ANNUAL REVIEW OF
BIOCHEMISTRY




Rt o i

R

ANNUAL REVIEW OF
BIOCHEMISTRY

VOLUME 58, 1989

[z R
CHARLES Mllb\&)%ﬁ 2 VRE
Harvard Medicd School >y I - '

mAE |

JOHN N. A
California Institute of Technology

PAUL D. BOYER, Associate Editor
University of California, Los Angeles

ALTON MEISTER, As.sjociate Editor

* Cornell University Medical College

ANNUAL REVIEWS INC. 4139 EL CAMINO WAY P.O.BOX 10139 PALO ALTO, CALIFORNIA 94!
R :



A7 ANNUAL REVIEWS INC.

Palo Alto, California, USA

COPYRIGHT © 1989 BY ANNUAL REVIEWS INC., PALO ALTO, CALIFORNIA, USA. ALL
RIGHTS RESERVED. The appearance of the code at the bottom of the first page of an
article in this serial indicates the copyright owner’s consent that copies of the
article may bc made for personal or internal use. or for the personal or internal use
of specific clients. This consent is given on the condition. however; that the copler
pay the stated per-copy fee of $2.00 per article through the Copyright Clearance
Center, Inc. (21 Congress Street, Salem, MA 01970) for copying beyond that
permitted by Sections 107 or 108 of the US Copyright Law. The per-copy fee of
$2.00 per article also applies to the copying, under the stated conditions, of articles
publlshed in any Annual Review serial before January 1. 1978. Individual readers,
amd nonprofit librafies actine for them. are permitted to make a single copy of an
article without charge for .. in research or teaching. This consent does not extend
to other kinds of copying, such as copying for general distribution, for advertising
or promotional purposes. for creating new collective works, -or for resalc. For such
uses, written permission is_required. Write to Permissions Dept., Annual Reviews
Inc.. 4139 El Camino Way, P.O. Box 10139, Palo Alto, CA 94303 0897 USA.

-

International Standard Serial Number: 00664154
International Standard Book Number: 0-8243-0858-1
Library of Congress Catalog Card Number: 32-25093

Annual Review and publication titles are registered trademarks of Annual Reviews
Inc. . .

. L3 B oL PR
(& The paper used in this publication meets the minimum requirements of Amer-
ican National Standard fr Information Suen(.cs—Permanence of Paper for Pnnted
Library Materials, ANSI 239 :48-1984. :

Annual Reviews Inc. and the Editors of its publications assume no responsibility
for the statements cxpressed by the contributors to this Review'.

Typesetting by Kachina Typesctting Inc., Tempe, Arizona: John Olson, President
Typesetting coordinator, Typesetting by Kachina Typesetting Inc.. Tempe. Arizona;
John Olson. President Typesetting coordinator, Janis Hoffman

PRINTED AND BOUND IN THE UNITED STATES OF AMERICA



A) Iﬁ‘.w /(M‘wﬁ/



y’ Annual Review of Biochemistry i
B Volumie 58, 1989 '

Ve

 CONTENTS

NEVER A DurL ENzymE, Arthur Kornberg o 1

THE ProTEIN KiNASE C FamiLy: HETEROGENEITY AND ITs
IMpLICATIONS, Ushio Kikkawa, Akira Kishimoto, und Yasutomi

Nishizuka 31
HemoroleTic CELL GrowTl FACTORS AND THEIR RECEPTORS, MNicos
A. Nicola fa i : " 48

BIocHEMISTRY OF Oxycen Toxicrty, Enrique Cadenas' - = 79

ATP SYNTHASE (H+7ATPASE): REesuLts BY ComBingD BIOCHEMICAL
AND MOLECULAR Biorocicar APPROACHES, Masammu Futai,
Takato Noumi, and Masatomo Maeda R

: 111
THEe Blocmsm‘s-mv OF P—GLYCOPROTEIN-ME!)[ATED MuLtibRUG

RESISTANCE, Jane A, Endicott and Victor Ling 137
STRUCﬁJRE AND BiosyNTHESIS oF Pnomxvtmc Gchomonzms, .

Johann Lechner and F, elix Wieland 173
THE MEcHANISM oF BIOTIN-DEPENDENT ENzvMes, Jeremy R.

‘Knowles v 195
Two-DimMeNnsionaL. NMR AND' PROTEIN STRUCTURE, Ad Bax - 223
PROTEIN RapicaL INVOLVEMENT IN BioLocicar CaTALYsIS?, Jo

Anne Stubbe , B '/ ' : 257
MoLecuLar BioLocy o ArzuEimer’s DISEASE, Benno Miiller-Hill -

and Konrad Beyreuther ' e S 287

ANIMAL GLYCOSPHINGOLIPIDS As. MEMBRANE ATTACHMENT STTES
FOR BACTERIA, Karl-Anders Karlsson i 309

DNA Torolsomerase PoisoNs As ANTiTumor Druas, Leroy F. Liy 351
MuLTipLE IsoTope EFFecTs on ENzYME-CaTALYZED ReacTiONS,

Marion H. O'Leary N Y X
QUINOPROTEINS, ENzyMES WITH PYRROLO-QUINOLINE QUINONE As

COFACTOR, Johannis A. Duine and Jacop A. Jongejan o403
DNA'CoNFORMATION AND Prorgin Binping, Andrew A. T)-i;yers 427
THE STRUCTURE AND REGULATION OF PROTEIN PHospHATASES,

Philip Cohen : 453

(continued) v



CONTENTS  (continued)

GENE CONVERSION AND THE GENERATION OF ANTIBODY DIVERSITY,..

Lawrence J. Wysocki and Malcolm L. Gefter Sy 509
IcosaHEDRAL RNA VIRUS STRUCTURE, Michael G. Rossmann and

John E. Johnson 533
THe HEPARIN-BINDING (FIBROBLAST) GROWTH FAcTOR FAMILY OF

PrOTEINS, Wilson H. Burgess and Thomas Maciag 575

Tug BACTERIAL PHOTOSYNTHETIC REACTION CENTER AS A MopeEL
ForR MEMBRANE PrOTEINS, D. C. Rees, H. Komiya, T. 0. " ° A
Yeates, J. P. Allen, and G. Feher . 607

PHOSPHOLIPID BIOSYNTHESIS IN YEAST, George M. Carman and

Susan A. Henry 633
ANIMAL VIRUS DNA REPLICATION, Mark D. C}tallberg and

Thomas J. Kelly 671
MOLECULAR BASsIS OF FERTILIZATION, David L. Garbers - o Nne

GLUTATHIONE S-TRANSFERASES: GENE STRUCTURE, REGULATION,
AND BioLocicaL FuncTion, Cecil B. Pickett and Anthony Y.H..

Lu . 743
MUTATIONAL EFFECTS ON PROTEIN StaBiLITY, Tom Alber . - 765
EUKARYOTIC TRANSCRIPTIONAL REGULATORY PROTEINS, Peter F.

Johnson and Steven L. McKnight ar 799

GLYCOSYLATION IN THE NUCLEUS AND CYTOPLASM; Gerald W.
Hart, Robert S. Haltiwanger, Gordon D. Holt, and William G. S
Kelly 4 841

THE MULTI-SUBUNIT INTERLEUKIN-2 RECEPTOR, Thomas A. :
Waldmann : 875
DYNAMIC, STRUCTURAL, AND REGULATORY ASPECTS OF A
SITE-SPECIFIC RECOMBINATION, Arthur Landy C 913
CRYSTAL STRUCTURES OF THE HELix-Loop-HELIX CALCIUM- BINDING
ProtEins, Natalie C J. Strvnadka and Michael N. G. James - 951
TOPOGRAPHY OF MEMBRANE PROTEINS, Michael L. Jennings 999
TRNA IpENTITY, Jennifer Normanly and John Abelson ' 1029
MOLECULAR MECHANISMS OF TRANSCRIPTIONAL RBOULATION IN L
YEeasT, Kevin Struhl 1051
INDEXES )
Author Index ] 1079
Subject Index . ‘ 1139
Cumulative Index of Contributing Authors, ,Volumes 54-58 1156

Cumulative Index of Chapter Titles, Volumes 54-58 1159



Annu. Rev. Biochem. 1989. 58:1-30
Copyright © 1989 by Annual Reviews Inc. All rights reserved

NEVER A DULL ENZYME

Arthur Kornberg
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GROWING UP WITHOUT SCIENCE (1918—1942)

The current generation of scientists may be suprised to know that I had no
formal research training. I was well started in a career of clinical medicine
until World War 11 placed me in the National Institutes of Health (NIH) where
I soon became an eager investigator of rat nutrition. Three years later, in
1945, 1 responded to the lure of enzymes and have remained faithful to them
ever since.

Science was unknown in my family and circle of friends. Once, in 1947,

1
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2 KORNBERG

when I was in the biochemistry department of Washington University in St.
Louis, working under the guidance of Carl and Gerty Cori, Gerty told me that
Carl had collected beetles and butterflies in his youth, and then asked:
«Arthur, what did you collect?” “Matchbook covers,” was my sheepish
response. What else? They were the dominant flora in the Brooklyn streets
where 1 played and in the subways where my father often risked being
trampled when he stooped to add one more to my collection.

My early education in grade school and Abraham Lincoln High School in
Brooklyn was distinguished only by “skipping” a few grades and finishing
three years ahead of schedule. 1 recall nothing inspirational from teachers or
courses except encouragement to get good marks. 1 remember the glow of my
chemistry teacher when I received a grade of 100 in New York State Regents
examination. It was the first time, in more than twenty years of teaching, a
student of his had gotten a perfect grade. Once when I boasted about this to
my wife, Sylvy, she remarked that she too had gotten 100, not only in
chemistry, but also in algebra and geometry.

1 chose the cachet of City Coliege in uptown Manhattan over nearby
Brooklyn College, even though commuting from Bath Beach (near Coney
Island) meant three hours a day in crowded subways. Competition among a
large body of bright and highly motivated students was fierce in all subjects. 1
carried over my high school interest in chemistry, but the prospects for
employment in college teaching or industry were dismal. For lack of graduate
studies or research laboratories at City College then, these possibilities barely
existed. At age 19 in 1937, with a Bachelor of Science degree, and no jobs to
be had in the depths of the Great Depression, 1 welcomed the haven that
medical school would provide for four more years.

Throughout college I worked evenings, weekends, and school holidays as a
salesman in men’s furnishings stores. This left little time for study or sleep
and none for leisure. With these earnings, a New York State Regents Scholar-
ship of $100 a year, no college tuition, and frugal living, 1 saved enough to
see myself through the first half of medical school at the University of
Rochester.

I enjoyed medical school and the training to become a doctor. Amorg my
courses, biochemistry seemed rather dull. The descriptive emphasis on the
constituents of tissues, blood, and urine reflected biochemistry in the United
States in the 1930s. The dynamism of cellular energy exchanges and macro-
molecules was still unknown, and the importance of enzymes had not pene-
trated my course or textbook. By contrast, anatomy and physiology presented
integrated and awesome structures and functions. The aberrations presented in
pathology and bacteriology were absorbing, as were the ‘responsibilities to
diagnose and treat patients during the clinical years.

Did I as a medical student consider a career in research? Not really. 1
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expected to practice internal medicine, preferably in an academic setting; the
idea of spending a significant fraction of my future days in the laboratory had
no appeal. The medical school of the University of Rochester granted some
students fellowships to take a year out for research. I had hoped but failed to
get such an award from any of the departments. In those years, ethnic and
religious barriers were formidable, even within the enlightened circle of
academic science.

I did some research on my own, which grew out of curiosity about
jaundice. I had noticed a slightly yellow discoloration of the whites of my
eyes, and found that my blood bilirubin level was elevated and my tolerance
to injected bilirubin reduced. I made similar measurements on as many .
medical students and patients as I could. I collected samples at odd moments
and did the analyses on a borrowed bench, late at night and on weekends. The
report 1 published (1) called attention to the frequent occurrence of high
bilirubin levels and reduced capacity to eliminate bilirubin, now recognized as
signs of the benign familial trait called Gilbert’s Disease.

Looking back, I realized that I enjoyed collecting data. I kept on collecting
bilirubin measurements during my internship year and started setting up to do
more analyses in the small sickbay of a Navy ship soon after I joined it. A
lucky consequence was that the publication of my student work on jaundice
attracted attention and led to my transfer from sea duty to do research at the
NIH, a rare assignment at that time.

JOINING THE VITAMIN HUNTERS (1942-1945)

The Nutrition Laboratory at NIH to which I was assigned in the fall of 1942 as
a commissioned officer in the U. S. Public Health Service had been started by
Joseph Goldberger (1874-1929). He was among the first to recognize that a
vitamin deficiency can cause an epidemic disease, and in tracking the missing
vitamin in the diets of pellagra patients, he emerged as one of the greatest of
the vitamin hunters. W. H. (Henry) Sebrell, whom he had trained, was now
chief of the laboratory and my senior boss. The laboratory had moved in 1938
from downtown Washington to suburban Bethesda, Maryland, but some of
Goldberger’s animal caretakers, kitchen staff, and diet notebooks, as well as
his aura were still around.

My initial project as a nutritionist was to find out why rats fed a purified
(“synthetic”) diet containing a sulfa drug developed a severe blood disorder in
a few weeks and died. A stock animal ration or inclusion of a yeast or liver
supplement in the purified diet was effective in preventing and curing the
disease (2). After other vitamin hunters (3) with the use of a microbial assay .
had succeeded in isolating folic acid and made it available to us, we could
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show that an induced deficiency of this vitamin was responsible for the sulfa
drug effect.

It seemed clear that sulfa drugs, as analogues of para-aminobenzoic acid
(PABA), a component of folic acid, were preventing bacteria from synthesiz-
ing this essential constituent and thus preventing their growth. We also knew
that many animals rely on their intestinal bacteria for an adequate supply of
folic acid and other vitamins, including vitamin K. I was therefore puzzled by
a report (4) that PABA prevented the sulfa drug from producing a vitamin K
deficiency even when given by injection. This result was taken to mean that
the sulfa drug was not exerting its toxic effect on the intestinal bactena but
somewhere else in the body.

I repeated the experiments with PABA injections and sulfa drugs, and
developed a method to measure the amounts of vitamin K and PABA in the
intestinal contents and feces. Ample quantities of vitamin K were produced by
the intestinal bacteria of rats on a purified diet and this production was
eliminated by sulfa drugs. As for rats injected with PABA, high levels of this
substance accumulated in the intestinal contents, amounts sufficient to offset
the action of the sulfa drug taken in the diet. These findings were reported in
my first contribution to the Journal of Biological Chemistry(5), one of a very
few biochemical papers from the NIH.

With -the isolation of folic acid, it was apparent that vmually all the
vitamins had been discovered. But we did not understand what most of the
vitamins did in the body. How was folic acid serving in the growth of blood
cells? What clues did the structure of folic acid offer to understanding its
precise metabolic function? Could this understanding explain why sulfa drugs
kill bacteria but not animal cells?

The answers to these questions, as well as to similar questions about the
functions of the other vitamins, would be answered in the next two decades by
enzymology. Just as the microbe hunters, who led the way in the first two
decades of this century, were succeeded in the 1920s and 1930s by the
vitamin hunters, so the latter would be overrun in the next two decades by the
enzyme hunters.

1 had come to nutrition in its twilizht, decades late for the excitement and
adventures of the early vitamin hunters who had solved the riddles of diseases
that had plagued the world for centuries. My envy of their exploits impelled
me to search for a new frontier. The discoveries of each of the vitamins—
nicotinic acid, riboflavin, and thiamine in intermediary metabolism; and folic
acid in nucleotide biosynthesis—became part of my heritage as I went on to
learn about their biochemical functions. The rush to biochemistry depopulated
the ranks of nutrition. How tragic that diet remains to this day as controversial
as politics and the science of nutrition is in disarray.
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FROM RATS TO ENZYMES (1945-1947)

By 1945, with the war over, I had become bored with feeding rats variations
of purified diets. 1 was éxcited reading for the first time about enzymes,
coenzymes, and ATP; in papers by Otto Warburg, Otto Meyerhof, Carl Cori,
Herman Kalckar, and Fritz Lipmann. I had léarned nothing about these things
or people in medical school. While at NIH, I was startled and fascinated by a
seminar in which Edward Tatum described his and George Beadle’s work
with Neurospora mutants and their one gene-one enzyme hypothesis. I knew
even less about genetics than about biochemistry.

Fortunately, 1 was able to persuade Dr. Sebrell to let me quit my nutritional
work and go to a laboratory where I could learn about ATP and enzymes.
Immediately, I apprenticed myself to Bernard Horecker, a friend at NIH, who
had been studying effects of DDT on cockroaches and was returning to the
subject of his doctoral dissertation, the cytochromes of cellular respiration. .
Bemie introduced me to succinoxidase, cytochrome ¢, and the Beckman
Model DU spectrometer. The unsolved problem of oxidative phosphorylation
seemed to me to be the most important thing to do in biochemistry.

While still in uniform, I spent the year 1946 with Severo Ochoa at New
York University Medical School; it was one of the happiest and most ex-
hilarating in my life. Never had my learning curve been so sharply ex-
ponential and sustained. And in the few waking hours outside the laboratery,
Sylvy and I discovered the theater, music, and museums that are the heart-
throb of New York. Despite my being a native of Brooklyn and having
attended City College in uptown Manhattan, and despite Sylvy’s many visits
from Rochester where she grew up and studied biochemistry, we were:
strangers to the city. ‘

My mission from Ochoa was to purify heart muscle aconitase. This was my
first solo stab at enzyme purification. We expected to resolve the activity into
two enzymes to account for the successive subtraction and readdition of a
water molecule that converts citric to isocitric acid. Despite repeated failure
(aconitase proved to be one enzyme), this immersion in enzymology was
intoxicating.. Aside from the fascination of seeing an enzyme in action, the
pace of the experimental work was breathtaking. By coupling aconitase action
to isocitrate dehydrogenase, spectrophotometric assays could be performed in
a few minutes, and many ideas could be tested and discarded in the course of a
day. Late evenings wete occupied preparing a series of protocols for the
following day. What a contrast with the tedious pace of nutritional ex-
periments on rats.

In my work on aconitase, I learned the philosophy and practice of enzyme
purification. To attain the goal of a pure protein, the notebook record of an
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enzyme purification should withstand the scrutiny of an auditor or bank
examiner. Not that I ever regarded the enterprise as a business or banking
operation. Rather, it often seemed like the ascent of an uncharted mountain:
the logistics resembled supplying successively higher base camps; protein
fatalities and confusing contaminants resembled the adventure of unexpected
storms and hardships. Gratifying views along the way fed the anticipation of
what would be seen from the top. The ultimate reward of a pure enzyme was
tantamount to the unobstructed and commanding view from the summit.
Beyond the grand vista and thrill of being there first, there was no need for
descent, but rather the prospect of ascending even more inviting mountains,
each with the promise of even grander views.

I was luckier in my second attempt at enzyme purification when I joined
Ochoa and Alan Mehler, his first graduate student, in purifying the liver malic
enzyme, the enzyme that converts malic to lactic acid (6). Mehler was already
on the scene when I arrived in Ochoa’s lab and became my indefatigable and
devoted tutor. Having always been the youngest in my class, it was a shock to
find that I was so far behind someone four years my junior.

To let me pursue my training and the problem of aerobic phosphorylation,
the NIH extended my stay with Ochoa to a full year, and allowed me another
six months in the laboratory of Carl and Gerty Cori at the Washington
University Medical School in St. Louis. Right after the war, the Cori labora-
tory was the mecca of enzymology. There I joined a young Swedish visitor,
Olov Lindberg, who was investigating a striking observation made six years
earlier by Ochoa when he worked in the Cori laboratory. Liver particles
metabolizing pyruvic and related acids produced inorganic pyrophosphate
(PP), a compound previously unknown as a cellular constituent. We began by
ruling out the possibility that PP was released from an unstable form of ATP,
but then found little else to guide us.

Later, while trying to enhance the levels of respiration and coupled aerobic
phosphorylation by kidney -particles, we observed a strong stimulation by
NAD, and discovered that the effect could be traced to AMP generated by its
hydrolysis. ~

Nicotinamide-ribose-P-P-ribose-adenine + H,O — Nicotinamide-ribose-P + AMP I
(NAD) (NicRP)

The AMP produced by NAD cleavage stimulated the reaction because it
served as an acceptor of inorganic phosphate to form ATP. This mundane
result marked the end of my search for the source of ATP in aerobic
phosphorylation. The search had been doomed from the start because I was
committed to finding discrete soluble enzymes that linked the synthesis of
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ATP to respiration. As the late Albert Lehninger recognized a few years later,
these enzymes are firmly embedded in mitochondria.

MY ROOKIE YEAR (1948)

Nineteen forty-eight, the year I set up my own biochemistry lab, was a great
year for me. When I returned to the NIH, my former laboratory space in the
Nutrition Division (in Building 4) was occupied. Just about then, one of the
frequent organizational convulsions in the Industrial Hygiene Division (in
Building 2) threatened Bernie Horecker and Leon Heppel, a close friend and
medical school classmate, with a transfer to Cincinnati. Fortunately, Henry
Sebrell agreed to let me start an Enzyme Section that would include the three
of us in a few laboratory rooms in Building 3. (Considering the present
mammoth size of the NIH, covering 300 acres and employing 13,000 people,
it is hard to believe that in 1947 there were only six small buildings and that
the research emphasis was still on infectious disease, dominated by a small
corps of commissioned medical officers.)

I continued the work on the rabbit kidney enzyme that Lindberg and 1 had
discovered in St. Louis and established that it cleaves NAD at the pyrophos-
phate linkage (7). However, the enzyme was firmly attached to tissue parti-
cles and there was little hope of obtaining it in pure form. At the suggestion of
the late Sidney Colowick and Oliver Lowry, I looked for and found a similar
enzyme activity in potatoes, from which it could readily be extracted in a free,
soluble form (8). :

The purified enzyme cleaved not only NAD, but all nucleotides with a
pyrophosphate bond. I called the enzyme nucleotide pyrophosphatase. By
using the enzyme to cleave NADP, I could show that the position of the extra
phosphate, then unknown, was part of the AMP moiety on carbon 2 of the
ribose. Best of all, having isolated NicRP from NAD cleavage, 1 wondered
whether it might serve in the synthesis of NAD. It did! Enzymes purified from
yeast and liver condensed NicRP and ATP to produce not only NAD, but PP
as well, the first clue to the origin of PP after years of speculation. The
reaction was readily reversible and could support a vigorous exchange of PP
with ATP (9).

NicRP + PPPRA & NicRPPRA + PP 2.
(ATP) (NAD)

This mechanism immediately led us to the discovery of the enzyme ‘that
synthesizes flavin adenine dinucleotide (FAD) from riboflavin phosphate and
ATP (10). In the ensuing years, the mechanism of nucleotidy! transfer from a



8 KORNBERG

nucleoside triphosphate for the biosynthesis of coenzymes was discovered
again and again in the biosynthesis of proteins, lipids, carbohydrates, and
nucleic acids. A variety of phosphoric, carboxylic, and sulfuric acids (X07)
accept a nucleotidy] group from a nucleoside triphosphate (PPPRN) to gener-
ate an activated form of XO~ with the release of PP.

XO~ + PPPRN 2 XO-PRN + PP 3.

i
2 Pi

Hydrolysis of PP by a strong and ubiquitous inorganic pyrophosphatase drives
these reversible condensations toward biosynthesis (11).

What 'a wondrous enzyme, the humble potato pyrophosphatase! It helped
solve an aspect of NADP structure, set up the discovery of coenzyme
biosynthesis, and with it a major theme in biochemistry, and then led me on to
the enzymes that assemble DNA, genes, and chromosomes.

OROTIC ACID IS ON THE MAIN TRACK (1953-1955)

In 1955, two years after the historic Watson and Crick reports (12) of the
double helix and its implications for replication, I found an enzyme that
synthesizes DNA chains from simple building blocks. Based on this chronolo-
gY, it is commonly assumed that the Watson-Crick discovery spurred me to
search for the enzymes of replication. But that is not the way it happened. In
1953, DNA was far from the center of my interests. The significance of the
double helix did not intrude on my work until 1956, when the enzyme that
assembles the nucleotide building blocks into a DNA chain was already in
hand.

My interest in the replication of DNA, the focus of my research for the past
33 years, developed primarily from a fascination with enzymes. Having found
an enzyme that incorporates a nucleotide into a coenzyme, 1 began, around
1950, to wonder about enzymes that might assemble the many nucleotides
that make up the chains of nucleic acids, particularly RNA. But first we had to.
know the building blocks of the nucleic acids. It was not at all obvious in 1950
what they might be. Was the backbone assembled first and were the bases
attached later? Was each link added to the chain as a single nucleotide? If 50,
was the phosphate in each component nucleotide initially attached to carbon
number three or five, or to either one randomly or in a cyclic form to both?

In anticipating what the building block might be, I was influenced by what I
had learned from the biosynthesis of coenzymes. I also felt that in searching
for the form of the nucleotide that might serve as a building block for RNA
and DNA, it would help to know how a nucleotide itself is built from simpler
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molecules, and thus what its nascent form might be. Inasmuch as Jack
Buchanan and Bob Greenberg were already pursuing purine biosynthesis, I
decided to go after the pyrimidines.

During a brief interlude, 1 acted on the hunch that biosynthesis of the
phosphodiester bond, accessible in phospholipids, might offer a model for
building the backbone of nucleic acids. In exploratory experiments with
[*?P]-a-glycerophosphate and ['“C]-phosphoryl choline, 1 could find no evi-
dence for their condensation to form the diester (glycerophosphoryl choline),
but 1 did stumble on the formation of phosphatidic acid and phosphatidyl
choline in the cell-free extract (13). I worked out the enzymatic synthesis of
phosphatidic acid (14), the key precursor of phospholipids, but still was eager
to get away from greasy molecules and return to pyrimidines and the aqueous
phase. In the future, 1 would not rely on intuition about model systems, but
would head toward an objective directly.

Osamu Hayaishi came as a postdoctoral fellow in 1950 experienced in the
use of soil bacterial enrichment cultures. Among the huge variety of species in
soil, at least one can be found that will respond to virtually every natutal
organic compound and use it as a source of carbon and energy. Believing too
that reversibility of metabolic pathways might provide clues to biosynthesis,
we examined the breakdown of uracil and thymine in extracts of bacteria
isolated from soil by aerobic enrichment on these pyrimidines. Uracil and
thymine were converted to the corresponding barbiturates, not at all promis-
ing as biosynthetic precursors (15). But the next year, during my first visit to
California, H. A. Barker helped me find an anaerobe in San Francisco Bay
mud that consumed orotic acid. Back at NIH, with the participation of Irving
Lieberman, who had been a student of Barker, studies of this organism
identified as metabolic products dihydroorotic acid and carbamyl aspartate
(16), which later proved to be intermediates in the biosynthesis of orotic
acid.

Orotic acid was known from intact cell studies to be a precursor of nucleic
acid pyrimidines, but it was uncertain whether it was on the main track or
connected to it by a spur. With orotic acid tagged in its carboxyl group, the
release of CO, to form uracil might lead us to the enzyme that took orotic
“up” to nucleic acid. CO; release by extracts from yeast or liver was terribly
feeble, yet showed a tantalizing requirement for ATP and ribose SP. One
happy day, instead of using extracts of either yeast or liver, I combined them.
The reaction was explosive, hundreds of times greater than before, one of
those rare moments in a scientific lifetime. L.

The enzyme abundant in liver extracts transferred a PP group from ATP to
carbon 1 of ribose 5P to produce the novel phosphoribosyl pyrophosphate
(PRPP) (17), later recognized as the key precursor of purine nucleotides,
histidine, tryptophan, and NAD. The enzyme in yeast extracts (actually two
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enzymes) formed orotidine 5P, which then was decarboxylated to UMP (18),
the direct precursor of all the nucleic acid pyrimidines (Figure 1).

The transfer of grophosphate to ribose 5P entails an attack on the middle
phosphate of ATP, as Gobind Khorana showed during one of his whirlwind
and productive visits to my lab (19). (Other examples of this unusual reaction
~are the synthesis of thiamine PP, and guanosine tetraphosphate.) PRPP
synthetase remains one of my favorite enzymes. As I wrote in the 1975
Festschrift for Ochoa (Reflections on Biochemistry, Pergamon Press): “Most
of us anticipated that ribosyl activation for nucleotide biosynthesis would use
the same device of phosphorylation, so well known for glucose. But the
novelty of pyrophosphorylation used by this enzyme (coupled with elimina-
tion of inorganic pyrophosphate upon subsequent condensations) established
my unalloyed awe for the ingenuity and fitness of an enzyme.”

Knowing that PRPP enables a free pyrimidine (orotic acid) to be converted
directly to a nucleotide, we sought and found enzymes that used PRPP to
convert free purines (adenine, hypoxanthine, guanine) directly to nucleotides
(20). Yet, I also knew from Buchanan’s and Greenberg’s studies (21, 22) that
a purine ring is assembled from the very outset attached to ribose phosphate
(later shown to be derived from PRPP). These facts, coupled with the
knowledge that nucleotides can be formed from nucleosides by kinases, made
it clear to me that cells have alternate pathways to the biosynthesis of
nucleotides: salvage of preformed bases and nucleosides, and de novo routes
from smaller molecules (e.g. sugar phosphates, amino acids, ammonia,
one-carbon units). We have since realized that the role of salvage pathways
can be as vital as the de novo pathways even under normal conditions when
the de novo routes are not blocked by mutation, drugs, disease, or excessive
traffic (23).
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Figure I Condensation of orotic acid with PRPP produces the nucelotide, orotidylate (orotidine
5P), which upon decarboxylation generates uridine 5P (UMP).
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DISCOVERY OF DNA POLYMERASE (1955-1959)

Having learned how the likely nucleotide building blocks of nucleic acids are
synthesized and activated in cells, it seemed natural that in 1954 I would look
for the enzymes that assemble them into RNA and DNA. Such an attempt
might have been considered by some as audacious. Synthesxs of starch and
fat, once regarded as impossible outside the living cell, had been achieved
with enzymes in the test tube. But, the monotonous array of sugar units in
starch or the acetic acid units in fat was a far cry from the assembly of DNA,
thousands of times larger and genetically precise.

Yet, I was only following the classical biochemical traditions practlced by
my teachers. It always seemed to me that a biochemist devoted to enzymes
could, if persistent, reconstitute any metabolic event in the test tube as well as
the cell does it. In fact better! Without the constraints under which an intact
cell must operate, the biochemist can manipulate the concentrations of sub-
strates and enzymes and arrange the medium. around them to favor the
reaction of his choice.

I have adhered to the rule that all chemical reactions in the cell proceed
through the catalysis and control of enzymes. Once, in a seminar on the
enzymes that degrade orotic acid (16), I realized that my audience in the
Washington University chemistry department was drifting away. In a last-
ditch attempt to gain their attention, I pronounced loudly that every chemical
event in the cell depends on the action of an enzyme. At that point, Joseph
Kennedy, the brilliant young chairman, awoke: “Do you mean to tell us that
something as simple as the hydration of carbon dioxide (to form bicarbonate)
needs an enzyme?” The Lord had delivered him into my hands. “Yes, Joe,
cells have an enzyme, called carbonic anhydrase. It enhances the rate of that
reaction more than a million-fold.”

By 1954, the rapidly growing Escherichia coli cell had become a favored
object of biochemical and genetic studies, and for me had replaced yeast and
animal tissues as the preferred source of enzymes. To explore the synthesis of
RNA, Uri Littauer, a postdoctoral fellow, and I prepared ['*C-adenine]-ATP
and maintained it as ATP with a regenerating system. Upon incubation with
an E. coli extract, a small but significant amount of the radioactivity was
incorporated into an acid-insoluble form, presumably RNA, and we pro-
ceeded eagerly to purify the activity responsible.

I also pursued the synthesis of DNA. Here, I had the invaluable help of
‘Morris Friedkin, who had synthesized !*C-thymidine and was studying its
uptake into the DNA of rabbit bone marrow or onion root tip cells. Dis-
inclined to work with cell-free extracts, he generously saved the spent reac-
tion fluid from which I recovered radioactive thymidine to use in trials with
extracts of E. coli.



