Methodsin
ENZYMOLOGY

Volume 269
Nitric Oxide
Part B
. Physmlogmal and Pathological

Processes

Edited by

Lester Packer

o

ACADEMIC PRESS



Methods in Enzymology
Volume 269

Nitric Oxide

Part B
Physiological and
Pathological Processes

EDITED BY
Lester Packer

DEPARTMENT OF MOLECULAR AND CELL BIOLOGY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA

Editorial Advisory Board

Bruce N. Ames
Joseph Beckman
Enrique Cadenas

Victor Darley-Usmar

Bruce Freeman

Barry Halliwell
Louis J. Ignarro
Hiroe Nakazawa

William Pryor
Helmut Sies

LI

E2010000138

ACADEMIC PRESS
San Diego New York Boston Lo~  a Sydney Tokyo Toronto



Find Us on the Web! http://www.apnet.com

This book is printed on acid-free paper.

Copyright © 1996 by ACADEMIC PRESS, INC.
All Rights Reserved.
No part of this publication may be reproduced or transmitted in any form or by any

means, electronic or mechanical, including photocopy, recording, or any information
storage and retrieval system, without permission in writing from the publisher.

Academic Press, Inc.

A Division of Harcourt Brace & Company

525 B Street, Suite 1900, San Diego, California 92101-4495
United Kingdom Edition published by

Academic Press Limited

24-28 Oval Road, London NW1 7DX

International Standard Serial Number: 0076-6879

International Standard Book Number: 0-12-182170-6

PRINTED IN THE UNITED STATES OF AMERICA

Transferred to Digital pringting 2007



Methods in Enzymology

Volume 269
NITRIC OXIDE
Part B
Physiological and
Pathological Processes



METHODS IN ENZYMOLOGY

EDITORS-IN-CHIEF

John N. Abelson Melvin 1. Simon

DIVISION OF BIOLOGY
CALIFORNIA INSTITUTE OF TECHNOLOGY
PASADENA, CALIFORNIA

FOUNDING EDITORS

Sidney P. Colowick and Nathan O. Kaplan



Contributors to Volume 269

Article numbers are in parentheses following the names of contributors.
Affiliations listed are current.

BHARAT B. AGGARWAL (15), Cytokine Re-
search Laboratory, Department of Molecu-
lar Oncology, M. D. Anderson Cancer Cen-
ter, University of Texas, Houston, Texas
77030

Bruckt N. AMEs (24), Division of Biochemis-
try and Molecular Biology, University of
California, Berkeley, California 94720

ErnsT V. ArNOLD (5), Department of Chem-
istry, University of Wyoming, Laramie, Wy-
oming 82071

OHARA AuUGUSTO (32), Department of Bio-
chemistry, Instituto de Quimica, Universi-
dade de Sao Paulo, 05599 Sao Paulo, Brazil

EteLviNo J. H. BEcHARA (37), Instituto de
Quimica, Universidade de Sao Paulo, 05508
Sdo Paulo, Brazil

JosepH S. BEckMAN (19, 20, 27, 31), Depart-
ments of Anesthesiology and Biochemistry,
University of Alabama, Birmingham, Ala-
bama 35233

NaNncy BoertH (14), Division of Molecular
and Cellular Pathology, Department of
Pathology, University of Alabama, Bir-
mingham, Alabama 35294

D. Scorr BoHLE (5, 28), Department of
Chemistry, University of Wyoming, Lara-
mie, Wyoming 82071

ALBERTO BOVERIS (7), Institute of Physical
Chemistry, School of Pharmacy and Bio-
chemistry, University of Buenos Aires, 1113
Buenos Aires, Argentina

Davip S. BREDT (11), Department of Physiol-
ogy and Program in Biomedical Sciences,
School of Medicine, University of Califor-
nia, San Francisco, California 94143

Jay E. BRENMAN (11), Department of Physiol-
ogy and Program in Biomedical Sciences,
School of Medicine, University of Califor-
nia, San Francisco, California 94143

KarvLis Brivia (37), Institute fiir Physiolo-
gische Chemie I, Heinrich-Heine-Universi-
tit, D-40001 Diisseldorf, Germany

BERNHARD BRUNE (38), Department of 1V/
Experimental Division, Faculty of Medi-
cine, University of Erlangen-Niinberg,
91054 Erlangen, Germany

A. BuscH (44), Pediatric Respiratory Depart-
ment, Royal Brompton Hospital, London
SW3 6NP, United Kingdom

THiLo BuscH (42), Klinik fiir Anaesthesiolo-
gie und Operative Intensivmedizin, Vir-
chow-Klinikum, Humboldt Universitdt
Berlin, 13353 Berlin, Germany

C. A. BYRNES (44), Pediatric Respiratory De-
partment, Royal Brompton Hospital, Lon-
don SW3 6NP, United Kingdom

ENRIQUE CADENAS (7), Department of Molec-
ular Pharmacology and Toxicology, School
of Pharmacy, University of Southern Cali-
fornia, Los Angeles, California 90033

Maria C. CARRERAS (7), Laboratory of Oxy-
gen Metabolism, Margarita Companc de P.
Acuria, Department of Clinical Biochemis-
try, University Hospital, University of Bue-
nos Aires, 1113 Buenos Aires, Argentina

STEPHEN CHRISTEN (24), Division of Bio-
chemistry and Molecular Biology, Univer-
sity of California, Berkeley, California
94720

TruDY L. CoRNWELL (14), Division of Molec-
ular and Cellular Pathology, Department of

Pathology, University of Alabama, Bir-
mingham, Alabama 35294

CaRROLL E. Cross (16), Department of Inter-
nal Medicine, Division of Pulmonary/Criti-
cal Care Medicine, University of California,
Davis, California 95616

JouN P. Crow (17), Department of Anesthesi-
ology, University of Alabama, Birmingham,
Alabama 35294

RAFAEL CUETO (26, 29), Biodynamics Insti-
tute, Louisiana State University, Baton
Rouge, Louisiana 70803



X CONTRIBUTORS TO VOLUME 269

VicTor M. DARLEY-USMAR (35), Department
of Pathology, Division of Molecular and
Cellular Pathology, University of Alabama,
Birmingham, Alabama 35294

CAROL A. DELANEY (23), Biochemistry Labo-
ratory, School of Biological Sciences, Sus-
sex University, Falmer, Brighton, East Sus-
sex BNI 9QG, United Kingdom

TERESA DEROJAS-WALKER (22), Division of

Toxicology, Massachusetts Institute of
Technology, Cambridge, Massachusetts
02139

PaoLo D1 Mascio (37), Instituto de Quimica,
Universidade de Sdo Paulo, 05508 Sdo
Paulo, Brazil

JEAN-CLAUDE DRrAPIER (3), Section de Biolo-
gie, Institute Curie, Unité 365 INSERM,
75231 Paris Cedex, France

Jason P. EiserIcH (16), Department of Inter-
nal Medicine, Division of Pulmonary/Criti-
cal Care Medicine, University of California,
Davis, California 95616

CHristoPHER H. Evans (8), Departments of
Orthopaedic Surgery and Molecular Genet-
ics and Biochemistry, School of Medicine,
University of Pittsburgh, Pittsburgh, Penn-
sylvania 15261

KoNrAD FALKE (42), Klinik fiir Anaesthesi-
ologie und Operative Intensivmedizin, Vir-
chow-Klinikum, Humboldt Universitdt Ber-
lin, 13353 Berlin, Germany

K. FEHSEL (40), Research Group Immunobi-
ology 14.80, MED-Heinrich-Heine Uni-
versitat, D-40225 Dusseldorf, Germany

BRruck A. FREEMAN (36), Department of An-
esthesiology, Biochemistry and Molecular
Genetics, University of Alabama, Bir-
mingham, Alabama 35233

IRwIN FriDOVICH (4), Department of Bio-
chemistry, Duke University Medical Center,
Durham, North Carolina 27710

JoHN GARTHWAITE (12), The Cruciform Proj-
ect, London, W1P 9LN, United Kingdom

ReYNALDO M. Gattl (32), Department of
Biochemistry, Instituto de Quimica, Uni-
versidade de Sdo Paulo, 05599 Sao Paulo,
Brazil

PAULINE GEE (24), Xenometrix, Inc., Boulder,
Colorado 80301

PETER A. GLASSBRENNER (28), Department
of Chemistry, University of Wyoming, Lara-
mie, Wyoming 82071

D. NEIL GRANGER (41), Department of Physi-
ology, Louisiana State University Medical
Center, Shreveport, Louisiana 71130

IReNE C. GREEN (23), Biochemistry Labora-
tory, School of Biological Sciences, Sussex
University, Falmer, Brighton, East Sussex
BN1 90QG, United Kingdom

MicHAEL H. L. GREEN (23), MRC Cell Muta-
tion Unit, Sussex University, Falmer, Brigh-
ton, East Sussex BN1 9RR, United Kingdom

BARRY HALLIWELL (16), Neurodegenerative
Diseases Research Center, King’s College,
Chelsea Campus, University of London,
London SW3 6LX, United Kingdom

Tracy P. HamiLtoN (31), Department of
Chemistry, University of Alabama, Bir-
mingham, Alabama 35294

BERNHARD HANSERT (28), Department of
Chemistry, University of Wyoming, Lara-
mie, Wyoming 82071

ALFRED HAUSLADEN (4), Department of Bio-
chemistry, Duke University Medical Center,
Durham, North Carolina 27710

JonN B. HiBss, Jr. (3), Division of Infectious
Disease, Department of Medicine, Univer-
sity of Utah, and Department of Veterans
Affairs Medical Center, Salt Lake City,
Utah 84148

ADRIAN J. HoBBs (13), Department of Phar-
macology, School of Medicine, University
of California, Los Angeles, California
90095

ZH1-QIANG HUANG (19), Department of Neu-
rology, University of Western Ontario, Lon-
don, Ontario N6A 3K7, Canada

CostanTINO IADECOLA (39), Department of
Neurology, University of Minnesota Medi-
cal School, Minneapolis, Minnesota 55455

Louis J. IcNARRO (13), Department of Phar-
macology, School of Medicine, University
of California, Los Angeles, California
90095

MasAayasu INOUE (45), Department of Bio-
chemistry, Osaka City University Medical
School, Osaka 545, Japan



CONTRIBUTORS TO VOLUME 269 xi

HARRY IscHirorouLOSs (17), Institute for En-
vironmental Medicine, University of Penn-
sylvania, Philadelphia, Pennsylvania 19104

X1a JiN (34), Biodynamics Institute, Louisiana
State University, Baton Rouge, Louisiana
70803

JoserH KANNER (21), Department of Food
Science, Agriculture Research Organiza-
tion, The Volcani Center, Bet Dagan
50250, Israel

HaRrPARKASH KAUR (16), Neurodegenerative
Diseases Research Center, King’s College,
Chelsea Campus, University of London,
London SW3 6LX, United Kingdom

R. KissNER (27), Laboratorium fiir Anor-
ganische Chemie, Eidgendssische Tech-
nische Hochschule, CH-8092 Ziirich, Swit-
zerland

V. KoLB-BACHOFEN (25, 40), Research Group
Immunobiology 14.80, MED-Heinrich-
Heine-University, D-40001 Dusseldorf,
Germany

Papmini KoMaLaviLas (14), Division of Mo-
lecular and Cellular Pathology, Department
of Pathology, University of Alabama, Bir-
mingham, Alabama 35294

WiLLemM H. KoppeNoL (18, 27), Laboratorium
fiir Anorganische Chemie, Eidgendssische
Technische Hochschule, CH-8092 Ziirich,
Switzerland

K.-D. KRONCKE (25, 40), Research Group Im-
munobiology 14.80, MED-Heinrich-Heine-
University, D-40001 Dusseldorf, Germany

Davip D.Ku (10), Department of Pharmacol-
ogy and Toxicology, University of Ala-
bama, Birmingham, Alabama 35294

PauL Kuses (41), Department of Physiology
and Biophysics, Health Sciences Center,
The University of Calgary, Calgary, Alberta
T2N 4N1, Canada

EpuarDO G. LAPETINA (38), Molecular Car-
diovascular Research, Case Western Univer-
sity School of Medicine, Cleveland, Ohio
44106

THOMAS M. LINCOLN (14), Division of Molec-
ular and Cellular Pathology, Department of
Pathology, University of Alabama, Bir-
mingham, Alabama 35294

JiLLian E. Lowe (23), MRC Cell Mutation
Unit, Sussex University, Falmer, Brighton,
East Sussex BN1 9RR, United Kingdom

JaiME T. MASFERRER (2), Inflammatory Dis-
eases Research, G. D. Searle, St. Louis, Mis-
souri 63017

Marisa H. G. MepEeIros (37), Instituto de
Quimica, Universidade de Sdo Paulo, 05508
Sdo Paulo, Brazil

KapiL MeHTA (15), Department of Bioimmu-
notherapy, M. D. Anderson Cancer Center,
University of Texas, Houston, Texas 77030

THoMAS MICHEL (6), Cardiovascular Divi-
sion, Brigham and Women’s Hospital, Har-
vard Medical School, Boston, Massachu-
setts 02115

Yukiko MINAMIYAMA (45), Department of
Biochemistry, Osaka City University Medi-
cal School, Osaka 545, Japan

S. Papmarsa (18), Department of Chemistry,
Louisiana State University, Baton Rouge,
Louisiana 70803

RAKEsH P. PATEL (35), Department of Biolog-
ical and Chemical Sciences, University of
Essex, Colchester CO4 3SQ, United
Kingdom

Juan J. PopeEROSO (7), Laboratory of Oxygen
Metabolism, Margarita Companc de P.
Acufia, Department of Clinical Biochemis-
try, University Hospital, University of Bue-
nos Aires, 1113 Buenos Aires, Argentina

WiLLIAM A. PRYOR (26, 29, 30, 34), Biody-
namics Institute, Louisiana State University,
Baton Rouge, Louisiana 70803

RAFAEL Rapi (32, 33), Department of Bio-
chemistry, Faculty of Medicine, Universidad
de la Republica, 11800 Montevideo, Ur-
aguay

MAaRek W. Rapowmski (9), Departments of
Obstetrics and Gynaecology and Pharma-
cology, University of Alberta, Edmonton,
Alberta T6G 252, Canada

M. S. RamezanNiaN (18), Department of
Chemistry , Louisiana State University, Ba-
ton Rouge, Louisiana 70803

Lisa J. RoBNsoN (6), Cardiovascular Divi-
sion, Brigham and Women’s Hospital, Har-
vard Medical School, Boston, Massachu-
setts 02115



Xii CONTRIBUTORS TO VOLUME 269

HEeNRY ROSEN (20), Department of Medicine,
University of Washington, Seattle, Washing-
ton 98195

M. EL1zABETH Ross (39), Department of Neu-
rology, University of Minnesota Medical
School, Minneapolis, Minnesota 55455

RoLF RossaINT (42), Klinik fiir Anaesthesi-
ologie und Operative Intensivmedizin, Vir-
chow-Klinikum, Humboldt Universitit Ber-
lin, 13353 Berlin, Germany

HoMERrRO RuBBO (36), Department of Bio-
chemistry, Faculty of Medicine, University
of the Republic, Montevideo, CP 11800, Ur-
uguay

EDUARDO SALAS (9), Departments of Obstet-
rics and Gynaecology, University of Al-
berta, Edmonton, Alberta T6G 252, Canada

DANIELA SALVEMINI (2), Inflammatory Dis-
eases Research, G. D. Searle, St. Louis, Mis-
souri 63017

JacinpA B. SampsoN (20), Departments of
Anesthesiology and Biochemistry, Univer-
sity of Alabama, Birmingham, Alabama
35233

E. A. SHINEBOURNE (44), Pediatric Respira-
tory Department, Royal Brompton Hospi-
tal, London SW3 6NP, United Kingdom

HevLmut SiEs (37), Institute fiir Physiologische
Chemie I, Heinrich-Heine-Universitiit,
D-40001 Diisseldorf, Germany

ERric SoutHAM (12), Glaxco Wellcome Medi-
cines Research Center, Stevenage, Herts.,
SGI1 2NY, United Kingdom

G1useppE L. SQuAaDRrITO (26, 29, 34), Biody-
namics Institute, Louisiana State University,
Baton Rouge, Louisiana 70803

MAJA STEFANOVIC-RACIC (8), Departments of
Orthopaedic Surgery and Molecular Genet-
ics and Biochemistry, School of Medicine,
University of Pittsburgh, Pittsburgh, Penn-
sylvania 15261

MICHAEL STRONG (19), Department of Medi-
cine, University of Alabama, Birmingham,
Alabama 35233

SHIGEKAZU TAKEMURA (45), Department of
Biochemistry, Osaka City University Medi-
cal School, Osaka 545, Japan

SNarT TaMiIR (22), Division of Toxicology,
Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139

STEVEN R. TANNENBAUM (22), Division of
Toxicology, Department of Chemistry,
Massachusetts  Institute of Technology,
Cambridge, Massachusetts 02139

JAUME TorREs (1), Department of Biological
and Chemical Sciences, Central Campus,
Wivenhoe Park, COF 3SQ Colchester,
United Kingdom

Hui-Hsu Tsai(31), Department of Chemistry,
University of Alabama, Birmingham, Ala-
bama 35294

Rao M. Urru (26, 29, 30, 34), Biodynamics
Institute, Louisiana State University, Baton
Rouge, Louisiana 70803

PATRICK VALLANCE (43), Department of
Pharmacology, Clinical Pharmacology, St.
George’s Hospital Medical School, London
SWI17 ORE, United Kingdom

ALBERT VAN DER VLIET (16), Department of
Internal Medicine, Division of Pulmonary/
Critical Care Medicine, University of Cali-
fornia, Davis, California 95616

JEANNETTE VAsQUEz-VIVAR (32), Depart-
ment of Biochemistry, Instituto de Quimica,
Universidade de Sdao Paulo, 05599 Sao
Paulo, Brazil

SmmonN C. WaTkiNs (8), Departments of Cell
Biology and Physiology, School of Medi-
cine, University of Pittsburgh, Pittsburgh,
Pennsylvania 15261

MicHAEL T. WiLsoN (1), Department of Bio-
logical and Chemical Sciences, Central
Campus, Wivenhoe Park, COF 3SQ Col-
chester, United Kingdom

Joun S. WisHNOK (22), Division of Toxicol-
ogy, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139

Yao Zu YE (19), Department of Anesthesiol-
ogy, University of Alabama, Birmingham,
Alabama 35233

TAaMAs ZAKAR (9), Departments of Obstetrics
and Gynaecology, University of Alberta,
Edmonton, Alberta T6G 252, Canada



Preface

The realization that nitric oxide (NO-), a free radical that is generated
in biological systems, plays a pivotal role in physiology, pathology, and
pharmacology has led to an explosion of new research. The recognition
that the endothelial relaxing factor (ERDF) is actually NO- has been im-
portant in revolutionizing our thinking about how the vasculature is regu-
lated. The physiological functions of NO- in signaling by the activation of
guanylate cyclase and the existence of a multitude of other targets have
now been identified for NO- in biological systems.

NO:- is a free radical species, and therefore reactive as such. However,
it reacts with the superoxide anion with a rate constant of about 6.7 X 10°
M ' sec™! forming peroxynitrite (ONOO™), a species more reactive toward
lipids, DNA, and proteins, leading to their chemical modification and to
pathological effects.

Overcoming difficulties in accurately assessing its generation, detection,
and characterization in biological systems was the impetus for seeking
contributions to these two Methods in Enzymology volumes on nitric oxide
(268 and 269). They provide a comprehensive and detailed account of the
methodology relating to four areas. In this volume methods and assays
relevant to the effects of NO- in cells and tissues and the pathological and
clinical aspects of NO- are included. The articles in Section I focus on the
reactivity of NO- and tissue-specific effects of NO- as well as on its effects in
cell signaling mechanisms. The emphasis of Section Il is on the pathological
action of NO- recognized by reactions of nitrosylation and nitration and
on the interaction of NO- with membranes, proteins, and nucleic acids.
Methods for detecting the action of peroxynitrite, tissue and cell toxicity,
and clinical aspects of NO- inhalation therapy are included. Volume 268
covers methods relating to the generation of NO-. In Section I the chemistry
and biology of NO-, methods for its detection, and NO- donors are covered.
Section II covers NO- synthase—its purification, assay of the activity of
endogenous and inducible forms of NO- synthase, its hemoprotein homol-
ogy, the tissue distribution of NO- synthase, and its molecular cloning
and expression.

In bringing these volumes to fruition, credit must be given to experts
in various specialized fields of NO- research who provided contributions
and to those who helped select the authors to provide the state of the art
methodology. The topics and methods included in these volumes were
chosen on the excellent advice of the volume advisors, Bruce N. Ames,
Joseph Beckman, Enrique Cadenas, Victor Darley-Usmar, Bruce Freeman,

Xiii
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Barry Halliwell, Louis J. Ignarro, Hiroe Nakazawa, William Pryor, and
Helmut Sies, to whom I extend my sincere thanks and most grateful appreci-
ation.

LESTER PACKER
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