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John machlin buchanan

September 29, 1917–June 25, 2007

by  standish c .  hartman and bruce  zetter

John maChlin buChanan—JaCk, as he was affectionately known 
to all his students, colleagues, and friends—was born 

september 29, 1917, in Winamac, indiana, and died June 25, 
2007, in burlington, massachusetts, after a long and notable 
career as a scientist, mentor, teacher, and administrator. he is 
survived by his wife, elsa nilsby buchanan, his indispensable 
source of love and support for 57 years, and his four children 
and nine grandchildren. more than 80 former graduate and 
postdoctoral students are indebted to Jack for his personal 
and invaluable contributions in helping them start their 
careers. many of them continued to be his and elsa’s lifelong 
friends. his influence, through his many students who went 
on to enjoy significant professional careers in academia and 
industry, stands as an inheritance that Jack, his family, and 
all who worked with him may regard with pride.

during his career, Jack was the recipient of many honors. 
he received the ely lilly award in biochemistry of the 
american chemical society in 1951 and was a harvey society 
lecturer in 1958. he was elected to the american academy 
of arts and sciences in 195� and to the national academy 
of sciences in 1962. he served as secretary of the american 
society of biological chemists (now the american society for 
biochemistry and molecular biology) from 1969 to 1972, and 
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on the editorial boards of the Journal of Biological Chemistry, 
Journal of the American Chemical Society, Physiological Reviews, 
Federation Proceedings, and Journal of Molecular and Cellular 
Biochemistry. in 1967 Jack was appointed as the first John and 
dorothy Wilson Professor at mit, a position he held until 
his retirement in 1988. he held honorary doctorates from 
the university of michigan and from his alma mater, dePauw 
university. in 2006 Jack’s students and friends established the 
John m. buchanan lectureship at mit to endow an annual 
lecture in the biology department to memorialize his life’s 
work, his service to the institute and the profession, and their 
affection for the person who had so enriched their lives.

Jack candidly judged that his professional reputation 
most directly rested on his work on purine biosynthesis. it is 
appropriate as backdrop to Jack’s mature period of scientific 
work to recall his early education and experiences, both as 
they connected with mentors who influenced his development 
and as his own decisions along the way brought him to the 
scientific contributions for which he is well known.

his scientific career spans a period, starting in 19�8, that 
coincides with the emergence and flowering of the field of 
biochemistry as a central area of mechanistic biology. in an 
autobiographical chapter he wrote in 1985 for Comprehensive 
Biochemistry volume �6 he notes the pioneering nutritional 
studies on amino acid metabolism in animals by William 
c. rose and howard b. lewis in the 1920s that formed the 
essential background to later intermediary metabolic work, 
including his own. lewis would later figure directly in Jack’s 
education. as a graduate student Jack participated in some of 
the earliest applications of radioisotopic carbon in studying 
metabolic pathways in vivo. more detailed knowledge of 
intermediary metabolism, he realized, required moving to in 
vitro systems, including tissue slices and homogenates, and 
eventually to the isolation and characterization of individual 
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enzymes. the foundation laid down by mainstream biochem-
istry broadly supported the burgeoning fields of molecular 
biology and cell biology, which increasingly occupied Jack’s 
research in his later years, into the 1970s and 1980s. Jack 
was ever mindful of the historical roots of his chosen area of 
science—his graduate students could always expect a ques-
tion on their prelims that required as much appreciation of 
history as of science—and so it is appropriate to take note 
of how the arc of his career so closely tracked the exciting 
evolution of biochemistry through the middle years of the 
20th century.

early scientific stirrinGs

Jack realized for the first time that science might be an 
interesting area to pursue during an elective chemistry course 
he took in high school. his first exposure to research was 
as a senior undergraduate student at dePauw university in 
Greencastle, indiana, where he majored in chemistry and 
minored in mathematics. he undertook a project on the 
synthesis of mandelic acid under the tutelage of a young 
professor, Jesse l. riebsomer. this project exposed him to 
the “thrill and frustration” of research, he later recalled, and 
it led to his first publication, in the Journal of the American 
Chemical Society, as a joint author. he finished his undergrad-
uate work in 19�8, faced with the question of “what next?” 
if riebsomer’s encouragements had prevailed, Jack might 
have ended up as an organic chemist, headed to Pennsyl-
vania state university on a graduate assistantship. however, 
that assistantship fell through because of a major fire in the 
chemistry department at Penn state. Jack in the meantime 
had a nascent interest piqued in a different direction while 
reading bodansky’s Physiological Chemistry.
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Graduate WorK: michiGan and harVard

a family friend suggested that he look into graduate work 
at the university of michigan (his family had moved from 
indiana to Kalamazoo, michigan, during his college years). 
he took that advice and applied to the biochemistry depart-
ment at the university of michigan, where he was admitted 
in the fall of 19�8. Professor howard lewis was then chair of 
the department, and although Jack’s tenure at michigan was 
brief, lewis’s support and friendship lasted for many years. 
Jack found Professor lewis to be an inspired lecturer in his 
highly regarded course in biochemistry. that stimulating 
experience cemented Jack’s future career choice. lewis’s 
graduate course relied on reading the current literature, 
which included cori’s work on glycogen synthesis, hans 
t. clarke at columbia on nitrogen metabolism, and the 
isotopic tracer studies of rudolph schoenheimer and david 
rittenberg. these reports, in particular, directly connected 
with Jack’s later research undertakings. he completed a 
master’s degree investigating concanavalin a in 19�9. his 
year at michigan was rewarding as his first real immersion in 
biochemistry but also a difficult one because circumstances 
did not afford him a supporting assistantship.

With lewis’s gracious support, Jack was encouraged to 
apply to other schools, among them the department of 
biological chemistry at harvard medical school, where 
a. baird hastings was chair. hastings provided a welcome 
financial stipend that allowed Jack’s full-time dedication to 
his Ph.d. work and the opportunity to collaborate with and 
to learn from a large group of superb mentors. his first 
year was spent mainly on the harvard university campus in 
cambridge, taking courses in chemistry and biophysics and 
tutoring in biochemistry, the latter aided by an assistantship 
provided by John edsell, another lifelong friend. hastings 
and his students were part of an interdepartmental group 
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that had access to a cyclotron as a source of the radioactive 
isotope 11c. this would be an invaluable tool in their study 
of gluconeogenesis from lactic acid. in addition to hastings, 
the harvard group included James b. conant (harvard’s 
president), George Kistiakowsky, richard cramer, friedrich 
Klemperer, birgit Vennesland, and arthur solomon. solomon 
had constructed a Geiger counter, the first in the boston 
area, which was employed for quantitative measurement of 
the isotope. a characteristic of 11c is its short half-life—about 
20 minutes—which meant that metabolic experiments had 
to be executed start to finish within four hours at the most. 
Jack, being the youngest member of this collaboration and 
fairly athletic, served as the gofer between the cyclotron in 
cambridge and the lab at the medical school campus across 
the river in boston, traveling either by foot or bicycle. these 
were rather looser times, before the days of strict oversight by 
the atomic energy commission, which might have frowned on 
such casual means of transporting “hazardous materials.”

access to 11c came at a propitious time. hastings’s 
research had examined glycogen synthesis using in part 
the traditional approach of measuring the increase in liver 
glycogen after feeding nutrients, such as lactate, to fasting 
animals. cramer and Kistiakowsky synthesized 1-11c-lactic 
acid and 2,�-11c-lactic acid; these led to the rapid labeling 
of liver glycogen in rats. significantly, the amount of label 
arising from the carboxyl group of lactic acid was only half 
that incorporated from the 2,�-labeled precursor. these 
results were consistent with the idea proposed earlier by 
h. G. Wood and c. h. Werkman, and by e. a. evans and 
l. slotin that the three-carbon compound pyruvate (and 
indirectly its relative, lactate) combines with co2 to form 
four-carbon intermediates of the Krebs citric acid cycle that 
equilibrate among symmetrical compounds (e.g., fumarate). 
random loss of one of the two carboxyls of fumarate to form 
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a three-carbon precursor of glucose (which is now known 
to proceed through oxaloacetate and phosphoenolpyruvate) 
would reduce by half the amount of label arising from the 
carboxyl of lactic acid relative to the other two positions. as 
a corollary, Vennesland realized that labeled carbon dioxide 
should show up in glycogen arising from unlabeled lactate, 
as it equilibrates through this same series of reactions. When 
the experiment with 11co2 was conducted, this prediction 
was confirmed. carbon dioxide is not gluconeogenic in the 
usual sense of causing net formation of glucose or glycogen 
even though it leaves its trace in the form of isotopic label. 
the diminution of labeling from 1-11c-lactic acid compared 
to 2,�-11c-lactic acid in glycogen results from the fact that 
one carbon of the six in glucose is diluted by half with unla-
beled co2 in the roundabout route through part of the citric 
acid cycle that the three-carbon precursors must take to get 
into the gluconeogenic pathway. this result made clear the 
power of isotopic labeling experiments and at the same time 
underscored the caution necessary in interpreting the results. 
as a junior member of this research team, Jack took note 
of these lessons, which he would have occasion to revisit in 
his later research.

Jack’s individual project in the hastings group was to 
explore glycogen synthesis in an in vitro system using rat or 
rabbit liver slices. he profusely credits birgit Vennesland, 
a postdoctoral fellow in hastings’s group, with serving as 
his day-to-day lab mentor, guiding his development as a 
bench scientist and instructing him in the art of research. 
a key to success in the liver slice system was their discovery, 
in collaboration with frances nesbett, that an ionic milieu 
containing potassium, magnesium, and calcium ions—more 
closely resembling the intracellular environment than simple 
ringer’s solution—greatly enhanced glycogen synthesis from 
glucose. the labeling of one carbon in six of glucose by 11co2 
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was observed during gluconeogenesis in vitro from pyruvate, 
as predicted from their previous results in vivo.

after the country entered fully into World War ii in 
december 19�1, members of the harvard collaboration 
headed in diverse directions. hastings remained as chair 
of biological chemistry at the medical school but was often 
called to Washington for wartime administrative duties. 
arthur solomon departed with his precious Geiger counter. 
turning to a question that had struck him as interesting 
from his biochemistry course at michigan, Jack rounded out 
his dissertation research with a look at fatty acids as possible 
precursors of glycogen, using 1-11c-labeled acetic, propi-
onic, and butyric acids. acetate and other even-numbered 
carbon-chain fatty acids were long known, from nutritional 
experiments in animals, not to be glucogenic. in view of 
how the Krebs citric acid cycle works, that is understandable 
because two carbons (as acetate or acetyl coa) are elimi-
nated as co2 before the key gluconeogenic intermediate, 
oxaloacetate, is encountered. thus, no net carbon mass can 
enter glycogen from acetic acid, there being no alternative 
pathway from this precursor to �- or �-carbon intermediates 
in animals. one would predict from the details of the Krebs 
cycle, however, that radioisotopic atoms from acetate should 
end up in carbohydrates. in nearly the last metabolic experi-
ments employing 11c from the harvard cyclotron, and with 
a crude electrometer as detection device, Jack tested the 
1-11c-labeled fatty acids. 1-11c-propionic acid was converted 
in the liver slices to labeled glycogen, a not unexpected 
result since propionic acid is itself gluconeogenic. his results 
were ambiguous with the even-numbered acetic and butyric 
acids and he was thus frustrated in confirming the expected 
isotopic incorporation from these precursors. nevertheless, 
given the difficulties of working with 11c, in addition to 
the fact that priorities were shifting in other directions, he 
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had taken these studies as far as he could. he completed 
his dissertation research in January 19�� and spent several 
months working with eric ball in the biological chemistry 
department on a war-related project on mustard gases before 
taking up his first independent academic appointment in 
the fall of that year.

faculty aPPointment at PennsylVania

through baird hastings and eric ball, Jack learned of an 
instructorship in the department of Physiological chemistry 
at the university of Pennsylvania, where d. Wright Wilson was 
chair. he successfully applied for an appointment in a depart-
ment he described as “deceptively sleepy” in comparison with 
the energetic environment at harvard. a notable adjustment 
was the necessary switch from the frantic pace demanded for 
work with short-lived 11c to the more leisurely one allowed 
in tracer experiments employing the stable isotopes 1�c and 
15n. in Philadelphia he had access to a mass spectrometer 
for analyzing stable isotopes, but not (at that time) a source 
of radioactive carbon. the description “sleepy” soon proved 
to be a deceptive one.

Jack joined an established research department consisting 
of Wilson, samuel Gurin, and Warwick sakami (a new Ph.d.) 
in studying the metabolic fate of acetoacetate in homogenates 
of guinea pig kidney. the literature on acetoacetate metabo-
lism using nonisotopic methods offered conflicting results on 
whether this substance could be converted to citrate. results 
of Krebs and eggleston and of Weil-malherbe showed that 
acetoacetate was largely reduced to ß-hydroxybutyrate, at 
least in heart preparations. in the guinea pig kidney system 
Jack found that α-ketoglutarate enhanced the utilization 
of acetoacetate but not through increased formation of ß-
hydroxybutyrate. When 1-1�c-acetoacetate was incubated, 
5-1�c-α-ketoglutarate was isolated. the labeled carbon atom, 
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as would also be the expected result starting with acetate 
labeled in position 1, would thereafter lead to labeling of 
both carboxyl groups of fumarate and oxaloacetate, and 
thence the three-carbon precursors of glucose and glycogen. 
the result of this experiment with 1-1�c-acetoacetate in a 
way bore on the unsuccessful attempt Jack had made in his 
dissertation research concerning 1-11c-acetate as a potential 
isotopic precursor of glycogen, even though neither of these 
even-carbon ketogenic compounds was glucogenic.

at the time, two proposals for fatty acid oxidation to 
ketone bodies, such as acetoacetate, were in contention: one, 
favored by W. c. stadie, was that long-chain fatty acids were 
first oxidized at alternating positions to give polycarbonyl fatty 
acids that were subsequently split to the four-carbon aceto-
acetate. the second idea, promoted by sidney Weinhouse, 
posited that fatty acids underwent sequential ß-oxidation 
followed by cleavage to the two-carbon compound, acetate, 
two of which combined to form acetoacetate. using rat liver 
slices, the Weinhouse group found that 1-1�c-octanoate was 
converted to acetoacetate in which the 1- and �-positions were 
both labeled, a result supporting his proposal that acetate 
was a necessary precursor in the formation of ketone bodies 
via acetoacetate. one loose end remaining, however, was the 
possibility that octanoate was first oxidized to acetoacetate, 
which then was split to two-carbon compounds that subse-
quently recombined. using 1- and �-labeled acetoacetate, 
sakami, buchanan, and Gurin found that after incubating 
with rat liver slices, these two compounds could be re-isolated 
and shown to retain the initial labeling pattern without any 
scrambling. taken together with Weinhouse’s observations 
these findings seemed to nail down the Weinhouse scheme 
concerning the origin of ketone bodies from fatty acids; 
that is, a two-carbon intermediate, presumably acetate or 
its metabolic equivalent, is the necessary intermediate. one 
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more significant result on this project emerged before Jack 
moved on to other fields: they repeated the exposure of 
rat liver slices to 1-1�c-octanoate, followed by isolation of 
acetoacetate. decarboxylation of the acetoacetate showed 
that both the 1- and �-positions contained label, as the Wein-
house group had found, but that the 1-position (carboxyl) 
was more heavily labeled than the �-position (carbonyl). a 
simple coupling of two identical acetate moieties could not 
explain such unequal labeling; the resolution of this question 
remained open for several years until Wakil demonstrated 
the importance of malonyl coa, formed by atP-dependent 
carboxylation of acetyl coa, in coupling acetyl units to form 
extended fatty acid chains.

We have reviewed in some detail these early experiments in 
which Jack had a hand both to show his contributions to the 
growing knowledge about these central pathways of metabo-
lism and to trace the evolution in his understanding of how 
complex metabolic systems may be studied and interpreted. 
these were indeed necessary transitional steps in moving the 
targets of investigation from the whole animal to isolated 
enzyme systems. not only were the questions being asked 
quite basic ones, by later standards, but the tools available 
to crack open the problems were also primitive compared 
with what would be available in any biochemistry laboratory 
10 to 15 years later.

a neW direction: Purine biosynthesis

it was the time in Jack’s career for him to establish a 
new and independent research program. as a consequence 
of the interface of his earlier work with the Krebs citric acid 
cycle, he had studied all of hans Krebs’s papers, including 
those dealing with urea synthesis, amino acid metabolism, 
and purine synthesis. Jack recognized that Krebs’s great 
contribution to biochemistry was in calling attention not 
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solely to individual enzymatic steps but also primarily to 
complex metabolic interrelationships; that is, to metabolic 
pathways. Purine biosynthesis seemed ripe at that moment 
for such an approach. a serendipitous encounter with one 
of Jack’s first research students may have been the specific 
impetus for the purine project, at least in the recollection 
of that student. John sonne was, in 19�5, a second-year 
medical student at the university of Pennsylvania medical 
school looking for something more stimulating to do than 
just to take preclinical courses. he approached Jack about 
working in his lab and as he described their first meeting 
in a letter written on the occasion of Jack’s 70th birthday, 
sonne “had, for some reason, been interested in gout. Jack 
and i talked, and out of this came a project for working on 
uric acid synthesis.” Gout, significantly, was a major topic 
discussed in sonne’s first-year biochemistry course. thus, 
the inspiration for the purine project may well have been a 
combination of Krebs’s genius and the excitement a begin-
ning medical student gained from his studies. in any case 
a project was commenced that was quick to yield important 
results.

Krebs and coworkers had opened the study of purine 
synthesis several years earlier with their finding that hypo-
xanthine was the first purine product formed in pigeon 
liver slices. this observation appeared to negate an older 
hypothesis that uric acid might be formed by condensing 
two molecules of urea with a three-carbon moiety. it also 
argued against Krebs’s conjecture that purine synthesis was 
in some way connected to the urea cycle. his group also 
reviewed chemical methods gleaned from the old German 
chemical literature for the systematic degradation of uric 
acid to component atomic and molecular parts. since tracing 
the metabolic precursors of the various positions of uric 
acid requires several chemical degradation procedures, the 
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requirement for a ready source of the material in substantial 
quantity precluded solving this problem using tissue slices. 
for that reason John sonne and Jack initiated their isotopic 
tracer work in vivo using pigeons. these are ideal objects 
of study; being uricotelic they excrete lots of uric acid as 
the end product of nitrogen metabolism. uric acid can be 
isolated easily in crystalline form from pigeon excreta, the 
substance, Jack did not hesitate to acknowledge, on which his 
career was founded. Pigeons could be obtained either from 
a commercial source (which ed Korn recalls was a farmer 
who collected them from his barn at night) or, more surrep-
titiously, by members of the research group in rittenhouse 
square in Philadelphia.

it occurred to Jack and John that the three-carbon 
backbone of uric acid might derive from lactic acid, and so 
they fed pigeons 1-1�c- and 2,�-1�c-lactic acid, synthesized 
by their colleague, adelaide delluva. the excreted uric 
acid was subjected to chemical degradation to separate the 
various atomic components. the only clear result was that 
when 1-1�c-lactic acid was administered, c-6 of uric acid was 
labeled with about the same isotopic content as respired 
co2. as confirmation, when 1�c-bicarbonate was fed to the 
animals, again only c-6 contained significant label, and with 
the same isotope content as respiratory co2. evidently c-2 
and c-8 were derived from a different precursor, and the 
hypothesis of lactate being a direct precursor was disproved. 
since c-6 appears to come directly from co2, glycine and 
acetic acid were considered as possible two-carbon donors 
of c-� and c-5 in uric acid. sam Gurin supplied 1-1�c-acetic 
acid, and this was fed. isotopic label appeared, unexpect-
edly, not in c-� or c-5 but in c-2 and c-8 from this source. 
it soon turned out that the observed labeling arose from a 
contaminant in the acetic acid preparation. recalling Krebs’s 
result that hypoxanthine was the first purine formed before 
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uric acid, Jack reasoned that one or both rings of uric acid 
might be closed in a condensation with a carbon compound 
at a lower oxidation state than co2, namely, formic acid as 
in the chemical formation of benzimidazole from o-phen-
ylenediamine. 1�c-formic acid was therefore prepared and 
immediately found to label both c-2 and c-8 in uric acid. 
this was a signal discovery in what would be called “one-
carbon metabolism,” centered on the participation of folic 
acid derivatives, and one that would play prominently in 
Jack’s future research.

to test the other potential two-carbon precursor, 1-1�c-
glycine was prepared and found to contribute isotope to 
c-� of uric acid. While they did not have 15n-labeled glycine 
to test, Jack and sonne observed that a large pool of unla-
beled glycine diluted the amount of isotopic nitrogen that 
appeared in n-7 and n-9 when pigeons were fed 15n-labeled 
ammonium salts. this isotope dilution was consistent with 
the idea that glycine entered intact into the purine ring, a 
conclusion subsequently supported by shemin and rittenberg 
using 15n-glycine, and by Karlsson and barker, who showed 
that 2-1�c-glycine labeled the 5-position of uric acid.

sabbatical in sWeden

in about one year’s time after embarking on this project, 
Jack along with sonne and delluva were able to identify the 
metabolic precursors of the positions of the purine ring save 
the nitrogens at positions 1, �, and 9. these could not be 
resolved in whole-animal studies because of rapid interchange 
between ammonium salts and amino acids, such as aspartate, 
glutamate, and glutamine. clearly the problem had to move 
from the whole animal to in vitro systems focusing on the 
separate enzymatic steps in the process. at baird hastings’s 
timely suggestion Jack agreed that this would be a good 
time to take a sabbatical and gain experience with enzymes 
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and proteins. he was awarded a national research council 
fellowship, and beginning in november 19�6 he entered a 
fruitful two-year stay in the laboratory of hugo theorell at 
the Karolinska institutet in stockholm, sweden.

While Jack found the quarters at the institute ancient, the 
scientific atmosphere was of the highest order, owing to the 
presence of a group of distinguished senior members and 
an outstanding class of younger postdocs from europe and 
the united states. the swedish faculty consisted of einar 
hammarsten, hugo theorell, torbjörn casperson, J. erik 
Jorpes, and sune bergström. Visiting scientists in theorell’s 
lab, in addition to Jack, included richard abrams, britton 
chance, ralph holman, christian anfinsen, christian de 
duve, andreas maehley, and elèmer mihalyi. Peter reichard, 
Karl Gustav Paul, sven Paléus, and bo sorbo were graduate 
students. four from this outstanding group at the institute 
would eventually become nobel laureates.

Jack and chris anfinsen (who coincidently had been 
roommates for a year while they were graduate students at 
harvard medical) set to work to purify aconitase from pig 
heart. this was not the best choice, since the enzyme was 
difficult to assay and quite unstable during purification. 
standard methods at the time for purifying enzymes relied 
on differential precipitation with salts or organic solvents and 
in some cases electrophoresis: the more powerful techniques 
of fractionation by ion exchange chromatography and gel 
filtration were yet to be devised. although his accomplish-
ments in the lab were admittedly rather disappointing to Jack, 
his social life in sweden thrived. not only did he master the 
swedish traditional dance, the hambo, he also enjoyed the 
long summer nights swimming and sailing in the archipelago. 
most important of all, he met elsa nilsby, who would soon 
become his wife, his companion, and soulmate for the rest 
of his life.
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returning to the university of Pennsylvania in 19�8, Jack 
energetically restarted his purine synthesis program. John 
sonne rejoined Jack, now as a postdoctoral fellow, and the 
group in time became a vibrant team of graduate students 
and postdocs—i lin, martin schulman, William Williams, 
edward Korn, frixos charalampous, hans brandenberger, 
charles remy, Joel flaks, bruce levenberg, and lewis lukens 
among them. in the intervening two years G. robert Green-
berg at Western reserve university began his study of purine 
biosynthesis. among his important observations was that 
hypoxanthine is formed in cell-free homogenates of pigeon 
liver when 1�c-labeled formate and bicarbonate were used 
as tracers.1,2 Greenberg also discovered that the nucleotide 
inosinic acid (9-(5'-phosphoribosy)-hypoxanthine) was initially 
formed in this system as a precursor of hypoxanthine. it was 
presently found in both labs that the soluble protein frac-
tion of homogenates supported formation of inosinic acid, 
a result that transformed the problem into one of enzyme 
fractionation and characterization of intermediates.

Jack’s group examined the route by which the ribonu-
cleotide, inosinic acid, was formed from hypoxanthine. one 
possibility was coupling of the base with ribose-1-phosphate 
by the enzyme, nucleoside phosphorylase (previously identi-
fied by herman Kalckar) followed by phosphorylation of the 
resulting inosine. alternatively, the base might be directly 
condensed with a phosphoribosyl donor to yield inosinic acid 
in one step. ed Korn, a student of Jack’s, showed the latter 
to be the case: the pathway did not proceed through the 
nucleoside inosine. two separate ethanol-precipitated frac-
tions of pigeon liver extract were required, one to produce 
an active phosphorylated form of ribose-5-phosphate and the 
second containing a phosphoribosyl transferase to condense 
the intermediate to hypoxanthine. one fraction, studied by 
charalampous and by remy, produced a new ribose phosphate 



18 b i o G r a P h i c a l  m e m o i r s

compound from ribose-5-phosphate and atP, although its 
instability made characterization difficult. ribose-1,5-diphos-
phate was considered as a possibility, but arthur Kornberg’s 
group, which had been studying the related reaction from 
adenine to adenosine 5'-phosphate, definitively identified 
the active intermediate as 5-phosphoribosyl-1-pyrophos-
phate (PrPP). two related phosphoribosyl transferases were 
soon purified by the buchanan and Kornberg groups: one 
specific for hypoxanthine, guanine, and certain non-natural 
purines, such as 6-mercaptopurine, and the second reactive 
with adenine and 5-amino-�-imidazolecarboxamide. it would 
soon be found that PrPP was the active agent in adding the 
5-phosphoribosyl group during assembly of the purine ring, 
and that it entered the pathway at a very early stage. the 
ribophosphorylation of the purine bases to their nucleotide 
forms is thus not part of the de novo pathway but rather are 
salvage reactions.�

moVe to mit and culmination of the Purine biosynthesis ProJect

at about this time Jack was being eyed by mit as a possible 
new faculty member, one who would be able to nucleate 
development of a vigorous biochemistry program in the 
department of biology whose strength had largely been in 
biophysics. this high-level recruiting effort involved both 
the chair of biology, francis o. schmitt, and the president 
of the institute, James Killian. Jack had risen to the rank of 
full professor at Penn, and he would move as a full professor 
with promise of a large, fully equipped laboratory in the new 
dorrance biological sciences building. he accepted the offer 
and in 195� was appointed head of a newly established, semi-
independent division of biochemistry in the department of 
biology, bringing with him his continuing graduate students, 
Joel flaks, bruce levenberg, and lew lukens, and his postdoc, 
chuck remy. Within a year or two he had attracted several 
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new students, including postdocs leonard Warren, armand 
Guarino, samuel love, and fredrick hatch, and graduate 
students standish hartman, richard miller, irving melnick, 
thayer french, and allan larrabee. he was also an immediate 
contributor to departmental development, his first faculty 
hire being Gene brown in 195�. shortly thereafter he was 
instrumental in bringing salvador luria, Phillips robbins, 
lisa steiner, Paul schimmel, and Vernon ingram to the 
department. these new recruits, to which many others were 
later added, formed the basis for an entirely new direction 
of growth in biology at mit, which led in time to its being 
identified as one of the strongest in the country, a position 
it has held ever since. President Killian, in his autobiography 
many years later, observed that bringing Jack to mit was 
among the most important recruitments during his tenure, 
as it directly led to elevating the biochemistry program to 
the top ranks in the field.

continuing the purine work in the mit lab now with 
its own isotope-ratio mass spectrometer, the group was able 
to assign unambiguously the precursors of the nitrogen 
positions of the ring, using 15n-labeled metabolites with an 
ethanol fraction of pigeon liver. in addition to n-7, derived 
from glycine as was already known, n-� and n-9 were found 
to arise from the γ-amide nitrogen of glutamine and the 
n-1 position from aspartate. this work completed the iden-
tification of the metabolic precursors of all positions of the 
purine ring, the results of which are summarized in figure 
1 showing the original target, uric acid.
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fiGure 1

the biosynthetic pathway was attacked from both ends. 
both Greenberg’s and buchanan’s groups were able to iden-
tify two early intermediates that were labeled with 1�c-glycine 
or 1�c-formate: 5-phosphoribosylglycinamide (Gar) and 5-
phosphoribosyl-n-formylglycinamide ribonucleotide (fGar). 
thus, it was clear that phosphoribosylated intermediates 
participated at the earliest stages in assembling the purine 
ring system. Greenberg’s group soon showed that formation 
of Gar occurred in two steps: amino group transfer from 
glutamine to PrPP, forming 5-phosphoribosylamine, followed 
by atP-dependent coupling of glycine with this product.

Working out the several middle steps of the pathway was 
greatly facilitated by a trick that allowed accumulation of large 
amounts of fGar for use as a substrate in subsequent steps. 
the glutamine analog, o-diazoacetyl-l-serine (azaserine) was 
found by levenberg and melnick to inhibit irreversibly the 
glutamine-dependent enzyme directly following fGar in the 
sequence, but not the one by which 5-phosphoribosylamine 
is formed (although another glutamine analogue, 6-diazo-5-
oxonorleucine, blocks both enzymes). fortuitously, most of 
the intermediates after fGar are diazotizable amines that 



  21J o h n  m a c h l i n  b u c h a n a n

can be coupled to n-(1-naphthyl)-ethylenediamine to give 
products with characteristic absorption spectra in the visible 
region. the several steps were unraveled by graduate students 
levenberg, lukens, melnick, and miller using enzyme frac-
tionation and this assay method. briefly, glutamine reacts 
next with fGar to yield an amidine containing the presump-
tive n-� of the purine ring, followed by formylation at the 
amino position (n-7-to-be) in the presence of a formylated 
derivative of tetrahydrofolic acid (subsequently found to be 
10-formyltetrahydrofolate) and closure of the 5-membered 
ring to give 5'-phosphoribosyl-5-aminoimidazole. in the pres-
ence of bicarbonate (without atP participation) a carboxylic 
group is affixed to the ring in what will become c-6 of the 
purine ring. an atP-dependent reaction with l-aspartate 
then couples 5'-phosphoribosyl-�-carboxy-5-aminoimidazole 
to form a succinamide derivative and in the next step the 
four-carbon side chain is eliminated as fumarate with the 
formation of 5'-phosphoribosyl-5-amino-�-imidazole carbox-
amide. this key intermediate, which is two enzymatic steps 
removed from inosinic acid, had meanwhile been under 
study in the reverse direction by flaks and Warren. in the 
presence of tetrahydrofolic acid, acting as a formyl group 
acceptor, the six-member ring of inosinic acid opens to form 
the same substance; in the forward direction this reaction 
constitutes the final step in the purine de novo biosynthetic 
pathway. the pathway is summarized in figure 2.
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  fiGure 2: Pathway of biosynthesis de novo of inosine 5´-phosphate.

the mapping out of the de novo pathway was essentially 
completed by 1956. Jack oversaw and coordinated the project 
mainly with his mixed crew of experienced and beginning 
graduate students. his style, reflecting his own development as 
a bench scientist, was to assign his students their own projects 
with clear boundaries to minimize territorial disputes. new 
graduate students were first placed alongside more experi-
enced ones to teach them the ropes and to help socialize 
them into the group. When the research is going well, as it 
was for nearly all participants at the time, lab spirit is high, 
a cooperative atmosphere develops, and everyone is happily 
productive. the conjunction of these salubrious forces in a 
research group is rare, and it may in part be good fortune. 
nevertheless, without doubt Jack deserves great credit for 
managing his large group and mentoring them through 
their early scientific careers, as even his faculty colleagues 
noted with admiration. he especially is remembered for his 
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patience in teaching his students the art of writing up their 
work for publication: this was the point at which most of his 
students learned how to construct sentences, paragraphs, 
and papers.

the purine project spun off many others. conversion of 
inosinic acid to guanylic and adenylic compounds was pursued 
in other laboratories. in Jack’s group it was the branch point 
from which several other investigations grew. among these 
was the attempt to identify the site of covalent binding of 
azaserine to fGar amidotransferase. this was of interest not 
only as it was the first example of a naturally occurring, active-
site-directed irreversible inhibitor but also as it could shed 
light on the mechanism of the reaction. Graduate students 
thayer french and Kiyoshi mizobuchi, along with postdocs 
igor dawid and richard day, started the problem using 
the purified enzyme from liver and later from salmonella. 
the project turned out to be more difficult than expected, 
eventually adding shiro ohnoki, bor-shyue hong, duane 
schroeder, Joyce allison, George Kenyon, Jean-marie frère, 
and heng-chun li to the team. With persistence an active-
site cysteine was determined to be the point of attachment. 
these workers pursued detailed mechanistic and structural 
studies on the enzyme, concluding that the thiol group of 
this cysteine served as nucleophile in displacing the nh2 
group from glutamine during the transferase reaction.

methionine biosynthesis

as the purine biosynthesis project was winding down 
Jack became intrigued by reports in the literature about 
possible connections between methionine, vitamin b12, perni-
cious anemia, purines, and dna synthesis. the nutritional 
interrelationship between folic acid and b12 had been well 
established in bacteria as well as in animals. another obvious 
link was through the role of folate derivatives in purine and 
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methionine formation. he put the problem to a group of 
his students, consisting initially of postdoc fred hatch and 
graduate students al larrabee, renata cathou, and shige 
takayama. two methionine-requiring mutants of Escherichia 
coli were obtained from bernard davis, one of which evidently 
was defective in b12 synthesis since its nutritional need for 
methionine could be met by this vitamin. Jack’s group found 
that extracts of the two strains complemented each other in 
forming methionine in vitro. upon purification one strain 
(205-2) yielded a functional b12-containing enzyme but other-
wise lacked an activity needed to form methionine. Purified 
extracts of the second strain (11�-�, grown with b12), when 
incubated with 5,10-methylenetetrahydrofolic acid and the 
reducing agent, fadh2, produced a new, reduced-folate inter-
mediate. the evidence suggested that this was 5-methyltetra-
hydrofolate, a conclusion corroborated by Warwick sakami, 
who synthesized the same material by chemical reduction of 
5,10-methylene tetrahydrofolate. in the presence of catalytic 
amounts of atP the extract from 11�-� was shown to effect 
transfer of the methyl group from 5-methyltetrahydrofolate 
to homocysteine, forming methionine.

Jack’s methionine group, which grew to include sumner 
rosenthal, richard loughlin, howard elford, louis smith, 
and barbara mcdougall, looked further into the mechanism 
of methyl group transfer from 5-methyltetrahydrofolate to 
homocysteine and thence to other methyl receptors. his group 
and the work of others concluded that in the process

homocysteine + 5-methyltetrahydrofolate → methionine + tetrahydrofolate

the methyl group is carried as a metallo-cobalt ligand of the 
b12-containing methyltransferase, but that s-adenosylmethio-
nine also plays an obligatory catalytic role (hence the require-
ment for atP in the earlier experiments). an important 
concept, that of the methyltetrahydrofolate trap emerged 
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from the studies by the buchanan group, one that clearly 
links the metabolism of purines and methionine to folate and 
b12 deficiencies. tetrahydrofolate is necessary as an acceptor 
of one-carbon (formyl or methylene) groups arising from, 
for example, the conversion of serine to glycine, after which 
oxidation to the formyl group provides the precursor of c-2 
and c-8 of the purine ring, as discussed above. a competing 
process, reduction of a form of formyltetrahydrofolate to 5-
methyltetrahydrofolate, is effectively an irreversible reaction. 
thus, if the latter compound cannot be recycled by transfer 
of its methyl group to homocysteine, as would be the case in 
b12 deficiency, the tetrahydrofolate cycle is blocked, resulting 
in accumulation of nearly all folate coenzymes in the cell as 
the trapped 5-methyl form. Pernicious anemia is one clinical 
manifestation of a b12 deficiency state; the methyltetrahy-
drofolate trap hypothesis accounts for the interference with 
dna synthesis in pernicious anemia through the effect on 
purine (and thymine) biosynthesis.

bacterioPhaGe enzymoloGy and reGulation

in the 1950s and 1960s bacteriophage emerged as one 
of the principal new model systems for the study of dna 
replication and protein synthesis. Jack’s interest in this field 
was piqued by a paper published by G. r. Wyatt and seymour 
cohen at Penn, who had shown that the dna synthesized in 
bacteria under the direction of t-even coliphages contained 
5-hydroxymethylcytosine in place of cytosine. his interest in 
this research may have been further stimulated by the decision 
of his graduate student, Joel flaks, to go to cohen’s labora-
tory for his postdoctoral studies. at the time, cold spring 
harbor laboratories, a center for bacterial virus studies, 
ran a well-known summer course in bacteriophage initiated 
by max delbruck in the late 19�0s. Jack decided to go with 
flaks to take that course in the summer of 1956. it was there 
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that Jack began a friendship with salvador luria that later 
led to luria’s recruitment to the division of biochemistry 
at mit.

the unique occurrence of hydroxymethylcytosine in 
t-even bacteriophage dna seemed likely to be a key to 
understanding how the bacteriophage redirects synthesis 
from the host’s dna to its own. an important enzymo-
logical clue came from the discovery by flaks and cohen in 
1957 that a phage-induced enzyme in infected E. coli cells, 
dcmP hydroxymethylase, directly transfers the hydroxy-
methyl group from 5,10-methylenetetrahydrofolate to dcmP, 
forming hydroxymethyl dcmP (dhmP). in 1956 Kornberg, 
lehman, and simms reported much reduced rates of dna 
synthesis by partially purified dna polymerase (now known 
as dna polymerase i) isolated from phage-infected cells as 
compared with rates in uninfected cells. in Jack’s lab James 
Koerner and marilyn smith (1960) were able to identify 
and purify a phage-encoded protein that accounted for the 
suppressed bacterial dna synthesis: deoxycytosine triphos-
phatase (dctPase), which hydrolyzes dctP and dcdP to 
dcmP. following reports of sinsheimer and of Volkin that 
the hmc in phage was partly in glucosylated form, Koerner 
and s. Varadarajan synthesized glucosylated dhtP and found 
that this deoxynucleoside triphosphate was incorporated 
into dna in phage-infected E. coli cells but not in unin-
fected cells, a result indicating a difference in the substrate 
specificity of a presumed phage-induced and bacterial dna 
polymerase. these findings provided a mechanistic explana-
tion for the suppression of bacterial dna synthesis in phage-
infected bacteria and began an interest in bacteriophage 
that continued for more than 20 years. along the way the 
buchanan lab produced several discoveries that had major 
implications for the general topics of dna synthesis and the 
regulation of protein synthesis.
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Progress in phage genetics was given a jump-start in 
1959 with the publication by robert edgar and associates 
of the isolation of a series of amber mutants that contained 
misplaced stop codons, causing premature arrest of protein 
translation. luria obtained these mutant phages in advance 
of their publication and with luria, John Wiberg, and marie-
luise dirksen, Jack began to ascribe biochemical functions 
to the individual genes—a major advance in the field. the 
first to be identified (1962) was gene �2, which Jack’s team 
found encoded dcmP hydroxymethylase. the buchanan 
group further showed that mutations in phage gene �2 caused 
changes in enzyme activity and stability. these experiments 
offered confirmation to the seminal work of hershey and 
chase showing that phage-induced proteins were specifically 
encoded by phage genes.

in the early 1960s it was becoming apparent among phage 
researchers that protein synthesis was temporally regulated 
after infection of bacteria. the terms “early” and “late” were 
used to designate proteins that appeared prior or subsequent 
to dna replication, a process that began approximately 8-10 
minutes after infection. one would suspect that the proteins 
necessary for suppression of bacterial dna and replication 
of phage dna would be among the early proteins. this was 
indeed the case. these proteins did not appear until about 
three minutes postinfection, and their synthesis stopped as 
dna synthesis began. late proteins did not appear until the 
early protein synthesis had ceased. it is interesting that experi-
ments on the kinetics of phage protein synthesis involved 
experimental points taken at minute or shorter intervals. 
this would not have disturbed Jack since he was used to 
radioisotope experiments that needed to be conducted with 
the utmost rapidity.

the effect of the onset of dna synthesis as a negative 
regulator of early phage protein synthesis was further studied 
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in experiments in which dirksen, Wiberg, Koerner, and 
buchanan blocked phage dna synthesis by irradiating the 
bacteriophage before infection. in this elegant experiment 
they observed that prevention of phage dna synthesis allowed 
the continued synthesis of early proteins long after the 10 
minute time when they normally ceased their synthesis. this 
confirmed the hypothesis that the cessation of dna protein 
synthesis after 10 minutes postinfection was directly depen-
dent on the time of first dna synthesis. a similar conclu-
sion was reached using amber mutants that attenuated dna 
synthesis.

this work stimulated a general interest in the regulation 
of phage protein synthesis. a major question was whether 
the temporal regulation of phage protein synthesis could 
be correlated directly with the amount of mrna for those 
proteins, or was additionally regulated by post-transcriptional 
mechanisms. this issue was first addressed with robert Grasso 
using dna-rna competition-hybridization, as described in a 
paper published in Nature in 1969. these experiments showed 
that inhibition of protein synthesis with various inhibitors 
led to the up-regulation of several classes of mrna and led 
to the categorization of certain mrna species as “imme-
diate early” and “delayed early,” depending on their time 
of appearance. more precise measurements of the kinetics 
of production of specific mrna species came from experi-
ments conducted with George Guthrie, akira Kuninaka, and 
Kenneth lembach in which transcription was allowed to 
occur in phage-infected E. coli protoplasts in the presence or 
absence of protein synthesis, and then further rna synthesis 
was inhibited and translation was allowed to occur. they found 
that the transcription inhibitor, rifampicin, worked best in 
these experiments because its activity was rapid and complete. 
these experiments clearly demonstrated the kinetics of both 
message accumulation and protein synthesis and allowed for 
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the relationship between the two to be studied with much 
greater precision. an important conclusion of this work was 
that transcription of specific classes of mrnas subsequent to 
phage infection was differentially regulated by the synthesis 
of phage-induced proteins.

the studies on regulation of protein synthesis then moved 
on to fully in vitro systems, as first described by salser, Geste-
land, and bolle in the late 1960s. the first of these studies in 
Jack’s lab, published with shigeru sakiyama in 1971, involved 
isolation of rna at different times from phage-infected cells. 
the purified rna was then incubated with bacterial lysates. 
in this paper the kinetics of production of deoxynucleotide 
kinase mrna was measured using the in vitro system as an 
indication of the temporal production of deoxynucleotide 
kinase mrna under different conditions. this pattern was 
then compared with the profile of deoxynucleotide kinase 
production in intact phage-infected bacteria. using this 
system, they were able to determine the kinetics of deoxy-
nucleotide kinase mrna formation, to classify it as a class 
ii, or delayed early message, and to compute the half-life 
of the message to be �.5 minutes. this work was confirmed 
and extended over the next several years by Peter natale 
and carrie ireland and also by Paul cohen, who came from 
rhode island to spend a year’s sabbatical with Jack at mit 
in 197�.

an important theme that emerges from the work on 
mrna and protein regulation in bacteriophage was Jack’s 
ability to recognize novel patterns in his data that did not 
conform to then current dogma. at this time the conventional 
wisdom was that transcription and translation were closely 
linked in prokaryotes and that when mrna was synthesized, 
it was rapidly and completely translated. Jack realized that 
his own data contradicted this viewpoint and he was unafraid 
to discuss the possibility. in the discussion of the 1970 paper 
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with lembach they state: “one might suggest that translational 
mechanisms come into play to regulate the utilization of the 
messengers for dctPase and dcmP hydroxymethylase in these 
cells…one might postulate the formation of a specific factor 
which regulates the translation of mrna for these enzymes 
in the infected cell.” the following year, in the paper on 
deoxynucleotide kinase mrna with sakiyama, they further 
state: “if the synthesis of deoxynucleotide kinase in vivo 
were completely under transcriptional control, one could 
expect that the amount of functional deoxynucleotide kinase 
messenger might be proportional to the amount of enzyme 
synthesis in vivo…this is not the case in our experiments.” 
clearly, Jack was conscious that his experiments revealed a 
new type of control of protein synthesis in bacteria that had 
not been previously observed on the individual protein level. 
such control of phage protein synthesis was later shown to 
exist and to be in some cases dependent on the regA gene 
product, which encoded a translational repressor protein.

a steP into cell bioloGy: mitoGenesis

in 196� Jack felt confident enough with the bacteriophage 
studies to want to go and learn something new. he embarked 
on a year’s sabbatical in the laboratory of renato dulbecco 
at the relatively new salk institute. he was assigned to search 
for a factor in mouse salivary glands that could stimulate 
the growth of hepatocytes in vitro. although this particular 
endeavor was not successful it did introduce him to the 
exciting field of growth control in mammalian cells. later 
after returning to mit, Jack’s lab took up the question of 
how cell growth was regulated in cultured eukaryotic cells.

at the time, serum was the growth stimulus of choice 
and the nature of the factor(s) in serum that stimulated cell 
growth was being pursued in several laboratories. a report 
from bart sefton and harry rubin appeared in 1970 that 
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showed the protease trypsin could stimulate the growth of 
cultured mammalian cells. this topic appealed to Jack because 
it involved the activity of an enzyme, which was a phenom-
enon he understood well. a talented graduate student, lan 
bo chen, took this on as his dissertation topic, and the lab 
produced a noteworthy series of papers on the subject. they 
focused on the activity of the coagulation protease thrombin 
in part because it was very specific in its cleavage of particular 
amino acids and in part because there was a thrombin expert 
in the department in david Waugh. chen and buchanan first 
showed that thrombin was indeed a mitogen. they, along 
with nelson teng, tung-tien sun, and bruce zetter, set out 
to determine the nature of the proteins that were cleaved 
from the cell surface by thrombin. the first protein identi-
fied was the large external transformation-sensitive protein 
identified by richard hynes at mit and erkki ruoslahti. 
hynes originally called this protein lets, but the name 
fibronectin eventually became the accepted nomenclature. 
additional proteins cleaved by thrombin were also identified. 
over time, however, it became apparent that the proteolytic 
activity of these proteases was only one contributor to their 
mitogenic activity. receptors binding these proteins were 
also present on the cell surface and initiated signaling events 
that mediated the mitogenic response.

the final part of Jack’s work on eukaryotic cells dealt 
with mechanisms of transformation by rna viruses, such as 
the rous sarcoma virus. he felt that the expertise they had 
gained by studying the synthesis of specific phage proteins 
could be brought to bear on the question of the proteins 
involved in the process of viral transformation of eukaryotic 
cells. the work was initiated by James Kamine, who brought 
his own expertise on these viruses to the lab. by 1977 they, 
along with two other labs, had successfully identified distinct 
proteins that were implicated in the transformation process. 
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the best characterized of these proteins was, of course, 
the src gene, which was originally identified by erikson and 
colleagues, who then showed that the gene product was 
a tyrosine kinase. Questions regarding the nature of the 
molecules that were phosphorylated by kinases, such as src, 
occupied the laboratory until it closed. the last paper in 
Jack’s curriculum vitae, by laudano and buchanan (1986), 
describes the biochemical analysis of the phosphorylation of 
specific tyrosines in the viral src protein by its endogenous 
kinase activity. it is safe to say that the study of enzymes was 
Jack’s first and foremost scientific love and that the desire 
to understand them more completely occupied the entirety 
of his scientific career.

ePiloGue

looking back at the scope of Jack’s career, one must 
be impressed by his adaptability and fearlessness in moving 
boldly time and again into new areas of research. there 
is a central logic in how his work evolved as biology itself 
evolved during his active career. Jack embodied the highest 
standards of scientific integrity; he demanded thorough 
experimental justification of his students’ data and rigorous 
analysis of their conclusions. he passed these qualities on 
to his students as essential parts of the scientific inheritance 
they derived from their beloved mentor. no less important 
than in their scientific education, his students grew in their 
personal development from his boundless support and 
friendship, as did the many friends and colleagues that he 
touched throughout his life.
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notes

1. by this time 1�c had supplanted 11c and 1�c as the carbon 
isotope of choice for nearly all biochemical tracer studies, its 
ideal properties greatly accelerating the analysis of both in 
vivo and in vitro systems.

2. the gracious personalities of both bob Greenberg and Jack, 
as well as their scientific abilities, fostered a friendly relation-
ship and a good-natured competition over the years that they 
were pursuing the same goal. Jack was always fair and generous 
in giving his competitor credit where credit was due, which 
was often.

�. the salvage reactions, especially the one for the hypoxanthine-
guanine pair nonetheless have important metabolic functions: 
a genetic deficiency of hypoxanthine-guanine phosphoribos-
yltransferase (hGPt) is the cause of the seriously debilitating 
condition in humans known as lesch-nyhan syndrome.
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