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Layer on Layer: The Bruce F. Cain Memorial Award Lecture1

George H. Hitchings and Gertrude B. Elion

Wellcome Research Laboratories, Burroughs Wellcome Co., Research Triangle Park. North Carolina 27709

I am very honored to have been a (Â»recipient of the Bruce F.
Cain Award with my colleague Gertrude B. Elion. Dr. Elion and I
collaborated very closely on much of the work I shall describe; I
think it may be pertinent also to describe the setting in which
this work was done. It is rare, perhaps unique, that a small group
was involved in such a diversity of major problems.

First Layer

I arrived at Wellcome Laboratories in 1942 at a very opportune
time. I had been sensitized to purine research because I came
out of Fiske's laboratory where ATP was discovered some 10

to 12 years earlier. In 1942, there was a convergence of both
factual and conceptual information that seemed to suggest that
the time was right to begin to investigate nucleic acid biosyn
thesis. The competitive antagonism between sulfanilamide and
PAB was the first area of interest. Next, the secondary reversal
of sulfanilamides by a purine plus thymine pointed to an associ
ation between these substances and the active metabolite that
PAB represented. Then there was an unknown vitamin with
many aliases, the substance we call folie acid today; the variant
we chose to work with was the Lactobacillus case/ factor, but
there were others we could have chosen. There were microor
ganisms that showed quite clearly that folie acid was connected
with the biosynthesis of purines and pyrimidines because orga
nisms like L case/ either would grow on thymine plus purine or
would grow on L case/ factor. Thus, we used L. case/ as a
"black box" of enzymes and metabolic pathways concerned with

the biosynthesis of nucleic acids. I enlisted the help of Elvira
Falco who was then in our Bacteriology Department, and to
gether we worked out a screening test using L. case/ as the
biological object. In the beginning, we proposed to make variants
of the heterocyclic bases of the nucleic acids, mostly variants of
the functional groups, to see whether these, as probes, could
reveal anything about nucleic acid biosynthesis.

It was soon apparent that some of these variants could jam
the works (3), and they could jam the works in a reversible
fashion so that there was much to be learned from this kind of
probe. After a year or so, Falco moved down to the Biochemistry
Department which then became a department of two, and we
recruited Henry Vanderwerff to carry on with the L. case/ test.
In 1944, at about the time we had decided we really had
established this system as a working tool, Trudy Elion joined us
and got involved in the purine field. Before long, we had two
lines of work, antimetabolites that seemed to be interfering with
nucleic acid biosynthesis directly as purine analogues and one
pyrimidine-like line with a subset which we now know consists

of inhibitors of dihydrofolate reducÃase (antifolates), which are
very unusual in that they are highly selective. This is a whole
story in itself because we have gone stage by stage from this
first indication of the selectivity and species differences to X-ray
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conformational studies of enzymes with ligands, proof that the
enzymes not only differ widely in sequence but also in the way
they bind ligands, which accounts for the selectivity. We now
have X-ray diagrams of trimethoprim in chicken liver dihydrofolate
reducÃaseas compared with Escherichia coli dihydrofolate re-

ductase, in which the ligand exists in two different conformations.
We are on the verge, especially through the work of Barbara
Roth and Lee Kuyper, of being able to design a new useful
medicinal agent de novo with the help of computer graphics,
computer energy calculations, etc.

LayerTwo

In this paper, I want to concentrate on the purine analogues.
There were four major chemotherapeutic purine analogues up
to about 1957 (Chart 1); three of them are still in use and the
fourth might very well be. The fourth, diaminopurine, is something
I would like to discuss further, although it is not one we hear
very much about today. It was among the first three or four
substances we sent to Sloan-Kettering Institute for antitumor

testing and it was active. Diaminopurine served to give us a thrill
and put us on the emotional roller coaster that was familiar to
everybody who was working in cancer chemotherapy in those
days. We saw remissions that gave us joy (Chart 2), but almost
all were followed by relapse. An example of what diaminopurine
did is best illustrated by the case history of J. B., a 23-year-old

woman, who, after very brief therapy, went into a prolonged
remission (1). She was treated with a course of diaminopurine,
combined with other drugs. She went into complete remission,
stayed in remission for over 2 years, married, and bore a child.
About the time the original diagnosis was being called into
question, and the bone marrow slides were being reviewed by
experts, she confirmed the diagnosis by relapsing. Thus, this
case makes one think that this woman must have been so close
to a cure that a very short course of anything active would have
completed it since during the entire remission period she was
untreated. Also, it brings to light the horrible protocols that we
dealt with in those days. It was not entirely the clinicians' fault

that multiple drugs were used in sequence. It was partly our fault
because we could not give them enough of a drug to do a whole
initial study with one drug.

This introduction to cancer chemotherapy hooked Trudy Elion
and me onto this area of research for life, as it did most of the
other people in our laboratory. Chart 3 shows the way the relapse
curves looked for acute lymphocytic leukemia patients at inter
vals before 1966; diaminopurine fell somewhere below the first
curve, which depicts 47 to 54% of the patients surviving for
periods up to 20 months. The next drug I will mention fell in the
54 to 57% range. For 15 years after that we felt that we were
making some progress, but it was not really satisfactory prog
ress.

We were just beginning to get over the shock of diaminopurine,
what it had done, and what its potential was when 6-mercaptc-
purine came along, also synthesized by Trudy. This drug is
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Chart 1. Purineanalogues of medical importance.

unique for many reasons. It was not all that impressive in the
immediate tumor testing, but for some reason Don Clarke de
cided to test the viability of tumors from animals that had been
treated for a week with 6-mercaptopurine or one of several other

substances. He found that a large percentage of the tumor cells
from animals with tumors treated with mercaptopurine were
nonviable. This is really an unsolved dilemma because we know
now that the rejections that killed those cells were immune
rejections, and we learned later that 6-mercaptopurine is an
immunosuppressant. I cannot reconcile the two. But Clarke's

observation provided a stimulus for greater and further work on
mercaptopurine and within a few months we were in a cooper
ative clinical trial.

Mercaptopurine is unique for another reason, a political reason,
in that it was the first and probably the only new agent ever
released by the Food and Drug Administration before the bulk
of the supporting data had become available. The supporting
data became available in April 1954 in a symposium at the New
York Academy of Sciences (7), 7 months after commercial re
lease of the drug. Release meant that, instead of having to write
letters to appealing patients and physicians, our medical staff
was able to send the drug out commercially. It was only at about
the time of the symposium that our chemical manufacturing
division had been able to keep up with the demand for the drug.
The results shown in Table 1 are from J. Burchenal's laboratory,

and they are quite typical of what was seen at the April 1954
symposium. Whereas the life expectancy of a child with un
treated acute lymphocytic leukemia had been 3 months, treat
ment with folie acid antagonists and steroids doubled that to
about 6 months, and treatment with 6-mercaptopurine doubled

it again to a little over 1 year. The data in Table 1 show the
survivors at 1 year. A decade later, we now know from data
Burchenal put together that there probably was a minuscule
number of cures in those days, but we were all conditioned
never to say the word "cure." It was another decade and a half

before we were really willing to do so.

Layer Three

We had learned very early that 6-mercaptopurine was inacti
vated in vivo, converted by xanthine oxidase to 6-thiouric acid

which is inactive. Thus, we undertook a program to modify the
mercaptopurine molecule in the hopes either of delivering the
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Chart 3. Survivalcurves of patients with acute lymphocytic leukemiaat intervals

before 1966. Reproduced with permission from A. Mangalikef al. (6).

Table 1
Sequential therapy of acute leukemia in children prior to 1954"

No treatment
Folie acid antagonists and/or cortisone
Folie acid antagonists, cortisone, and

6-mercaptopurinePatients218

15452%

surviving 1
yr or more5

29
52

* Reproduced with permission from Burchenal er ai, (2).

drug better to the tumor or of evading the action of this enzyme.
The first attempt was done with some alkylmercaptopurines,
and the metabolic work was carried out as a collaboration
between Trudy's laboratory in Tuckahoe and Wayne Bundles

and his patients in Duke Hospital. His patients were mostly
chronic myelocytic leukemic patients in remission, and they were
patients who felt very comfortable, as we did, about using the
new compounds with a minimum amount of lexicological backup.
These compounds gave rather interesting results in mice, and
we thought we were on the right trail. Propylmercaptopurine had
a chemotherapeutic index of 8 in mice. When Rundles adminis
tered it to a patient, an odious smell emanated. The patient's

system was splitting the drug on the wrong side of the sulfur
atom and liberating propylmercaptan. Thus, we did not actually
go to amylmercapto in humans, but we decided at that point
that we needed to modify our approach and make some com
pounds that would split on the right side of the sulfur atom and
liberate mercaptopurine in vivo, hopefully preferentially in the
tumor. We turned to heterocyclic groups like the methylnitroimi-
dazole, the 57-322, later called Imuran, and the corresponding
guanine analogue, 57-323. These substances were not superior
to 6-mercaptopurine in the treatment of leukemia, and they were

about to go on the shelf when they got a new life in a rather
roundabout way.

At just about that time, Bob Schwartz and William Dameshek,
at the New England Medical Center, were working on bone
marrow transplantation without success and noticed that they
had never tested any antimetabolites for immunosuppression.
So, Schwartz obtained 6-mercaptopurine. Chart 4 shows a

summary of approximately 2 years of his work in which he gave
an antigen, bovine ->-globulin, on Day 0. He gave mercaptopurine,

IMP 10 mg/kg/day

-8-4 8 12 16
DAY

BGG 2mg

Chart4. Immuneresponse(ordinate) in rabbits to injectionsof bovine -x-globulin
(BGG) (at Day 0) with concomitant administration of 6-mercaptopurine (MP).
Reproducedwith permissionfrom Hitchingsef al. (5).

as shown by the black bars, and measured the antibody re
sponse, as shown by the height of the vertical bars. When he
gave the drug before the antigen, the Â¡mmunological response
was not only not suppressed, it was even enhanced slightly.
When he gave the drug after the immune response had started,
it was suppressed somewhat but not impressively. However,
when he gave the drug starting immediately after the antigen, or
at the same time and continuing through the induction period of
the immune response, the immune response was completely
suppressed. Another study showed that animals treated in this
way were immunotolerant. Then, Roy Calne, working at St.
Mary's Hospital in London on kidney transplants in dogs, read

the Schwartz-Dameshek report, and thought that it might hold

the answer to what he needed to extend the life of a transplanted
kidney in a dog. Across a genetic barrier, the most he had been
able to hope for was 12 days. When he gave the mercaptopurine
at the time of transplantation and continued it, kidneys survived
up to 44 days, which was well beyond the limits of any chance
survival. At that time, Calne received a Commonwealth Fund
Fellowship to work at the Peter Bent Brigham Hospital in Boston
where all of the techniques for human kidney transplantation had
been developed by Joseph Murray. These techniques had been
shown to be successful with identical twins, but no means that
Murray ef al. ever tried had any effect when they had to transplant
a kidney across a genetic barrier. They invariably lost the kidney
and in those days the patient as well.

Calne came to see us on his way to Boston and went away
with three or four compounds, among which was 57-322, Imuran.

A couple of months later, I got a note from Calne indicating that
57-322 was "not uninteresting." Translated from the English,

that meant that he had a very exciting result, and we soon were
working more and more closely with the group at the Brigham.
In addition to still having Imuran, we have cyclosporin, steroids,
tissue matching, and many other tools that make kidney trans
plantation procedures better than they were in the early days,
although we did have some very impressive rescues then of
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moribund patients and very impressive survivals with Imuran
alone.

Fig. 1 pictures what we called then the "first international
transplantation congress." Joseph Murray deserves special men

tion. He had been recruited because he was a plastic surgeon.
He proved to be a very excellent scientist and, once he got
transplantation well launched, he went back to plastic surgery.
A recent television documentary on "Nova" detailed the wonder

ful work that Joe Murray has done with plastic surgery. Don
Searte was our Medical Director. Roy Calne is now Professor of
Surgery at Cambridge, England. Our heroine Lollipop (held by
Trudy) had at that time retained a transplanted kidney for 4
months, subsequently went on and bore pups, and lived a very
long life with Imuran alone. That was an exciting experience in
itself.

Layer Four

In contrast to mercaptopurine, which participates in all of the
anabolic activities of hypoxanthine, is allopurinol, another one-

change analogue of hypoxanthine, which as far as we knew up
until a year or 2 ago was involved in none of these anabolic
activities but was a strong inhibitor of xanthine oxidase. We felt
that the time had come to shift our attack from trying to evade
this enzyme and its metabolic destruction of mercaptopurine to
inhibiting this enzyme directly. We started with tumor trials of
mercaptopurine and allopurinol in mice and then showed with
metabolic studies that allopurinol blocked the conversion of
mercaptopurine to thiouric acid. Chart 5 shows the confirmation
of this effect in a human patient. When 6-mercaptopurine is given
alone, a small amount of the 6-mercaptopurine is excreted
unchanged, and much of it is excreted as thiouric acid. When
we added allopurinol, much of the mercaptopurine was excreted
unchanged, and very little was converted to thiouric acid. Some
of these other metabolites are interesting but have no practical
application as yet.

This led us to conclude that a substance that would block the

6-MP HIHIHI6-MP + HPP(I IO) ""(IIO) (300)

S04 OTHER

Fig. 1. Dramatis personae of pioneer transplantation studies. Left to right,
Tweedledee and Tweedledum with laboratory helper, Dr. Roy Calne, Titus, Ger
trude Elton, Lollipop, George Hitchings, Donald Searte, Ted Hager, Joseph Murray.
Locus: Entrance to Building C, Harvard Medical School, about 1960.

Chart 5. Metabolism of 6-mercaptopurine (6-MP) in a human patient, alone and

with concomitant allopurinol (HPP). TU, thiouric acid.

formation of thiouric acid in humans might very well block the
formation of uric acid as well. We went on to study patients with
hyperuricernia and gout and found that allopurinol was indeed
effective in blocking uric acid formation. When Bundles did a
dose-response curve in one patient, something very interesting

emerged. As the uric acid formation fell, the precursor liberated
rose, but not nearly as rapidly. We came to the conclusion that
precursors were being reutilized, and in the long run that conclu
sion proved to be correct. If one blocks the conversion of
xanthine to uric acid, everything backs up and one gets some
turndown of total purine biosynthesis. In some patients, this has
been very dramatic indeed. Bundles had accumulated a dozen
patients, and it was soon clear that the serum urates before and
after treatment with allopurinol were dramatically changed. It
was quite evident that the drug was clinically effective. In addition
to Bundles' patients, Professor James B. Wyngaarden contrib

uted another dozen from his Rheumatology Clinic, and so we
had about 25 patients on the drug when we realized not only
that we had an active drug, but that we had a drug that would
have to be taken for life. This meant that the long-term conse

quences of therapy would have to be thought through carefully.
Among the potential hazards we could see was possible forma
tion of xanthine stones replacing uric acid stones. We saw
xanthine stones in dogs receiving high doses of allopurinol for a
long time. That is not surprising because dogs have a remarkably
high purine turnover for a relatively low fluid excretion. Of course,
they are protected normally because, as they form uric acid, it is
broken down by uricase to allantoin which is water soluble and
excreted. We have heard of only three cases of xanthine stones
in human patients, and they were all in patients who were treated
very vigorously with cancer chemotherapy or radiation to pro
duce extensive tissue destruction. Thus, xanthine stones proved
not to be a hazard. It is not difficult to understand why, since we
were only partially obstructing the formation of uric acid from
xanthine. The purine excretory pool was divided three ways:
xanthine, uric acid, and hypoxanthine. None of them was present
above its solubility product.

The potentiation of tumor growth worried us a bit because
Bergel and Haddow had just come out with a paper showing
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that there was an inverse correlation between the xanthine
oxidase content of mouse tumors and the rapidity of growth.
They even went so far as to treat some mammary tumors with
xanthine oxidase injections. I think the best experiment came
out of the Southern Research Institute where very careful ex
periments on tumor growth rates were done with slow-growing

tumors; it showed there was absolutely no difference in the
growth rate with or without allopurinol (9).

In addition, the literature had said that xanthine oxidase is an
inducible enzyme; therefore, we could see the possibility that,
as we gave allopurinol and inhibited xanthine oxidase, xanthine
might pile up and thus induce more xanthine oxidase. That would
require more drug and more enzyme would be formed, etc., and
the whole process would end in frustration. However, this proved
not to be so (9). The first patient gave the same response after
6 months of treatment as after the first week. While we could
dismiss that one, dismissal of the incorporation of analogue was
not quite so easy. All our tests had shown that allopurinol was
not anabolized, but we could not be sure that there was not a
small amount escaping our notice. We did the best we could
with radioactive allopurinol as highly radioactive as was obtain
able. The results were negative; when Don Nelson repeated it
10 years later with higher doses of much hotter material, the
answer was the same. As a result of that, we are very confident
that there is no detectable incorporation (8).

I would like to mention the contribution of Marion Finkel from
the Food and Drug Administration to this project. She thought
that our file should have some data showing that allopurinol does
not produce cataracts. Although we thought this was an impo
sition at the time, we went ahead and recruited a very good
ophthalmologist named Sapphire, who worked with Gutman and
Vii, and produced irrefutable data that allopurinol treatment had
no effect on the lens or on visual acuity. We also did slit lamp
studies in dogs. Dr. Finkel never knew what a great favor she
did us. It saved us from most of the absurd litigation that has hit
other drugs for which there is a background of some abnormality
that could conceivably be attributed to the drug. I do not want
to leave this subject without mentioning oxypurinol (Chart 6),
because oxypurinol is formed from allopurinol by both xanthine
oxidase and aldehyde oxidase. Oxypurinol is a very unusual
purine analogue because the kidney thinks it is uric acid and
reabsorbs and secretes it. The result is a long half-life which

greatly facilitates the use of allopurinol as medication. Allopurinol
all by itself has a relatively short half-life, and without conversion

therapy might have been more cumbersome.
Application of allopurinol to cancer chemotherapy is well

known now. When one expects massive tissue destruction,
allopurinol is given prophylactically and is maintained as long as
the tissue destruction is going on. One of the early experiments
that demonstrated convincingly that this was necessary was
with a patient with a lymphoma treated with radiation. There was
massive tissue destruction, extremely high levels of serum uric
acid, an oliguria for a period, and increases in blood urea nitrogen
and other end products. When allopurinol was started, everything
was rectified, and the patient came through the episode all right
(9).

I want to acknowledge a few other people in this area of
research whom I have not been able to mention thus far. There
was Samuel Bieber, who showed the effects of our analogues
on metamorphosis and the development of the tadpole; Sandra

HYPOXANTHINE

ALLOPURINOL OXYPURINOL
Chart 6. Hydroxylation of hypoxanthme and its analogue, allopurinol.
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Chan 7. Survival curves of children with acute leukemia at various intervals in
the last 20 years.

Callahan who helped Trudy with metabolic studies; and Doris
Lorz who did the xanthine oxidase studies. I have mentioned
Wayne Rundles at Duke, Schwartz and Dameshek, Joe Murray,
and Roy Calne. Guy Alexandre was Roy Calne's successor in

the Boston group, and he is still a transplant surgeon in Brussels,
Belgium. There was also the group at Sloan-Kettering. Balis and
Brown deserve special mention because, in a 4-way collaboration

of Balis, Brown, Elion, and myself, we detected a whole string
of enzymes. We were not enzymologists, nor did we have the
facilities to do enzymology at that time, but we knew phospho-

ribosyltransferases, inosinate dehydrogenase, and adenosine
deaminase mentally and we used them mentally without having
the enzymes in hand. And then, of course, in addition to Don
Clarke, there were Fred Philips and Chester Stock who were
involved in much of this early work. Fred Philips was always
there with imagination and with very sound thinking and we do
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miss him very badly.
I am gratified to have been around long enough to see the

kind of change in the survivor curve of children with acute
leukemia as shown in Chart 7, which is so unlike the earlier
illustration (Chart 3) in which those dismal curves almost always
seemed to come down essentially to zero. Thanks to the work
of such people as Howard Skipper, Tom Frei, Jay Freireich, Joe
Burchenal, and James Holland, we are on the right track. We
have the kind of curve in Chart 7, and subsequent ones will be
even higher. We are at last able to mention the word "cure," and

that is the most wonderful word that any cancer chemotherapist
can say.

Finally, in my Clowes lecture before the American Association
for Cancer Research in April 1968 (4), I said, "Empirical methods

continue to prevail wherever complexity is too great for analysis,
but pure empiricism is self-limiting. The purposeful exploration

of enzymes, metabolic pathways and cell receptors, on the other
hand, leads to increasing competence. The tools that had to be
invented for one purpose are frequently applicable to the next
with only minor modification. Competence accumulates, and so

does one's confidence that the future will bring the solution of
many problems that at present seem difficult or insoluble.'' I take

this opportunity to reemphasize that purposeful explorations of
enzymes and metabolic pathways and cell receptors lead to
increasing competence.
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