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Dedication

This book is dedicated to Drs. August Bock and Thressa Stadtman. These outstanding
scientists have had a major impact on the selenium field and are responsible for key
discoveries in the biochemistry and molecular biology of this fascinating element.

Dr. Bock’s research provided the foundation of how selenium makes its way into
selenoproteins as selenocysteine, the 21st amino acid in the genetic code, in eubac-
teria. In his first work in the field, he identified unique requirements for seleno-
cysteine incorporation into protein [1]. His second publication in this area was a
highly significant collaboration with Dr. Stadtman showing that the in-frame TGA
codon in the formate dehydrogenase gene corresponded to selenocysteine in the
protein [2]. Dr. Bock then turned his attention to solving the question how selenium
was incorporated into protein, discovering genes required for the pathway, charac-
terizing their function, and ultimately establishing the mechanism for selenocysteine
biosynthesis and insertion in bacteria (see reviews and Dr. Bock’s and his group’s
many landmark discoveries in [3-5]). All subsequent research, including that in
eukaryotes and archaea, benefited from these pioneering efforts. Dr. Bock followed
these major discoveries with many elegant, highly important findings that provided
the groundwork for conducting selenium research in subsequent years. These latter
studies are summarized elsewhere [6, 7].

Among Dr. Stadtman’s many accomplishments in the selenium field, there are
those that provided the foundations for selenoprotein research, selenocysteine as the
selenium-containing amino acid in protein, and the mechanism of how selenium is
activated for synthesizing selenocysteine. In the first of these landmark studies, she
identified glycine reductase as a selenoprotein in eubacteria in 1973 [8]. Then, in
1976, she and her research group identified the form of selenium in proteins as the
amino acid, selenocysteine [9]. Later, Dr. Stadtman and her group identified seleno-
phosphate as the selenium donor in the biosynthesis of selenocysteine [10]. In addi-
tion, her group demonstrated that the UGA codon in thioredoxin reductase codes for
selenocysteine rather than being a terminator [11]. The many seminal accomplish-
ments of Dr. Stadtman highly impacted the selenium field, opened up many new
doors of research and changed how we view the field.
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Drs. Bock and Stadtman collaborated on several innovative studies that also had
a huge impact on the selenium field. The initial of these collaborations showed, as
noted above, that the TGA codon in the formate dehydrogenase gene corresponded
to selenocysteine in the selenoprotein product [2]. This study suggested that UGA
dictated insertion of selenocysteine into protein, and this important point was later
proven in another collaborative study of Drs. Bock’s and Stadtman’s showing that
selenocysteine was biosynthesized on its tRNA in eubacteria [12]. At the same time,
Dr. Stadtman and one of us, DLH, collaborated in showing that selenocysteine was
biosynthesized on its tRNA in mammalian cells [13]. These two studies demon-
strated that it is selenocysteine itself that was the 21st amino acid (rather than an
intermediate that was incorporated into protein and then converted to seleno-
cysteine posttranslationally). Another very important finding that Drs. Bock and
Stadtman collaborated on was the demonstration of catalytic superiority of seleno-
cysteine over cysteine [14]. Drs. Bock and Stadtman also worked together on sev-
eral studies that influenced our understanding of the role of selenium in proteins
(see refs. [15-17]).

It is a great honor and privilege to dedicate this book to Drs. August Bock and
Thressa Stadtman. Without their pioneering studies, the selenium field would not be
as we know it today, and certainly not with the firm foundation that provides the
basis on which so much of the current work relies. We are deeply indebted to them
for their many major discoveries, made both independently and in collaboration.

Dolph L. Hatfield
Marla J. Berry
Vadim N. Gladyshev
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Foreword

Selenium (Se), a metalloid mineral micronutrient, is an essential component for the
adequate and healthy life of humans, animals, archaea, and some other microor-
ganisms. Research into Se essentially commenced with its discovery as protective
factor 3 against liver necrosis in rats by Schwarz and Foltz [1] and its role in for-
mate dehydrogenase in Escherichia coli by Pinsent [2]. Biochemists, nutritional
scientists, molecular biologists, bioinformaticians, biologists, and physicians have
since worked out basic Se metabolism and some roles of selenoenzymes. This
exciting Se history is compiled in the first book chapter. Six decades later we likely
know most of the biochemical players, i.e., selenoproteins, products of 25 genes in
humans [3], but we are still at the very beginning of understanding their physiolog-
ical roles for maintenance of human health. Classical features of Se deficiency
already described in life science textbooks years ago are not yet explained at the
molecular level, e.g., liver necrosis, white muscle disease, cardiac, and skeletal
muscle degeneration in Keshan disease or inappropriate chondrocyte differentia-
tion in Kashin-Beck disease.

This third edition of the book, Selenium: Its Molecular Biology and Role in
Human Health, edited by three leading scientists in selenoprotein research, Dolph
Hatfield, Marla Berry, and Vadim Gladyshev, compiles in 45 chapters, organized
under four sections, representing the state of the art in this rapidly expanding area
of biomedical research. Research on the essential trace element Se has made unique
progress with the identification of the opal UGA stop codon and its 21st proteinogenic
amino acid, selenocysteine, which expanded the universal genetic code. It is an
astonishing fact that selenocysteine, the key amino acid exerting most of Se’s action,
is the only amino acid that cannot simply be recycled for de novo selenoprotein
biosynthesis, but has to be completely degraded in an enzymatic process catalyzed
by selenocysteine lyase to a reduced form of Se. This can then reenter the complex
cotranslational insertion process of selenocysteine into the nascent protein chain,
provided that many of structural conditions are met by its respective mRNA and a
series of cis- and trans-acting translation-assisting factors are in place. This major
focus of the recent efforts in Se research is covered in Part I of the book, Selenocysteine
Biosynthesis and Incorporation into Protein. Leading experts contribute seven

vii
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chapters elaborating on components and mechanisms involved in biosynthesis of
selenocysteine and selenoproteins. Details of the SECIS elements of the correspond-
ing mRNAs and SECIS binding proteins which regulate the expression of the sele-
noproteome in various phyla are presented in this section. Evolutionary aspects and
the degradation of selenocysteine by a dedicated lyase complete this first part.

Thirteen chapters in Part IT of the book, contributed by competent selenoprotein
researchers, are devoted to the biochemistry and functional aspects of selenoprotein
physiology. Successful approaches combining current molecular biology and recent
developments in bioinformatics revealed identity, evolution, and function of seleno-
proteins and their genes are reviewed in the first chapter of this section. Descriptions
of selenoprotein structures and the peculiar hierarchy of Se availability for individ-
ual selenoproteins follow. The central role of selenoproteins in redox-regulation
involving the thioredoxin/thioredoxin reductase system and individual members of
the glutathione peroxidase family is covered in the subsequent chapters which
address clinically relevant Se functions in the cardiovascular redox system, diabe-
tes, muscular and nervous system development and their degenerative diseases, as
well as in various forms of cancer. Further chapters of this section also review the
tremendous recent progress in understanding the role of selenoproteins M, N, and
P. Sel N is essential for muscle development and function as indicated by identifica-
tion of several mutations leading to rigid spine muscular dystrophy and multimini-
core disease. Sel P has been identified as the main hepatically secreted selenium
distribution and transport protein in serum. Several selenoproteins are involved in
quality control of protein synthesis in the endoplasmic reticulum.

The 19 chapters of Part III of this impressive book focus even more on the rela-
tionship between Se and selenoproteins in human health. The first five chapters
cover the area of Se’s still controversial role in cancer promotion and prevention as
recently featured by the unexpected premature termination of the SELECT trial that
examined the role of selenium in prostate cancer prevention. Se and selenoproteins
are also involved in pathogenesis and progress of diseases such as schizophrenia,
thyroid dysfunction including autoimmune diseases, impaired reproduction func-
tion in males and females including pregnancy, infections such as HIV/AIDS, and
parasite-related diseases such as malaria. These topics are covered in subsequent
chapters, also addressing mechanistic aspects of impaired selenoprotein synthesis
and function and disturbances leading to enhanced oxidative stress. Se’s role in
inflammation, antioxidative defense, redox signaling, methionine sulfoxide reduc-
tion, Alzheimer’s disease, and even methylmercury exposure risks are also pre-
sented. Not surprisingly, there are also clinically relevant variations in Se metabolism
in males and females and important progress has been made in understanding Se
metabolism in prokaryotes impacting on infectious diseases and their treatment.
The last two chapters cover functional aspects of the genomics of selenoprotein and
Se-related genes and review dietary sources and human Se requirements.

The final part with three chapters represents a highlight of current biomedical
translational research taking advantage of novel mouse models for elucidating the
role of Se and selenoproteins in health and disease. Several mouse models for
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glutathione peroxidase 4’s function and deficiency have provided major insight
into the role of Se for mammalian development and diseases of the adult brain, the
cardiovascular system, and male reproduction. The last two chapters complement
molecular and functional insight into selenoproteins by discussing mouse models
targeting removal or overexpression of the selenocysteine tRNAB*1« gene and
interpret lessons learned from 7¥sp deletion in murine bone and cartilage progenitor
cells and their impact on skeletal development and diseases.

This book impressively illustrates significant conceptual, methodological, and
scientific changes of paradigm which occurred with novel input from bioinformat-
ics, genome, transcriptome and proteome research, and the stringent application of
mouse genetics. These powerful novel tools and the clever design and application of
knockout, knockdown, knock-in and overexpression approaches of specific “sele-
nogenes,” their mutants or variants in cellular, and transgenic mouse models clearly
identified molecular mechanisms related to Se action. The first molecular identifica-
tions of human phenotypes of deficient selenoprotein expression and function sup-
ported cause-effect relationships beyond previous assumptions which were based
on mere correlations or observational and epidemiological studies on Se and human
health and disease.

Pioneers from the first hours of Se research are still active in the field and con-
tributed to this book together with a new generation of highly motivated and skilled
researchers, who have rejuvenated the field introducing new methods, contributing
novel ideas, altered paradigms, and innovative concepts such as molecular biology,
genomics, bioinformatics, and developed novel drugs and agents.

Se research thus has matured and has now a firm mechanistic basis. The classical
theory of selenoprotein action as antioxidative devices degrading peroxides and pre-
venting generation of reactive oxygen and nitrogen species proved too limited.
Many new questions are emerging: Are the many Se effects related to efficient dif-
ferential expression of selenoprotein isoforms from a single gene? Are selenopro-
teins located at strategic positions controlling entire metabolic or functional
pathways? Is this mediated by redox-regulation of proteins, by modulation of small
molecule messengers, or both? Why do we, animals, archaea, and some microor-
ganisms need the peculiar chemical properties of selenocysteine while other organ-
isms, including plants and fungi, get along with cysteine alone? How are issues of
deficiency, adequacy, excess, and toxicity related to specific Se forms and species?
Does the genetic makeup of an individual interfere with Se uptake, metabolism,
selenoproteome expression, and is this relevant for pathogenesis or treatment of
major diseases?

We will convene to discuss further progress achieved at the next International
Selenium Meeting in Berlin in a couple of years. Hopefully we also will soon need
another edition of this illuminative book documenting these discussions and novel
developments in the exciting field of biomedical Se research.

Berlin, Germany Josef Kohrle
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Preface

The selenium field is expanding at a rapid pace and has grown dramatically in the
last 10 years since the first edition of Selenium: Its Molecular Biology and Role in
Human Health was published in 2001. All aspects of selenium biology have
advanced with many new approaches and insights into the biochemical, molecular,
genetic, and health areas of this intriguing element. In the first edition of this book,
there were 25 chapters with 46 contributors that increased to 35 chapters with 71
contributors in the second edition. In the present edition, there are 45 chapters with
96 contributors. At this pace of expansion, and provided the fourth edition of
Selenium: Its Molecular Biology and Role in Human Health is undertaken for pub-
lication in 2016, we can envision two volumes containing 29-30 chapters per vol-
ume with more than 125 contributors.

This book addresses many of the new and exciting discoveries that have occurred
since the last edition was published in 2006. The numerous selenoproteins and proteins
involved in the incorporation of selenium into protein that were described in the first two
editions have been further characterized, new observations made, and mutant forms of
some selenoproteins have been shown to be linked to human diseases. New factors have
been detected that are involved specifically in the incorporation of selenium into protein.
Mouse models targeting the removal of a specific selenoprotein, or removal of all
selenoproteins, have further defined the role of selenoproteins in health and develop-
ment. One of these has provided a potential model for Kashin-Beck disease.

Various aspects to glutathione peroxidase 4 (GPx4) are discussed in several
chapters and its targeted removal suggested that it plays significant roles in proper
function of numerous tissues and organs. GPx4 is now regarded as one of the more
important selenoproteins in development. A role of selenium in cancer prevention
has been purported for many years but we have learned in only the last few years
that there are at least three selenoproteins that appear to have roles in preventing as
well as promoting cancer. A role of selenium in male reproduction has also been
purported for many years and the roles of specific selenoproteins in this process are
now known and their functions elucidated.

Investigators in the selenium field are now looking at selenium differences in
males and females and the role of selenium in pregnancy. In addition, the biosynthetic

xi
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pathway of selenocysteine in eukaryotes and archaea has been elucidated since the
last edition — selenocysteine is not only the 21st amino acid in the genetic code but
it was also the last known protein amino acid whose biosynthesis had not been
resolved in eukaryotes and is the only known amino acid whose biosynthesis occurs
on its tRNA in eukaryotes. Very recently, sulfur was found to replace selenium in
the biosynthesis of selenocysteine in eukaryotes providing a novel pathway for
cysteine biosynthesis that results in the replacement of selenocysteine with cysteine
in selenoproteins.

The purpose of the present edition of the book is to bring readers up-to-date with
the many new discoveries in the selenium field and to inform them of our present
knowledge of the molecular biology of selenium, its incorporation into proteins as
selenocysteine, and the role that this element and selenium-containing proteins
(selenoproteins) play in health and development. In addition to being regarded as a
chemopreventive agent, several other health benefits have been attributed to sele-
nium. It has been touted as an inhibitor of viral expression and may prevent heart
disease and other cardiovascular and muscle disorders, slow the aging process,
delay the progression of AIDS in HIV positive patients, and have roles in develop-
ment and immune function. Thanks to the many elegant techniques developed in
recent years for examining selenium metabolism and selenoproteins in greater
detail, investigators are now demonstrating how this element functions at the molec-
ular level to bring about these many health benefits.

The present book is divided into four sections. Part I is entitled Selenocysteine
Biosynthesis and Its Incorporation into Protein and it describes in detail our current
understanding of the means by which selenium makes its way into protein as the
21st amino acid in the genetic code. Also discussed in this section are some of the
reasons that selenocysteine may have evolved in protein and is used in place of
cysteine in selenium-containing proteins. In addition, selenocysteine lyase, an
important enzyme involved in selenium metabolism, is discussed. In Part II, entitled
Selenoproteins and Selenoproteins in Health, many of the better characterized sele-
noproteins are examined including those that have been shown to play roles in
health as defined by studies with rodents. Other chapters in this section examine
such phenomena as selenoprotein hierarchy and the evolution of selenoproteins and
their functions. The focus in Part I11, entitled Selenium and Selenoproteins in Human
Health, is on the role that selenium and selenoproteins play primarily in human
health, while Part IV, Mouse Models for Elucidating the Role of Selenium and
Selenoproteins in Health emphasizes the significance that mouse models have
played in assessing selenoprotein roles in development and health.

The current edition of Selenium: Its Molecular Biology and Role in Human
Health provides a most up-to-date examination of the on-going research in the sele-
nium field. It is an important resource for investigators in the selenium field, other
scientists, students and physicians, as well as those who wish to learn more about
this fascinating micronutrient.

Bethesda, MD, USA Dolph L. Hatfield
Honolulu, HI, USA Marla J. Berry
Boston, MA, USA Vadim N. Gladyshev



Acknowledgements

The support and generous help of Bradley A. Carlson throughout the preparation of
this book are gratefully acknowledged.

Xiii






Contents

1 History of Selenium Research...............cc.coccooiniininininnicn.
Elias S.J. Arnér

Part I Selenocysteine Biosynthesis and Incorporation into Protein

2 Selenocysteine Biosynthesis and the Replacement
of Selenocysteine with Cysteine in the Pathway.................ccccocenee.
Xue-Ming Xu, Anton A. Turanov, Bradley A. Carlson,
Min-Hyuk Yoo, Vadim N. Gladyshev, and Dolph L. Hatfield

3 Molecular Mechanism of Eukaryotic Selenocysteine
INCOTPOTatioN........ccceiiiiiiiiiiii i
Michael T. Howard, Jonathan N. Gonzales-Flores,
and Paul R. Copeland

4 SECIS-Binding Proteins Regulate the Expression
of the Selenoproteome. ................ccoovevevieiiiieneeiee e
Donna M. Driscoll and Jodi L. Bubenik

5 A Ribosomal Perspective on the Mechanism
of Selenocysteine Incorporation..................cccocevveviieieniecienieceee e
Kelvin Caban and Paul R. Copeland

6 Chemical Basis for the Use of Selenocysteine................c.cccoceverreerennns
Erik L. Ruggles, Gregg W. Snider, and Robert J. Hondal

7 Evolutionary Basis for the Use of Selenocysteine...................ccccoenee.
Louise White and Sergi Castellano

8 Selenocysteine Lyase: Mechanism, Structure,
and Biological Role ...............ccooiiviiiiiiiniiiie e
Hisaaki Mihara and Nobuyoshi Esaki

XV



Xvi Contents

Part II Selenoproteins and Selenoproteins in Health

9 Selenoproteins and Selenoproteomes ................ccocceeeveenieeniieeneeniieennnnn.
Vadim N. Gladyshev

10 Structural Characterization of Mammalian Selenoproteins ..............
Stefano M. Marino, Vadim N. Gladysheyv,
and Alexander Dikiy

11 Selenoproteins: Hierarchy, Requirements, and Biomarkers ..............
Roger A. Sunde

12 Selenoproteins and the Thioredoxin System .................ccccoeevveviierenen.
Jun Lu and Arne Holmgren

13 Selenoproteins of the Glutathione Peroxidase Family.........................
Leopold Flohé and Regina Brigelius-Flohé

14 Glutathione Peroxidase-d .............cccccooiooiiiiiiiioiieeee e
Matilde Maiorino, Valentina Bosello, Giorgio Cozza,
Antonella Roveri, Stefano Toppo, and Fulvio Ursini

15 Selenoprotein M ............cccooviiiiiiiiieniieiie et
Mariclair A. Reeves and Marla J. Berry

16 Selenium Transport in Mammals: Selenoprotein P
and Its ReCePLOrs...........oocviviiiiiiiieciieeeeee e
Josef Kohrle, Ulrich Schweizer, and Lutz Schomburg

17 Selenoproteins in the Endoplasmic Reticulum.........................c.........
Dmitri E. Fomenko

18 Selenoproteins in Nervous System Development, Function,
and Degeneration ..............c.cccoocuieriiiiiiinieeiee e
Ulrich Schweizer

19 Selenoproteins in Cardiovascular Redox Pathology............................
Diane E. Handy and Joseph Loscalzo

20 Glutathione Peroxidase 1 and Diabetes .................ccooevvviiiiiiiniiiiiennnn.
Xin Gen Lei and Xiaodan Wang

21 Glutathione Peroxidase 2 and Its Role in Cancer ...............c.c.ccococee.
Antje Banning, Anna Kipp, and Regina Brigelius-Flohé

22 Selenoprotein N: Its Role in Disease...............c.ccocevvieriiiiniinniiiinieninne
Alain Lescure, Perrine Castets, David J. Grunwald,
Valérie Allamand, and Michael T. Howard



Contents xvii

Part III Selenium and Selenoproteins in Human Health

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Prostate Cancer Prevention and the Selenium and Vitamin E
Cancer Prevention Trial (SELECT): A Selenium Perspective ........... 297
Barbara K. Dunn and Philip R. Taylor

Selenium as a Cancer Preventive Agent.................c.ccccevvirvinniinneenen. 313
Matthew I. Jackson and Gerald F. Combs, Jr.

Selenoproteins Harboring a Split Personality in Both

Preventing and Promoting Cancer .............cc.cccoccevvvieviieniieeneenieeneennnn. 325
Min-Hyuk Yoo, Bradley A. Carlson, Petra A. Tsuji, Ryuta Tobe,

Salvador Naranjo-Suarez, Byeong Jae Lee, Cindy D. Davis,

Vadim N. Gladyshev, and Dolph L. Hatfield

An Emerging Picture of the Biological Roles
of Selenoprotein K..............cccooiiiiiiiiiiceeee e 335
Peter R. Hoffmann

Polymorphisms in Selenoprotein Genes and Cancer ........................... 345
Margaret E. Wright and Alan M. Diamond

Schizophrenia, Oxidative Stress and Selenium ................cccccoocvveneenee. 355
Matthew W. Pitts, Arjun V. Raman, and Marla J. Berry

Control of Thyroid Hormone Activation and Inactivation
by the Iodothyronine Deiodinase Family of Selenoenzymes ............... 369
Ann Marie Zavacki, Alessandro Marsili, and P. Reed Larsen
Role of Selenium in HIV/AIDS .........c.ccooiiiiiiiinneeeeseene 383

Adriana Campa and Marianna K. Baum

Seafood Selenium in Relation to Assessments
of Methylmercury Exposure Risks.............ccccccoooevniiiniiiniinninnieeeeen, 399
Laura J. Raymond, Lucia A. Seale, and Nicholas V.C. Ralston

Selenium and Male Reproduction ..............c.ccooceeviiniiiniinnienieeeeen, 409
Anton A. Turanov, Mikalai Malinouski, and Vadim N. Gladyshev

Variations in Selenium Metabolism in Males and Females................. 419
Lutz Schomburg

Selenium in Alzheimer’s Disease ..............ccccccooovvvvviiiiiiiiiiiee e, 433

Frederick P. Bellinger and Edwin J. Weeber

Selenium and Inflammation...................cooceeiiiiiiii e, 443
Naveen Kaushal, Ujjawal H. Gandhi, Shakira M. Nelson,
Vivek Narayan, and K. Sandeep Prabhu

Selenium Metabolism in Prokaryotes .............c.cccooceevvieniiinienieeneennen. 457
Michael Rother



Xviii Contents

37 Selenoproteins in Parasites..............ccocooviiniiiiiieniiinniieiccescee e
Gustavo Salinas, Mariana Bonilla, Lucia Otero,
Alexey V. Lobanov, and Vadim N. Gladyshev

38 Selenium and Methionine Sulfoxide Reduction ...................................
Hwa-Young Kim and Vadim N. Gladyshev

39 Inactivation of Glutathione Peroxidase 1 and Peroxiredoxin
2 by Peroxides in Red Blood Cells................cccccoooiieiiiiniiiiienienieeeeee,
Chun-Seok Cho and Sue Goo Rhee

40 Functional Aspects of the Genomics of Selenoproteins
and Selenocysteine Incorporation Machinery..............c.ccccccevvivnenen.
Catherine Méplan and John Hesketh

41 Selenium: Dietary Sources and Human Requirements.......................
Petra A. Tsuji, Cindy D. Davis, and John A. Milner

42 Selenium and Adverse Health Conditions
of Human Pregnancy ............c.cccovveriiiiniiniiienieeicenee e
Margaret P. Rayman

Part IV Mouse Models for Elucidating the Role of Selenium
and Selenoproteins in Health

43 Mouse Models for Glutathione Peroxidase 4 (GPx4).........cccccccccoeun.
Marcus Conrad

44 Mouse Models that Target Removal or Overexpression
of the Selenocysteine tRNASe 1S Gene to Elucidate the Role
of Selenoproteins in Health and Development ...................c.cccoen.e.
Bradley A. Carlson, Min-Hyuk Yoo, Petra A. Tsuji, Ryuta Tobe,
Salvador Naranjo-Suarez, Fang Chen, Lionel Feigenbaum,
Lino Tessarollo, Byeong Jae Lee, Vadim N. Gladyshev,
and Dolph L. Hatfield

45 Selenoproteins in Skeletal Development and Disease:
Lessons from Trsp Deletion in Murine Bone
and Cartilage Progenitor Cells ...............cccceoviiiiiniiiiniieniecieieeeeee,
Charlene M. Downey and Frank R. Jirik



Contributors

Valérie Allamand UPMC Univ Paris, IFR, Paris, France
Inserm, Paris, France

CNRS, Paris, France

Institut de Myologie, Paris, France

Elias S. J. Arnér Division of Biochemistry, Department of Medical
Biochemistry and Biophysics, Karolinska Institutet, Stockholm, Sweden

Antje Banning Biochemical Institute, Justus Liebig University Giessen, Giessen,
Germany

Department Biochemistry of Micronutrients, German Institute of Human Nutrition
Potsdam-Rehbruecke (DIfE), Nuthetal, Germany

Marianna K. Baum Department of Dietetics and Nutrition, Stempel College of
Public Health and Social Work, Florida International University, Miami, FL, USA

Frederick P. Bellinger Department of Cell and Molecular Biology,
John A. Burns School of Medicine, University of Hawaii, Honolulu, HI, USA

Marla J. Berry Department of Cell and Molecular Biology,
John A. Burns School of Medicine, University of Hawaii, Honolulu, HI, USA

Mariana Bonilla Cétedra de Inmunologia, Universidad de la Republica,
Instituto de Higiene, Montevideo, CP, Uruguay

Valentina Bosello Department of Biological Chemistry, University of Padova,
Padova, Italy

Regina Brigelius-Flohé Department Biochemistry of Micronutrients,
German Institute of Human Nutrition Potsdam-Rehbruecke (DIfE),
Nuthetal, Germany

Xix



XX Contributors

Jodi L. Bubenik Department of Cell Biology, Lerner Research Institute,
Cleveland Clinic Foundation, Cleveland, OH, USA

Kelvin Caban Department of Molecular Genetics, Microbiology
and Immunology, UMDNIJ-Robert Wood Johnson Medical School,
Piscataway, NJ, USA

Adriana Campa Department of Dietetics and Nutrition, Stempel College
of Public Health and Social Work, Florida International University,
Miami, FL, USA

Bradley A. Carlson Molecular Biology of Selenium Section, Laboratory
of Cancer Prevention, Center for Cancer Research, National Cancer Institute,
National Institutes of Health, Bethesda, MD, USA

Sergi Castellano Department of Evolutionary Genetics, Max Planck Institute
for Evolutionary Anthropology, Leipzig, Germany

Perrine Castets UPMC Univ Paris, IFR, Paris, France
Inserm, Paris, France
CNRS, Paris, France

Institut de Myologie, Paris, France

Fang Chen Molecular Biology of Selenium Section, Laboratory of Cancer
Prevention, Center for Cancer Research, National Cancer Institute,
National Institutes of Health, Bethesda, MD, USA

Chun-Seok Cho Division of Life and Pharmaceutical Sciences,
Ewha Womans University, Seoul, Korea

Gerald F. Combs, Jr. Grand Forks Human Nutrition Research Center
USDA-ARS, Grand Forks, ND, USA

Marcus Conrad DZNE — German Center for Neurodegenerative Diseases,
Munich, Germany

Helmholtz Center Munich, German Research Center
for Environmental Health, Institute of Developmental Genetics,
Neuherberg, Germany

Paul R. Copeland Department of Molecular Genetics, Microbiology
and Immunology, UMDNIJ-Robert Wood Johnson Medical School,
Piscataway, NJ, USA

Giorgio Cozza Department of Biological Chemistry, University of Padova,
Padova, Italy

Cindy D. Davis Nutritional Science Research Group, Division of Cancer
Prevention, National Cancer Institute, National Institutes of Health, Bethesda,
MD, USA



Contributors XXi

Alan M. Diamond Department of Pathology, University of Illinois at Chicago,
Chicago, IL, USA

Alexander Dikiy Department of Biotechnology, Norwegian University
of Science and Technology, Trondheim, Norway

Charlene M. Downey Department of Biochemistry and Molecular Biology,
The McCaig Institute for Bone and Joint Health, University of Calgary,
Calgary, AB, Canada

Donna M. Driscoll Department of Cell Biology, Lerner Research Institute,
Cleveland Clinic Foundation, Cleveland, OH, USA

Department of Molecular Medicine, Cleveland Clinic Lerner College of Medicine,
Cleveland, OH, USA

Barbara K. Dunn Division of Cancer Prevention, National Cancer Institute,
Bethesda, MD, USA

Nobuyoshi Esaki Institute for Chemical Research, Kyoto University, Uji, Kyoto,
Japan

Lionel Feigenbaum Laboratory Animal Science Program, Science Applications
International Corporation, Frederick, MD, USA

Leopold Flohé Department of Chemistry, Otto-von-Guericke University,
Magdeburg, Germany

Dmitri E. Fomenko Department of Biochemistry and Redox Biology Center,
University of Nebraska-Lincoln, Lincoln, NE, USA

Ujjawal H. Gandhi Center for Molecular Immunology and Infectious Disease
and Center for Molecular Toxicology and Carcinogenesis, The Pennsylvania State
University, University Park, PA, USA

Department of Veterinary and Biomedical Sciences, The Pennsylvania State
University, University Park, PA, USA

Vadim N. Gladyshev Division of Genetics, Department of Medicine,
Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, USA

Jonathan N. Gonzales-Flores Department of Molecular Genetics,
Microbiology and Immunology, UMDNIJ-Robert Wood Johnson Medical School,
Piscataway, NJ, USA

David J. Grunwald Department of Human Genetics, University of Utah,
Salt Lake City, UT, USA

Diane E. Handy Cardiovascular Division, Department of Medicine,
Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, USA



XXii Contributors

Dolph L. Hatfield Molecular Biology of Selenium Section, Laboratory
of Cancer Prevention, Center for Cancer Research, National Cancer Institute,
National Institutes of Health, Bethesda, MD, USA

John Hesketh Institute for Cell and Molecular Biosciences and Human
Nutrition Research Centre, The Medical School, Newcastle University,
Newcastle Upon Tyne, UK

Peter R. Hoffmann Department of Cell and Molecular Biology, John A. Burns
School of Medicine, University of Hawaii, Honolulu, HI, USA

Arne Holmgren Division of Biochemistry, Department of Medical
Biochemistry and Biophysics, Karolinska Institute, Stockholm, Sweden

Robert J. Hondal Department of Biochemistry, University of Vermont,
College of Medicine, Burlington, VT, USA

Michael T. Howard Department of Human Genetics, University of Utah,
Salt Lake City, UT, USA

Matthew I. Jackson Grand Forks Human Nutrition Research Center,
USDA-ARS, Grand Forks, ND, USA

Frank R. Jirik Department of Biochemistry and Molecular Biology, The McCaig
Institute for Bone and Joint Health, University of Calgary, Calgary, AB, Canada

Naveen Kaushal Center for Molecular Inmunology and Infectious Disease and
Center for Molecular Toxicology and Carcinogenesis, The Pennsylvania State
University, University Park, PA, USA

Department of Veterinary and Biomedical Sciences, The Pennsylvania State
University, University Park, PA, USA

Hwa-Young Kim Department of Biochemistry and Molecular Biology,
Yeungnam University College of Medicine, Daegu, Korea

Anna Kipp Department Biochemistry of Micronutrients, German Institute
of Human Nutrition Potsdam-Rehbruecke (DIfE), Nuthetal, Germany

Josef Kohrle Institute for Experimental Endocrinology, Campus Virchow-Klinikum,
Charité-University Medicine Berlin, Berlin, Germany

P. Reed Larsen Thyroid Section, Division of Endocrinology,
Diabetes and Hypertension, Brigham and Women’s Hospital, Boston, MA, USA

Byeong Jae Lee Department of Biological Sciences, Interdisciplinary Program
for Bioinformatics, Seoul National University, Seoul, South Korea

Xin Gen Lei Department of Animal Science, Cornell University,
Ithaca, NY, USA

Alain Lescure Architecture et Réactivité de I’ARN, Université de Strasbourg,
CNRS, IBMC, Strasbourg, France



Contributors XXiii

Alexey V. Lobanov Division of Genetics, Department of Medicine,
Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, USA

Joseph Loscalzo Cardiovascular Division, Department of Medicine,
Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, USA

Jun Lu Division of Biochemistry, Department of Medical Biochemistry
and Biophysics, Karolinska Institute, Stockholm, Sweden

Matilde Maiorino Department of Biological Chemistry, University of Padova,
Padova, Italy

Mikalai Malinouski Division of Genetics, Department of Medicine,
Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, USA

Stefano M. Marino Division of Genetics, Department of Medicine,
Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, USA

Alessandro Marsili Thyroid Section, Division of Endocrinology,
Diabetes and Hypertension, Brigham and Women’s Hospital, Boston, MA, USA

Catherine Méplan Institute for Cell and Molecular Biosciences and Human
Nutrition Research Centre, The Medical School, Newcastle University,
Newcastle Upon Tyne, UK

Hisaaki Mihara Department of Biotechnology, Institute of Science
and Engineering, College of Life Sciences, Ritsumeikan University,
Kusatsu, Shiga, Japan

John A. Milner Nutritional Science Research Group, Division of Cancer
Prevention, National Cancer Institute, National Institutes of Health, Bethesda,
MD, USA

Salvador Naranjo-Suarez Molecular Biology of Selenium Section,
Laboratory of Cancer Prevention, Center for Cancer Research,
National Cancer Institute, National Institutes of Health, Bethesda, MD, USA

Vivek Narayan Center for Molecular Immunology and Infectious Disease and
Center for Molecular Toxicology and Carcinogenesis, The Pennsylvania State
University, University Park, PA, USA

Department of Veterinary and Biomedical Sciences, The Pennsylvania State
University, University Park, PA, USA

Shakira M. Nelson Center for Molecular Immunology and Infectious Disease
and Center for Molecular Toxicology and Carcinogenesis, The Pennsylvania State
University, University Park, PA, USA

Department of Veterinary and Biomedical Sciences, The Pennsylvania State
University, University Park, PA, USA

Lucia Otero Citedra de Inmunologia, Universidad de la Republica,
Instituto de Higiene, Montevideo, CP, Uruguay



XXiV Contributors

Matthew W. Pitts Department of Cell and Molecular Biology,
John A. Burns School of Medicine, University of Hawaii, Honolulu, HI, USA

K. Sandeep Prabhu Center for Molecular Immunology and Infectious Disease
and Center for Molecular Toxicology and Carcinogenesis, The Pennsylvania State
University, University Park, PA, USA

Department of Veterinary and Biomedical Sciences, The Pennsylvania State
University, University Park, PA, USA

Nicholas V. C. Ralston Energy and Environmental Research Center, University
of North Dakota, Grand Forks, ND, USA

Arjun V. Raman Department of Cell and Molecular Biology, John A. Burns
School of Medicine, University of Hawaii, Honolulu, HI, USA

Margaret P. Rayman University of Surrey, Guildford, UK

Laura J. Raymond Energy and Environmental Research Center, University of
North Dakota, Grand Forks, ND, USA

Mariclair A. Reeves Cell and Molecular Biology, University of Hawaii Manoa,
Honolulu, HI, USA

Sue Goo Rhee Division of Life and Pharmaceutical Sciences,
Ewha Womans University, Seoul, Korea

Michael Rother Institut fiir Molekulare Biowissenschaften, Johann Wolfgang
Goethe-Universitit, Frankfurt am Main, Germany

Antonella Roveri Department of Biological Chemistry, University of Padova,
Padova, Italy

Erik L. Ruggles Department of Biochemistry, University of Vermont, College
of Medicine, Burlington, VT, USA

Gustavo Salinas Catedra de Inmunologia, Universidad de la Republica,
Instituto de Higiene, Montevideo, CP, Uruguay

Lutz Schomburg Institute for Experimental Endocrinology,
Stidring 10 CVK, Charité-University Medicine Berlin, Berlin, Germany

Ulrich Schweizer Institut fiir Experimentelle Endokrinologie, Charité-University
Medicine Berlin, Berlin, Germany

Lucia A. Seale Department of Cell and Molecular Biology, John A. Burns School
of Medicine, University of Hawaii, Honolulu, HI, USA

Gregg W. Snider Department of Biochemistry,
University of Vermont, College of Medicine, Burlington, VT, USA

Roger A. Sunde Department of Nutritional Sciences, University of Wisconsin,
Madison, WI, USA



Contributors XXV

Philip R. Taylor Division of Cancer Epidemiology and Genetics,
National Cancer Institute, Bethesda, MA, USA

Lino Tessarollo Neural Development Group, Mouse Cancer Genetics Program,
Center for Cancer Research, National Cancer Institute, Frederick, MD, USA

Ryuta Tobe Molecular Biology of Selenium Section, Laboratory
of Cancer Prevention, Center for Cancer Research, National Cancer Institute,
National Institutes of Health, Bethesda, MD, USA

Stefano Toppo Department of Biological Chemistry, University of Padova,
Padova, Italy

Petra A. Tsuji Molecular Biology of Selenium Section, Laboratory of Cancer
Prevention, Center for Cancer Research, National Cancer Institute,
National Institutes of Health,

Bethesda, MD, USA
Cancer Prevention Fellowship Program, Bethesda, MD, USA

Anton A. Turanov Division of Genetics, Department of Medicine,
Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, USA

Fulvio Ursini Department of Biological Chemistry, University of Padova,
Padova, Italy

Xiaodan Wang Department of Medicine, Section on Islet Cell Biology
and Regenerative Medicine, Joslin Diabetes Center, Harvard Medical School,
Boston, MA, USA

Edwin J. Weeber Molecular Pharmacology and Physiology, USF Health
Byrd Alzheimer’s Research Institute, University of South Florida,
Tampa, FL, USA

Louise White Department of Evolutionary Genetics, Max Planck Institute
for Evolutionary Anthropology, Leipzig, Germany

Margaret E. Wright Department of Pathology, University of Illinois at Chicago,
Chicago, IL, USA

Xue-Ming Xu Molecular Biology of Selenium Section, Laboratory of Cancer
Prevention, Center for Cancer Research, National Cancer Institute,
National Institutes of Health, Bethesda, MD, USA

Min-Hyuk Yoo Molecular Biology of Selenium Section, Laboratory of Cancer
Prevention, Center for Cancer Research, National Cancer Institute,
National Institutes of Health, Bethesda, MD, USA

Ann Marie Zavacki Thyroid Section, Division of Endocrinology,
Diabetes and Hypertension, Brigham and Women’s Hospital, Boston, MA, USA






Chapter 1
History of Selenium Research

Elias S.J. Arnér

Abstract Selenium research must be said to have began in 1817, when Berzelius
discovered this element. The first genuine publication describing this research was
published by Berzelius in 1818, in a paper where he also named the element as
Selenium. Here, in this chapter on the history of selenium research, an attempt is
made to take a “bird’s-eye” view at the development of this research field since
1817 until today. The tool chosen is an analysis of the scientific literature on sele-
nium research, thereby attempting to give an unbiased assessment of this research
field. Finally, as in all assessments of historic trends, we should also ask where the
future of selenium research might take us. By necessity, the answer to that question
is uncertain. However, we can conclude that never before has selenium research
been as vigorous and expanding as it is today, which also holds major promise for
the future.

1.1 Previously Published Recollections of the History
of Selenium Research

Many reviews have described the development of selenium research and the find-
ings that have shaped current day’s knowledge in the field, including personal recol-
lections by some of the pioneers of selenium research. Just to name a few, this
includes some groundwork reviews on selenocysteine by Bock [1] or Stadtman [2],
reflections by Dolph Hatfield and Vadim Gladyshev on how the selenocysteine
recoding of the UGA codon became the first expansion of the genetic code since its
original discovery [3], and the recent narrative of “The Labour Pains of Biochemical
Selenology: The History of Selenoprotein Biosynthesis” by Flohé [4]. In his review,
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2 E.S.J. Arnér

Dr. Flohé also gave an informative chronology of a number of landmarks related to
research on selenium in biology (see Table 1.1 in [4]). It would be of little use in this
chapter to simply repeat information given in previous reviews on the selenium
research field. The reader is therefore referred to other papers on the history of selenium
research for discussions on specific details or topics of that research. Information on
several aspects of selenium research is also found in other chapters of this book, which
together give comprehensive up-to-date insights into most aspects of current research
on selenium biochemistry and molecular biology. Here, we shall instead take a “bird’s-
eye” view on the history and development of selenium research, using a bibliometric
analysis of the trends in selenium research literature. With this as our focus, let us
begin with the very first publication on selenium as published by Berzelius.

1.2 Berzelius and the Discovery of Selenium

Jons Jacob Berzelius (1779-1848), or “Jacob Berzelius” as he was called by his
peers, was one of the most important chemists of his time. He invented the term
“catalysis,” he constructed the major rules of chemical notation still used, and he
discovered several basic elements, among them selenium. His work has been
described in several publications, among which a biography written by Dr. S6derbaum
should be the most comprehensive (H. G. Séderbaum, Jac. Berzelius, Levnadsteckning,
3 vols., Uppsala, 1929-1931). Therein, one may read how Berzelius in 1817, study-
ing the bottom sludge remaining from a sulfuric acid preparation, realized that there
was a new element in the preparation, and how he completed his initial analyses in
only 4 months. This must be viewed as a major accomplishment considering the
exactness and correctness by which he described selenium in spite of his, by today’s
standards, rather rudimentary technology. When publishing his findings in 1818, the
paper was written in Swedish and, interestingly, published in a periodical that
Berzelius himself was editing together with a number of colleagues (Fig. 1.1a). It was
in this article that he officially named the element Selenium (Fig. 1.1b) and in that
very publication, he also reported on several of the typical chemical characteristics of
selenium that still today underpin all work on this element. Already in his first stud-
ies, Berzelius noted the close similarities between selenium and sulfur, which obvi-
ously govern the similar properties of selenocysteine-containing proteins and those
of cysteine-containing orthologues, which today is a debated and active research sub-
ject as recently discussed elsewhere in more detail (see [S] and references therein).

1.3 Bibliometric Analysis of Selenium Research Since 1945

Bibliometry is today fashionable among universities, funding agencies, and policy
makers for the evaluation of research output. Many aspects of this usage of bibliom-
etry is often flawed, as a consequence of inadequate bibliometry units, year- and
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Fig. 1.1 The first publication on selenium. The figure shows the (a) front page and (b) an excerpt
of the text on p. 49 from the original reference where Berzelius first described his discovery of
selenium and named the element [8]; a scanned copy of this book is at present freely available on
internet through a search in Google Books. An English translation of the text given in (b) reads as
follows: “The brown substance, which the decomposition of the ammonium salts yielded, now
became an object of investigation, and was found, through the experiments, which in the follow-
ing will be described, to be a separate, hitherto unknown, combustible mineral, which I, to mark
its akin properties with tellurium, have named Selenium, from Xe¢ihvr, moon (goddess)”



