FREE RADICALS

In

BIOLOGICAL
SYSTEMS

~ EDITORS

M. S. BLOIS, JR.
H. W. BROWN
R. M. LEMMON
R. O. LINDBLOM
" M. WEISSBLUTH

@ ACADEMIC PRESS * New York and London



Free Radicals
In
Biological Systems

PROCEEDINGS OF A SYMPOSIUM HELD AT
STANFORD UNIVERSITY, MARCH, 1960

EDITORS
M. S. BLOIS, JR. H. W. BROWN R.. M. LEMMON
R. O. LINDBLOM M. WEISSBLUTH

AD

7/

1961

ACADEMIC PRESS - New York and London



Copyright ©, 1961, by Academic Press Inc.
ALL RIGHTS RESERVED

NO PART OF THIS BOOK MAY BE REPRODUCED IN ANY FORM,
BY PHOTOSTAT, MICROFILM, OR ANY OTHER MEANS,
WITHOUT WRITTEN PERMISSION FROM THE PUBLISHERS,
EXCEPT THAT REPRODUCTION IN WHOLE OR
IN PART IS PERMITTED FOR ANY PURPOSE OF
THE UNITED STATES GOVERNMENT.

ACADEMIC PRESS INC.
111 FirrE AVENUE
New York 3, N. Y.

United Kingdom Edition
Published by
ACADEMIC PRESS INC. (Loxpox) lin.
17 Oup QueenN Streer, Lonbon S. W. 1

Library of Congress Catalog Card Number: 60-16982

PRINTED IN THE UNITED STATES OF AMERICA



CONTRIBUTORS

B. T. ALLEN, Physics Department, University College of North Stafford-
shire, Keele, England

L. G. AUGENSTINE, Division of Biology and Medicine, U.S. Atomic Energy
Commission, Washington, D. C.

Heumutr BEINERT, Institute for Enzyme Research, University of Wiscon-
sin, Madison, Wisconsin

Lewis Bicking, Johnson Research Foundation, University of Pennsyl-
vania, Philadelphia, Pennsylvania

M. S. Brors, Jr., Biophysics Laboratory, W. W. Hansen Laboratory of
Physics, Stanford University, Stanford, California

HaroLp C. Box, Biophysics Department, Roswell Park Memorial Insti-
tute, Buffalo, New York

Lupwic Branp, Department of Chemistry, Indiana University, Blooming-
ton, Indiana *

R. C. Bray, Chester Beatty Research Institute, Institute of Cancer Re-
search, Royal Cancer Hospital, London, England

ArTHUR S. BriLr, The Eldridge Reeves Johnson Foundation for Medical
Physics, Uniwersity of Pennsylvania, Philadelphia, Pennsylvania *

H. W. BrowN, Biophysics Laboratory, W. W. Hansen Laboratory of
Physics, Stanford University, Stanford, California

M. CaLviN, Radiation Laboratory and Department of Chemistry, Univer-
sity of California, Berkeley, California

J. G. Carter, Physics Department, Vanderbilt University, Nashuville,
Tennessee

L. A. CarTER, Radiation Laboratory and Department of Chemistry, Uni-
versity of California, Berkeley, California ®

BrirroNn CHANCE, Johnson Research Foundation, University of Pennsyl-
vania, Philadelphia, Pennsylvania

Fricis DravNIEKS, School of Chemistry, University of Minnesota, Minne-
apolis, Minnesota

AnpErs EHRENBERG, Department of Biochemastry, Nobel Medical Insti-
tute, Stockholm, Sweden

C. F. Eurer, Dwision of Biological and Medical Research, Argonne Na-
tional Laboratory, Argonne, Illinois

1 Present address: Graduate Depa.'rtment of Biochemistry, Brandeis University,
Waltham, Massachusetts.

2 Present address: Laboratory of Electron Microscopy, Department of Engineer-
ing Physics, Cornell University, Ithaca, New York.
3 Present address: 1809 Holbrook, Ponca City, Oklahoma.

v



vi CUNTRIBUTORS

Harowp G. FrREUND, Biophysics Department, Roswell Park Memorial In-
stitute, Buffalo, New York

Q. H. Gmszon, Department of Biochemistry, University of Sheffield, Shef-
field, England

Wavrrer Gorpy, Department of Physicz, Duke University, Durham, North
Carolina

MeLvin W. Hanna, Gafes and Crellin Laboratories of Chemustry, Cali-
formia Institute of Technology, Pasadena, California

TrorMmor HENRIKSEN, Norsk Hydro’s Institute for Cancer Research, The
Norwegian Radium Hospital, N orway

D. J. E. Inaram, Physics Department, University College of North Staf-
fordshire, Keele, England

W. KosnNLEIN, Instiiute of Radiobiology, Nuclear Research Center Karls-
rwhe, Karlsruhe, Germany

Vicror LEGALLAIS, Jolinson Research Foundation, University of Pennsyl-
vania, Philadelphia, Pennsylvama

Kenners Livca, Blophysics Department, Roswell Park Memorial Insti-
tute, Buffalo, New York

Rosert O. LinpBuoM, Lawrence Radiation Laboratory, University of
California, Berkeley, California *

Harpen M. McConNELL, Gates and Crellin Laboratories of Chemistry,
California Institute of Technology, Pasadena, California

Henry R. MauLer, Department of Chemistry, Indiana University,
Bloomington, Indiana

J. E. Mauine, Biophysics Laboratory, W. W. Hansen Laboratory of
Phystcs, Stanford Unwersity, Stanford, California

B. G. MaLmsTrOM, Institute of Biochemuistry, University of Uppsala,
Uppsala, Sweden

H. S. Mason, Department of Biochemastry, University of Oregon Medical
School, Portland, Oregon

V. Massky, Department of Biochemistry, Uniwversity of Sheffield, Sheffield,
England

ApoLr MiULLER, Institute of Radiobiology, Nuclear Research Center
Karlsruhe, Karlsruhe, Germany

Taxao NARKAMURA, Johnsen Research Foundation, University of Pennsyl-
vania, Philadelphia, Pennsylvania ®

4 Present address: The Dow Chemical Company, P.O. Box 351, Pittsburg, Cali-
fornia.

5 Present address: Department of Biophysics and Biochemistry, Faculty of Science,
University of Tokyo, Tokyo, Japan.



CONTRIBUTORS vii

D. R. Neusown, Physics Department, St. John's University, Collegeville,
Minnesota ®

G. E. Pakg, Department of Physics, Stanford University, Stanford, Cali-
fornia

R. PeTTERSSON, Institute of chhemzstry, Unwersity of Uppsala, Upp-
sala, Sweden

L. H. PiertE, Instrument Division, Varian Associates, Palo Alto, Cali-
fornia

H. Porvuit, Maxz Planck-Institut fiir Biophysik, Frankfurt a. M., Germany

E. L. Powers, Dwision of Biological and Medical Research, Argonne
National Laboratory, Argonne, Illinois

B. Rasewsky, Mazx Planck-Institut fir Biophysik, Frankfurt a. M., Ger-
many

M. L. RanpoorrH, Biology Division, Oak Ridge National Laboratory, Oak
Ridge, Tennessee

A. ReEpHARDT, Max Planck-Institut fiir Biophysik, Frankfurt a. M., Ger-
many

Davip C. Retrz, School of Chemistry, University of Minnesota, Minne-
apolis, Minnesota

Harvey N. Rexroap, Department of Physics, Duke University, Durham,
North Carolina

Ricuarp H. SanDs, Randall Laboratory of Physics, University of Michi-
gan, Ann Arbor, Michigan

LeonNipa SaNTAMARIA, Division of Biological and Medical Research, Ar-
gonne National Laboratery, Argonne, Itlinois 8

BErRNARD SMALLER, Solid State Science Division, Argonne National Lab-
oratory, Argonne, Illinots

Doucras E. Smith, Division of Biological and Medical Research, Ar-
gonne National Laboratory, Argonne, Illinois

P. B. Soco, Radiation Laboratory, University of California, Berkeley,
Caltfornia ®

T. VANNGAmD, Institute of Physws University of Uppsala, Uppsala,
Sweden

¢ Present address: Health Physics Division, Oak Ridge National Laboratory, Oak
Ridge, Tennessee.

7 Present address: Department of Physics, West Virginia University, Morgantown,
West Virginia.

8 Present address: Institule of General Pathology, University of Milan, Milan,
Ttaly.

9 Present address: Physics Department, San Diego State College, San Diego,
California.



viii CONTRIBUTORS

(. VEEGER, Department of Biochemistry, University of Sheffield, Sheffield,
England *°

Joux E. Werrz, School of Chemistry, Unwersity of Minnesota, Minne-
apolis, Minnesota

). H. WHIFFEN, Basic Physics Division, Natwnal Physical Laboratory,
Teddington, England

I. Yamazaxi, University of Oregon Medical School, Portland, Oregon

il. P. YockEy, Research and Development, Aero;et General Nucleonics,
San Ramon, California

K. Gi. ZimMER, Institute of Radiobiology, Nuclear Research Center Karls-
ruhe, Karlsruhe, Germany

1" Prosenf address: Department of Physiological Chemistry, University of Amster-
dani, Amsterdam, The Netherlands. )



PARTICIPANTS IN

GaiL D. Apams
University of California Medical
School, San Francisco, California
Barry T. ALLEN
University College of North Stafford-
shire, Keele, England
Mary BELLE ALLEN
Kaiser Foundation Research Insti-
tute, Richmond, California
WesTON ANDERSON
Varian Associates, Palo Alto,
California
G. M. ANDROES
University of California, Berkeley,
California
Leroy G. AUGENSTINE
United States Atomic Energy
Commission, Washington, D. C.
Erwin D. BEckEr
National Institutes of Health
Bethesda, Maryland
Heumur BEINERT
University of Wisconsin, Madison,
Wisconsin
R. G. BENNETT
E. I.du Pont de Nemours Co.,
Wilmington, Delaware
RoBerr L. BERGER
Ulah State University, Logan, Ulah
M. S. Bros, Jr.
Stanford University, Stanford,
California
Harowp C. Box
Roswell Park Memorial Institute.
Buffalo, New York
ARTHUR S. BriLr
Cornell University, Ithaca, New York
Harmon W. Brown
Stanford University, Stanford,
California
Tor Brusrtan
Universily of California, Bevkeley.
California

ix

THE SYMPOSIUM ,

AvLan C. Burton
Universily of Western Onlario,
London, Canada

MEeLviN CALvIN
University of California, Berkeley,
California

Brirron CHANCE
University of Pennsylvania, Phila-
delphia, Pennsylvania

E. A. EpELsack
Office of Naval Research, San Fran-
cisco, California

ANDERS EHRENBERG
Nobel Medical Institute, Stockholm,
Sweden

C. S. FrencH
Carnegie Institution of Washington,
Stanford, California

Jacor H. GorpsTeIN
Emory Universily, Atlanta, Georgia

Warter Goroy
Duke University, Duwrham, North
Carolina

MeLvin ' W. HannNa
California Institute of Technology,
Pasadena, California

Lroyp L. INGRAHAM
University of California, Davts,
California

IrvinGg ISENBERG
Marine Bivlogical Laboratory,
Woods Hole, Mass.

Rosert C. JoNEs
Varian Associates, Palo Allo,
California

Marmin D. KaMeN
Brandeis University, Waltham, M ass.

Warter L. Kovutus
National Institutes of Health,
Berkeley, California

ARTHUR INORNBERG
Stanford University, Stanford,”
California



X PARTICIPANTS IN THE SYMPOSIUM

RiceARD M. LEMMON )
Universily of California, Berkeley,
California

Rogerr O. LiNDBLOM
Dow Chemical Co., Pittsburg,
Califprnia

Victoria Lynce
Menlo Park, California

Henry R. MAHLER
Indiana University, Bloomington,
Indiana

Jorn E. MaLing
Stanford University, Stanford,
California )

Howarp 8. Mason
University of Oregon Medical
School, Portland, Oregon

VINCENT MASSEY
University of Sheffield, Sheffield,
England

Frank R. Mavo
Stanford Research Institute, Menlo
Park, California

ANDREW McLACHLAN
California Institute of Technology,
Pasadena, California

ApoLr MULLER
Kernreactor, Bau- und Betriebs-Ge-
sellschaft M.B.H., Karlsruhe,
Germany

TARA0 NARKAMURA
University of Pennsylvania, Phila-
delphia, Pennsylvania

Georce E. Pakse
Stanford University, Stanford,
California

L. H. Pierte
Varian Associates, Palo Alto,
California

E. L. Powers
Argonne National Laboratory,
Argonne, Illinois

Marcoum L. RanpoLpH
Oak Ridge National Laboratory, Oak
Ridge, Tennessee

ALBRECHT REDHARDT
Maz Planck Institute for Biophysics,
Frankfurt, a.M. Germany

Francis J. ReiTHEL
National Science Foundation,
Washington, D. C.

Ricaarp H. Sanps
University of Michigan, Ann Arbor,
Michigan

BERNARD SMALLER
Argonne National Laboratory,
Argonne, Illinois

DoucLas E. SMiTH
Argonne National Laboratiory,
Argonne, 1llinois

James H. C. Smite
Carnegie Institution of Washington,
Stanford, California

Power B. Soco
San Diego State College, San Diego,
California

Lina TasxovicH
Stanford University, Stanford,
California

Tore VANNGARD
Instilute of Physics, University of
Uppsala, Uppsala, Sweden

JouN E. WERTz
University of Minnesota, Minne-
apolis, Minnesota

Davio H. WHIFFEN
National Physical Laboratory,
Teddington, England

RosrLey C. WiLLiams
University of California, Berkeley,
California

JorN J. WiNDLE
U. 8. Department of Agriculture,
Albany, California

1. Yamazag:
University of Oregon Medical School,
Portland, Oregon



PREFACE

This Symposium on Free Radicals in Biological Systems was held

at Stanford University March 21-23, 1960, for the purpose of bringing

together those professionally diverse scientists who were actively con-

ducting research in this field. The reports of these individuals are con-
tained in this volume.

General interest in this subject has been growing steadily for several
years, and especially since electron paramagnetic resonance techniques
and equipment. have become readily available. By the summer of 1959,
it appeared timely to review the progress that had been recently made and
to assess the future. An inquiry as to the merits of such a meeting was
therefore made at that time to a sampling of individuals known to be
active in this field and was met with enthusiasm and cooperation.

"~ In preparing the program, it was hopgd that the speculative years
were perhaps largely past, and that we would hear of concrete results.
We were not disappointed. As short a time as seven years ago a ques-
tion frequently heard was “. . . do free radicals really occur in bio-
logical systems?” This has been answered affirmatively, and the emphasis
is now on specific mechanisms in which free radicals are involved, physico-
chemical properties of individual radical species, means by which radical
side reactions are avoided in vivo, mechanisms of free radical production,
stabilization, and termination, etc. One conclusion seems inescapable: the
near future will see a continuing increase in our understanding of this
important phase of molecular biology.

The Symposium was made possible by the cooperation of the many
contributors and participants, and the invaluable assistance of the
Biophysics and Biophysical Chemistry Study Section under Research
Grant RG-5048 from the Division of Research Grants of the National
Institutes of Health, Public Health Service, United States Department
of Health, Education and Welfare.

Special notes of gratitude are due Dr. R. H. Bolt, formerly Principal
Consultant to the Study Section, for encouragement and advice during
the formative stages of the Symposium, to Professor Robley Williams,
Chairman, and Dr. W. L. Koltun, Principal Consultant, of the Study
Section for their personal interest and assistance, and Professor Melvin
Calvin, Dr. R. M. Lemmon, Dr. R. O. Lindblom, and Dr. M. Weissbluth

X1



xii PREFACE

for their participation on the organizing committee. Special mention is
made of Mr. E. B. Rickansrud and Miss Ruth McConnell of the W. W.
Hansen Laboratories of Physics, whose energy and thoroughness helped
foster the illusion that organizing a symposium is a simple task!

M. S. Burozs, Jr.

Biophysics Laboratory

W. W. Hansen Laboratories of Physics
Stanford University

July, 1960
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ERRATUM

Page 7, first line: the asterisk refers to the second para-
graph from the ‘bottom on page 14, reading, “The strength

”

of Michaelis’ convictions . . . .
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