&

N
u_:a '




Methods in Enzymology
Volume 158

Metallobiochemistry
Part A

EDITED BY

J;zmes F. Riordan

CENTER FOR BIOCHEMICAL AND BIOPHYSICAL SCIENCES AND MEDICINE
HARVARD MEDICAL SCHOOL
BOSTON, MASSACHUSETTS

Bert L. Vallee

CENTER FOR BIOCHEMICAL AND BIOPHYSICAL SCIENCES AND MEDICINE
HARVARD MEDICAL SEHOOL
BOSTON, MASSACHUSETTS

ACADEMIC PRESS, INC.
Harcourt Brace Jovanovich, Publishers

San Diego New York Berkeley Boston
London Sydney Tokyo Toronto



Ay

i

'
b

COPYRIGHT © 1988 BY ACADEMIC PRESS, INC.

ALL RIGHTS RESERVEL® ‘

NO PART OF THIS PUBLICATION MAY BE REFRODUCED OR
TRANSMITTED IN ANY ¢ORM OR BY r_\NY MEANS, l;LECTROng
OR MECHANICAL, INCH 1 iDINC PHOTOCOPY. RECORDING, OR -
ANY INFORMATION STCRAGE AND RETRIEVA] SYSTEM, WITHOUT
PERMISSION IN WRITING FROM THE PUI}LlSH!ER

ACADEMIC PRESS. INC.
1250 Sixth Avenue
San Diego, Califormia 92101

United Kingdom Edition published by
ACADEMIC PRESS INC. (LONDON) L'FD.
24-28 Oval Road, London NW1 7DX

LIBRARY OF CONGRESS CATALOG CARD NinmBLR 54-9110

ISBN 0-12.182059-9 (ali paper)

i

PRINTED IN THE UNITED SFATES OF AMERICA
8% 89 9% 91 98 7 065 4321



Contributors to Volume 158

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

Davip S. Auip (3, 8, 11), Department of
Pathology and Center for Biochemical
and Biophysical Sciences and Medicine,
Harvard Medical School, Boston, Massa-
chusetts 02115

JOHN O. BAKER (6), Biotechnology Re-
search Branch, Solar Fuels Research Di-
vision, Solar Energy Research Institute,
Golden, Colorado 80401

ROGER L. BERTHOLF (21), Depariment of
Pathology, University of Virginia Medical
Center, Charlottesville, Virginia 22908

GeorGe N. BOWERs, JR. (22, 23), Clinical
Chemistry Laboratory, Hartford Hospi-
tal, Hartford, Connecticut 06115

SuE BROWN (21), Department of Pathology,
University of Virginia Medical Center,
Charlottesville, Virginia 22908 '

SuBHASH CHANDRA (14), Department of
Chemistry, Cornell University, Ithaca,
New York 14853

N. DENNis CHASTEEN (32), Department of
Chemistry, University of New Hamp-
shire, Durham, New Hampshire 03824

M. CristiINa CrisosteMo (30), Depart-
ments of Laboratory Medicine and Phar-
macology, University of Connecticut
School of Medicine, Farmington, Con-
necticut 06032

MERLE A. EVENSON (26), Departments of
Pathology-Laboratory Medicine and
Medicine, University of Wisconsin, Madi-
son, Wisconsin 53706

K. H. FALcHUK (33), Center for Biochem-
ical and Biophysical Sciences and Medi-
cine, and Department of Medicine,
Harvard Medical School, Boston, Massa-
chuserts 02115

WAYNE W. FisH (27), Biotechnology Re-
search Division, Research and Develop-

vii

ment, Phillips Petroleum Company,
Bartlesville, Oklahoma 74004

DoNiTA L. GARLAND (13), National Eye In-
stitute, National Institutes of Health, Be-
thesda, Maryland 20892

JAMES M. HARNLEY (13), Beltsville Hun:
Nutrition Research Center, United Statcs
Department of Agriculture, Beltsville,
Maryland 20705

K. L. HiLt (33), Department of Biochemis-
try and Biophysics, University of Califor-
nia, Davis, California 95616

BarTON HOLMQUIST (2), Center for Bio-
chemical and Biophysical Sciences and
Medicine and Department of Biologicat
Chemistry and Molecular Pharmacology,
Harvard Medical School, Boston, Massa-
chusetts 02115

SiDNEY M. HoPFER (30), Departments of
Laboratory Medicine and Pharmacology,
University of Connecticut School of Med-
icine, Farmington, Connecticut 06032

JEAN L. JOHNSON (29), Department of Bio-
chemistry, Duke University Medical Cen-
ter, Durham, North Carolina 27710

S. A. Lewis (31), Analytical Chemistry De-
partment, Hazelton Laboratories Amer-
ica, Inc., Vienna, Virginia 22180

WOLFGANG MARET (9), Center for Bio-
chemical and Biophysical Sciences and
Medicine, Harvard Medical School,
Brigham and Women'’s Hospital, Boston,
Massnachusetts 02115

DONNA M. MARTIN (32), Department of
Physical Sciences, Rhode Island College,
Providence, Rhode Island 02908

MARk T. MARTIN (4, 25, 28), Sir William
Dunn School of Pathology, University of
Oxford, Oxford OX2 651, England



viii

CONTRIBUTORS TO VOLUME 158

NANCY MENDOZA (21), Department of Pa-
thology, University of Virginia Medical
Center, Charlottesville, Virginia 22908

ROBERT G. MICHEL (18), Depariment of
Chemistry, University of Connecticut,
Storrs, Connecticut 06268

GeorGe H. MORRISON (14), Department of
Chemistry, Cornell University, Ithaca,
New York 14853

Jost A. OLiVARes (17), Environmental
Technology Division,  Savannah River
Laboratory, E. 1. DuPont DeNemours
and Co., Aiken, South Carolina 29808

JANET OSTERYOUNG (19), Department of
Chemistry, State University of New York
at Buffalo, Buffalo, New York 14214

Tueopore C. RAINS (22), Department of
Chemistry, National Bureau of Stan-
dards, Gaithersburg, Maryland 20899

JaMEs F. RIORDAN (1), Center for Biochem-
ical and Biophysical Sciences and Medi-
cine, Harvard Medical School, Boston,
Massachusetts 02115

Terence H. Rissy (15), Division of Envi-
T Py | CL 2
vironmental Health Sciences, The Johns
Hopkins University School of Hygiene
and Public Health, Baltimore, Maryland
21205

JOHN SAVORY (21), Department of Pathol-
ogy and Biochemistry, University of Vir-
ginia Medical Center, Charlottesville,
Virginia 22908

SALvVADOR F. SENA (23), Department of
Laboratory Medicine, Danbury Hospital,
Danbury, Connecticut 06810

ROLERT SHAPIRO (25, 28), Center for Bio-
chemical and Biophysical Sciences and
Medicine, Harvard Medical School, and
Brigham and Women'’s Hospital, Boston,
Massachusetts 02115

y, Department of En-

WALTER SLAVIN (12), Perkin-Elmer Corpo-
ration, Ridgefield, Connecticut 06877

F. WILLIAM SUNDERMAN, JR. (30), Depart-
ments of Laboratory Medicine and Phar-
macology, University of Connecticut
School of Medicine, Farmington, Con-
necticut 06032

B. L. VALLEE (1, 33), Center for Biochem-
ical and Biophysical Sciences and Medi-
cine, Harvard Medical School, Boston,
Massachusetts 02115 )

HaroLD E. VAN WART (10), Department of
Chemistry and Institute of Molecular Bio-
physics, Florida State University, Talla-
hassee, Florida 32306

CLAUDE VEILLON (7, 24), Vitamin and Min-
eral Nutrition Laboratory, Beltsville Hu-
man Nutrition Research Center, United
States Department of Agriculture, Belts-
ville, Maryland 20705

JACQUES VERSIECK (20), Department of In-
ternal Medicine, Division of Gastroenter-
ology, University Hospital, De Pintelaan
185, B-9000 Ghent, Belgium

FReED W. WAGNER (5), Department of Bio-
chemistry, University of Nebraska-Lin-
coln, Lincoln, Nebraska 68583

MICHAEL R. WiLLs (21), Department of Fa-
thology and Internal Medicine, University
of Virginia Medical Center, Charlottes-
ville, Virginia 22908

KAREN A. WOLNIK (16), Elemental Analysis
Research Center, U.S. Food ani Drug
Administration, Cincinnati, Ohio 45202

MiICHAEL ZEPPEZAUER (9), Fachbereich
15.2  Biochemie, Universitdt  des
Saarlandes, 6600 Saarbriicken, Federal
Republic of Germany



Preface

Although it has been suspected since ancient times that metals partici-
pate in biological processes, details of the manner in which they might
exert a function have until recently remained unknown. It is now appreci-
ated that metals play roles in catalysis, hormone action, gene and other
regulatory functions, structural stabilization of macromolecules, muscle
contraction, nerve conduction, and transport. The alkali and alkaline
earth metals as well as cobalt, copper, iron, manganese, molybdenum,
. nickel, zinc, and others are known to be essential, many of them in the
mechanism of action of specific enzymes.

Most of these elements occur in biological matter in very low concen-
trations, a fact that long dominated the thinking about the subject and
presented not so much intellectual as analytical challenges. The presence
or abserice of a particular ‘‘trace’’ element in a given biological matrix
was the crucial experimental question preoccupying many investigators,
and its answer became almost an end in itself; as a consequence, little
thought needed to or could be given to how an answer in the affirmative
would be pursued. Recent advances in methodology and instrumentation
have soived most of the analytical problems that impeded progress. Nev-
ertheless, it is important to realize that the difficulties and frustrations of
the past left an imprint on the field that is only slowly giving way to the
new realities.

The designation ‘‘trace element’’ has been employed variously to indi-
cate tissue content, the total knowledge of the subject, or—by implica-
tion—even its potential importance. Whatever the connotation or view-
point, this historically conditioned nomenclature has categorized
pertinent metals based entirely on once poor detection limits and signal-
to-noise ratios of analytical methods which are now so excellent that in
this field the very definition of a *‘trace’’ has become almost meaningless.

Distinct biological roles for most essential metals are now well recog-
nized, and approaches to the exploration of theif functions have become
standardized to the point where they have merged with those employed
throughout all of biochemistry. As a consequence, what was once the
province of the analytical chemist has not only become part of the main-
stream of biochemical knowledge and thought but can even be considered
a scientific discipline in its own right. “‘Metallobiochemistry’’ is a field
which has grown and matured rapidly over the past decade to encompass
a wide variety of scientific subspecialties but with primary emphasis on
the role of a metal or metals in a biochemical system. Metalloenzymes
have been the central investigatory targets of this field with most efforts
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directed toward the participation of the metal in catalysis. Importantly,
the very recognition, purification, and characterization of metalloen-
zymes have depended as much on progress in the physical chemistry of
proteins and the methodology for their isolation and characterization as
on advances in spectroscopic, electrochemical, isotopic, and other meth-
ods for the detection of metals.

The appropriate analytical method depends, among other things, on
the specific metal in question, the nature of the biological matrix, the
amount of material available, and whether other metals may be present as
well. No method of analysis is helpful unless proper precautions have
been taken during the enzyme isolation procedure to avoid either loss of
intrinsic metal, addition of extraneous metal, or substitution of the intrin-
sic by an extraneous metal. Hence a healthy paranoia based on long
experience has led to a number of practices generally regarded as safe for
avoiding such contamination problems. All of these are detailed in this
volume of Metallobiochemistry, Part A, which provides both the emerg-
ing and the practicing métallobiochemist with the tools to answer what -
should be the number one and two questions: Is this enzyme a metalioen-
zyme? What metal is it? Subsequent volumes will consider the multiplic-
ity of techniques that can be applied to the study of metalloenzymes by
virtue of the fact that they contain a metal and to specific classes of
metallobiochemicals. In particular, the role of metals in nonenzymatic
proteins will be emphasized as will their roles in metalloenzymes other
than as components of the catalytic mechanism.

We are deeply indebted to all of the authors who contributed to this
volume for their patience, cooperation, and enthusiasm. We also appreci-
ate the advice and suggestions from all those who participated in our
initial survey. To those at Academic Press who were so diligent and
indulgent we express our sincere thanks.

Finally, we would like to acknowledge both our affection and kindred
spirit for the founding editors, Nate Kaplan and Sid Colowick, who will
long be remembered for their contributions to science, humanity, and the
dignity of man.

.. BERT L. VALLEE
JAMES F. RIORDAN
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