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Abstract

I endeavor to share how various choices—some deliberate, some
unconscious—and the unmistakable influence of many others shaped
my scientific pursuits. I am fascinated by how two long-term, major streams
of my research, DNA replication and purine biosynthesis, have merged with
unexpected interconnections. If I have imparted to many of the talented
individuals who have passed through my lab a degree of my passion for
uncloaking the mysteries hidden in scientific research and an understanding
of the honesty and rigor it demands and its impact on the world community,
then my mentorship has been successful.
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THE BEGINNING

I was born on April 20, 1938, in Orange, New Jersey, a date I share with a number of notables
( Joan Miro, John Paul Stevens, Lionel Hampton), but unfortunately, all of us are overshadowed
by Adolf Hitler. According to the hospital record and snatches of conversation with my mother,
my entry into the world was especially painful for her, since I was a breech birth not born by
a caesarian section. My parents were married during the Great Depression that disrupted my
father’s plans to practice law, and his service in World War II ended that dream. But, he was the
first in his small community (Danielsville, Pennsylvania) to attend college (my grandfather had
made his money as a bootlegger), and as a result, I had access to a chest of books, one of which
was a college chemistry book.

My life as a scientist really began when we moved to Stamford, Connecticut, where our family
(I now had a brother) owned our first house with some empty lots surrounding it. Although no
one in the family genealogy was identified as a scientist, I became one. By the time I was in junior
high school, I loved identifying flowers, trees, clouds, rocks, and birds—my allowance was spent
on various guidebooks—and during summers spent on my grandmother’s farm, I collected and
cataloged all kinds of objects (wild flowers,minerals, leaves, fossils, etc.) and built my first scientific
instrument, a hygrometer (out of my grandmother’s long hair) to measure the humidity on those
sultry days in central Pennsylvania. By high school, I began my chemical experiments. Reluctantly,
my parents had gifted me a Gilbert chemistry set for Christmas, but as others in their memoirs
have noted, the range of chemicals and suggested experiments were too confining. I knew,however,
what I needed from that college chemistry text, and so I made the rounds of drug stores, wrote
for free samples, and acquired the reagents I needed.

Discarded car batteries were an especially good source of sulfuric acid and elemental zinc. I
was producing hydrogen and had rigged a bicycle pump so I could inflate balloons with a few
liters of the gas. In those falls, one could still burn the raked leaves whose smoldering embers
ignited my primitive dirigibles. The open lots (Stamford was not yet paved over) provided an
area for rocket launches and testing explosive mixtures created from calcium carbide and water
to produce acetylene; the cellar tool bench was a platform for compound synthesis and mineral
analysis. I was on my way.
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I attended Saint Basil’s Preparatory School in Stamford, Connecticut, which was focused on
preparing young men for ordination in the Byzantine rite of the Catholic church. The curricula
were heavily concentrated on languages and literature, with little science, and only the necessary,
mathematics. But by this time, I had learned enough chemistry to pass the Junior final chemistry
exam within the first week and was granted some freedom to do my own experiments. I promptly
improved my rocket propellant. Nevertheless, a love of literature and my acquisition of a strong
foundation in writing skills was Saint Basil’s legacy.

LEHIGH DAYS

Much to my father’s chagrin (as a Lafayette alumnus), I chose Lehigh over Lafayette because I had
decided on becoming a chemical engineer. In the freshman placement exams, I did well enough
in mathematics to qualify for the chemical engineering program, but in the writing of an orig-
inal essay, I excelled. I was invited to be an English literature major as well as an engineer, and
the Dean’s Office mapped out a five-year course to achieve a double degree. By the second year,
I had been captivated by chemistry laboratory courses that used reagents I had only wished to
have on my cellar bench. I switched to major in chemistry and English literature. I had the good
fortune of establishing close relationships with two professors, Robert Young, a biochemist, and
Jerome Daen, a physical chemist. With the latter, I learned the importance of controls, exacting
precise measurements, statistical significance, and reproducibility. With the former, I studied the
myriad metabolic pathways, the structures of the associated metabolites, and the mysterious pro-
teins (enzymes) that were responsible for the metabolic transformations detailed in the venerable
textbook by Fruton & Simmonds (1). The first enzyme (jack bean urease) had been purified three
decades earlier (2), but investigations as to how enzymes catalyzed their respective transforma-
tions were just stirring (for an example, see 3). In the Young laboratory course that focused on
organic compound identification, I delighted in the opportunity to synthesize derivatives with
a variety of reagents that, unfortunately, for safety and/or environmental reasons, are no longer
found in undergraduate labs. It was my introduction to wet chemistry and its valuable laboratory
techniques.

In the late 1950s, Lehigh was a monastic order prone to boisterous campus partying on week-
ends.There were no dating services, so coeds were oftenmet through blind dates.On one such oc-
casion, I met a vivacious young woman,Patricia Doran, a senior majoring in chemistry at Chestnut
Hill College in Philadelphia. Our courtship was enabled by repeatedly borrowing my fraternity
brothers’ cars and heavy use of the telephone. The nuns held the young women to strict curfews,
so dates often ended in a race to return to campus before the driveway gate closed. After a year at
DuPont, Pat would join me at Cornell, where I planned to begin graduate work.

OFF TO CORNELL

Jerome Daen had encouraged me to apply to Cornell for graduate school because of its faculty
strengths in physical chemistry. Cornell offered me a Teeple Fellowship that meant I would start
graduate research almost immediately. I accepted. I met with many prospective faculty mentors,
the last one being a new arrival, Tom Bruice. My first impression was of a man of excess en-
ergy, intensely focused, driven, and competitive. He proposed understanding the mechanism of
enzyme action through the construction of ingenious organic compounds that juxtaposed func-
tional groups and substrate fragments to mimic an enzyme’s active site. The idea was simple:
Would, for example, a correctly positioned imidazole adjacent to an ester group within the same
molecule catalyze the hydrolysis of the ester? If so, what was the mechanistic pathway? Note that
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at the time, popular organic texts still viewed ester and amide hydrolysis as limited to the purview
of hydronium and hydroxide ion chemistry.

Because of the fellowship, I started research in the spring of my first year. We had decided
to synthesize a series of molecules that featured an amine molecule on one end and a reactive
aromatic ester on the other end that upon closure gave five- or six-membered lactam rings. It was
pure physical organic chemistry with a biochemical twist—quintessential bioorganic chemistry.
The desired compounds cyclized so rapidly when in aqueous solution that I couldn’t follow the
liberation of the phenolic product in a conventional Zeiss spectrophotometer. At the time (1962),
there was some buzz about a stopped-flow instrument, but none were commercially available. So,
I had to build my own, but a much more important event soon filled my consciousness—Pat and
I were to marry at the end of the semester. Tom was clearly not happy about the interruption,
especially one that involved a honeymoon at Virginia Beach, miles from Ithaca.

After the short stay in Virginia Beach (Pat had suffered a severe case of sunburn), our two
fathers provided me with access to what I needed for a stopped-flow instrument: a fine machinist
in Stamford and a block of special stainless steel from Bethlehem Steel. So, we prolonged our
honeymoon, and I had built a stopped-flow instrument to fit into a Zeiss spectrophotometer before
returning to Ithaca. I received a very icy reception fromTom,until I unpackedmy treasure.Within
a few hours, most of the Cornell faculty had paraded past my bench and viewed a demonstration
by Tom of how the hydrolysis of my esters could be tracked on a millisecond time scale. How
primitive the device is in retrospect (4)! But its operation led to my first Journal of the American
Chemical Society paper (5), which anchored my thesis.

The three year stay at Cornell passed quickly.The bioorganic stars of that era all visited (Myron
Bender, Frank Westheimer, Bill Jencks), and their competitive natures were palpable. Long lab
hours were expected. Tom had a rifle-like arm for passing a football, and tensions were relieved on
some afternoons with touch football, often leading to dislocated fingers.My thesis work proceeded
rapidly; Pat, who had been employed by Tom as a technician, conducted many of my needed
kinetic experiments, and her extraordinary laboratory skills first impacted my graduate career and
later my own laboratory—more to be said about that in the Section titled The Transition from
Bioorganic Chemistry to Enzymology (1965–1970). In truth, she merited a PhD as much as me.
By nowTom, being a native Californian,was growing weary of the Ithaca winters, so on one snowy
day, he brought all of us together and told us to pack, for we would be setting up his new lab in
Santa Barbara. Westward Ho!

CALIFORNIA INTERLUDE

I had finished my PhD work at Cornell and made a momentous decision. As Tom had said, “This
will either be the start or the end of your career,” so my postdoctoral project was to remain with
Tom and author our two-volume text, Bioorganic Mechanisms (6, 7). I had started on our proposed
opus while at Cornell, digging out pertinent papers from the journal stacks in the Baker and Olin
Libraries. Recall this was the time of no digital indices and no Google but yellow pads and nu-
merous index cards. I inhaled much dust, but as the number of cards grew, the text of the chapters
started to take shape.

Tom had already sketched an outline of the text in his graduate course. We intended to cover
all of the published work that one could construe as bioorganic chemistry. I was also beginning to
jot down ideas for research. Although I had interviewed both in industry and in academia, I had
not yet decided on what career course to follow.During an interview at DuPont Central Research,
I ended the day with the Director, Howard Simmons. He said, and I quote, “We’d love to have
you, but you belong in academia.” His statement certainly influenced my decision. Although I
had an offer of an assistant professorship from Penn State, I still hesitated and decided to put
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off a decision until the writing was finished. I spoke with the head of the chemistry department,
Thomas Wartik, who wisely recognized my need for more time and made the offer open-ended
(no deadline). Tom,who became not only a colleague but a very close friend, patiently on occasion
called me in Santa Barbara and asked how the writing was proceeding. In the interim,my curiosity
to test out some of my growing list of research ideas catalyzed my acceptance of the Penn State
offer. Santa Barbara is a jewel nestled next to the Pacific, and now Pat and I were leaving for the
wilderness of rural central Pennsylvania to set up a lab. Many of our lab mates questioned our
choice. I had one major task to finish, indexing the two-volume text of Bioorganic Mechanisms. We
were Eastward bound.

THE TRANSITION FROM BIOORGANIC CHEMISTRY
TO ENZYMOLOGY (1965–1970)

Myfirst lab at Penn State was in a space that had housed an analytical chemistry course, so the desks
all held wonderful balances but nothing else. I should have been wise enough to retain several, for
they are now collector’s items.On one end was a small hood and, in the center, a glass-enclosed of-
fice with a desk under a rain gutter because of a leaking pipe.My “million dollars” of startup was a
pH meter and access to stockroom glassware. But before I left Tom’s lab, I had written a National
Institutes of Health (NIH) grant application based on the idea that many biological substrates,
especially those involved in phosphoryl transfer, had built-in catalytic groups, an example being
the carboxyl group of phosphoenolpyruvate. To my surprise and delight, it was funded! My first
graduate student, Keith Schray, was extraordinary (he went on to head the Department of Chem-
istry at Lehigh) and before long he had data implicating a pentacovalent phosphorus intermediate
in the transfer of the phosphoryl group from phosphoenolpyruvate to other receptors. Our pa-
pers (8, 9) caught the attention of Frank Westheimer, who followed our research from then on. I
started a second project based on creating models for the tetrahydrofolate cofactor whose ability
to orchestrate one-carbon transfer chemistry at various oxidation levels when bound to cognate
enzymes had intrigued me (10, 11). A third area was that of sulfate esters (12, 13): Did their hy-
drolysis proceed through sulfur trioxide, a stable species contrasted to the fleeting metaphosphate
whose presence in phosphate ester hydrolysis was hotly debated at Gordon Conferences and Eu-
ropean meetings? Those latter papers had a coauthor, Pat, whose experimental and managerial
skills undoubtedly laid the groundwork for all of the lab’s future success and reputation. She im-
plemented laboratory practices that are now a tradition and adopted by departing members for
their own labs.

But model compounds are not enzymes, so I decided, with no background in protein chemistry,
to plunge into isolating fructose 1,6-bisphosphatase from rabbit liver. With Margaret deMaine,
an inorganic chemist with a doctoral degree from Cambridge, and Jake Kleinschuster, a returning
Vietnam veteran, we learned how to grind up liver, carry out ammonium sulfate fractionation,
pour our own phosphocellulose columns, and isolate purified protein (at least by sodium dodecyl
sulfate gels) (14, 15).We were rank amateurs, not knowing initially to remove proteases by a heat
step. I chose this enzyme as an example of one that catalyzed phosphate ester hydrolysis in an
important metabolic pathway, glycolysis. But I realized soon that, whereas one knew the chemical
structure of the substrate, I had no idea as to the active isomeric species; was it the α- or β-anomer
or the open-chain keto form? All of the textbooks showed the sugars in glycolysis to be in the α-
anomeric form,but that, I discovered,was assumed not proven. I decided I neededmore immersion
in enzymology, so Pat and I took up residence for 3 months at the Cancer Institute in Philadelphia,
where we rejoined Keith Schray and shuttled between two labs, those of Irwin “Ernie” Rose and
Al Mildvan.
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ANOMERIC SPECIFICITY (1972–1976)

Those of you who knew those two scientists would suspect it was enzymology day and night, and
you would be right. Ernie would call me at all hours to discuss his latest ideas on proton exchange,
a new scheme to detect the presence of transient intermediates by pulse-chase methods, and I
could go on. Ernie’s ideas were all intuitive, and I often puzzled over where they had originated.
In the corner of his lab were parts that would assemble into a primitive rapid-quench machine, a
gift from Al Meister with no instructions that also came with a number of his cigar butts. I figured
out how to assemble it. The machine used a cam shaft that spun at different speeds, and the cam
would strike a set of syringes, driving their contents into a cell. A delay of different lengths varied
the time of quench. We broke a number of syringes but ultimately produced a series of biphasic
plots that revealed which isomeric form of the sugar was being consumed by excess enzyme. In
the meantime, Al Mildvan, working with Keith Schray, was able to determine the distribution and
rates of anomeric interconversion for various sugars by nuclear magnetic resonance (NMR). In the
case of fructose 1,6-bisphosphatase, both matched our quench studies on this sugar implicating
the α-anomers as the enzyme’s substrate. We then went on to elucidate the anomeric specificity
of all of the enzymes in the glycolytic pathway (16–20).

TRANSITION FROM MODELS INTO THE TRANSFORMYLASE
AND HYDROXYLASE ENZYMES (1976–1984)

Our studies on the mechanism of action of folate- and biopterin-requiring enzymes focused on
the transformylase enzymes in de novo purine biosynthesis (21–26) and phenylalanine hydroxylase
(27–32).All were purified the old-fashionedway by extraction fromminced livers and fractionation
with ammonium sulfate followed by cationic or anionic column chromatography. We noted that
the transformylase enzymes in the de novo purine pathway appeared to purify together (22), a
finding that was not convincingly confirmed until decades later. We found that the cofactor for
both transformylase enzymes is 10-formyltetrahydrofolate (23, 33), that the one-carbon unit was
directly transferred (34), and that the human glycinamide transformylase is a trifunctional enzyme
(35). For phenylalanine hydroxylase, we demonstrated by 13C NMR that the tetrahydrobiopterin
is converted during the hydroxylation to a 4a-carbinolamine, thus unequivocally determining the
atom of attachment of molecular oxygen to the tetrahydrobiopterin (28), that the phenylalanine
hydroxylase stimulator protein is a 4a-carbinolamine dehydratase (36), and that the enzyme from
Chromobacterium violaceum is a copper-containing hydroxylase (37).

To transition from a coarse grain to a sharper view of an enzyme mechanism required our
creative adaptation of a variety of probes for a wide range of methods: stopped-flow and quench-
flow kinetics to determine the overall kinetic sequence, isotope effects to pinpoint the locus of
the rate-limiting step, and measurements from the stereochemical course of the transformation
to infer the presence of transient intermediates (28, 38–44). But what enzymes should be subject
to such scrutiny? The reactions they catalyzed should be of great biochemical significance, the
proteins stable and easily accessible in quantity and amenable to the aforementioned protocols. A
fortuitous short sabbatical helped me in my choices.

DIHYDROFOLATE REDUCTASE AND DNA POLYMERASE (1980–)

I had the immense good fortune to spend 6 short months in the legendary biochemistry depart-
ment headed by Arthur Kornberg at Stanford University, hosted by George Stark. It was a heady,
exciting time. George was perfecting Northern blots. Paul Berg had demonstrated the feasibility
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of recombinant expression of human genes in bacteria, and the intense departmental seminars re-
vealed weekly discoveries and novel techniques. And then there was the opportunity to lunch on
toasted cheese sandwiches with Arthur and hear his thoughts on “his” polymerase enzymes.

I returned to Penn State with fresh enthusiasm, having made key decisions. The lab would
have two foci: the mechanisms of DNA replication and folate-requiring enzymes.We began with
the Klenow fragment of DNA polymerase (45–51), first delineating its minimal kinetic scheme
for replication using rapid-quench methods, revealing its high proofreading activity from the per-
spective of its free energy profile by identifying two key rate-limiting conformational changes
flanking a rapid internal equilibrium, and mapping the distance between its substrate sites by flu-
orescence resonance energy transfer and time-resolved fluorescence spectroscopy. The existence
of a non-rate-limiting chemical step in enzyme-catalyzed reactions is now accepted as a general
characteristic. But the Klenow fragment polymerase from Escherichia coli is not responsible for
DNA replication. Now that we were more sure of our abilities to prepare and handle enzymes
and of the power of our arsenal of methods to reveal the intimate details of how an enzyme func-
tions with complex substrates and activities, we began our studies of the T4 replisome. Inspired by
the fundamental discoveries of Alberts (52, 53) and Nossal (54) in isolating and characterizing the
roles of the eight proteins that constitute the T4 replisome,we started by studying the functions of
the individual proteins, their various subcomplexes, and finally the intact replisome—all in vitro.
I was particularly fascinated by how all of their functions were ultimately integrated into a func-
tional replisome. This research adventure became an odyssey that spanned nearly three decades
(55–92). It was an exciting experience for us as we progressed to applying new techniques such as
single-molecule total internal reflection fluorescence and molecular tweezers to answer questions
that had been heretofore inaccessible. With Michelle Spiering, who was instrumental in the suc-
cess of many T4 studies, I recently wrote a Journal of Biological Chemistry review article (92) that
summarized all of our studies.What remains is the actual structure of the replisome, which I hope
will be attainable through cryo–electron microscopy. Although T4 is from phage, many of our
findings have applied to eukaryotic replisomes, and our work served as an entry into many stimu-
lating conferences—Cold Spring Harbor, Gordon, UCLA, etc.—where many lasting friendships
and collaborations were formed, often in rustic settings.

An invitation to speak at The Gordon Conference on Enzymes, Coenzymes, and Metabolic
Pathways was always highly coveted. Every early July, the world’s leading enzymologists gathered
there, sat in the front row of a 200-seat auditorium, and engaged in heated debates about themerits
of the various talks. For young assistant professors, to speak there was a rite of passage—one now-
famous biochemist stepped back too far and disappeared off the stage, another hyperventilated—
but in the evening, all gathered in the cafeteria for a night of libations. Pranks abounded, beds were
short-sheeted, talk slides were mysteriously shuffled and at times replaced with photos found in
Playboy, and fireworks were ignited in the bar. I went to that meeting for many years until the beds
and mosquitos became too uncomfortable.

In parallel with our studies on the T4 replisome, the other half of the lab had embarked on
defining the number and magnitude of the kinetic steps that characterized the turnover of dihy-
drofolate reductase. I had chosen this enzyme for the determination of the free energy profile of
the catalytic cycle. High resolution crystal structures were available from the exacting studies of
Kraut and his colleagues (93), the enzyme was small and amenable to NMR investigations, and
the reaction involved a hydride transfer that could be probed by H/D isotope effects. I felt the
solution lay in the application of stopped-flow kinetics. At that time, only the free energy profile of
triosephosphate isomerase had been revealed by the elegant experiments of Rose (94) andKnowles
(95); in contrast, dihydrofolate reductase was a bisubstrate enzyme that provided novel challenges.
Thanks to Carol Fierke’s exacting experimental skills and analytical reasoning abilities, the free
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profile for the turnover cycle of the dihydrofolate reductase was solved (96). That solution, along
with the X-ray crystal structure, served as the basis for a series of extensive mutagenesis studies
using ensemble and single-molecule kinetic approaches to identify key residues within and distal
to the active site that participated in the catalytic cycle (97–107). It soon became apparent that the
entire protein structure contributed to varying extents to the catalytic efficiency of the enzyme. A
striking feature of the dihydrofolate reductase kinetic scheme recalled that of the Klenow poly-
merase, namely a free energy profile featuring rate-limiting steps associated with conformational
changes within the protein, surrounding a fast chemical step. In short, the step involving chem-
istry carried out by the enzyme had been optimized by evolution. I found this general concept
deserving of further scrutiny and validation.

CATALYTIC ANTIBODIES AND SCRIPPS (1988–)

In the mid-1980s, I chaired the Penn State Summer Molecular Biology Symposium and invited
Richard Lerner to present a lecture. Lerner (108) and Peter Schultz (109) had just reported their
discovery of catalytic antibodies, confirming Pauling’s hypothesis that enzymes gained much of
their catalytic prowess by stabilizing the transition state for the reaction in question. In the Lerner
study, catalytic antibodies had been obtained by generating monoclonal antibodies against a hap-
ten constructed to resemble a transition state for the chosen reaction. The key questions asked
were, What classes of reactions would be catalyzed by antibodies, and how closely would their
turnover approach that of enzymes? Richard invited me to the Scripps Research Institute for a
3-month sabbatical to address these issues, which marked the first of many stimulating and invig-
orating mini-sabbaticals I’ve enjoyed there (Pat and I also escaped central Pennsylvania’s winters).
Over only a few years, Richard had transformed Scripps to take a leading role in organic chemistry
and had hired a number of luminaries (Nicolaou, Sharpless, Rebek, and Bolger, as well as promis-
ing young chemists including Hilvert, Cravat, and Kelly). After-hours gatherings at the Faculty
Club were intense and stimulating.

At Scripps we generated catalytic antibodies for facilitating a large variety of reactions: ester
and amide hydrolysis, cyclization, peptide synthesis, and decarboxylation, among others (110–
127). Methods were developed to assemble combinatorial antibodies on phage surfaces in a quest
to find antibody candidates with superior activity (120, 128, 129). One antibody that catalyzed
amide hydrolysis was found to proceed through an acyl antibody intermediate, like its enzymatic
counterpart (122, 123, 130). Despite our best efforts, which included extensive mutagenesis, the
achieved rate stimulations were similar to those found upon comparison of paired intramolecular
and bimolecular reactions—rates several orders of magnitude less than those for enzymes. As
more structures of antibody-hapten complexes became available, it was obvious that the penalty
for the tight hapten-antibody binding in the rigid antibody structure was manifest in the inability
of the structure to adapt to the chemical changes in the substrate over the course of the reaction.
Dissociation of the reaction products that would require a conformational change in the antibody
structure was often slowed.

Our earlier studies on dihydrofolate reductase had implicated conformational changes as key
to the enzyme’s catalytic efficiency. It was possible to observe directly the regions of the enzyme
showing conformational movements and their rates through NMR relaxation measurements. Be-
ing at Scripps provided me the opportunity to discuss this application with Pete Wright and Jane
Dyson, which led to a long-standing collaboration and close, personal friendships. NMR assign-
ments to the amino acids in dihydrofolate reductase (131, 132) followed by relaxation measure-
ments (133) later culminated in a demonstration that the steps constituting the catalytic cycle
determined by stopped-flow kinetics could be assigned to conformational fluctuations in specific
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regions and residues within the protein. These regions and residues also responded to site-specific
mutations (134, 135). Importantly, the rates of thesemovements, as measured byNMR,beautifully
matched those of the stopped-flow kinetics.

Despite the rapid development of diverse experimental tools to probe enzymatic catalysis more
finely, it became apparent that theory would unlock even more secrets (104, 136, 137).We applied
in-depth dynamic simulations to dihydrofolate reductase through an extraordinary collaboration
with Sharon Hammes-Schiffer (138, 139). It was a wonderful learning experience for me and,
in my view, definitively showed the relationship between an enzyme’s conformational changes
and the catalytic cycle. The simulations showed that dihydrofolate reductase, through a series of
step changes within the protein structure both distal to and within the active site, constructed an
interactive space complementary to the transition state, so the actual chemical transformation step
would not limit the reaction cycle. We were joined by Gordon Hammes, long a close friend, and
with them, I published several of my most highly cited papers (140–146).

METABOLONS, THE PURINOSOME (2008–)

The lab continued to delve into other folate-requiring enzymes, in particular, the transformylases
involved in eukaryotic de novo purine biosynthesis. We had found that the human glycinamide
ribonucleotide transformylase was one activity of a trifunctional protein (35). With my Scripps
connection, we worked with the Bolger and Wilson labs to obtain crystal structures of the more
readily obtained E.coli enzyme docked with various substrate analogs (147–154). I was still tanta-
lized by our decade-old observation that the eukaryotic transformylases from avian liver copuri-
fied.We had unsuccessfully tried a number of in vitro studies searching for evidence of a complex
between the two transformylases and other enzymes in the de novo purine biosynthetic pathway.
Now, with the availability of the eukaryotic genes and the ability to create chimeric fluorescent
proteins, we searched in HeLa cells for a minimal complex between a transformylase and one of
the other five proteins in the de novo pathway. The result was our discovery by Songon An (155)
of the purinosome in HeLa cells. Subsequent work uncovered an endogenous assembly of the six
enzymes that convert the sugar ribose-5-phosphate-1-pyrophosphate to inosine monophosphate
through a channeled process (155–161). This complex has all of the characteristics of a liquid
condensate and is the first example of a dynamic metabolon. I continue to research its properties.

A PARALLEL COURSE (1970–)

With the advent of bioorganic chemistry and its implications for rational drug discovery, major
pharmaceutical companies soon reached out to our community. I was contacted by SmithKline &
French (SKF, now GlaxoSmithKline) and asked to consult for their medicinal chemistry group.
Their drug discovery effort was heavily focused on screening their collections of natural products
against various models of disease. As part of my responsibilities, I presented a short course on
mechanistic enzymology (captopril’s discovery as an angiotensin-converting enzyme inhibitor had
just jolted the traditional drug discovery approach).With the arrivals of George Poste and Stanley
Crooke, medicinal chemistry research underwent profound changes. Since I reported to George,
a polymath by every measure and soon to be in charge of worldwide SKF research, I became
involved in all aspects of the company’s research efforts. Soon Beecham was merged into SKF
to form SKB, and my consulting expanded to include numerous trips to the United Kingdom. I
had an unusual opportunity to be involved in the reshaping of SKB’s ongoing basic research, in
the assessment of clinical trial results, and ultimately, in strategic planning. Not only did I report
to George but now also to Jan Leshley, the CEO at the time. It was for me an opportunity to
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step into another universe where excellent science had to be weighed for its commercial value;
large egos and clashing personalities had to be cajoled or commanded into agreement; and failed,
risky, decisions had repercussions on Wall Street. Rather than the usual show-up-once-a-quarter
consultantship, I was on call and possessed a secure computer detailing all SKB’s research projects
and clinical trials. This experience would later prove invaluable.

As SKB grew,George decided to create and expand various Advisory Boards. I now headed the
Scientific Advisory Board (SAB), a position I held for 25 years. I brought onmany outstanding aca-
demics who introduced SKB to new developing areas ripe for drug discoveries.Two have remained
lifelong, special friends: SidHecht, already a vice president at SKB, and Lucy Shapiro, about whom
I have much to say later. It was a heady time for all who participated; George is a nonpareil racon-
teur (his imitation of an English lord is a showstopper), and the resulting scientific camaraderie
always left me inspired for discovery research. With the final merger to GlaxoSmithKline, the
resulting behemoth was almost unmanageable, and it was time to move on.

I now became involved in consulting for two key companies in the nonpharmaceutical world,
DuPont and Corning. Joseph Miller, who was a notable graduate student in the first course I ever
taught ( Joe told me after my second lecture to slow the presentation), was successively Chief Sci-
entific Officer at DuPont and Corning. At DuPont, their programs focused onmodifying enzymes
to produce high-value industrial, commercial products; for Corning, their goal was to develop bi-
ological applications for their unique materials. In hindsight, Joe’s vision was too early, and such
companies, with their high-capital investments, were not ready to abandon their traditional syn-
thetic routes or risk unexpected liabilities from new products.

During my tenure at SKB, one of my joys was discussions with other SAB members. Over
breakfast at the Four Seasons Hotel, Lucy Shapiro and I discussed the inevitable development of
antibiotic resistance. She was immersed in research on her model organism, Caulobacter crescen-
tus, and had discovered a key DNA methylation enzyme required for its life-cycle progression. If
this enzyme could be inhibited, perhaps there would be a reduced probability of resistance occur-
ring. One of my postdocs, Steve Baker, took up the challenge and created a small combinatorial
library of molecules whose structures were built around boron. Several were inhibitors not only
of the DNAmethyltransferase but also were cytostatic against pathogenic bacteria such as Bacillus
anthracis and Brucella.

Lucy and I jointly presented our findings at a conference held at Fort Detrick in Maryland.
In the audience were representatives from the Defense Advanced Research Projects Agency, who
within a day approached us to submit a proposal in the national interest. Within the astonishing
short time of 2 weeks, I was called and told that our collaborative effort would be funded, provided
we agreed to form a biotech startup. Most fortunately, our collective consulting experiences had
provided us with a network of contacts, so with some trepidation we agreed, and Anacor was
formed. Quickly, lab space was rented in Palo Alto; the CEO, David Perry, and other personnel
were hired; and additional venture-capital funds were brought in. Anacor became my parallel
career for the next decade.

To differentiate Anacor from others, we chose to build a combinatorial library centered on
boron, against the advice of many experts (boron was too toxic), and to eschew preselected targets
for phenotypic screening. Anacor quickly learned that the majority of its library compounds were
devoid of toxicity in cellular and animal models and also possessed potent antifungal activities. So,
the Anacor journey began, guided by the intense focus of David Perry, who deserves much credit
for its success. The road traveled was curved and full of potholes, such as the failure of a lead can-
didate, owing to resistance; contentious board meetings over strategy; and the continued, nagging
need for money. But after a decade, Anacor had registered two drugs, and now with Paul Berns
as CEO, Pfizer swooped in and bought the company. Among cherished mementos are letters of
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gratitude describing how crisaborole, Anacor’s atopic dermatitis drug, cleared the red rash, re-
lieved the itching of eczema, and stilled the crying of infants. Postdoctoral fellows whowere named
on the original patents, and among whom I had divided the share pool, were amply rewarded.

After the sale of Anacor, Lucy and I felt the boron platform had much more to contribute
to human health and well-being. I, with a superb postdoc, Tony Liu, set out to explore whether
a new library based on boron would exhibit antifungal properties against fungal pathogens that
devastate key world food crops such as soybeans, corn, and rice. Aided by Paul Schimmel, long a
close friend, excellent scientist, and biotech entrepreneur extraordinaire, we established Boragen.
At the time of writing, Boragen’s field trials of an unusually effective antifungal agent are being
run in various areas of the world where resistant fungal diseases can drastically lower the yields of
the aforementioned crops. I hope for another success.

REFLECTIONS

As I look back over my long career, it might prove instructive to others to view the path taken,
particularly its continuing evolution from simpler to more complex systems. My work reflected
my captivation by bioorganic models (Figure 1) initially and by more complex cellular biology
(Figures 2 and 3) more recently.The laboratory skills required also underwent ametamorphosis. I
always have been motivated by an abiding passion to deepen our understanding of how biological
systems function. So, as new methods were invented that could unlock novel insights, my lab
incorporated them.

a b

Figure 1

Bioorganic models (early career). (a) The hydrolysis of the methenyl salts of various tetrahydro quinoxaline derivatives as a model for
the hydrolytic behavior of the N5,N10-methenyltetrahydrofolate cofactor. (b) The hydrolysis of phosphoenolpyruvate, showing how
the internal carboxylate activates the phosphoryl group for transfer. Panel a reproduced from Reference 11. Panel b reproduced from
Reference 9.

www.annualreviews.org • From Bioorganic Models to Cells 67



Previous Okazaki fragment

Clamp loader
gp44/62

ssDNA binding protein
gp32

Clamp
gp45Polymerase

gp43Primase
gp61Helicase

gp41

Figure 2

T4 replisome (late career). A representation showing seven of the eight proteins, minus the helicase loader
gp53, that constitute the T4 replisome. Abbreviation: ssDNA, single-stranded DNA.
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Figure 3

De novo purine biosynthesis (late career). (a)The multienzyme pathway for de novo purine biosynthesis. (b) A fluorescent image of
purinosomes in HeLa cells. Abbreviations: ADSL, adenylsuccinate lyase; AICAR, 5-aminoimidazole-4-carboxamide-1-β-D-
ribofuranosyl 5′-monophosphate; ATIC, 5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase/IMP cyclohydrolase;
EGFP, enhanced green fluorescent protein; FGAM, formylglycinamide ribonucleotide; FGAMS, formylglycinamidine ribonucleotide
synthase; FGAR, formylglycinamide ribonucleotide; GART, glycinamide ribonucleotide transferase; IMP, inosine monophosphate;
PAICS, phosphoribosylaminoimidazole carboxylase, phosphoribosylaminoimidazole succinocarboxamide synthetase; PPAT,
phosphoribosyl amidotransferase; PRA, 5-phosphoribosylamine; PRPP, phosphoribosyl diphosphate; SAICAR, phosphoribosyl
aminoimidazole succinocarboxamide. Figure adapted with permission from Reference 162.
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I was fortunate to enjoy enlightened leadership at Penn State, notably from Tom Wartik, first
as chair of the Department of Chemistry and then dean, Joe Dixon as chair of the Department of
Chemistry, and Bill Richardson as provost. As the first member of the department with a biological
bent, I was fairly isolated; only later did Gordon Hamilton, Joe Villafranca, and Bob Matthews
arrive to help build a national bioorganic presence. I particularly benefited from a collaboration
involving surface ionization mass spectrometry with Nick Winograd. Nick and Barbara Garrison
are close personal friends and our bicycle companions on weekends and trips. Summers have been
highlighted by boating with the Schimmels and Kozarichs. Xin Zhang, now an associate professor,
and I have an exciting collaboration featuring his ingenious fluorescent probes to report on the
composition of cellular interiors. Particularly gratifying is the promise of a joint research effort
with Paul Mischel (University of California, San Diego) on aggressive tumors that may be fueled
by the purinosome the lab has been studying.

Based on the lab’s publications and reputation, I had the opportunity to serve the scientific
community through participation in NIH study sections and Howard Hughes Medical Institute
panels and as a Reviewing Editor for Biochemistry, Proceedings of the National Academy of Sciences,
and Science, the last for 28 years. I have been honored by invitations to give numerous lectures,
appointments to academies, and a variety of awards—one of themore enjoyable included ameeting
with President Obama.

My career has been a remarkable odyssey: challenging but never boring, enlivened by many
collaborators and gifted graduate students and postdoctoral fellows, and broadened outside of
academia by consulting and entrepreneurial ventures. None of my success would have been
achieved without my closest friend, confidante, advisor, and critic: Pat.
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