponsored by [IUBMB. The authors in this book also participated in
that conference and their contributions reflect the latest developments in the field.
These contributions also provide reviews on the development of the various con-
cepts on the functions of CK2. Thus, this book should provide an important starting
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point to investigators interested in cancer biology, protein kinases, and development
of targeted therapies. The diversity of the topics should be of interest to graduate
students who may wish to enhance their understanding of protein kinase CK2 and
potentially undertake investigations in this area in the future.

The editors would like to express their deep appreciation of the continued sup-
port by Professor Naranjan S. Dhalla, Editor-in-Chief of the Springer series entitled
“Advances in Biochemistry in Health and Disease.” We appreciate the help of Ms.
Susan Safren as well as the staff at the Springer Media, New York, in the prepara-
tion of this book. Thanks are also due to Dr. Janeen Trembley, Dr. Betsy Kren, and
Dr. Andrea Baier for their assistance during the preparation of this work.

Minneapolis, USA Khalil Ahmed
Odense, Denmark Olaf-Georg Issinger
Lublin, Poland Ryszard Szyszka






Contents

PartI Regulation and Structure-Function Studies of CK2

Yeast Asf1 Protein as Modulator of Protein Kinase CK2 Activity ............. 3
Andrea Baier, Ewa Alikowska, and Ryszard Szyszka

Impressions from the Conformational and Configurational

Space Captured by Protein Kinase CK2...............ccoocvvvviiiiiiniinninnieeeeee, 17
Jennifer Hochscherf, Alexander Schnitzler, Olaf-Georg Issinger,

and Karsten Niefind

Structural Basis of CK2 Regulation by Autoinhibitory
OligOMETIZAtION............ooiiiiiiiiieie et 35
Graziano Lolli and Roberto Battistutta

Maize RNA-Binding Protein ZmTGH: A New Partner
for CK2p1 Regulatory Subunit...............cccoccveviiriiniiiienieieneeeseeee e 49
Isabel Cristina Vélez-Bermudez and Marta Riera

PartII CK2 Control of Organismal and Cellular Functions

CK2 in Organ Development, Physiology, and Homeostasis........................ 59
Charina E. Ortega, Lawrence Prince-Wright, and Isabel Dominguez

Protein Kinase CK2: A Window into the Posttranslational

Regulation of the E(spl)/HES Repressors from Invertebrates

ANd Vertebrates .............coocoeviiiiiiiiiiiiiccceee e 81
Adam T. Majot, Tyler R. Sizemore, Mohna Bandyopadhyay,

Lucas M. Jozwick, and Ashok P. Bidwai

Tissue-Specific Functions and Regulation of Protein Kinase CK2 ............ 109
Sabrina Welker, Christina Servas, Meng Rui, Claudia Gotz,
and Mathias Montenarh

xi



Xii Contents

CK2 Function in the Regulation of Akt Pathway ...............ccocceeviininnnnnnn. 125
Cristina Girardi and Maria Ruzzene

Cellular Zinc Signalling Is Triggered by CK2.............ccccoeviiniiniiinniieennen. 141
Thirayost Nimmanon and Kathryn M. Taylor

CK2: A Global Regulator of Cell Death..................cccoocviiiiinninniniiee, 159

Janeen H. Trembley, Fatima Qaiser, Betsy T. Kren, and Khalil Ahmed

Protein Kinase CK2: Systematic Relationships
with Other Posttranslational Modifications .................ccccoooeeviiniiiniennnnnn. 183
David W. Litchfield and Laszlo Gyenis

Role for Protein Kinase CK2 on Cell Proliferation:

Assessing CK2 Complex Components in the Nucleus

During the Cell Cycle Progression ..............ccccoecevviienieeiieniieneenieeneesieenne 197
Miwako Kato Homma, Takeshi Shibata, Toshiyuki Suzuki,

Masato Ogura, Hiroko Kozuka-Hata, Masaaki Oyama,

and Yoshimi Homma

“Genuine” Casein Kinase: The False Sister of CK2

That Phosphorylates Secreted Proteins at S-x-E/pS Motifs........................ 227
Elena Tibaldi, Giorgio Arrigoni, Giorgio Cozza, Luca Cesaro,

and Lorenzo A. Pinna

Part III Function of CK2 in Cancer and Its Therapeutic Targeting

Dysregulated Expression of Protein Kinase CK2 in Renal Cancer............ 241
Caroline Roelants, Sofia Giacosa, Eve Duchemin-Pelletier,

Anne McLeer-Florin, Céline Tisseyre, Cédric Aubert,

Pierre Champelovier, Jean Boutonnat, Jean Luc Descotes,

Jean-Jacques Rambeaud, Valentin Arnoux,

Jean-Alexandre Long, Dominique Pasquier, Mathieu Laramas,

Maysoun Kassem, Laurence David-Boudet, Laure Schoutteten,

Benoit Bestgen, Catherine Pillet, Claude Cochet, and Odile Filhol

Protein Kinase CK2 and Dysregulated Oncogenic
Inflammatory Signaling Pathways..............cccccoceeviiviiniiceniececeee e 259
Etty N. Benveniste, G. Kenneth Gray, and Braden C. McFarland

CIGB-300: A Promising Anti-Casein Kinase 2 (CK2) Peptide

for Cancer Targeted Therapy ...........cccocccovviiiiiiniiiiiienieceeeeecese e 281
Silvio E. Perea, Yasser Perera, Idania Baladron, Lidia Gonzalez,

Fernando Benavent, Herndn G. Farifia, Idridn Garcia, Arielis Rodriguez,

Vilcy Reyes, Yanelda Garcia, Roberto Gémez, Daniel F. Alonso,

and Carmen Valenzuela



Contents xiii

Targeting CK2 for Cancer Therapy Using a Nanomedicine
APPIOAaCh. ..ot 299
Khalil Ahmed, Gretchen Unger, Betsy T. Kren, and Janeen H. Trembley

Part IV Studies Involving CK2 Small Molecule Inhibitors
Screening of DTP Compound Libraries for CK2 Inhibitors

with Focus on Natural Products................ccccovviiiiiiiiiiiiiceeeec e 319
Tine D. Rasmussen, Barbara Guerra, and Olaf-Georg Issinger

CK2 Inhibitors and the DYRK Family Protein Kinases............................. 341
Yoshihiko Miyata

Sensitivity of Protein Kinase CK2 to ATP/GTP and Specific

Inhibitors Depends on Complexity of Interacting Proteins........................ 361

Andrea Baier and Ryszard Szyszka






About the Editors

Khalil Ahmed is a Professor at the University of Minnesota and a Senior Research
Career Scientist at Minneapolis VA Health Care System, Minneapolis, Minnesota,
USA. He has a long history of studies on functional biology of protein kinase
CK2 in normal and neoplastic cells, originally described the signal-mediated
dynamic shuttling of CK2 in the cell, and he discovered the role of CK2 as a sup-
pressor of apoptosis. His current research focuses on studies of mechanism of CK2
regulation of cell death and on developing molecular therapeutic strategies using a
nanomedicine approach for the treatment of prostate and other cancers.

Olaf-Georg Issinger is a Professor at the University of Southern Denmark, Odense,
Denmark. He has been involved in the initial cloning and characterization of protein
kinase CK2, a prerequisite for elucidation of its structure in the absence and pres-
ence of specific interaction molecules. His current research focuses on the explora-
tion of cellular signaling pathways in cell lines with respect to the role of various
protein kinases using newly characterized kinase inhibitors identified by screening
small chemical compound libraries.

Ryszard Szyszka is a Professor at The John Paul II Catholic University of Lublin,
Poland. He is head of the Department of Molecular Biology and Dean of the Faculty
of Biotechnology and Environmental Sciences. His research focuses on the identifi-
cation and characterization of new substrates of protein kinase CK2 from
Saccharomyces cerevisiae. Further areas of interest include the structure and regula-
tion of yeast CK2 and discovery of novel CK2 inhibitors.

XV






Contributors

Khalil Ahmed Department of Laboratory Medicine and Pathology, University of
Minnesota Medical School and Minneapolis VA Health Care System, Minneapolis,
MN, USA

Department of Laboratory Medicine and Pathology, University of Minnesota,
Minneapolis, MN, USA
Masonic Cancer Center, University of Minnesota, Minneapolis, MN, USA

Cellular and Molecular Biochemistry Research Laboratory (151), Veterans Affairs
Medical Center, One Veterans Drive, Minneapolis, MN, USA

Ewa Alikowska Department of Molecular Biology, Faculty of Biotechnology and
Environmental Sciences, Institute of Biotechnology, The John Paul II Catholic
University of Lublin, Lublin, Poland

Daniel F. Alonso Molecular Oncology Laboratory, National University of Quilmes,
Buenos Aires, Argentina

Valentin Arnoux Centre hospitalo-universitaire Albert Michallon, service
d’urologie, Grenoble, France

Giorgio Arrigoni Department of Biomedical Sciences and CNR, Institute of
Neuroscience, University of Padova, Padova, Italy

Proteomic Center of Padova University, Padova, Italy

Cédric Aubert Département d’ Anatomie et Cytologie Pathologiques et Plateforme

de Génétique Moléculaire des Tumeurs, Pole de Biologie et Pathologie, CHU
Grenoble, La Tronche, France

Andrea Baier Department of Molecular Biology, Faculty of Biotechnology and
Environmental Sciences, Institute of Biotechnology, The John Paul II Catholic
University of Lublin, Lublin, Poland

Xvii



Xviii Contributors

Idania Baladrén Clinical Research Area, Center for Genetic Engineering and
Biotechnology, Havana, Cuba

Mohna Bandyopadhyay Department of Biology, West Virginia University,
Morgantown, WV, USA

Roberto Battistutta Department of Chemical Sciences, University of Padua,
Padua, Italy
Venetian Institute for Molecular Medicine (VIMM), Padua, Italy

Fernando Benavent Molecular Oncology Laboratory, National University of
Quilmes, Buenos Aires, Argentina

Etty N. Benveniste Department of Cell, Developmental and Integrative Biology,
University of Alabama at Birmingham, Birmingham, AL, USA

Benoit Bestgen INSERM, Unité 1036, Biology of Cancer and Infection, Grenoble,
France

UJF-Grenoble 1, Biology of Cancer and Infection, Grenoble, France

CEA, DSV/iRTSYV, Biology of Cancer and Infection, Grenoble, France

Ashok P. Bidwai Department of Biology, West Virginia University, Morgantown,
WV, USA

Jean Boutonnat Département d’Anatomie et Cytologie Pathologiques
et Plateforme de Génétique Moléculaire des Tumeurs, Pole de Biologie et Pathologie,
CHU Grenoble, La Tronche, France

Luca Cesaro Department of Biomedical Sciences and CNR, Institute of
Neuroscience, University of Padova, Padova, Italy

Pierre Champelovier Département d’Anatomie et Cytologie Pathologiques
et Plateforme de Génétique Moléculaire des Tumeurs, Pole de Biologie et Pathologie,
CHU Grenoble, La Tronche, France

Claude Cochet INSERM, Unité 1036, Biology of Cancer and Infection, Grenoble,
France

UJF-Grenoble 1, Biology of Cancer and Infection, Grenoble, France

CEA, DSV/iRTSYV, Biology of Cancer and Infection, Grenoble, France

Giorgio Cozza Department of Biomedical Sciences and CNR, Institute of
Neuroscience, University of Padova, Padova, Italy

Laurence David-Boudet Département d’ Anatomie et Cytologie Pathologiques et
Plateforme de Génétique Moléculaire des Tumeurs, Pole de Biologie et Pathologie,
CHU Grenoble, La Tronche, France

Jean Luc Descotes Centre hospitalo-universitaire Albert Michallon, service
d’urologie, Grenoble, France



Contributors Xix

Isabel Dominguez Department of Medicine, Boston University School of
Medicine, Boston, MA, USA

Eve Duchemin-Pelletier INSERM, Unité 1036, Biology of Cancer and Infection,
Grenoble, France

UJF-Grenoble 1, Biology of Cancer and Infection, Grenoble, France

CEA, DSV/iRTSYV, Biology of Cancer and Infection, Grenoble, France

Hernian G. Farifia Molecular Oncology Laboratory, National University of
Quilmes, Buenos Aires, Argentina

QOdile Filhol INSERM, Unité 1036, Biology of Cancer and Infection, Grenoble,
France

UJF-Grenoble 1, Biology of Cancer and Infection, Grenoble, France

CEA, DSV/iRTSYV, Biology of Cancer and Infection, Grenoble, France

Roberto Gomez ELEA laboratories, Buenos Aires, Argentina

Claudia Gotz Medizinische Biochemie und Molekularbiologie, Universitit des
Saarlandes, Homburg, Germany

Idrian Garcia Clinical Research Area, Center for Genetic Engineering and
Biotechnology, Havana, Cuba

Yanelda Garcia Clinical Research Area, Center for Genetic Engineering and
Biotechnology, Havana, Cuba

Sofia Giacosa INSERM, Unité 1036, Biology of Cancer and Infection, Grenoble,
France

UJF-Grenoble 1, Biology of Cancer and Infection, Grenoble, France

CEA, DSV/iRTSYV, Biology of Cancer and Infection, Grenoble, France

Cristina Girardi Department of Biomedical Sciences, University of Padova,
Padova, Italy

Lidia Gonzalez Clinical Research Area, Center for Genetic Engineering and
Biotechnology, Havana, Cuba

G. Kenneth Gray PhD Program in Biological and Biomedical Sciences, Harvard
University, Boston, MA, USA

Barbara Guerra BMB, SDU, Odense, Denmark

Laszlo Gyenis Department of Biochemistry, Schulich School of Medicine &
Dentistry, University of Western Ontario, London, ON, Canada

Department of Oncology, Schulich School of Medicine & Dentistry, University of
Western Ontario, London, ON, Canada

Jennifer Hochscherf KinaseDetect ApS, Krusa, Denmark



XX Contributors

Miwako Kato Homma Department Biomolecular Science, Fukushima Medical
University School of Medicine, Fukushima, Japan

Yoshimi Homma Department Biomolecular Science, Fukushima Medical
University School of Medicine, Fukushima, Japan

Olaf-Georg Issinger KinaseDetect ApS, Krusa, Denmark

Lucas M. Jozwick Department of Biology, West Virginia University, Morgantown,
WV, USA

Maysoun Kassem Département d’Anatomie et Cytologie Pathologiques et
Plateforme de Génétique Moléculaire des Tumeurs, Pole de Biologie et Pathologie,
CHU Grenoble, La Tronche, France

Hiroko Kozuka-Hata Medical Proteomics Laboratory, The Institute of Medical
Sciences, The University of Tokyo, Tokyo, Japan

Betsy T. Kren Cellular and Molecular Biochemistry Research Laboratory (151),
Minneapolis Veterans Affairs Health Care System, Minneapolis, MN, USA

Department of Laboratory Medicine and Pathology, University of Minnesota,
Minneapolis, MN, USA

Masonic Cancer Center, University of Minnesota, Minneapolis, MN, USA

Mathieu Laramas Centre hospitalo-universitaire Albert Michallon, service
d’oncologie médicale, Grenoble, France

David W. Litchfield Department of Biochemistry, Schulich School of Medicine &
Dentistry, University of Western Ontario, London, ON, Canada

Department of Oncology, Schulich School of Medicine & Dentistry, University of
Western Ontario, London, ON, Canada

Graziano Lolli Department of Chemical Sciences, University of Padua, Padua,
Italy

Venetian Institute for Molecular Medicine (VIMM), Padua, Italy

Jean-Alexandre Long Centre hospitalo-universitaire Albert Michallon, service
d’urologie, Grenoble, France

Adam T. Majot Department of Biology, West Virginia University, Morgantown,
WYV, USA

Braden C. McFarland Department of Cell, Developmental and Integrative
Biology, University of Alabama at Birmingham, Birmingham, AL, USA

Anne McLeer-Florin INSERM U 823, Institut A Bonniot, Université J Fourier,
Grenoble, France

Département d’ Anatomie et Cytologie Pathologiques et Plateforme de Génétique
Moléculaire des Tumeurs, Pdle de Biologie et Pathologie, CHU Grenoble, La
Tronche, France



Contributors XXi

Yoshihiko Miyata Department of Cell and Developmental Biology, Graduate
School of Biostudies, Kyoto University, Kyoto, Japan

Mathias Montenarh Medizinische Biochemie und Molekularbiologie, Universitit
des Saarlandes, Homburg, Germany

Karsten Niefind Department of Chemistry, Institute of Biochemistry, University
of Cologne, Cologne, Germany

Thirayost Nimmanon Cardiff School of Pharmacy and Pharmaceutical Sciences,
Cardiff University, Cardiff, UK

Masato Ogura Department Biomolecular Science, Fukushima Medical University
School of Medicine, Fukushima, Japan

Charina E. Ortega Department of Medicine, Boston University School of
Medicine, Boston, MA, USA

Masaaki Oyama Medical Proteomics Laboratory, The Institute of Medical
Sciences, The University of Tokyo, Tokyo, Japan

Dominique Pasquier Département d’Anatomie et Cytologie Pathologiques
et Plateforme de Génétique Moléculaire des Tumeurs, Pole de Biologie et Pathologie,
CHU Grenoble, La Tronche, France

Silvio E. Perea Molecular Oncology Laboratory, Biomedical Research Area,
Center for Genetic Engineering and Biotechnology, Havana, Cuba

Yasser Perera Molecular Oncology Laboratory, Biomedical Research Area,
Center for Genetic Engineering and Biotechnology, Havana, Cuba

Catherine Pillet CEA, DSV/iRTSYV, Biologie a Grande Echelle, Grenoble, France

Lorenzo A. Pinna Department of Biomedical Sciences and CNR, Institute of
Neuroscience, University of Padova, Padova, Italy

Lawrence Prince-Wright Department of Medicine, Boston University School of
Medicine, Boston, MA, USA

Fatima Qaiser Cellular and Molecular Biochemistry Research Laboratory (151),
Minneapolis Veterans Affairs Health Care System, Minneapolis, MN, USA
Department of Laboratory Medicine and Pathology, University of Minnesota,
Minneapolis, MN, USA

Jean-Jacques Rambeaud Centre hospitalo-universitaire Albert Michallon, ser-
vice d’urologie, GrenobleFrance

Tine D. Rasmussen Clinical Pathology, OUH, Odense C, Denmark

Vilcy Reyes Molecular Oncology Laboratory, Biomedical Research Area, Center
for Genetic Engineering and Biotechnology, Havana, Cuba



XXii Contributors

Marta Riera Center for Research in Agricultural Genomics (CRAG), CSIC-IRTA-
UAB-UB Consortium, Barcelona, Spain

Arielis Rodriguez Proteomic Department, Biomedical Research Area, Center for
Genetic Engineering and Biotechnology, Havana, Cuba

Caroline Roelants INSERM, Unité 1036, Biology of Cancer and Infection,
Grenoble, France

UJF-Grenoble 1, Biology of Cancer and Infection, Grenoble, France

CEA, DSV/iRTSYV, Biology of Cancer and Infection, Grenoble, France

Meng Rui Medizinische Biochemie und Molekularbiologie, Universitit des
Saarlandes, Homburg, Germany

Maria Ruzzene Department of Biomedical Sciences, University of Padova,
Padova, Italy

Alexander Schnitzler Department of Chemistry, Institute of Biochemistry,
University of Cologne, Cologne, Germany

Laure Schoutteten INSERM, Unité 1036, Biology of Cancer and Infection,
Grenoble, France

UJF-Grenoble 1, Biology of Cancer and Infection, Grenoble, France

CEA, DSV/iRTSYV, Biology of Cancer and Infection, Grenoble, France

Christina Servas Medizinische Biochemie und Molekularbiologie, Universitit
des Saarlandes, Homburg, Germany

Takeshi Shibata ABSciex. K.K., Tokyo, Japan

Tyler R. Sizemore Department of Biology, West Virginia University, Morgantown,
WV, USA

Toshiyuki Suzuki Department Biomolecular Science, Fukushima Medical
University School of Medicine, Fukushima, Japan

Ryszard Szyszka Department of Molecular Biology, The John Paul II Catholic
University of Lublin Institute of Biotechnology, Lublin, Poland

Kathryn M. Taylor Cardiff School of Pharmacy and Pharmaceutical Sciences,
Cardiff University, Cardiff, UK

Elena Tibaldi Department of Molecular Medicine, University of Padova, Padova,
Italy

Céline Tisseyre INSERM, Unité 1036, Biology of Cancer and Infection, Grenoble,
France

UJF-Grenoble 1, Biology of Cancer and Infection, Grenoble, France

CEA, DSV/iRTSYV, Biology of Cancer and Infection, Grenoble, France



Contributors XXiii

Janeen H. Trembley Cellular and Molecular Biochemistry Research Laboratory (151),
Minneapolis Veterans Affairs Health Care System, Minneapolis, MN, USA

Department of Laboratory Medicine and Pathology, University of Minnesota,
Minneapolis, MN, USA

Masonic Cancer Center, University of Minnesota, Minneapolis, MN, USA

Gretchen Unger GeneSegues, Inc., Chaska, MN, USA

Isabel Cristina Vélez-Bermuidez Center for Research in Agricultural Genomics
(CRAG), CSIC-IRTA-UAB-UB Consortium, Barcelona, Spain

Carmen Valenzuela Clinical Research Area, Center for Genetic Engineering and
Biotechnology, Havana, Cuba

Sabrina Welker Medizinische Biochemie und Molekularbiologie, Universitét des
Saarlandes, Homburg, Germany



Part I
Regulation and Structure-Function
Studies of CK2



Yeast Asf1 Protein as Modulator
of Protein Kinase CK2 Activity

Andrea Baier, Ewa Alikowska, and Ryszard Szyszka

Abstract Natural modulators of protein kinase CK?2 activity might be divided into
two groups. Substances of the first one, polycations, like polyamines and polylysine
are able to stimulate enzyme activity. On the other hand, compounds like heparin
(polyanions) have inhibitory properties towards CK2 activity. The sequence of Asfl
possesses five potential phosphorylation sites for CK2, but it seems that it does not
underlie phosphorylation. Yeast Asfl amino acid sequence contains a characteristic
acidic fragment at its C-terminus. Such a sequence, called pseudosubstrate region, of
regulatory subunits is present in several protein kinases, like PKA and PKG, and can
be also found in the regulatory subunit of CK2. Experimental data suppose a modu-
lating effect of Asf1 towards protein kinase CK2 in a different manner when compar-
ing the influence on each catalytic subunits itself as well as the corresponding
holoenzymes.

Keywords Protein kinase CK2 ¢ Autoinhibitory region ¢ Regulation * Asf1 ¢ Yeast

1 Introduction

CK2 has traditionally been classified as a protein serine/threonine kinase ubiqui-
tously distributed in all eukaryotes. The human enzyme mostly appears as a hetero-
tetrameric protein complex consisting of a dimer of regulatory p subunits (28 kDa)
and two catalytic a (42 kDa) and/or o’ (38 kDa) subunits with a stoichiometry of
either o,p,, a’»P, or act’ B, as a holoenzyme [1, 2]. In the case of the baker’s yeast,
Saccharomyces cerevisiae, the holoenzyme requires the presence of both regulatory
subunits p and f’. Genetic studies in S. cerevisiae [3] and in mice [4, 5] demonstrate
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that CK2 is essential for cell viability and animal embryonic development.
Biochemical and functional analyses of this enzyme reveal that it can phosphorylate
over 300 proteins implicated in the regulation of many cellular functions, notably
gene expression, signal transduction and DNA/RNA and protein synthesis [6]. It is
expectable that the unique pleiotropy of CK2 justifies at least in part two properties
of this enzyme: the minimum consensus sequence for phosphorylation defined as
S/T-X-X-D/E/pS/pY [6] and its constitutive activity [1, 2].

2 CK2 Interaction Partners

The CK2 activity is detected in cell or tissue extracts even in the absence of any
cofactors (e.g. second messengers) or when it is expressed in bacteria. These facts
led to the general conclusion that CK2 is unregulated or constitutively active.
However, there are some mechanisms that contribute to the regulation of CK2 in the
cell. They include the regulated expression and assembly of the enzyme [7, 8], regu-
lation by reversible phosphorylation of regulatory § subunits [9, 10] as well as the
catalytic a subunit [11, 12] and regulatory interactions [2, 13].

Studies in yeast and human cells demonstrate that different forms of CK2 inter-
act with a large number of cellular proteins [13, 14]. The identification of several
CK2-interacting proteins is consistent with the presumption that CK2 may be
directly or indirectly regulated by interacting proteins. CK2-interacting proteins
can be categorised by the way how they affect the kinase activity. The first category
represented by nucleolin [15] or Nopp140 [16] most likely reflects enzyme-substrate
interaction. Second, there are proteins that may directly affect the CK2 catalytic
activity, such as FGF-1 and FGF-2 [17], heat shock protein 90 (Hsp90) and Cdc37
[18]. Fibroblast growth factor-1 (FGF-1) interacts with CK2a and CK2f in vitro
and in vivo. In vitro, FGF-1 and FGF-2 are phosphorylated by CK2, and the pres-
ence of FGF-1 or FGF-2 was found to enhance CK2f autophosphorylation. A cor-
relation between the mitogenic potential of FGF-1 mutants and their ability to bind
to CK2a was observed and the possible involvement of CK2 in the FGF-induced
stimulation of DNA synthesis [17]. Cdc37 is a protein kinase-targeting molecular
chaperone, and its function in cooperation with Hsp90 is required for various sig-
nalling kinases. The phosphorylation of Cdc37 by CK2 at the conserved N-terminal
Ser-13 is prerequisite for the efficient Cdc37 activity binding to protein kinases
including Akt, Cdk4, MOK and Rafl. In addition, the phosphorylation of Cdc37 by
CK2 was shown to be crucial for the recruitment of Hsp90 to the protein kinase-
Cdc37 complexes. These findings indicated that a subpopulation of CK2 forms
complexes with Hsp90 and Cdc37 in the cytoplasm and phosphorylates Cdc37 and
thus regulates the molecular chaperone activity of Cdc37. Since CK2 activity
depends on Cdc37, CK2 and Cdc37 constitute a positive feedback machinery to
control multiple Cdc37-dependent signalling protein kinases [18]. Third, there is a
set of proteins that probably play a role in the indirect regulation of CK2. Those
proteins work as an adaptor/scaffold/targeting proteins such as FAF1 [19], tubulin
[20] and CKIP-1 [21]. First of these proteins—the Fas-associated factor FAF1—is
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an in vitro and in vivo substrate of protein kinase CK2, and the putative physiologi-
cal function of FAF1 phosphorylation is connected with the influence on nuclear
import ability of FAF1 polypeptide [19]. In the case of tubulin, a direct association
between the CK2a and the CK2a’ subunit and tubulin was observed. There was no
binding of the CK2p subunit to tubulin. Thus, tubulin was identified as a new
binding partner of CK2 catalytic subunits [20]. CKIP-1 is an interaction partner of
CK?2 with a number of protein-protein interaction motifs, including an N-terminal
pleckstrin homology domain (PH). The CKIP-1 protein can recruit CK2 to the
plasma membrane. Furthermore, the PH domain of CKIP-1 was found to be
required for interactions with CK2 and for the recruitment of CK2 to the plasma
membrane. The examination of CK2a for a region that mediates interactions with
CKIP-1 revealed a putative HIKE domain, a complex motif found exclusively in
proteins that bind pleckstrin homology domains. However, mutations within this
motif were not able to abolish CKIP-1-CK2 interactions suggesting that this motif
by itself may not be sufficient to mediate interactions. Overall, these results provide
novel insights into how CK2, a predominantly nuclear enzyme, is targeted to the
plasma membrane and perhaps more importantly how it might be regulated [21].

Finally, there are a number of protein interaction partners that either disrupt or
enhance the ability of CK2 to phosphorylate certain protein substrates. As an
example, the peptidyl-prolyl isomerase (Pinl) interacts in a phosphorylation-
dependent manner with CK2 and with several proteins involved in cell cycle events.
Pin1 can interact with CK2 complexes that contain CK2a. Furthermore, Pinl can
interact directly with the C-terminal domain of CK2a that contains residues that
are phosphorylated in vitro by p34©¢2 and in mitotic cells. Substitution of the CK2a
phosphorylation sites with alanines resulted in decreased interactions between Pin1
and CK2. Pinl inhibits the Thr'** phosphorylation on human topoisomerase II
alpha by CK2. Topoisomerase II alpha also interacts with Pinl suggesting that the
effect of Pinl on the phosphorylation of Thr'3*? could result from its interactions
with both CK2 and topoisomerase II alpha [22].

Analysis of protein-protein interaction in mammalian cells provides also evi-
dences for functional specialisation of CK2a and CK2a’. There are proteins specifi-
cally interacting either with the catalytic subunit CK2a or CK2a’. Examples for
such proteins are the isomerase Pinl [11, 22] and protein phosphatase PP2A [23, 24]
interacting only with CK2a. Further specific partners for CK2a are protein CKIP-1
[25], cyclin H [26], transcription factor Egrl [27] and heat shock proteins (Hsp) [28]
interacting with o subunits, but not reacting with CK2a’.

Based on literature data analysis, we are able to distinguish among CK2 sub-
strates three main groups: (1) substrates preferentially phosphorylated by free cata-
lytic subunit, (2) substrates preferentially phosphorylated by CK2 holoenzyme and
(3) substrates phosphorylated by both molecular forms of CK2. The driving force
for binding the protein substrate seems to be the charge and shape complementarity
between CK2 and substrate apart from the suitable conformation and accessibility
of the phosphorylation site. Most CK2 substrates present large acidic charges on
their surfaces. However, in the case of smaller peptides, the presence of the CK2
consensus sequence in right conformation and accessibility is the main requirement
for binding as the problem of steric hindrance due to its small size is expected to be
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not high [29]. Using different peptide substrates, it was estimated that the activity of
the CK2 holoenzyme is somewhat higher than that of the free catalytic subunit.
However notable, there are protein substrates which either require the presence of
the regulatory subunit or conversely are phosphorylated by the catalytic subunits but
not by the holoenzyme (e.g. calmodulin [30]). The phosphorylation of the latter
group by the holoenzyme is triggered and dramatically enhanced by polybasic pep-
tides (but not polyamines) such as polylysine. The effect of the f subunit on these
particular substrates is probably mediated by specific interactions with the protein
substrates, perhaps in combination with polycationic stimulators [1].

3 CK2 Structure

CK2 is a Ser/Thr protein kinase having heterotetrameric a,f, structure with some
unusual features among the eukaryotic protein kinases: (1) several acidic determi-
nants are deciding about CK2 substrate specificity; (2) both ATP and GTP can be
utilised as phosphoryl donors; (3) it is insensitive to any known second messengers
and the regulatory properties of CK2 are poorly understood; and (4) it displays high
constitutive activity with over 350 cellular protein substrates known to date [1, 2].
The precise function of two non-catalytic f subunits is still poorly understood; how-
ever, it has been shown that their functions are (1) altering the CK2a/a’ substrate
specificity, (2) protecting the catalytic subunit against denaturing agents and condi-
tions and (3) modulating CK?2 catalytic activity.

The catalytic domains of human CK2a and CK2a’ are products of different
genes located on different chromosomes [31]. Their similar enzymatic properties
in vitro are the result of high identity between both sequences with about 90 % [32].
In the case of yeast homologues, the amino acid sequence of catalytic subunits
shows only about 60 % identity [33]. The middle part of the catalytic domain con-
tains the high structural similar sequences, whereas in the C-terminal sequences,
there exist differences between CK2a and CK2a’. The C-terminus of the CK2a
subunit possesses Pro-rich phosphoacceptor sites whose phosphorylation generates
a binding site of isomerase Pinl [11].

Alignments of the predicted amino acid sequence of CK2a subunits of several
organisms led to the conclusion that the primary structure of CK2a exhibits conserved
features. The conserved sequences D'*WG!'” and G'*7PE!®°, which are responsible
for the formation of CK2a activation loop, are situated between the f-sheet-rich
region at the N-terminus and the o-helix-rich C-terminus. The centre of the activation
loop is formed by residues R', D¢ and H'%°. Experimental data show that always
only one catalytic subunit is active [34]. During catalysis the phosphate group inter-
acts with the nitrogen atoms within the Rossmann fold. This sequence is present in all
protein kinases responsible for the binding of nucleotide triphosphates and comprises
amino acid sequence G*XGXXS*! in human CK2a [35]. Arg191, Arg195 and Lys198
are conserved residues in the C-terminal loop and are responsible for the recognition
of acidic residue at position n+1 in the phosphor-acceptor sequence [36].
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Human o subunit contains a basic Lys-rich region comprising amino acids
K™KKKKIR® within the «C segment that is responsible for the interaction with the
acidic region (aa 55-64) of the regulatory subunit. It was shown that the presence
of the f subunit may affect the phosphorylation of some substrates such as calmod-
ulin [37]. Furthermore, this basic region also determines the sensitivity to heparin.
The deletion of aa 74—77 abolished the sensitivity to polyanionic compounds or in
the case of some substrates causes an increase of kinase activity [38]. The basic
cluster is also responsible for interaction with heat shock protein Hsp90 [39], nucle-
olin [40] and recognition of acidic determinants at n+3 in the consensus substrate
sequence [36].

There are evidences showing the functional differences between the subunits
CK2a and CK2«a’. In mammalian cells, CK2a is phosphorylated at Thr**, Thr3¢,
Ser*? and Ser*” within its unique C-domain by p34°® kinase, during the cell cycle
procession, while CK2a’ is not phosphorylated in this way [11]. Furthermore, the
c-Fgr kinase belonging to the Scr family covalently modifies CK2a at Tyr* [41]. In
comparison, the effects of induced expression of kinase-inactive CK2« differed sig-
nificantly from the effects of induced expression of kinase-inactive CK2a’. Of par-
ticular interest is the dramatic attenuation of proliferation that is observed following
induction of CK2a’, but not following induction of CK2a. These results provide
evidence for functional specialisation of CK2 isoforms in mammalian cells [42].

Besides the catalytic subunit, the primary structure of CK2f subunit also con-
tains typical conserved features: (1) two main phosphorylation sites (S?S3SEE) [43],
(2) the Nopp140 interaction site (aa 5-20), (3) two highly conserved amino acids
(E* to K*%) which are used for the export of CK2 as an ectokinase, (4) one destruc-
tion box (aa 46-54), (5) an acidic loop that has autoinhibitory and downregulatory
functions of CK2 activity (aa 55-64), (6) residues involved in interaction with cell
cycle regulators p21 and p53 (aa 106-116, aa 124, 134, 141, 145-149, 152), (7)
dimer interface residues (aa 143-148), (8) one region containing CK2a binding
residues (aa 187-192), (9) residues responsible for binding A-Raf and Mos (aa 187-
205), (10) four cysteine residues responsible for zinc finger formation (C!'%, C'4,
C" and C'") involved in p subunit dimerization and (11) serine residues near the
C-terminus phosphorylated by p34°2 in vitro.

The CK2p subunit possesses a stretch of acidic amino acids encompassing resi-
dues D>LEPDEELED® [44, 45]. Based on its similarity to the clusters of amino
acids that are typically observed in CK2 substrates, this region is a reminiscent of
autoinhibitory sequences that have been identified in a large number of other protein
kinases [46, 47]. Indeed, this acidic loop has autoinhibitory and downregulatory
function towards CK2 activity [2]. Polyamines, known as CK2 activators, bind to
this region of CK2p.

The crystal structure of tetrameric CK2 demonstrates that this acidic stretch is
located in a considerable distance from the active site of the catalytic subunit
within the same tetramer [34]. Nevertheless, as may be the case for autophos-
phorylation, it is conceivable that interactions between aa residues 55-64 of CK2p
and aa residues 74-80 of CK2a occur through higher-order interactions between
CK2 tetramers [2].
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ScAsfl 170 DEEEEDDEEE DDDEDDEDDE 190
ScCK2p 72 DLEAMSDEEE DEDDVVEEDE 92
HsCK2p3 55 DLEPDEELED NPNQQSDLIE 75

Fig.1 Sequence alignment of Asfl aa 170-190, human CK2p aa 55-75 and yeast CK2p aa 72-92

Mutations of acidic residues at positions Asp55, Glu57 and Glu59-Asp64 of the
CK2p subunit to Ala led to an up to fourfold more active holoenzyme than the wild-
type holoenzyme. At the same time, these mutants were no longer sensitive towards
the stimulatory effect of polylysine. This finding supported the autoinhibitory char-
acter of this acidic N-terminal cluster, especially that Asp55 and Glu57 are involved
in an intrinsic downregulation of CK2 basal activity and are implicated in the
responsiveness to various effectors [45, 48, 49].

Another data demonstrated that Pro58 located in the middle of this sequence also
possesses an important structural feature that affects downregulatory function of
CK2p towards the catalytic subunits. Mutation of this Pro to Ala resulted in a simi-
lar effect to that of mutations of the acidic residues alone, namely, it produces
hyperactive f subunits that stimulate the CK2a activity to a greater extent than the
wild-type regulatory subunit CK2p [50].

The acidic sequences of CK2p were used to search for potential CK2-
interacting protein partners. From those results of the database search, yeast Asfl
protein was selected. The acidic C-terminal stretch of yeast Asfl protein (i.e.,
D"DEEEEDDEEEDDDEDDEDDEDDD?) possesses high similarity to the
acidic fragment of regulatory CK2p subunit (i.e., DLEPDEELED®*) and the
acidic surroundings of the substrate recognition site of potential CK2 protein sub-
strate candidates (Fig. 1).

4 Anti-Silencing Function 1 Protein

Amino acid sequences of CK2P autoinhibitory domains were used to query
Saccharomyces cerevisiae databases for proteins which may have significant role in
regulation of apoptosis. From few candidates Asf1 protein was chosen as a potential
CK2-modulating protein. Yeast Asfl protein differs from its animal homologues
and contains (1) N-terminal 155 amino acids long sequence with high homology
(65-90 %) to other eukaryotic species and (2) long poly-acidic stretch present in
fungi (in baker’s yeast over 20 amino acid long cluster of aspartic and glutamic
acids) (Fig. 2). This pseudosubstrate acidic cluster may influence CK?2 antiapoptotic
activity in the cell, what is observed as induction of apoptosis in case of overexpres-
sion of yeast Asfl [51, 52].

In S. cerevisiae Asf1 contains 279 amino acids divided into two different regions.
The N-terminal part comprising aa 1-155 is highly conserved between eukaryotes
(65-90 % identity) and contains mainly p-sheet structures. The C-terminal region
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1 MSIVSLLGIK VLNNPAKFTD PYEFEITFEC LESLKHDLEW KLTYVGSSRS
51 LDHDQELDSI LVGPVPVGVN KFVFSADPPS AELIPASELV SVTVILLSCS
101 YDGREFVRVG YYVNNEYDEE ELRENPPAKV QVDHIVRNIL AEKPRVTREN
151 IVWDNENEGD LYPPEQPGVD DEEEEDDEEE DDDEDDEDDE DDDQEDGEGE
201 AEEAAEEEEE EEEKTEDNET NLEEEEEDIE NSDGDEEEGE EEVGSVDKNE
251 DGNDKKRRKI EGGSTDIEST PKDAARSTN

Fig. 2 Amino acid sequence of yeast Asfl protein. The acidic fragment is underlined; potential
CK2 phosphorylation sites are bolded

(<15 % identity) is less conserved and possesses a disturbed molecular structure.
In fungi and yeast, the C-terminal sequence contains a long acid fragment which is
not conserved in other eukaryotic organisms (Fig. 3). The human homologue of
yeast Asfl protein was cloned as Asf1A and is called CIA (CCGI interacting factor
A). Analysing the amino acid sequence 1-153, the identity between CIA and yeast
Asfl is about 58 %, whereas the C-terminal is completely different [53]. In later
studies a second homologue, called Asf1B, was cloned having 71 % identity with
the amino acid sequence of AsflA [54]. Alignment of different Asf1 homologues
(Fig. 3) revealed the domain structures of CIA: the N-terminal evolutionarily con-
served domain (residues 1-169 in Asf1) and the C-terminal divergent region rich in
acidic residues in cial/Asfl, while in fungal CIA this part is rich in serine and
threonine [55].

Yeast Asfl protein amino acid sequence analysis allowed the distinction of sev-
eral sites designated as the minimum consensus sequence for CK2 substrates
(Fig. 2). However, no phosphorylation of Asfl by different forms of yeast CK2
in vitro could be detected.

5 CK2-Asfl Interaction

Analysing different studies towards modulators of CK2 activity, we can estimate
typical compounds having similar influence towards CK2 isoforms from several
organisms [30, 33, 56-58]. Within this group of compounds are polybasic peptides
(polylysine), polyanions (heparin, spermine) and CK2 inhibitors like benzotriazoles
and benzimidazoles.

The amino acid sequence of the Asf1 protein possesses five potential phosphory-
lation sites for protein kinase CK2: 2 Tyr sites, 1 Ser site and 2 Thr sites. In enzy-
matic studies with different CK2 forms, no phosphorylation could be detected.

Then, a possible effect of Asfl protein was examined using the recombinant
Asf1 protein expressed in bacteria cells as well as the recombinant human catalytic
subunits CK2a and CK2a’ as well as the corresponding holoenzymes. Asfl exhibits
inhibitory effect towards both subunits and holoenzymes. Interestingly, as in the
case of other modulators, like heparin, polylysine, NaCl or some inhibitors, the
influence differed between them (Fig. 4). The o subunit is activated in the presence
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-MAKVHITNVVVLDNPSSFFNPFQFELTFECIEELKEDLEWKMIYVGSAESEEHDQVLDT 59
-MAKVSVLNVAVLENPSPFHSPFRFEISFECSEALADDLEWKIIYVGSAESEEFDQILDS 59
-MSVVSLLGVKIQNNPAPFLAPYQFEITFECLEQLOQKDLEWKLTYVGSATSSEYDQELDS 59
-MSVVSLLGVKNLNNPAPFTASYQFEITFECLEQLQKDLEWKLTYVGSATSAEYDQELDS 59
-MSIVSLLGIKVLNNPAKFTDPYEFEITFECLESLKHDLEWKLTYVGSSRSLDHDQELDS 59
MASRVNIVQVQILDNPAMFVDKFKLEITFEVFEHLPHDLEWELVYVGSGTSRDFDQVLDS 60

* = = skEks % IR * k  kkkk e kAkkk ok 2 k% kX

IYVGPVPEGRHIFVFQADPPDVSKIPEPDAVGVTIVLLTCSYRGQEFVRVGYYVNNDYAD 119
VLVGPVPAGRHMFVFQADAPNPSLIPETDAVGVTVVLITCTYHGQEFIRVGYYVNNEYLN 119
LFVGPIPVGVNKFIFEAEAPDLKRIPTSEILGVTVILLTCSYDGREFVRVGYYVNNEYDS 119
LLVGPIPVGVNKFIFEADAPDVKRIPTSEMLGVTVILLTCSYDGREFVRVGYYVNNEYDS 119
ILVGPVPVGVNKFVFSADPPSAELIPASELVSVTVILLSCSYDGREFVRVGYYVNNEYDE 119
ALVGPIPEGRHKFVFDADHPDISKIPVDDIVGVSVLLLRCKYNDQEFINMGWFVANEYTE 120

*hkkak k g Kpk kg &, kR g g kppnkg R R gk pRppk kg

PEMRENPPTKPLFEKLTRNILASKPRVTRFKINWDYGHINGNGNGVENGHQDEMATDGPS 179
PELRENFPPMKPDFSQLORNILASNPRVIRFHINWDN-========~— NMDRLEAIETQDPS 169
EDLSAEPPAKPIIERIRRNILAEKPRVTRFAIKWDSEESAPAEYPPDQPEADILEDDSAR 179
EELAAEPPAKPVIERIRRNVLAEKPRVTRFAIKWDSDDSAPAEYPPDQPEADGLDDDSGA 179
EELRENPPAKVQVDHIVRNILAEKPRVTRFNIVWDNENEG-DLYPPEQPGVDDEEEEDDE 178
EELKENPPSQPLIEKLSRKVETEDLRITTFPIRWTDEDPVAEPVEDEANRVFAEDDLMPL 180

1%* 2 L. ¥rpoz1,, Wik X % X
TSEA-—-——— ASAVIHPEDDNSLAMPMENGI---——————————— KALNENSNSLAMEC-- 218
LGCG----- LPLNCTPIKGLGLPGCIPG--——--————————=—-— LLPENS----MDCI- 202

YGAEEAELEAALVRELADAERDVKSEDHEMEGAEP-AIKEEEEEDISDAESEDIEDESDD 238
YGAEERELEAALLKELEDSNKPAEGEDHEMEGAEAPAGKEDDEEEISDAESEDLEAESDD 239
EEDDDEDDEDDEDDDQEDGEGEAEEAAEEEEEEEE---KTEDNETNLEEEEEDIENSDGD 235
NDDGQ---EDDDEEEEDDDEMEANAEEVDLNESFN----- ERLANALDGAEQKGADEKME 232

DEEDLDEEEAGDGDEDVEMGDDSEQKDDGPKADSTNQHSHQPEVMVH 285
DEDELDEEEGGDADEDVEMGDDAEHKDDAAKPT----HQPQPELMVH 282
EEE--GEEEVGSVDENEDGNDKKRRKIEGGSTDIES-TPKDAARSTN 279
DDGANEDVDMADDEPGVQINTDTKVPESMAEPLSDKTNNEMVQ---- 275

3 Alignment of Asf1 proteins from different organisms: Dm, Drosophila melanogaster; Ce,

Caenorhabditis elegans; Af, Aspergillus flavus; Pr, Penicillium roqueforti; Sc, Saccharomyces
cerevisiae; Hs, Homo sapiens. Identical amino acids are indicated by an asterisk, strongly con-
served by colon and weakly conserved by a dot

of low concentration of Asfl; at higher concentration, it is inhibited. The o’ subunit
is stronger inhibited than the o subunit. Changing the conditions in the phosphoryla-
tion reaction had different results for the a and o’ subunits. The inhibition of both
catalytic subunits in the presence of 10 or 20 uM ATP revealed another mode of
action between the subunits (Fig. 4a). There was no change in the inhibitory effect
estimated in the case of o’, whereas the o subunit is more inhibited in the presence
of the lower ATP concentration, suggesting an ATP-dependent inhibition mode. On
the other side, changing the protein substrate concentration (yeast acidic ribosomal
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Fig. 4 Studies on the influence of Asf1 protein towards CK2 activity. (a) Effect of different ATP
concentrations on the activity of the catalytic subunits: CK20/20 uM ATP (filled circle),
CK2a/10 uM ATP (open circle), CK2a’/20 uM ATP (filled square), CK2a’/10 uM ATP (open
square). (b) Effect of different P2B concentrations on the activity of the catalytic subunits:
CK20a/7.8 ug P2B (filled circle), CK2a/1.3 ug P2B (open circle), CK2a’/6.5 ug P2B (filled square),
CK2a’/1.3 ug P2B (open square). (¢) Effect of different Asf1 constructs on the activity of the cata-
Iytic subunits: CK2a/Asf1 aa 169-279 (filled circle), CK2a/Asf1 aa 1-279 (open circle), CK2a’/
Asfl aa 169-279 (filled square), CK20’/Asf1 aa 1-279 (open square)
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Fig. 5 Studies on the influence of Asfl protein towards yeast cells growth rate. Optical density
was determined after 6 h in the presence of low amount of Asfl (medium containing glucose) and
overexpressed Asfl (medium containing galactose): black, glucose/control; dark grey,
glucose/+Asfl; light grey, galactose/control; white, galactose/+Asf1

protein P2B), the extent of inhibition is changed only in the case of the o’ subunit
(Fig. 4b). The phosphorylating activity is higher in case of higher substrate concen-
tration, suggesting a competitive inhibition mode towards the protein substrate.
Regarding the question if the whole Asfl molecule is necessary for the enzyme
inhibition, two Asfl constructs were tested comprising either amino acids 1-169 or
amino acids 170-279. As shown in Fig. 4c, the C-terminal part (aa 170-279) is
responsible for the decrease of CK2 activity. The Asfl molecule lacking the
C-terminal acidic stretch has no CK2 inhibiting properties. Using holoenzymes the
modulating effect by Asfl is lower.

First data propose that the effect of Asfl protein towards protein kinase CK2 is
also detectable in vivo. In experiments with S. cerevisiae, Asfl transformed cells
were analysed for their CK2 activity. Cell lysates containing the CK2-Asf1 complex
possesses lower phosphorylating activity than lysates from non-transformed cells
[59]. These in vivo results confirm the results from enzymatic activity studies. In
further experiments the growth rate of yeast cells was estimated to measure the
influence of Asfl overexpression (medium with galactose) on cell division.
Therefore, S. cerevisiae mutant (deletion of one catalytic subunit) cells were grown
either in the presence or absence of Asfl protein and compared with the wild-type
strain (Fig. 5). Interestingly, the cell division of the a mutant (YORO061w) is strongly
inhibited compared to the wild type. Surprisingly, yeast cells lacking the o’ subunit
(YILO35c) is growing faster when the Asfl protein is overexpressed. In case of
basal expression (medium with glucose) of Asfl protein, the mutant only express-
ing the a subunit exhibits more than twice faster growth than the control strain.
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6 Conclusions

Present results suggest a comparable interaction of CK2a with Asf1 protein to that
of CK2a and CK2p. Yeast Asfl contains an acidic stretch possessing the minimal
consensus sequence for CK2 substrates. It is similar to the acidic loop, also called
pseudosubstrate sequence, of the regulatory subunit CK2p from yeast and human.

A possible mechanism of Asf1 is the blocking of the active site of the catalytic
subunit. In this case it would be possible to inhibit the phosphorylation of proteins
catalysed by free catalytic subunits, but not the holoenzyme. Asfl protein may act
like the CK2p subunit and decrease or even abolish the kinase activity as in case of
calmodulin.

The different effects of Asfl towards CKa and CK2a’ correlate with observa-
tions using benzotriazole and benzimidazole derivatives. There are compounds pos-
sessing different inhibitory activities on CK2 subunits. Such compounds may help
to understand different functions of the o and o’ subunits.
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and Configurational Space Captured
by Protein Kinase CK2
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Abstract As key components of cellular regulation and signal transduction,
eukaryotic protein kinases (EPKs) are strictly regulated. Sophisticated control
mechanisms of EPKSs are necessary which typically include conformational changes
of the enzymes in critical regions. Local structural plasticity is therefore a prerequi-
site of normal EPK function. Protein kinase CK2, a member of the CMGC family
of EPKs, was regarded as an exception from this rule for a long time due to its
constitutive activity (lack of an inactive state) and due to its structural rigidity in
typical EPK control regions of its catalytic subunit CK2a like the activation seg-
ment and the helix aC. Gradually, however, several cases of inherent local plasticity
within CK2a were detected, and questions about their crosstalk and their functional
significance became an issue. It is very likely now that structural plasticity and
dynamics is more important for CK2 function than believed previously. Novel inter-
pretation methods of crystallographic data even confirm an allosteric communica-
tion between the ATP site and CK2p-binding site of CK2a which had been only
hypothetically postulated before. Similarly, local mobilities of CK2« are subject to
modern computational approaches suggesting conformational equilibria in solution
as assumed previously. In summary, CK2 structural biology has reached now a
mature phase in which sophisticated modern techniques overcome the limitations of
classical crystallography so that structural dynamics rather than single “snapshots”
is investigated.
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1 CK2: A Protein Kinase of Limited Internal Mobility

“Conformational plasticity” as a basis of regulation and functional control was
described as a hallmark of eukaryotic protein kinases (EPKs) more than a decade
ago [1]. In recent reviews, this feature received particular attention and emphasis:
EPKs were referred to as “dynamic molecular switches” [2] or as “allosteric macro-
molecular switches” [3] that received plasticity-correlated regulatability during evo-
lution in contrast to similarly folded but more simple small-molecule kinases [4].
In particular, EPKs acquired an activation segment as part of their C-terminal
domains (C-lobes) [4]. This activation segment is often the subject of (auto)phos-
phorylation and adapt able in its conformational state [1, 4], and it is assisted in
this regulatorily relevant plasticity by the helix aC, the main control element of
the N-terminal domain (N-lobe). Apart from regulation, large conformational
changes within EPKs were also discussed to be necessary steps within the cata-
Iytic cycle itself [5].

Against this background, protein kinase CK2—a heterotetrameric complex of
two catalytic chains (CK2a) attached to an obligatory homodimer of regulatory
subunits (CK2p)[6]—was (and essentially still is) regarded as an apparent excep-
tion: it is no subject of regulatory phosphorylation at the activation segment of
CK2a and does not dispose of a clearly defined inactive state. On a structural level,
this “constitutive activity” was underpinned by a remarkable conformational rigid-
ity of the activation segment and the helix aC. Both of them are fixed by the likewise
structurally invariant N-terminal segment of CK2« via intramolecular interactions
that resemble functionally the intermolecular contacts of the cyclin proteins with
their corresponding cyclin-dependent kinases [7].

In the first review on CK2 structural biology published in 2009 [8], the structural
conservation of the ensemble of activation segment, helix aC and N-terminal seg-
ment was emphasised by systematic structural comparisons including all 46 CK2a
structures published at that time. The same analysis, however, illustrated that there
are zones of structural variability as well (Fig. 1), some of them are typical loop
regions in which flexibility is not unusual; others are with a clear conformational
consensus among EPKs so that the plasticity discovered in CK2a (however not in
all CK2a orthologues [9]) came as a surprise.

In subsequent years—with increasing numbers of structures—the picture of
CK2 as an enzyme being conformationally constrained, where other EPKs are
adaptable, but simultaneously disposing of regions of unusual adaptability, intensi-
fied and was addressed in a number of original and review publications [10-15],
among them a recent metadynamics study to investigate conformational states
separated by fairly high energy barriers [16]. Therefore, the local conformational
and configurational variability of CK2 was the main subject of our contributions to
the 7th International Conference on Protein Kinase CK2 in September 2013 in
Lublin, Poland.
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Fig. 1 CK2a structure with regions of increased mobility. The crystallographic B-factors of the
atoms are encoded by the colour and the thickness of the tube. Rigid regions are drawn in blue
colour with thin tubes while high-mobility regions are illustrated as thick and yellow to red tubes.
The picture was created from PDB file 2ZJW using PYMOL [52]

2 Indicators and Study Methods of Structural Plasticity

Basically, X-ray crystallography is of limited use for the investigation of conforma-
tional dynamics in proteins because the crystalline state of a protein requires and
causes strong restraints on atomic mobility. However, some phenomena and
approaches are able to relativise these restrictions:

— B-factors: even under crystalline conditions, the individual atoms retain a certain
degree of mobility. In crystallographic refinement, it is taken into account by the
so-called B-factor, also known as the atomic temperature factor. The B-factor of
an atom is proportional to the square of its mean displacement, i.e. a (hypotheti-
cal) ideally frozen atom has a B-factor of 0 while strong mobility correlates with
high B-factors. Noteworthy, these B-factors reflect the inherent mobilities of the
proteins and are no crystal-packing artefacts [17]. In Fig. 1, regions of human
CK2a with high B-factors are illustrated by thick tubes and red colour.
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— Polymorphism: many proteins crystallise in different crystal forms so that several
snapshots of the conformational space are captured. This phenomenon is even
enhanced by a sort of “functional polymorphism”, i.e. the fact that the protein
can exist and can be crystallised in different functional states, e.g. in complex
with various ligands like substrates, inhibitors or other interaction partner. Recent
CK2-related examples for a systematic investigation of structural polymorphism
are the works of Papinutto et al. [14] and of Klopffieisch et al. [15].

— Starting from one or several experimentally determined conformations, compu-
tational methods (molecular dynamics) can be used to explore the conforma-
tional space quite efficiently and to expand in this way the structure-based
understanding. A valuable example of this approach in the case of CK2 was
published by Gouron et al. [16].

— Inrecent years, sophisticated methods were developed to regard a protein crystal
structure even more than just as a “snapshot”, but to derive conformational
dynamic information directly from the (properly calculated and scaled) electron
densities [18, 19]. In this context, room-temperature crystallography might expe-
rience a revival [20].

3 In Front of and Behind the 485 Loop

The P4p5 loop is a mobile structure element of CK2a with particularly high tem-
perature factors (blue ellipse in Fig. 1). Like other EPKs [21], it harbours a hydro-
phobic surface cavity at either side: the “N-lobe cap” [21] and the “PIF pocket” [22]
(Fig. 2). The plasticity of the p4p5 loop correlates with the occupation states of
these two cavities.

3.1 The PIF-Pocket Region of CK2a Is Intramolecularly
Plugged by an Absolutely Conserved Trp Side Chain

The intimate hook-up of the N-terminal segment with the helix «C and activation
segment was the most conspicuous feature of the first CK2a structure [7]. It inspired
Sarno et al. [23] to investigate the importance of the N-terminal segment by a set of
point and N-terminal deletion mutants of human CK2a. Remarkably, the mutants
CK20A%2* and CK2a2** were inactive, but catalytic activity was partially rescued
by CK2p [23].

Sarno et al.’s [23] results show that an active conformation of the helix «C and the
activation segment does not absolutely depend on a network of contacts to the
N-terminal segment but can be stabilised by CK2f as well. How CK2 manages this
is not understood, in particular, since the CK2 holoenzyme structure (Fig. 3a) [6]
revealed that CK2p does not directly touch the helix aC and the activation segment.
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Fig. 2 “PIF pocket” and “N-lobe cap”: the two N-lobal cavities flanking the adaptable 45 loop
The majority of the picture was drawn with the PDB file 3NSZ which shows the PIF pocket filled
with the side chains of Trp33 and Val31. The magenta-coloured parts representing on open PIF
pocket, but a closed f4p5 loop are extracted from PDB file 2PVR. The figure was generated with
PYMOL [52]

Recent observations with CK2a’ [24, 25], however, and unpublished mutational
data from our group suggest that the rescue effect of CK2p on CK2ua>** and
CK204%*° might have to do with the PIF pocket [22] of CK2a. “PIF” means“PDKI1
interacting fragment”. PIF is a region within enzymes of a certain AGC kinase sub-
family which are phosphorylated and activated by 3-phosphoinositide-dependent
protein kinase 1 (PDK1). The PIF fragment of these enzymes binds to PDK1’s PIF
pocket providing thus the prime example for an external occupation of the PIF
pocket. The global analysis of Thompson et al. [21] revealed a more general rele-
vance of the PIF pocket for EPKs: it is a hydrophobic surface cavity that can be used
for docking of intra- or intermolecular peptide regions for the purpose of substrate
recruitment or activation, the latter being caused by the stabilisation of the adjacent
helix aC in its active conformation.

In the case of CK2a, the PIF pocket is mainly occupied by the side chain of a
tryptophan residue which is absolutely conserved among all CK2a sequences
reported so far (Trp33 of human CK2a, Fig. 2). This Trp side chain can be plugged
into the PIF pocket very deeply (PIF closed), as it is the case in the two human
CK2«’ structures published to date [24, 25], or it can be located a bit more outside
as found in most other CK2a structures (PIF open). So far, human CK2a is the only
CK2a orthologue to be found with both extreme positions of Trp33 (Fig. 2). It may
be possible to replace Trp33 completely from the PIF pocket by suitable small mol-
ecules and with consequences for the enzyme that are difficult to predict. Changing
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Fig.3 The primary CK2a/CK28 interaction constituting the CK2 holoenzyme is adaptable which
allows the formation of ring-like and linear higher-order aggregates. (a) Heterotetrameric CK2a,f3,
holoenzyme. (b) Superimposition of four CK2a subunits from two different CK2a,3, holoenzyme
structures [6, 33] with attached CK2f subunits to illustrate the adaptability of the primary CK2o/
CK2p contact. (¢) Trimers of CK2w,f, heterotetramers identified in a hexagonal crystal form [6, 31].
The acidic loop of one CK2f subunit per heterotetramer approaches the positively charged
substrate-binding region of CK2a from a neighbouring CK2a,f3, holoenzyme complex. Packing of
CK2a,p, tetramers in this way requires a certain deviation from the twofold symmetry and the
adaptability illustrated in part b of the figure. (d) Linear aggregation of highly symmetrical
CK2a,p, heterotetramers in a monoclinic crystal form [33]. In this arrangement, the acidic loops
of all CK2p subunits are embedded in the substrate-binding regions of neighbouring CK2a chains.
Part a, b and d of the figure were reprinted from the Journal of Molecular Biology, Vol. 424,
Schnitzler, A. et al., “The protein kinaseCK24"%" holoenzyme structure supports proposed models
of autoregulation and trans-autophosphorylation”, pp 1871-1882, 2014, with kind permission
from Elsevier. Part ¢ of the figure was reprinted from Molecular and Cellular Biochemistry, Vol.
274, Niefind, K. and Issinger, O.-G., “Primary and secondary interactions between CK2a and
CK2p lead to ring-like structures in the crystals of the CK2 holoenzyme” pp 3—14, 2005, with kind
permission from Springer Science+Business Media
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Trp33 to alanine in human CK2a has nearly no effect on the Ky, value for ATP and
the k., value for the kinase reaction with an artificial peptide substrate; however, the
Trp33Ala mutant was significantly more susceptible to activation by CK2p
(J. Hochscherf, A. Kohler, unpublished data) which resembles the behaviour of the
mutants CK2aA2-24 and CK2a4%*° observed by Sarno et al. [23].

3.2 The “N-Lobe Cap” of CK2a Coordinates CK2f and Serves
as a Mobile Hinge of the CK2a/CK2f Interaction

The “N-lobe cap”, i.e. the front cavity of the p4p5 loop in EPKs [21], is a prominent
functional site of CK2a since it serves for docking of CK2p via the primary CK2a/
CK2p interaction [6] (Fig. 3a). CK2p binding to CK2a is an enthalpically driven
process [26] that requires the f4p5 loop in an extended (“open”) conformation
(Fig. 2), whereas in CK2p-unbound form the f4p5 loop can switch to a closed state
[27, 28]. The closed p4p5 loop partly occupies the “N-lobe cap” cavity (Fig. 2) and
contributes to the coordination of small molecules with a certain CK2p-antagonistic
effect [29]. For coordination of peptidic CK2f competitors, however, the p4p5 loop
has to be open like in the CK?2 holoenzyme as recently shown in the complex struc-
ture of human CK2a'3** with a cyclic peptide (Fig. 4a) [30].

But not only the 45 loop itself has conformational plasticity depending on the
occupation state of its neighbouring cavities and the crystalline environment. Rather,
already the first CK2a,f, holoenzyme structure (Fig. 3a) [6] revealed that the whole
primary CK2a/CK2 interaction is not rigid but adaptable. The structure originated
from a hexagonal crystal packing in which the CK2a,f3, tetramers associate to tri-
meric rings (Fig. 3c) [31]. To fit into this arrangement, the two CK2a chains are
attached in significantly different orientations to the CK2f dimer (Fig. 3b). This
asymmetry is no inherent property of the CK2a,f3, holoenzyme; rather, in two recent
studies with CK2a,f3, tetramers in monoclinic crystalline environments, the twofold
symmetry of the CK2a,[3, holoenzyme is well preserved [32, 33]. Thus, three differ-
ent orientations of the CK2f dimer relative to CK2a are known to date (Fig. 3b)
providing the impression that the N-lobe cap cavity acts like a hinge to permit
adaptability and mobility to a certain degree.

Whether and how these observations can be functionally interpreted is a subject
of debate. While Lolli et al. [32] regarded the higher symmetrical form of the
CK2w,p3, tetramer per se as the CK2 state of maximum activity, we emphasised the
adaptability of the primary CK2a/CK2p contact as a prerequisite of the CK2o,f3,
holoenzyme’s propensity to integrate into ring-like [31] or linear [33] higher-molec-
ular aggregates (Fig. 3c/d) of reduced activity. The ensembles illustrated in Fig. 3c/d
were found in two different crystal forms, but linear and ring-like states of the CK2
holoenzyme exist in solution as well where they are strongly effected by the concen-
tration of salts and of polycationic substances [34]. This downregulatory aggrega-
tion propensity is such a prominent feature of the CK2 holoenzyme that it inspired
Poole et al. [35] to classify CK2 as a “constitutively inactive” kinase.
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Fig. 4 The structure of CK2a in complex with a CK2p-competitive cyclic peptide revealed that
Pro72 within the f3aC loop can switch to the cis-configuration (a) The CK2p interface of CK2a
binds a cyclic peptide [53] which is embedded in its final electron density [30]. For comparison,
CK28 in the CK2a,f, holoenzyme structure 4DGL was overlaid. (b) Configurational plasticity of
Pro72 that enables a contact of Lys71 to a critical side chain of the cyclic peptide (Tyr188). Both
parts of the figure were reprinted from ACS Chemical Biology, Vol. 8, Raaf, J. et al., “First struc-
ture of protein kinase CK2 catalytic subunit with an effectiveCK2p-competitive ligand”, pp 901—
907, 2013, with kind permission from the American Chemical Society
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4 Proline Cis-/Trans-Isomerisation at the f3aC Loop

The preferred configuration of a peptide bond with its partial double bond character
is trans, but cis-/trans-isomerisation of peptide bonds is a well-known phenomenon,
in particular if proline provides the amide nitrogen atom [36]. Since the process
requires breaking of a (partial) double bond, it is by definition a change of the con-
figuration rather than the conformation as it is incorrectly designated in many pub-
lications. Cis-/trans-isomerisation in polypeptide chains often occurs as part of the
protein folding process; CK2a, e.g., always contains a stable cis-peptide, namely, in
a loop region of its C-terminal helical domain (Pro231 of human CK2a). With one
cis-peptide among 17 proline residues, the cis-proline frequency in human CK2« is
close to the average determined from a data set of 571 nonredundant protein struc-
tures [37].

Yet, cis-/trans-isomerisation happens in mature proteins as well where it is
assumed to be an “intrinsic molecular switch” [38] without the need for covalent
modifications. Often special enzymes—the peptidyl prolyl isomerases—are
required to enable and control the process which is sometimes dependent on the
phosphorylation of a neighbouring side chain and which is regarded as an important
“molecular timer” [39]. In addition, enzyme-independent “native state proline
isomerisation” [38] was observed and is likely to be functionally relevant.

In summary, there is an amazingly large literature about both enzyme-catalysed
and spontaneous cis-/trans-plasticity at prolyl peptide bonds. Against this back-
ground, it was less surprising than we believed when we recently identified a so far
unknown cis-proline in the N-terminal domain of CK2a (PDB 4IB5, Fig. 4b) [30].
More precisely, it was found at Pro72 within the B3aC loop (magenta-coloured
ellipse of Fig. 1) of human CK2a!'**. In all previous CK2a structures, a trans-pro-
line had been observed at this position. Noteworthy, the preparation procedure
involving bacterial gene expression and chromatographic purification did not sig-
nificantly differ.

The functional meaning of a cis-/trans-plasticity at Pro72 is unclear so far. Pro72
is an absolutely conserved residue of CK2a, and the p3aC loop of CK2a is uncon-
ventional among EPKs because of its shortness missing the helix aB of the canoni-
cal protein kinase fold [40]. The aforesaid structure [30] suggested a correlation
with the occupation of the N-lobe cap by a cyclic peptide mimicking the binding
region of CK2p, since only with the cis-configuration at Pro72 the preceeding Lys71
side chain could form a hydrogen bond with a critical tyrosine side chain of the
cyclic peptide (Fig. 4b). To probe the hypothesis that Pro72 and its ability to switch
to the cis-configuration play a role in binding of the cyclic peptide or even CK2p,
we created a point mutant Pro72Ala of CK2a!-**, Preliminary and unpublished data
of this mutant show no significant changes in the binding profile. Unexpectedly,
however, it was thermostabilised and folded much more efficiently in the bacterial
expression system than the wild type.
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5 The Hinge/Helix aD Region: A Case of “Cracking’?

The interdomain hinge/helix aD region of CK2a (green ellipse in Fig. 1, Fig. 5) has
two remarkable features otherwise unknown from EPKs:

— The predominant conformation of this zone is different from other EPKs, leaving
more space at the ATP-binding site and contributing thus to the “dual-cosubstrate
specificity” of the enzyme [41, 42]. This fact was already discussed in the first
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Fig.5 Conformational ambiguity of the hinge/helix aD region next to the ATP site. (a) The hinge/
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yellow). The catalytic spine (indicated by a molecular surface) is fully assembled only in the closed
conformation which so far occurred exclusively with human CK2a; in this conformation, the
Phel21 side chain completes the catalytic spine. (b) The closed conformation of the hinge/helix
oD region partly occupies the hydrophobic region I, i.e. one of the five sections defined by Traxler
and Furet [44] in their protein kinase pharmacophore model. This picture was a part of a talk pre-
sented by one of the authors at the 5" International Conference on Protein Kinase CK2 2007 in
Padua (Italy)
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structure publication of CK2«a [7] when only a handful of comparison structures
were available, but it received a more profound basis by the spine concept of
Taylor and Kornev [4] according to which any fully active protein kinase requires
two “spines”, i.e. two stacks of hydrophobic side chains crossing the interdomain
interface. Consistent to this concept, CK2a has a “regulatory spine” which was
never observed in a disassembled state, but Taylor and Kornev [4] left CK2a out
when they illustrated the second, the “catalytic spine”, which includes a side
chain from the hinge/helix aD region. In other words, with respect to the regula-
tory spine, CK2a is a perfect representative of a typical EPK, but concerning the
catalytic spine, it is an outlier [12, 13] (magenta-coloured trace in Fig. 5a) and
once again a “challenge to canons” [43].

— The hinge/helix aD region of CK2a is not always stable in its non-canonical
conformation; rather, it can switch to the EPK-canonical catalytic spine state
(green trace in Fig. 5a). This conformational plasticity was noticed first in 2005
[42] and presented to the community at the 5" International Conference on
Protein Kinase CK2 in 2007 in Padua, Italy, where it was discussed in the light
of the protein kinase pharmacophore model of Traxler and Furet [44] (Fig. 5b).
In 2008, the first report published [9] that CK2a orthologues differ in this respect:
while maize CK2a sticks to the non-canonical and space-providing “open”
hinge/helix aD conformation (Fig. Sa/b), human CK2a is able to exist with the
EPK-typical “closed” conformation as well.

A number of follow-up questions were addressed in the subsequent years: (1)
Which internal or external restraints and in particular which ligands favour either
the open or the closed hinge/helix aD conformation? (2) Why do some CK2a ortho-
logues exist always and stably with an open hinge/helix aD conformation while
others can switch to the closed state? (3) Which of the two conformations is the
(more) active one? (4) Can the particular features of the hinge/helix aD region be
exploited for the design of CK2a-targeting drug, i.e. for improving the selectivity
by addressing the unique open conformation? (5) Is the plasticity of the hinge/helix
aD region coupled to the flexibility of other regions like the f4p5 loop or the ATP-
binding loop?

One of the problems in this context became recently apparent by an analysis in
which we described a strong artificial influence of the crystallisation conditions on the
conformation of the hinge/helix CK2a region [15]: CK2« structures going back to
crystallisation media dominated by kosmotropic salts like ammonium sulphate or
sodium citrate as precipitants always have the “closed” hinge/helix aD conformation;
this makes sense insofar as kosmotropic salts typically support hydrophobic interac-
tions which means in this context that they induce the completion of the hydrophobic
catalytic spine by burying the otherwise solvent-exposed aromatic side chain of
Phel21 in a hydrophobic cavity formed by the other catalytic spine side chains
(Fig. 5a). In other words, whenever CK2a was crystallised by a kosmotropic salt as a
salting-out agent, the hinge/helix aD region is dominated by this medium and adopts
the EPK-canonical conformation irrespective of any ligand. Noteworthy, maize CK2a
that seems to have particular sequence adaptations in this region in favour of the open
hinge/helix aD conformation [12] was never crystallised by a kosmotropic salt.
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Hence, it is not trivial to distinguish between such artificial restraints on the
hinge/helix aD conformation and genuine effects of ATP-competitive ligands.
Nevertheless, Battistutta and Lolli [12] derived a rule that can be regarded as well
established now: ATP-site ligands without polar interactions to the backbone of the
hinge region (e.g. the inhibitor emodin [9, 14, 27]) do not prefer either of the two
conformations, whereas ligands that exploit such hinge interactions for binding
(like ATP as the prototype) have a clear preference for the open hinge/helix aD
conformation.

CK2p was a further ligand of CK2a suspected to be capable of stabilising the
open hinge/helix aD conformation [11]. This hypothesis was based on the first
CK2a,p, holoenzyme structure [6] in which both CK2a chains have an open hinge/
helix aD conformation, but due to the non-proximity of CK2f and the hinge/helix
aD region, it lacked a convincing mechanistic rationale. In fact, recent CK2u,f3,
tetramer [32] and CK2a/cyclic peptide structures [30] with closed hinge/helix aD
conformation ruled out the notion that the occupation of CK2a’s N-lobe cap by
CK2p or by a CK2f analogue induces the open hinge/helix «D conformation.

Recent molecular dynamic simulations have revealed that the closed hinge/helix
oD conformation is energetically even more stable than the open one [16]. The
highest activation energy barrier between the two states is about 33.5 kJ/mol and
depends largely on the rotation of the aforementioned Phel21 side chain (Fig. S5a)
[16]. This is consistent with stable populations in solution coexisting in a dynamic
equilibrium and with the possibility to stabilise either of them by specific ligands.

In many human CK2a structures, however, the whole hinge/helix aD region is
characterised by a high degree of disorder, i.e. by high crystallographic B-factors
and disrupted electron density maps. Noteworthy, this zone is not a typical surface
loop for which this kind of disorder is not unusual. Rather, it looks like an example
of local protein unfolding or “cracking” [45], a phenomenon that is assumed to play
a key role for the change of a protein between two functionally relevant states by
lowering the activation barrier via entropy reduction. In the case of epithelial growth
factor receptor kinase, molecular dynamic simulations accompanied by hydrogen/
deuterium exchange studies suggested that cracking of the hinge/helix aD region is
important for the transition to catalytically inactive conformations [46]. How gen-
eral cracking of the hinge/helix aD region is for EPKs and in particular whether it
plays a role in the function of CK2a is an open and a very interesting question.

6 The Glycine-Rich ATP-Binding Loop: The Classical Case
of Structural Plasticity

Apart from the hinge/helix aD region, the ATP-binding loop, which connects the
B-strands 1 and 2 and stabilises via highly conserved glycine residues the negatively
charged triphospho moiety of the cosubstrate, is the second functionally important
high-mobility zone (black ellipse in Fig. 1) investigated in the aforementioned
molecular dynamics study [16]. The rationale for this selection was a model [11]
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according to which CK2f-unbound CK2a might exist in a dynamic equilibrium
between three conformationally and functionally different states (Fig. 6a): (i) fully
active with open hinge/helix aD region and stretched ATP-binding loop; (ii) fully
inactive [10] with a closed hinge/helix oD region, with a collapsed ATP-binding
loop blocking the ATP site and with a shortcut of both elements via an ionic interac-
tion between Arg47 and Asp120; and (iii) partially active with a closed hinge/helix
aD region but with a stretched ATP-binding loop so that binding of ATP is possible
[42] albeit in a not fully productive way.

The computational study [16] confirmed that the two principal states of the ATP-
binding loop (stretched and collapsed as illustrated in Fig. 6b) have approximately
the same free energy. Although the highest activation barrier along the path between
them is only about 13 kJ/mol, a spontaneous collapse of the stretched ATP-binding
loop during a 40 ns calculation could not be observed [16]. Nevertheless, among
CK2a crystal structures, a collapse of the ATP-binding loop [27] and in particular
the bending down of Arg47 into the ATP site (Fig. 6b) were observed more than
once. Most recently, it was found (at least in one of three CK2a chains unambigu-
ously) in the complex structure of human CK2a with a cyclic CK2p-mimetic pep-
tide [30].

Insofar the existence of CK2a conformations with a collapsed ATP-binding loop
is assured. It is well possible that CK2f by touching the back of the f1/B2 region
(Fig. 6¢) [6, 32, 33]—noteworthy, Phe54 in strand B2 is one of the “hot spots” of the
CK2a/CK2p interaction [47] as visible in Fig. 4a—activates CK2a by stabilising
the stretched ATP-binding loop and by preventing Arg47 from blocking the access
to the ATP site [10]. In accordance with this notion, a recent study, in which confor-
mational dynamics was derived from a sophisticated redefinition of electron density
noise level followed by a systematic analysis of concerted side chain movements in
some structures of CK2a and other EPKs, has revealed such an allosteric communi-
cation pathway between the ATP site and the CK2f-binding site of CK2a [19]
(Fig. 6d).

7 The CMGC-Typical aGH Insert Remains
Puzzling in its Function

As a member of the CMGC family of EPKs [48], CK2a contains a CMGC-
characteristic helical insertion between the helices aG and aH of the EPK consen-
sus fold [40]. In all CK2a structures, this insert has high B-factors (red ellipse in
Fig. 1). Five years ago, we developed some ideas about possible functions of this
region in the context of substrate binding and recognition based on homology to
other CMGC family EPKs [8]; none of those notions was confirmed since that time,
but falsification did not happen either. So the function of this high-mobility region
remains enigmatic. For more insight, structures of enzyme/substrate complexes
have to be awaited.
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8 CK2 Structural Biology: From Basic Insight
to Application and Back!

After in an initial phase some fundamental CK2 structures had been published
[6,7,49], CK2 crystallography entered an “application phase” already several years
ago when CK2ao/inhibitor structures became more and more important as valuable
tools for drug development [50].While efforts in structure-based design of CK2
inhibitors is ongoing, the interest in the structural bases of fundamental properties
of CK2 is revitalised. Aggregation and autoregulation phenomena of the CK?2 holo-
enzyme are structurally investigated [31-33]; more species than so far are taken into
account in CK2 structural biology [51]. We believe that more information about the
conformational and configurational dynamics of the enzyme will enrich these
efforts in a most fruitful way.
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Structural Basis of CK2 Regulation
by Autoinhibitory Oligomerization
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Abstract The mechanism of regulation of CK2 differs from those common to
other eukaryotic protein kinases and is not entirely established yet. Nowadays, sev-
eral crystal structures of the tetrameric a,f, holoenzyme are available, supporting a
structural model of an autoinhibitory regulation by oligomerization proposed sev-
eral years before on the basis of biochemical, biophysical and functional data.
Monoclinic crystal forms of the holoenzyme reveal the symmetric architecture of
the “free” isolated active tetramers. The dimension and the nature of the o/f inter-
faces configure the symmetric holoenzyme as a strong complex that does not spon-
taneously dissociate in solution, in accordance with the low dissociation constant
(~4 nM). Hexagonal crystal forms of the CK2 holoenzyme show an asymmetric
arrangement of the two catalytic a-subunits around the obligate 3, regulatory sub-
units. These asymmetric o,f3, tetramers are organised in trimeric rings and filaments
that correspond to the inactive forms of the enzyme, whereby the 3-subunit plays an
essential role in the formation of inactive polymeric assemblies. The derived struc-
tural model of (down)regulation by aggregation contributes to the interpretation of
many available biochemical and functional data, although it awaits for a more com-
prehensive validation at the cellular level. These findings pave the way for the
design of novel strategies aimed at the modulation of the CK2 activity.
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1 The First Asymmetric o,f3, Holoenzyme Crystal Structure

The first crystallographic structure of the CK2 holoenzyme was determined in 2001
(PDB 1JWH) [1], joining those already known of the isolated a- and f-subunits [2, 3],
a great achievement finally solving the puzzling CK2 quaternary arrangement.
CK2 tetramer has a butterfly shape with a central f-dimer and the two a-subunits,
one on each side and not in contact between them (Fig. 1a). This was also the first
structure including the full-length p-subunit that can be divided into a body and a
C-terminal tail, the last one not included in the previous structures. CK2f C-terminal
tail has no contact with the body of its own chain but binds both the other CK2p
monomer and one of the a-subunits (Fig. 1a). This tail contributes significantly to
the stability of the B-dimer. The p/p interface increases from 543 A2 in the structure
of the isolated and truncated B-dimer to 1,766 AZin the structure of the holoenzyme,
in agreement with the obligate nature of the f-dimer. The authors also highlighted
that this increase in the interface requires the CK2p tail in a specific conformation,
which is stabilised by the involvement of the same tail in large contacts with the
a-subunits and hence depends on the existence of the complete tetramer. The CK2f
tail has then a synergistic character, stabilising both the f/p and the o/p contacts. At
the same time, the authors pointed out that this region was not well defined in the
electron density and then the very C-terminal amino acids (from Asn206 to Arg215)
were left out from the final model, while in the preceding region (from Phe190 to
Ser205) the conformations of peptide groups and side chains remain questionable.

Each a-subunit binds both subunits of the $-dimer, the body of one chain and the
tail of the other (Fig. la); this last interaction is exploring a larger interface (491 A2
vs. 336 A2) and being considered the major determinant of the o/p stability. The
structure of the catalytic a-subunit is not significantly affected by the binding of the
B-dimer, maintaining its active conformation and confirming previous observations
that CK2f is an environment- and substrate-dependent modulator of CK2« activity
rather than an on/off switch. It was also noted that the tetramer is asymmetric with
arelative rotation of 16.4° at the two o/ interfaces for the two halves of the tetramer
(Fig. 1a). As a consequence, the two o/f interfaces are different (Fig. 1b) and this
was interpreted as an intersubunit flexibility. In the basis of such observation,
together with an average size for the o/p interface of 832 A2, authors proposed that
the CK2 tetramer is a transient heterocomplex.

Finally, in the same paper it was pointed out that the inhibitory effect of the
CK2p acidic loop (Asp55—Asp64) observed in previous works [4] cannot be exerted
intramolecularly since the distance between this and the closest CK2a basic cluster
(the potential substrate binding site) was >30 A.

A few years later, the same authors analysed the crystal packing in the previous
structure, showing that the contact between the p-acidic loop and the a-basic cluster
was indeed present but between different tetramers [5]. They identified a new CK2
organisation, composed by self-consistent ring-like trimers of tetramers, where the
core of the interaction between different tetramers in (a,f,); is formed by the inter-
face between the p-acidic loop and the a p+ 1 loop (Arg191-Lys198) at the entrance
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Fig. 1 Structure of the CK2 holoenzyme (PDB, 1JWH) [1]. (a) The CK2 holoenzyme has a but-
terfly shape with the two catalytic a-subunits not in contact between them. The CK2p tails have a
fundamental role in the holoenzyme both by strengthening the B-dimer and by largely contributing
to the o/p interface. The holoenzyme is asymmetric with a relative rotation of 16.4° for the two
halves of the tetramer. (b) The asymmetric assembly generates two different o/f interfaces.
Adapted with permission from [28]. Copyright (2014) American Chemical Society. (¢) The holo-
enzyme assembly in circular trimers of tetramers has been identified in the crystallographic pack-
ing [5]. The core of the interaction is between the B-acidic loop and the a p+ 1 loop at the entrance
of the catalytic site
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of the a active site (Fig. 1¢). As a consequence, three out of six catalytic subunits of
the trimeric ensemble are blocked by the p-acidic loop.

This organisation in trimers of tetramers was able to explain a number of previ-
ous observations not easily interpretable solely on the basis of the tetrameric struc-
ture. Mutations in the p-acidic loop or in the o p+ 1 loop generate hyperactive CK2
holoenzyme [4, 6], since trimers of tetramers cannot form anymore. Polyamines
like spermine activate CK2 [7-9] by interacting with the CK2f acidic loop and then
disrupting the trimers of tetramers. The CK2 holoenzyme exhibits maximum activ-
ity at about 300 mM NaCl or KCl, a property of the holoenzyme and not of the
isolated CK2a [10]. The holoenzyme also needs a minimal NaCl concentration of
250 mM NacCl to bind to phosphocellulose, while it aggregates under low salt condi-
tions [11]. Since the interaction between the f-acidic loop and the o p+1 loop is
electrostatic in nature, it is strongly affected by ionic strength. Finally, CK2 holoen-
zyme has been observed in different ring-like and linear polymeric forms connected
via reversible equilibria affected by ionic strength and spermine [12, 13].

2 The Second Asymmetric o,f3, Holoenzyme
Crystal Structure

In 2012, we presented a new structure of the holoenzyme (4DGL) crystallised in the
same space group and unit cell of the previous 1JWH structure but with higher over-
all quality [14]. While confirming many features of the 1JWH structure, the 4DGL
structure shows significant improvements in important regions such as the o/p inter-
face and the C-terminal tail of the B-subunit. In particular, B-Phe190 leans on the
outer surface of the a-subunit N-terminal lobe in 1JWH, while in 4DGL it inserts
deeply into a hydrophobic cavity in the a-subunit, known as the secondary or allo-
steric binding site (Fig. 2a, b). The o/p interaction is then significantly strengthened
in accordance with the almost complete abrogation of the binding for the mutant
B-Phe190Ala [15]. Also the f C-terminus was built differently with an upstream
shift in sequence of two amino acids and extended the aG helix from residues 196—
200 in 1JWH to residues 194-207 in 4DGL (Fig. 2b). This again contributes to
refine the o/p interface to a better energetic profile (interface increased from 832 A2
in IJWH to 1,010 A2 in 4DGL) (Fig. 2c). Finally, the p C-terminus was built to the
last Arg215 amino acid.

As already noted by Niefind and Issinger [5], the acidic loop of the B-subunit
from one tetramer is in contact with the p+1 loop of the a-subunit from another
tetramer (Fig. 3a). The interface area is 651 A2, larger than in 1JWH (538 A?), and
greater than normal crystallographic contacts, which have a mean interface of
285 AZ and rarely exceed 500 A2 [16]. This interaction is essential for the organisa-
tion of circular trimers of tetramers as previously observed (Fig. 1c), with a positive
cooperative effect for their formation and a large interface of 1,953 A2 (651 A2x3).

The newly traced C-terminus of CK2 is instead responsible for a different inter-
tetrameric interaction. This region protrudes from one tetramer and contacts the
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Fig. 2 Details of the a/p interaction in the improved structure of the CK2 holoenzyme (4DGL)
[14]. (a) In 4DGL, B-Phe190 (salmon) inserts into a deep hydrophobic pocket on the CK2« surface
(green), differently from the 1JWH structure (orange). Adapted with permission from [14].
Copyright (2012) American Chemical Society. (b) In 4DGL,  C-terminus was built to the last
Arg215 and region 194-205 was better modelled with respect to the 1JWH structure; colour code
as in (a). Adapted with permission from [14]. Copyright (2012) American Chemical Society. (¢) In
the improved 4DGL structure, the two o/ interfaces are larger than in 1JWH (Fig. 1b). Adapted
with permission from [28]. Copyright (2014) American Chemical Society

C-terminal lobe of an a-subunit of a neighbouring tetramer ending in its ATP pocket
(Fig. 3a, b). The interface is large (753 A2) and is complemented by the interaction
between the N-terminal lobe and the C-terminal lobe of two a chains from the same
two tetramers. The overall interface of 1,254 A? is then quite extended and again
much larger than a normal crystallographic contact. It shows a number of polar
contacts, which again makes this interaction susceptible to ionic strength changes.
This new interaction is fundamental for a piling organisation of trimers of tetramers
(Fig. 3c), and the newly identified polymeric form can represent the filamentous
CK2 aggregates described in literature [12, 13]. Moreover, the f C-terminus inserts
into the ATP-binding pocket of a catalytic subunit, competing with ATP and stabi-
lising a nonproductive conformation of the « catalytic residues (Fig. 3b). This poly-
meric form is then expected to be completely inactivated by the combination of the
interactions of the o-subunits with the acidic loops and C-termini of p-subunits
(Fig. 3a) and by steric hindrance.
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INTRA-Trimer gl

Fig. 3 Oligomeric organisation in the 4DGL structure. Adapted with permission from [14].
Copyright (2012) American Chemical Society. (a) Different inter-tetrameric contacts can be iden-
tified. The interaction between the p-acidic loop (p-subunit in cyan with its acidic loop in yellow)
and the o p+ 1 loop (a-subunit in orange with its p+ 1 loop in green) is responsible for the assem-
bly in circular trimers of tetramers. The interaction between the aG and the C-terminal tail of a
different B-subunit (purple) and the o C-terminal lobe and active site (orange) is responsible for a
piling organisation of trimers of tetramers. The position of the first amino acid visible at the 3
N-terminus (Val7) is compatible with the autophosphorylation of the upstream residues Ser2 and
Ser3. Phosphorylated residues could then interact with the a-basic cluster (red). (b) Insertion of the
p C-terminus into the a active site disrupts the correct orientation of « residues involved in nucleo-
tide binding. (c) In the filamentous organisation, the C-termini of three 3-subunits are plugged into
the following trimer

This new structure and the hypothesised organisation in trimers of tetramers and
subsequently in filaments allow expanding the experimental data previously
reported in support of the trimeric organisation by Niefind and Issinger [5]. FRET
experiments revealed the existence in vivo of two subpopulations of “fast” and
“slow-moving” CK2 and showed that different CK2f dimers can be in close molec-
ular proximity [17]. The downregulating effect proposed for the CK2f C-terminal
tail is in accordance with other in vivo observations. CK2 activity is increased in
prostate cancer cells by CDK1 phosphorylation of p-Ser209 [18] that engages
a-Glu230 in the filamentous organisation, which will then be weakened by the
phosphorylation event. Phosphorylation of p-Thr213 by Chkl is observed in the
free PB-subunits but not in the tetrameric holoenzyme [19], where the residue is
masked in the filamentous oligomers. The downregulatory polymerisation mecha-
nism mediated by the B-subunits is also supported by the observation that transfec-
tion of HeLa cells with a degradation-resistant CK2f} strongly inhibits proliferation
and counteracts the promotion of proliferation exerted by the isolated CK2a [20].
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It is well known that CK?2 autophosphorylates on residues Ser2 and Ser3 of the
B-chain [21]. As already observed by Niefind and Issinger [5] and further discussed
in [14], the p N-terminus is close to an «a catalytic site in the trimeric organisation,
so that one tetramer could phosphorylate the neighbouring one (Fig. 3a).
Observations in favour of this trans-autophosphorylation mechanism inside the tri-
meric organisation are the following: autophosphorylation (a) is abolished at high
ionic strength [22]and (b) is strongly inhibited by neutralisation of residues in the
B-acidic loop [23]; (c) although being in trans, it shows an intramolecular kinetics
[24]; and (d) no autophosphorylation occurs in the holoenzyme with the o’ paralog,
a holoenzyme that does not form oligomers [25]. We also proposed that the f
N-terminus, once phosphorylated, could engage the nearby aC basic cluster of the
a-subunit from the neighbouring tetramer, further stabilising the ring-like organisa-
tion. Autophosphorylation is (e) extensively observed in cells [21], (f) stabilising
the enzyme in vivo [26] and (g) having an inhibitory effect, since treatment of CK2
with phosphatases increases its activity [27].

3 The Symmetric o3, Holoenzyme Crystal Structures

Very recently, we added to the above picture three additional crystal structures of
the o,P3, holoenzyme [28]. In both the 1JWH and 4DGL structures, the o,f3, tetramer
is asymmetric. Notably, in the new structures (4MD7, 4MD8 and 4MD9), obtained
in monoclinic (rather than hexagonal) space groups, the tetramer is symmetric
(Fig. 4a). This reveals that the asymmetry observed in the previous structures is not
an intrinsic structural property of the monomeric holoenzyme but rather is gener-
ated by the incorporation of tetramers into trimeric rings, whose assembly is not
compatible with the symmetric architecture (Fig. 4b). The analysis of the crystal
packing of the monoclinic form of the holoenzyme does not seem to support the
possibility of stable oligomeric or filamentous forms. Unlike in the hexagonal lat-
tice, where discrete trimeric rings of tetramers are clearly recognisable, in the
monoclinic form all contacts between different tetramers have a pure crystallo-
graphic nature. Indeed, there is one interaction between the acidic loop of the
B-subunit and the basic clusters of the a-subunit of a symmetric tetramer with a
significant interface area (around 750 13\2). However, this contact is not responsible
for the formation of any closed, self-consistent, oligomeric form of tetramers, nor of
a filament of tetramers. Rather, it is responsible for the propagation of two parallel
layers of tetramers in two dimensions for the entire crystal lattice (i.e. infinitively),
giving raise to a sort of infinite two-dimensional bilayer of tetramers. Hence, it has
the characteristic of a crystal lattice contact, making highly improbable, in our opin-
ion, the existence of stable discrete oligomeric or filamentous forms based on this
interaction. We then concluded that the new symmetric structures represent the
organisation of the “free”, active, monomeric CK2 holoenzyme, the previous 1JJWH
and 4DGL showing instead the structure of inactive trimers of tetramers. However,
it has to be noted that some of the inter-tetrameric interactions typical of the mono-
clinic crystal packing, observed also for the CK2*% holoenzyme mutant [29],
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Fig. 4 Structural features of the symmetric tetrameric holoenzyme. Adapted with permission
from [28]. Copyright (2014) American Chemical Society. (a) Structure of symmetric tetramer in
salmon (4MD7) [28] superposed to the asymmetric 4DGL tetramer (cyan). (b) In 4DGL, the
assembly of three tetramers (green, cyan and purple) in trimers of tetramers induces the distortion
not present in the symmetric tetramer (salmon). (¢) In the symmetric tetramer, the two o/ inter-
faces are very similar in size and nature

have been postulated to be at the basis of other possible (linear) assemblies with
physiological significance [30].

The comparison of symmetric and asymmetric tetramers in terms of their o/p
interfaces and then of their stability is of particular relevance since the possibility
that the CK2 holoenzyme coexists in equilibrium with its free constituent subunits
can represent a regulatory mechanism for its biological function. In 1JWH, the two
o/p interfaces are significantly different in size, one being larger (960 A2) and the
other significantly smaller (771 A2) [1] (Fig. 1b). This suggested that the CK2 holo-
enzyme might be a transient heterocomplex, spontaneously dissociating in vivo.
This seems in contrast with the well-known elevated stability in vitro of the com-
plex (Kp~4 nM) [31, 32]. In 4DGL, the better-traced f C-terminal tail generated
larger interfaces with similar sizes (1,009 and 1,011 Az); however, due to the asym-
metric assembly, the two interfaces are different in nature with different residues
involved [14] (Fig. 2b).

The new symmetric structures have very similar o/f interfaces both in size (1,099
and 1,073 A?) and chemical nature (Fig. 4c). This was also confirmed by PISA
(‘protein interfaces, surfaces and assemblies’ service at the European Bioinformatics
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Table 1 o/p interface parameters in symmetric o3, holoenzyme

Parameter Value Comment

Mean interface area 1,086 A2 | 740-810 A? for weak transient complexes
fup (nonpolar fraction of interface area) | 70.5 % Largely hydrophobic

P-value (PISA solvation energy gain) 0.109 Largely hydrophobic

R, (residue propensity score) 9.8 Typical of ‘strong’ complexes

fou (fraction of fully buried atoms) 30 % High shape complementarity

S. (shape complementarity score) 0.68 High shape compl