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Preface

The aim of this book is to introduce recent developments in molecular
biology to physiologists working at cellular and organ-system levels, so that
these new approaches can be applied to physiological research.

The first two chapters cover basic concepts and commonly used termmology
in molecular biology, thus providing individuals who. have lmle prior
knowledge with the background information needed to follow the remainder
of this book. This volume illustrates’ how molecular biology is applied to
elucidate physiological functions in example systems. The topics discussed in-
clude the molecular biology of cell membrane transport proteins (the anion
transport protein band 3 and proton ATPase), humoral agents regulating body
fluids and cardiovascular functions (renin and atrial naturietic factor),
autonomic receptors and ionic channels\(adrenergn,c receptors, acetylcholine
receptors, and sodium channel), 4nd long-term memory.

These areas should interest a broad spectrum of scientists working on
various systems including membrane transport, body fluids and electrolytes,
kidney, circulation, endocrine system, nerve-muscle, autonomic nervous
system, and central nervous system. There is diversity as well as interrelation-
ship among the topics. It is my belief that this book will contribute to the open-
ing of new horizons for physiological research by making use of the rapid ad-
vances in molecular biology as we enter the second hundred years of APS
history.

Shu Chien, M.D., Ph.D.
March 1988
Editor



Acknowledgments

In celebration of the Centennial of thie American Physiological Socnety
(APS), a Symposium on Molecular Biology in Physiology was organized in
Washington, D.C. during the 1987 Annual Meeting of the Federation of
American Socicties for Experimental Biology.

1 wish to express my sincere thanks to the Cell and General Physiology Sec-
tion (Chairman: Dr. Louis Reuss; Program Committee Chairman: Dr. Paul
DeWeer) and the Program Executive Committee (Chairman: Dr. Carl V.
Gisolfi) of APS for sponsoring this Symposium. I would like to thank Dr.
Franklyn Knox, the APS President during the Centennial year, members of
APS Council, Dr. Alfred P. Fishman, Chairman of the Centennial Commit-
tee, and Dr. Martin Frank, the Executive Director, for their encouragement
and support. 1 wish to thank the speakers (authors) for the excelient contribu-
tions to this Symposium-monograph. 1 am particularly grateful to Dr. J. Jay
Gargus for his guidance in organizing this symposium #nd co-chairing the
Symposium. Special thanks are expressed to Ms. Micheline Faublas for her ex-
cellent editorial assistance.

vii



Contributors

Mona M. Andersson
Whitehead Institute fqr Biomedical

Research
Cambridge, Massachusetts 02142

John D. Baxter

Metabolic Researck Unit

671 HSE

University of California

San Francisco, California 94143

Cynthiz T. Carilli

California Bioirchnology, Inc.
2450 Rayshore Parkway
Mountain View, California 94043

Marc G. Caron

Department of Medicine

Duke University Medical Center
Durham, North Carolina 27710

Yincent F. Castellucci

Center for Neurobiology and Behavior
College of Physicians and Surgeons
Columbia University

New York, New York 10032

Shu Chien

Department of Physiology and Cellular
Biophysics

Columbia University College of
Physicians and Surgeons

New York, New York 10032, US.A.,

and Institute of Biomedical Sciences,

Academia Sinica

Taipei, Taiwan 11529, R.O.C.

Nicholas Dale

Center for Neurob.ology and Behavior
College of Physicians and Surgeons
Columbia University

New York, New York 10032

xi

Christian F. Deschepper
Department of Physiology
University of California

San Francisco, California 94143

Henrik Dohiman

Department of Medicine

Duke University Medical Center
Durham, North Carolina 27710

Keith Duncan

Metabolic Research Unit

67! HSE

University of California

San Francisco, California 94143

Thomas Frielle

Department of Medicine

Duke University Medical Center
Durhum, North Carotina 27710

David G. Gardner
Metabolic Research Unit

671 HSE

University of California

San Francisco, California 94143

J. Jay Gargus

Department of Physiology and
Section of Medical Genetics

Emory University School of Medicine

Atlanta, Georgia 30322

Philip Goelet

Center for Neurobiology and Behavior
College of Physicians and Surgeons
Columbia University

New York, New York 10032

Karl M. Hager

Department of Biological Sciences
Stanford University

Stanford, California 94305



- xii CONTRIBUTORS

Eric R. Kandel

Howard Hughes Medical Institute
Center for Neurobiology and Behavior
College of Physicians and Surgeons
Columbia University

New York, New York 10032

Brian Kobilks

Department of Medicine

Duke University Medical Center
Durham, North Carolina 27710

Roa R. Kopito

Department of Biological Sciences
Stanford University

Stanford, California 94304-5020

Robert J. Lefkowita
Department of Medicine

Duke University Medicel Center
Durham, Norih Carolina 27710

John A. Lewicki
California Biotechnology, Inc.

2450 Bgyshore Parkway
Mountain View, California 94043

Harvey F. Lodish

Department of Biology .
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Piergiorgio Montarolo

Center for Neurobiology and Behavior
College of Physicians and Surgeons
Columbia University

New York, New York 10032

Shosaku Numa

Departments of Medical Chemistry
and Molecular Genetics

Kyoto University Faculty of Medicine

Kyoto 606, Japan

Tisothy L. Reudelhuber
Metabolic Reseqrch Unit

671 HSE '

University of California

San Francisco, California 4143

Sam Schacher

Center for Neurobiology and Behavior
Coliege of Physicians and Surgeons
Columbia University

New York, New York 10032

Caralyn W. Slayman

Departments of Human Genetics and
Physialogy

Yale University School of Medicine

New Haven, Connecticut 06510



19

497

61

119

149
159

Contents

An Introduction to Molecular Biology for Physiologists
Shu Chien

Tools for the Molecular Analysis of Gene Structure and
Function
J. Jay Gargus

Molecular Genetics of ihe.MouSe Anion Exchanger
Ron R. Kopito, Mona M. Andersson, and Harvey F. Lodish

Agt!1 Cloning: Isolation of the Gene for the Neurospora
Plasma Membrane H * — ATPase
Kari M. Hager and Carolyn W. Slayman

Molecular Biology of the Genes for Atrial Natriuretic Factor
and Renin

Cynthia T. Carilli, David G. Gardner,
Christian F. Deschepper, John A. Lewicki, Keith Duncan,
Timothy L. Reudelhuber, and John D. Baxter

The 8- Adrenergic Receptor and Other Receptors Coupled to
Guanine Nucleotide Regulatory Proteins

Thomas Frielle, Brian Kobilka, Henrik Dohiman,

Marc G. Caron, and Robert J. Lefkowitz

Molecular Structure and Function of Acetylcholine keceptors
and Sodium Channel
Shasaku Numa

Initial Steps Toward a Molecular Biology of Long-Term
Memory

Eric R. Kandel, Philip Goelet, Vincent F. Castellucci,
Piergiorgio Montarolo, Nicholas Dale, and Sam Schacher

Glossary

Subject Index



Molecular Biology in Physiology,
odiced by Shu . Raven Press, Lid.,
New York © 1989,

AN INTRODUCTION TO MOLECULAR BIOLOGY ,
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Institute of Biomedical Sciences, Academia Sinica,
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INTRODUCTION

The draumatic sdvances in molecular biology In recent years have

' new ways to probe thé structural and functional beses of

lological events at the molecular level (1,3). The application of
m toleculsr blological techniques to biomedical research has led to
the development of hiew methods for the study of cellular properties and
ifiteractions, the elucidation of the mechanisms by which hormonal
factors affect csilular functions, the production of new biologically
active compounds, and the design of Innovative diagnostic procedures.
These scientific advances resulting from the application of molecular
biological approaches have been particularly notable in research on
several areas of cellular physiology, e.g. nerve, muscle, and endocrine
system.

In physlological research we study the structure and function of the
body at various levels, ranging from subcellular components to cells,
tissues, organs, systems and the whole body. A major determinant of the
structural and functional characteristics of biological organisms is the
protein composition of their components, which in turn is controlled by
molecular mchanisms. In the final analysis all physiological phenomena
have a molecular basis. Therefore, the utilization of molecular
biological approaches to study physiological problems should contribute
to the understanding of the mechanisms of normal and pathophysiological
processes at the molecular level. Since most physiologists were trained
before the advent of modern molecular biology, many may not be
famillar with these new developments.

The aim of this Chapter is to present a very elementary introduction
to molecular biology, which will serve s a starting point for readers
unfamiliar with the field to facilitate their reading of this book. Some
of the materials presented in this Chapter are amplified in greater detail
in the next Chapter on Tools for the Molecular Analysis of Gene
Structure and Function (3). These two chapters together provide a

1



2 INTRODUCTION TO MOLECULAR BIOLOGY

background framework of the principles and techniques which are applied
in the research reported in the remainder of this book, additional
information on such background material is available in several
textbooks (e.g. 4,5).

The specific areas covered in this monograph are the molecular
biology of band 3 membrane protein (6), proton ATPase (7), atrial
natriuretic factor and renin (8), adrenergic receptor (9), ionic channels
(10) and long-term and short term memory (11). These topics are
selected because of their relevance to physiological functions and the
recent developments in these areas that exemplify the application of
molecular biology to physiological systems. The information contained
in these chapters is probably of interest to physiologists working on
transport, body fluids and electrolytes, acid base balance, kidney,
endocrine system, cardiovascular system, autonomic nervous system,
nerve-muscle, and higher functions of the central nervous system.

A BRIEF SURVEY OF MOLECULAR BIOLOGY
DNA and RNA

The genetic information is stored in deoxyribonucleic acids (DNA).
The genetic code is first transcribed to ribonucleic acids (RNA) and then
translated to amino acids during protein synthesis. In this manner, the
types of proteins synthesized by the cell are genetically controlled. The
transcription from DNA to RNA and the translation from RNA to
proteins constitute the central dogma in molecular biology (Fig. 1).
Quantitative and qualitative changes in protein synthesis during
physiological and pathophysiological conditions are effected by
alterations in transcriptional, translational or post-translational events.

EUCAR ARV AN AVATUR AR 1T

Transcription
RNA
Transiation
“YUULUTTLUVTUTTUUDULTUUGUTOLCUUIUUOLIT Protein

Fig. 1 The central dogma in molecular biology, showing the
transcription of DNA to RNA and the translation of RNA to
protein.



INTRODUCTION TO MOLECULAR BIOLOGY 3

Deoxyribonucleic acids are linear polymers of nucleotides that are
composed of four types of bases (Fig. 2), i.e. two types of purine:
adenine (A) and guanine (G), and two types of pyrimidine: cytosine (C)
and thymine (T). These bases are linked together by a sugar-phosphate
backbone in which the phosphate and the deoxyribose sugar form 3' and
5' phosphodiester bonds, giving rise to a 5' end and a 3' end of the DNA
molecule (Fig. 3).

In the cell DNA molecules are packed in the chromosomes, and they
are referred to as chromosomal DNA or genomic DNA. In cells with a
well defined nucleus (eukaryotes), DNA molecules are paired to form
double strands, with the bases on opposite strands held in precise register
by hydrogen bonding, i.e. A~T and G-C form complementary base-pairs
(Fig. 4). In cells without a defined nucleus (Prokaryotes), DNA are often
single stranded and they may be circular. The enzyme DNA polymerase
catalyzes the replication of DNA; the replication process involves the
use of one of the strands as a template to synthesize a complementary
strand by adding nucleotides according to base pairing. The nucleotide
sequence in DNA and the specific base pairing provide the mechanisms
for the storage and replication of genetic information.

Ribonucleic acids are also linear polymers of nucleotides that contain
four types of bases; three of these (A, C, G) are the same as those in
DNA, but the fourth is uracil (U) instead of thymine. RNA also differs
from DNA in that the sugar in the RNA backbone is ribose rather than
deoxyribose (Fig. 2). RNA is generally single stranded.

PURINES PYRIMIDINES
Y /E\ ?
mi, . j—cn, mi,/‘;\scn
2 8 2 e
~ 5 AN \'/l“
o/ o/ N
N W
Thymine (T) Urseil (U}
NH;
«
‘\’I“
.
Lo
H
Guanine (G) Cvtosine (C)

Fig. 2 The purine and pyrimidine bases making up DNA and RNA.
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Fig. 3  The sugar-phosphate backbone and attached bases for A: DNA
(top) and B: RNA (bottom).
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Fig. 4  Base pairing of two DNA strands. The péntagon represents the
deoxyriboses in the sugar~phosphate backbone.

TIranscription from DNA to RNA

In most eukaryotes, DNA is packaged with the positively charged
histone proteins to form chromatin (Fig. §) and is less accessible to
actlvation and transcription than that in prokaryotes. The transcription
of DNA is catalyzed by RNA polymerases (Fig. 6), which can search for a
site on the promoter region of the DNA molecule for the initiation of
transcription. Eukaryotes have three types of RNA polymerases (I, I and
HI). In the transcription process, a portion of the DNA double strand is
split Into two single strands; each strand can serve as a template for
transcription. The nucleotides complementary to the DNA template
strand are added sequentially to the RNA chain which grows in a 5' to 3'
directlon (Fig. 7). The elongation of the RNA chain is followed by its
separation from the -DNA template. The transcription process is
terminated when the RNA polymerase encounters the terminator portion
of the DNA molecule (Fig. 8).
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Fig. §

Fig. 6
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DNA double helix (JOIOOQOMANIR | 2 nm
SRt W e %1
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Schematic diagram to show the packaging of DNA with histone
to form nucleosome, chromatin fiber, and chromosome.
Drawings from bottom to top show serial enlargements.

W

RNA transernpt

PppA
PG
A polymerase Il (round figure with an opening on the right)

bound to the TATA box of the promoter region of a double
stranded DNA to start the formation of an RNA transcript.
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Fig. 7  The transcription process showing the growing of an RNA chain

from the 5' to the 3' direcion by adding an incoming nucleotide
which forms base pairing with the DNA template strand.

Transcription unit
initiation Termination
site {1} site (1)
DNA
et ~——
Promoter l Termiunator

trenecript

Fig. 8 The transcription unit in DNA. It begins with the initiation‘
site, which is preceded by the promoter region, and ends with

the termination site, which is preceded by the terminator
region.



8 INTRODUCTION TO MOLECULAR BIOLOGY

In the prokaryotes, which have no nucleus, the RNA transcript does
not undergo any modification, and transcription is directly coupled with
translation. In coatract, in eukaryotes transcription proceeds in the
nucleus, and the primary RNA transcript molecules are modified before
their exit through the nuclear membrane into the cytoplasm as
messenger RNA (mRNA) (Fig. 9). These modifications include the
capping with methyl guanosine at the 5' end (m/Gppp in Fig. 9) and
usually the addition of a poly(A) tail (contalning a large number of
adenine nucleotides) at the 3' end. The primary RNA transcript is
composed of exons interspersed with introns. Exons are the regions
preserved in the mature mRNA which exit into the cytoplasm, introns
are the regions spliced out and removed from the mRNA during
maturation (Fig. 10). The exons contain not only the protein-encoding
regions which are translated, but also the 5' and 3' control regions which
are not to be translated into peptides. The functions of introns are not
well understood. The structural organization and the RNA synthesis in
prokaryotes and eukaryotes are compared in Table 1.

RO e NN

Trahlcripti‘onl
n’Gppp
Cap S 3
POLY. A ACDHION
v
IS')-7oppp ARAAAA (2 *)

Tail

NUCLEUS /

Rl S, -

L

Translation
(3')m’cppp M AAAAAA (3 ')
BRNA

.

Fig. 9 Transcription in eukaryotes showing that RNA is modified in
the nucleus before its exit into the cytoplasm.
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DNA
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Fig. 10 Schematic drawing to show the removal of introns and the
retention of exons when the primary RNA transcript is spliced

to form mature mRNA.

Table I. Comparison of Prokaryotes and Eukaryotes

PROKARYOTES EUKARYOTES
Cell Structure
Nuclews No defined nucleus Contains 2 true nucleus
Membrane-bound organeliss Genereally none Mitochondria, etc.
Cytoskeleton No Actin filaments, centrioles
DNA Organization Mostly single circular,  Mostly double stranded,
naked DNA associated with histones
RNA Syathesis
RNA Polymersse Single Multiple
Tranecription & Transiation Coupled Separated
Posttranscrip. Modification  Rare Yes

Stability of mRNA Short (T, : sec-min)

1/a

More stable (usu. hours)




