Memoir

Charles E. Bugg









Preface

| am a crystallographer. Although my career has
allowed me to enjoy a variety of stimulating ventures in
science, technology and business, crystallography has
always been the foundation of these activities.

Crystallography is an incredible scientific discipline
that has directly impacted many areas of chemistry, phys-
ics and biology. The importance of this field was formally
recognized recently by the United Nations, who declared
2014 as the Year of Crystallography. The tremendous
impact of crystallography is exemplified by the fact that
27 Nobel Prizes have now been awarded for scientific
achievements directly related to, or involving use of, crys-
tallographic methods and techniques. No other specific
scientist discipline has produced such a large number of
Nobel Prizes. | have had the joy of interacting closely with
several of these Nobel Laureates over the course of my
career. | doubt if any other career choice would have pro-
vided me with such stimulation.

In 2014, the Year of Crystallography, | was invited by
the American Crystallographic Association (ACA) to write
my Memoir, which would be archived in the ACA website
that covers the history of crystallography. | ended up
going overboard, and including much more detail than



will ever be of interest to my crystallographic colleagues,
thinking that my grandchildren might someday want to
read about the wonderful life that our family was allowed
to share through the world of crystallography. Fortunate-
ly for my crystallography colleagues, the editors of the
ACA abstracted relevant sections of my Memoir for publi-
cation in their quarterly newsletter, “ACA Reflexions”, and
| have attached the resulting article to my Memoir. This
should be easier reading for anyone who is not ready to
wade through the details of my complete Memoir.

| am deeply indebted to Dr. Virginia Pett, Historian
for the ACA, for the many hours that she spent correcting
errors in my typing and suggesting improvements, and to
Bebe and my daughter Jeannie for their input and sug-
gestions while | was struggling through reconstructing
the past 50+ years of my life. The Memoir and attach-
ments are archived by the ACA at:

www.amercrystalassn.org/history /people /list.



| was supposed to be an orthopedic surgeon, not a crystallographer. My father was a
prominent orthopedic surgeon in Durham, North Carolina, where | was born and raised. As
long as | can remember, | expected to follow in his footsteps. | was the second of five children.
Except for brief stays in Fort Bragg, N.C. and Thomasville, Georgia, where my father was
stationed during the war, my early childhood was spent in Durham. | was also destined to
attend Duke University, where both of my parents, my grandfather and multiple other
relatives attended college. My mother graduated Phi Beta Kappa from Duke in 1936. My
father attended both undergraduate school and medical school at Duke. It was a done deal
that | would attend Duke, especially since my parents made it very clear that they only intend-
ed to pay for me to go there, Fortunately, it proved to be a pretty good choice for me.

My father had a private practice and was on the faculty in Orthopedics at Duke. My
mather handled the finances for his practice. Orthopedic surgeons were fairly rare after the
war, so my father eventually ended up treating many of the families of local farmers. He was
well known throughout Durham and Orange counties. His number one recreation, which also
became mine, was hunting and fishing, which were very productive activities in rural North
Carolina back then. My father kept a hunting file close at hand in his office, and he would
routinely get permission from patients to hunt on their land. It seemed that we had almost
free range of the countryside for quail and dove hunting. We also had a rustic house on the
North Carolina coast in an area that was totally undeveloped at the time, where the duck
hunting was incredible. Fishing both in local lakes and on the coast was almost always
productive as well. It was a wonderful time for me to grow up in the South.

My father performed extensive charity work, which was fairly common for doctors in
that era. He would frequently operate on weekends at the local charity hospital where condi-
tions were incredibly primitive. | remember one weekend when he borrowed the hand drill
from my junior tool set and autoclaved it to use in an operation because the hospital could
not afford to purchase one. He sometimes would take me into the operating room with him,
where he usually worked with no assistance, and he would explain the operations in detail. |
remember one operation in particular. It was during the middle of the summer. Of course
there was no air conditioning. A huge, obese woman had badly broken her hip which needed
to be nailed back together. In mask and gown | was suffocating, and the procedure was
unusually messy due to the size of the patient. | recall that at the first time | began wondering
if | really wanted to become an orthopedic surgeon.

My mother was a strong influence in my life from the earliest times | can remember.
She was very active in the Durham community, and she always seemed to have a secret game
plan for my development. She did not micromanage my life, and she was always supportive,
even when | did not deserve it. | initially attended Calvert School, now renamed Durham
Academy, a private school where all of my close friends were enrolled. However, my mother
was a strong advocate of public schools, and she served a number of years on the Durham
School Board. Although | think my family could have afforded private school at the time, she
moved me to Morehead School, a public elementary school, when | was in the fourth grade.
This school was in a pretty rough neighborhood, and none of my friends or kids whom | had
grown up with was enrolled there. It seemed that | was routinely roughed up every day after
school, and | made it clear that | thought | really should return to Calvert. My mom's solution
was to hire a retired, professional boxer to give me lessons in how to take care of myself. She
sent me back into the jungle, where | finished elementary school. | actually ended up making
some very good friends there, who hac interesting backgrounds that | would have totally missed

if | had stayed in private school. | never knew at the time exactly why my mother put me in

situations like this, but it was clearly part of her plan. Maybe she wanted me to learn how to handle
bullies later in life, and to get an up close view of another side of life.



| had an unusual cpportunity, again engineered by my mother, to get an early education in poli-
tics. At that time, before e-mail and electronic communications were available, the N.C. legislature relied
on page boys to move paperwork back and forth between legislators in the State Senate and House.
These page positions were typically assigned to elementary school kids, maybe because we were small
and could easily wriggle between the rows of seats. Page positions were apparently highly valued,
although any good reason for this escaped me at the time. Our local state senator, Claude Curry, was a
family friend, and one of my cousins, William B. Umstead, was Governor of North Carolina while | was in
the sixth grade, so it was probably pretty easy for me to be selected as a page in the N.C. Senate. The
detalls of my absence were negotiated with Morehead School (by my mother, not by me); and every
morning during the legislative session that year, | would either catch the Trailways bus to Raleigh or get a
lift from Senator Curry and head to the legislative chambers. | would then have to catch up with the day's
schoolwork in the evenings and weekends. | don't remember seeing much merit in this opportunity at the
time, but it did teach me how to study on my own, and it ruled out politics as a future career. After
elementary school, | attended public school at Carr Junior High which was in the same general rough area
of downtown Durham.

| did not perform well in junior high, and it soon became clear that, if | really wanted to gain admis-
sion to Duke, even with whatever influence my parents might exercise, | would likely need to have a better
education than | was getting in the Durham public schools. So | was shipped off to McCallie School, a
military, preparatory school in Chattanooga, Tennessee, for my three years of high school. This is probably
a main reason that | was eventually able to become a crystallographer, since McCallie had superb
programs in math, chemistry and physics, with strict discipline that | badly needed at that stage of my life.
| actually enjoyed my coursework for the first time, and | graduated in great physical shape having spent
three years on the football and wrestling teams. During the summer vacations, | worked in construction as
a manual laborer. | saved a lot of money during that period, since | lived at home and was usually too tired
to do much at night. This became important later on when | married the love of my life at a fairly young
age.

| was admitted to Duke as a pre-med student in the summer of 1959. | enrolled in a 3-year program
that would allow me to accelerate graduation by carrying a heavy course load and attending summer
school. Since | needed multiple courses in chemistry for medical school, | selected chemistry as my major. |
greatly enjoyed math at McCallie and figured it might require less study time, so | chose math as my
minor. None of this was done with any thought about crystallography, which | didn't even know existed,
but it turned out to be a pretty good curriculum for that eventual career. Better lucky than wise | guess.

A real stroke of good luck was meeting Bebe Bradshaw on the first day of freshman orientation.
She was introduced to me by a friend from McCallie, who was from Bebe's hometown of Winston Salem,
N.C. Bebe and | became immediate friends, dated off and on, and finally fell madly in love. Her father was
Chairman and founder of the Department of Surgery at Bowman Grey Medical School in Winston Salem.
Since my father was on the faculty in surgery at Duke, he and Dr. Bradshaw knew each other, although
Bebe and | had never met before Duke. Considering our similar backgrounds, it is not surprising that we
were compatible and shared many similar views of the world. She was the most wonderful, intelligent and
warm person | had ever met. We were pretty much inseparable during our last two years at Duke. She was
and is my soul mate and has been a key support and driving force in all aspects of my life and career since
those early years at Duke. We also enjoyed a wonderful social life at Duke, thanks to my arandfather, who
had been a founding member of the Duke chapter of Kappa Alpha fraternity when he attended Duke. |
am sure this was a serious, austere body when my grandfather was at Duke, but while | was there it was
the Duke version of animal house, Their week-end activities were notorious, and to see my KA fraternity
brothers on a Saturday night anybody would guess that we would all eventually end up homeless. In fact,
most of them went on to stellar careers in various fields. One of my more famous classmates in the frater-
nity was Charlie Rose, who later became one of the most respected talk show hosts and commentators in
the country. My claim to fame and popularity was that | installed and operated a still in the bathroom



attached to my room in the fraternity house. Not surprising to me, this fraternity was banned from
campus shortly after | graduated, but | had a number of close friends there who have remained an import-
ant part of my life over the years since Duke.

Although the weekends were happily chaotic, Bebe and | made it through Duke in pretty good
academic shape by confining the week nights to studying at her quiet dormitory on the Women's Campus
(they were separated from the men back then, fortunately). We were determined to get married as soon
as we graduated, despite her mother’s vocal objections about our young age, and Bebe accelerated her
curriculum in early childhood education, so that she would finish at the middle of her senior year. We were
married at Christmas time, in 1962, at the age of 21, both with bachelor degrees from Duke and have since
had a wonderful and exciting life together. | cannot imagine a life without her. If we had not had the good
fortune of meeting at Duke Freshman orientation, | would probably still be doing manual labor in the
construction industry.

While at Duke, my goal of becoming an orthopedic surgeon was gradually replaced by my interest
in science. | really liked chemistry and math but had a hard time enjoying anatomy and biclogy, which
seemed to require brute force memorization. | probably would have found biology much more interesting
in the current world of molecular biology; but back in 1959, the biology courses required for medical
school were not all that exciting. | really was turned on by physical chemistry, thanks to a superb professor,
Marcus Hobbs. During my senior year, | started having second thoughts about medical school. Surprising-
ly, | received strong encouragement from my father and from Bebe’s father to pursue a career in science,
and Bebe was supportive of following whatever path | found most exciting. Since physical chemistry was
the discipline that | most enjoyed, | relied heavily on Professor Hobbs to steer me in the direction that he
felt would be the best fit for me. He had good friends on the chemistry faculty at Rice University in Hous-
ton, Texas. After talking with them, he convinced me that their graduate program would be a great choice
for me. The newly appointed President of Rice at that time was Kenneth Pitzer, a prominent physical
chemist who had just arrived from Berkeley, and his influence was prominent in the Chemistry Depart-
ment. One of his close colleagues from Berkeley, Robert Curl, who later shared the Nobel Prize in Chemis-
try for the discovery of buckeyballs, came with him and lectured in physical chemistry while | was there.
Professor Hobbs arranged for me to be admitted to the Rice graduate program with what | considered a
very attractive fellowship that would help support me and Bebe, once she could join me in Houston. |
never thought about applying elsewhere and was excited about the opportunity to continue my studies
at Rice.

Following my graduation from Duke in the spring of 1962, | was fortunate to land a good summer
job at the newly created N.C. Research Triangle Park. One of the early occupants of the park was Chem-
strand Research Labs, a division of Monsanto Corporation. Chemstrand was the major synthetic polymer
unit of Monsanto, with research programs focused primarily on the discovery and development of novel
polymeric fibers. Synthetic polymer research was a hot area in the early 1960's (remember the movie “The
Graduate” when Dustin Hoffman was advised that his main route to success was plastics?), and | felt very
fortunate to get exposure to this area of chemistry. | spent the summer synthesizing and testing various
derivatives of nylon. Each new batch that | synthesized was then spun into fibers. That process had consid-
erable slack time which freed me up to pursue other activities. | had not taken Russian, French or German
while at Duke, and | knew that | would be required to pass exams in two of these languages as part of the
PhD curriculum at Rice, so | studied French and German while babysitting the spinning test polymers that
| had synthesized. It turned out to be an interesting summer which gave me a quick look at corporate
research, taught me a little about polymers, positioned me to pass my future foreign language require-
ments, and added to my savings account.

| arrived at Rice in the fall of 1962 and quickly decided on thesis research in physical chemistry. |
was fortunate to be accepted as a student in the laboratory of Ronald Sass, a young, dynamic faculty
member pursuing various research programs in crystallography. Dr. Sass was a really fortunate choice



since he was at the stage in his career when he was especially enthusiastic about teaching. Dr. 5ass also
had a research grant from NASA to investigate the structures of organic semi- conducting materials. His
grant provided a research fellowship for me, which freed me up to pursue fulltime research with no teach-
ing or lab supervision responsibilities. Dr. 5ass had obtained crystalline samples of a carbanion com-
pound, pyridinium dicyanomethylide, with particular interest in the question of conformation around the
central carbon atom. This small, light-atom compound would be a trivial crystallographic challenge in
modern times; but in 1963, it was difficult to determine a crystal structure that was even that simple—es-
pecially for a wet-behind-the-ears graduate student. Automated diffractometers were not yet readily
available, and most structures were still being determined using tedious film techniques. | quickly became
an expert in Weissenberg photography and manually estimated the intensities of thousands of film spots
by comparing each separately with diffraction spots produced on standardized film strips. Computing
was also a major challenge at the time, but it was fortunate that the Department of Electrical Engineering
at Rice had recently constructed a computer that was available at night and on weekends. This computer
occupied a complete floor of the engineering school and was constantly breaking down. It probably had a
tiny fraction of the power of a modern smartphone, but it beat calculating Fourier maps by hand. The
small organic structure was solved by Patterson and packing analyses, and it was refined using many
hours of computer time on the Rice computer [1-3). That crystal structure was followed by determination
of the structure of a related compound, potassium paranitrophenyl dicyanomethide, an analysis that was
aided by the presence of the heavy potassium ion [1, 2. These two crystallographic studies were the final
subjects of my PhD thesis which | completed in the spring of 1965.

While | was at Rice, Bebe and | lived in an apartment complex that was only a few blocks off

campus, and several of the other chemistry graduate students and spouses were there also. Bebe quickly
obtained a job teaching fourth grade at one of the newer elementary schools on the edge of Houston.

Houston was growing rapidly at that time, and she had 62 students in her first class with no assistant to
help. A big portion of her kids spoke only Spanish, so she had to use other students to translate for her.
Several of the other graduate students wives in our apartment complex also taught elementary school,
under equally taxing conditions, so we and our friends were really ready to blow it out on the weekends. |
switched from running a still to making beer, since | had inherited all of the formulas and equipment for
brewing from a graduating organic chemist. We had parties with homemade beer and popcom about
every weekend, which we could easily afford on our tight budgets. Three of us were avid duck hunters,
and the Houston area was covered up with waterfowl in the rice fields within a few miles of the Rice
campus, which was actually on the outskirts of Houston back in the early 1960'. We went duck and goose
hunting together early each Wednesday morning during duck season and shared a large freezer locker
that was always full of game. Bebe's mother had warned her that she would probably starve to death if
she married me, so | was happy to prove her wrong. One of my fellow duck hunters dedicated his PhD
thesis in organic chemistry to Morgan LeFleur, our duck-hunting guide, with a caption saying that he
could not have made it through graduate school without Morgan's encouragement and guidance. | don't
think his supervisor ever knew who Moraan was.

At this stage, | did not know exactly what | wanted to do with the rest of my life. | seriously recon-
sidered going to medical school and discussed this with my father and my father-in-law. My father was a
close friend of Philip Handler, the Chairman of Biochemistry at Duke, and he arranged for me to meet with
Dr. Handler to discuss career options. This turned out to be a pivotal meeting for me. Dr. Handler, who was
a prominent member of the U.S. Academy of Sciences, was charismatic, knowledgeable and persuasive in
his view that crystallography was a wonderful opportunity for me in biology. He contended | would be
wasting valuable time in my career by attending medical school. He told me of the forefront research
underway in biological crystallography and urged me to join one of the major groups working in this field.
He explained to me that the leading U.5. crystallography groups in biclogical crystallography were at MIT
and Caltech, and he urged me to apply to one of those groups to continue my crystallography training.
With help from Dr. Sass, a postdoctoral position was arranged at Caltech, in the laboratory of Dick Marsh
and Bob Corey, and | joined them in the spring of 1965.



| was really fortunate to end up at Caltech. The crystallography group was located in the Depart-
ment of Biology, where exciting research in the new field of molecular biclogy seemed to be underway in
every laboratory. Along with this rich biology environment, my crystallography training moved to an
entirely new level under the supervision of Dick Marsh. Dick is a notorious stickler for high precision in all
aspects of crystallographic structural studies, beginning with collection of accurate diffraction data and
through the final writing of a proper manuscript describing the analysis and results. | like to think that
much of his obsession with doing everything as perfectly as possible rubbed off on me during my time
with him, and that |, in turn, have had some success in passing those principles on to my students and
postdoctoral fellows. | do know that | immediately think of Dick, and suffer pangs of quilt, anytime |
consider taking a short cut in experimental procedures or in properly analyzing and reporting crystallo-
graphic results.

Under Dick's close scrutiny and encouragement, | redetermined the crystal structure of potassium
paranitrophenyl dicyanomethide shortly after arriving at Caltech [4]. This proved to be a great lesson in
how to do things the “Dick Marsh way" and allowed me to get quickly immersed in the data collection and
computing facilities at Caltech. Computing facilities were especially state-of-the-art at Caltech, with a top
line IBM mainframe and a large computing center support staff to help with even routine problems. |
quickly immersed myself in mastering Fortran, which was the universal language of scientific computing
in the 1960'. Back in those days, there was nothing equivalent to the modern apps that allow most com-
puting functions to be performed automatically, and many of the computer programs required for routine
crystallographic procedures were still being developed. If we wanted to do anything unusual, we had to
write the software ourselves. The early exposure to computing at Caltech was a wonderful opportunity for
me to acquire the software development experience that allowed me to eventually initiate a crystallogra-
phy group of my own.

After demonstrating that | was a believer in proper crystallographic procedures, | was ready to
embark on my original goal of structural biology. Following the Watson-Crick discovery of the double
helical structure of DNA, there was broad interest in better understanding the detailed atomic-level
structures of nucleic acid components so that more precise models of nucleic acids could be developed. |
was fortunate to obtain crystals of cytidylic acid, one of the four components of RNA, and the crystallo-
graphic analysis of that nuclectide became my first major project at Caltech [5]. This also began what
eventually became a multi-year career in crystallographic studies of nucleic acid components and their
analogs.

After a year at Caltech, | was still not sure what | wanted to do with the rest of my life. | had enjoyed
all aspects of my studies and research at Rice and Caltech, and during my summer in industry at the
Research Triangle Park. The 1960's were a great time to be in science, and many career opportunities were
available. | interviewed with several chemical companies and was especially excited by the broad research
programs at DuPont. | ended up accepting a position with their polymer fiber division, at their research
laboratories located in Kinston, North Carolina. This decision was probably driven largely by geography,
since Kinston placed me and Bebe near our families and within an hour of the Bugg beach house on the
coast. | also felt that my previous experience with polymeric fibers at Chemstrand gave me a little insight
in what might be involved at DuPont.

One immediate, unforeseen benefit of choosing DuPont arose shortly after | began working for the
company. In 1965, the Vietnam War was heating up, and | was called up for the draft shortly after | arrived
at DuPont. | passed the physical with flying colors, and was on the way to the Army when the Director of
the Kinston laboratories intervened with the draft board. As it turned out, DuPont had military contracts
for developing synthetic fibers to be used to produce novel fabrics for parachutes and other applications,
and | was considered among the essential personnel for fulfilling these contracts. Although | felt a little
guilty about not following some of my close friends to the war, | must admit that | was relieved when | was
deferred from the draft. | thought it would probably be a temporary deferment, but | never heard from the
Draft Board again.



| did not actually work directly on parachutes, as far as | know, but | did become deeply immersed
in several novel research programs at DuPont, all in the area of polymeric fibers. | had not been hired as a
crystallographer, but much of my early research at DuPont involved characterizing new types of fibers and
testing ways they might prove useful. The Kinston laboratories had X-ray diffraction equipment, which
they mainly used for patent coverage based on characterization of fiber crystallinity, size of crystalline
domains, and crystal orientation. They also had an IBM mainframe computer, mainly used for business
applications, available to me with almost unlimited time on evenings and weekends. Although it was
probably not what the laboratory director preferred me to be doing with my time, | ended up determining
the crystalline structure of the unigue polymer that my group was developing, using fiber diffraction data.
| submitted a paper on this structure for management review in 1966 but have not yet obtained approval
to submit the paper for publication. However, | did have two pairs of test pants tailored by the company
and made from samples of this novel polyester (which produced a synthetic cashmere-type fabric). |
probably wasn't supposed to do so, but | took them with me when | left DuPont and wore them for years
when duck hunting in freezing weather. As far as | know, this polymer never made it to the market, even
though | found it to be a wonderful new development. However, the project did give me a unique oppor-
tunity to learn about fiber diffraction analysis.

| had many outstanding colleagues at DuPont, my salary was substantial, the company was gener-
ous in allowing me to pursue basic studies that were not in line with their major priorities of developing
novel polymers, and the geography was perfect. Within six months, however, it was clear to me that a
large company, even one as outstanding as DuPont, was not where | wanted to spend the rest of my life. |
greatly missed the freedom and stimulation of academia. After several months at DuPont, | submitted an
application to NIH for a postdoctoral fellowship to continue my studies of nucleic acid components. | was
delighted when | was awarded the fellowship and was then faced with the decision of where to go for my
continued postdoctoral research. | had been accepted in Alex Rich's laboratory at MIT, and | was also
confident that | could arrange to return to Caltech, Bebe and | went to Boston to visit the Rich research
group in mid-winter of 1966. There were two feet of snow on the ground at the time, and we were
astounded at the price of housing in the Cambridge area. Plus, nobody showed up at the crystallography
lab within hours of my pre-set appointment time. This was disappointing, even though | now understand
that unusual hours were standard procedure for that group. | immediately contacted Dick Marsh who was
happy to accept me back into his lab in sunny California.

The second year at Caltech was one of the most productive periods of my life. | now had seen
enough of the world to know that crystallography in academia was where | belonged, and | had enough
scientific experience to jump feet first into meaningful research. | was especially fortunate to strike up a
close friendship with Ulf Thewalt, a brilliant German postdoctoral fellow in the crystallography group. With
Dick Marsh's constant enthusiasm and guidance, UIf and | initiated several crystallographic studies of
nucleic acid components that had not yet been analyzed, and ended up determining the structures of
guanine, inosine and guanosine [6, 13, 14]. In modern times, these crystallographic studies would be
routine using direct methods of phasing, but in 1967 it was a difficult job to solve the crystal structures of
such light-atom compounds, especially those with chiral centers. However, it was a great way to leam
maore about crystallography, especially with the tremendous talent around for guidance in the Caltech
group. Along with the continuous help from Dick Marsh, we also learned a tremendous amount about the
latest diffractometer data-collection procedures under the tutelage of Sten Sampson. All of this turned
out to be critically important in allowing me to later set up my own crystallography program in a new
location.

| started interviewing for university faculty positions early in 1968. My initial focus was on chemis-
try departments, since chemistry was most compatible with my background. Fortunately, many good
universities were expanding into crystallography at that time, and there were a number of tenure track
faculty positions available around the country. The 1960% and 1970’ were a period of considerable
growth in university science departments, and research funding was increasing at a much faster pace
than in current times. It was a good time to be looking for a faculty position in crystallography, and | was



in several advanced discussions after interviews with top chemistry departments when an unusual oppor-
tunity suddenly fell in my lap. The University of Alabama in Birmingham (UAB) received a large NIH grant
to establish an interdisciplinary Institute of Dental Research in Birmingham, which was home to one of the
top dental schools in the country. The focus of the grant was to recruit top scientists in basic science
disciplines, in collaboration with the basic science departments in the medical and dental schools. In their
grant application, they proposed to hire a crystallographer, and they had been awarded considerable
funding that was available to support this position. When they suddenly received the grant, they really did
not have a game plan in place for recruiting a crystallographer, but they knew that Caltech was home to
Linus Pauling, a prominent crystallographer. The search committee called Caltech to speak with Dr. Paul-
ing, but he was away at the time. Knowing that Dr. Corey worked closely with Dr. Pauling, they contacted
him to ask his advice. They gave Dr. Corey a glowing, enthusiastic description of their vision for the future
of research in Birmingham and their commitment to first class basic science, and they described the large,
unrestricted source of funding they had available for recruiting faculty and equipping their laboratories.
Dr. Corey came away from their conversation incredibly enthusiastic about this unusual opportunity, Since
Dr. Corey knew | was from the south and probably would not immediately reject the idea of moving to
Alabama, he contacted me and urged me to look at this opportunity.

After talking with the search committee, | quickly arranged a visit to Birmingham and came away
really excited about the prospect of joining the faculty there. Further reinforcement came from my father-
in- law, who knew that Dr. John Kirklin, one of the most prominent cardiovascular surgeons in the country,
had recently moved from Mayo to the position of Chairman of the Department of Surgery in Birmingham.
My father- in- law strongly encouraged me to look seriously at this opportunity since he had heard many
good things about the growth underway in Birmingham. After settling questions of laboratory space and
funds for equipping a crystallography program, | accepted positions as Assistant Professor in the Depart-
ment of Biochemistry, Investigator in the Institute of Dental Research, and Investigator in the Laboratory
of Molecular Biology. Bebe and | moved to Birmingham in the spring of 1968, along with our first child
(Jeannie), who had been born in Pasadena, and our weimaraner (Dixie).

My long-range goal was to extend my earlier crystallographic structural studies to include a variety
of nucleosides, nucleotides, oligonucleotides, purines, pyrimidines, and analogs of nucleic acid compo-
nents. Although some crystal structures had been determined in this area, it was still virgin territory. Many
of the detailed structural features that would be required for constructing meaningful models of nucleic
acids, and understanding their multiple biological roles remained poorly defined. A number of analogs of
nucleic acid components had been synthesized and shown to have important therapeutic value, but
understanding the exact mechanisms by which these analogs alter the biclogical properties of nucleic
acids would eventually require more detailed knowledge of their structural properties.

Although my aim was to start immediately on crystallographic studies in Birmingham, | soon
realized that it would be a number of months before my laboratories could be adequately remodeled and
essential X-ray diffraction equipment installed, tested and ready for use, This down time proved to be an
important opportunity for me to thoroughly analyze the crystal structures that had been determined and
to better understand the important structural questions that needed to be addressed. Several other
research groups were concentrating on analyzing the conformational features of nucleic acid compo-
nents, but one area that seemed to be less understood was the interaction patterns among purines and
pyrimidines. Hydrogen bonding patterns were generally understood, and this knowledge had been
central in the Watson-Crick discovery of the DNA double helical structure. A striking feature of the crystal
structures that we had determined at Caltech for guanine, inosine and guanosine was the intimate stack-
ing of the planar purine rings, and it was generally appreciated at the time that stacking between adja-
cent base pairs in double helical DNA was an important stabilizing effect. However, little was known about
the exact nature of the specific interactions that might be of importance in understanding these stabiliz-
ing effects or about how these interactions might be altered by incorporation of base analogs or interca-
lating compounds into DNA.



With the help of Joe Thomas, a bright recent high school graduate who was on his way to study
physics at the University of Michigan in the fall, | undertook a comprehensive analysis of the stacking
patterns found in all the crystal structures that were then available for purine and pyrimidine derivatives.
Our analysis was eventually combined with similar studies underway by M. (Sundar) Sundaralingam and
his colleagues at Case Western Reserve University. The results of our analysis allowed us to better under-
stand the interactions contributing to the stacking patterns found in nucleic acids and in crystal structures
of purine and pyrimidine derivatives [9]. The analysis also served as a useful starting point for helping us
select meaningful future crystallographic studies to better understand the specific forces governing base
stacking interactions.

Once | had a functioning crystallography lab, including a Picker single crystal diffractometer auto-
mated by a PDP-8i computer from Digital Equipment Corporation, | was ready to begin my crystallogra-
phy career at UAB. | was extremely fortunate to be joined by my Caltech colleague Ulf Thewalt, who was
eager to continue the fruitful crystallographic collaboration we had initiated in Pasadena. Our crystallog-
raphy group undertook a variety of structural studies of purine and pyrimidine derivatives along with
other molecules of biological interest [7, 10, 12, 15, 16, 20, 24, 32,47]. We also initiated productive studies
of calcium and phosphate complexes [27, 56], and compounds for better understanding the structural
chemistry of phosphorous [8, 18], much to the joy of my colleagues in the dental field. Although my
laboratory had been funded using the NIH grant that established the Institute of Dental Research, and |
was physically located in Institute space, | was under no pressure to work on projects related to dentistry.
In fact, the Institute had recruited a number of superb basic scientists in multiple disciplines who were
pursuing forefront research projects in biochemistry, molecular biology and cell biology that had little to
do with classical dental research. However, the general exposure that | had with dental research quickly
led me to understand that relatively little was understood about the structural chemistry of calcium and
phosphate or about the range of interactions that these ions had with proteins, carbohydrates, lipids, and
other biological molecules.

In addition to UIf, | enjoyed the benefit of collaborating with another of my Caltech colleagues,
Mani Subramanian, who joined my group shortly after UIf departed for a new faculty position in Germany.
The first few years in Birmingham were a wonderful journey in small-molecule crystallography with multi-
ple structural studies focused on novel structures of nucleic acid components [26, 37, 58, 85, 92] purine
and pyrimidine analogs [30, 35, 46, 49, 51,52, 54, 55, 57, 61-63, 78, 84], calcium and phosphate complexes
[17,22,23, 25,28, 29,33, 34, 36, 38,40, 41, 44, 48, 50, 53, 59, 64, 69, 73, 74, 77, 80, 82, 97, 104], biological
molecular interactions [19,42,43], and the structures of other small molecules of biological interest [11, 31,
39,45,60,70,71,75, 79, 83, 86]. | think that these structural studies added significantly to the foundation
for understanding the base stacking interactions of natural and modified purines and pyrimidines and the
interactions that occur in biclogical systems between calcium and phosphate ions and various biological
ligands. These crystallographic studies in Birmingham also expanded our understanding of how purine
and pyrimidine analogs can perturb nucleic acid conformations and interactions. In addition to the
continued friendship and collaboration with Ulf and Mani, our research during this period benefitted
greatly from the hard work and creativity of several productive postdoctoral fellows and graduate
students, including Bill Cook, Jerry Freeman, Rick Hearn, Helen Sternganz, Howard Einspahr, and Larry
DeLucas. Howard Einspahr did a particularly beautiful job bringing together data from all of our calcium

structures with other data from the Cambridae Structural Database to lay out a comprehensive picture of
how calcium ions interact with various biological ligands [65, 66, 81, 89, 99].

In 1971, the UAB Cancer Center was designated one of the first Comprehensive Cancer Centers by
the National Cancer Institute. The grant from NCI that funded our Comprehensive Cancer Center provided
support to expand our crystallography program. | had a research grant from NCI to support our structural
studies of purine and pyrimidine analogs, at the time we submitted our initial application to NCl to fund
the Comprehensive Cancer Center, and | was designated to serve as the first Associate Director for Basic
Sciences in the Center. We were also awarded funds to establish an X-Ray Crystallography Core Facility
within the Cancer Center which would be available to support collaborative structural studies with other



Cancer Center members. This grant allowed us to expand our computing facilities within the crystallogra-
phy group, develop a computer graphics facility, and hire additional postdoctoral fellows to be trained in
structural biology. The grant also picked up a significant portion of my salary, which allowed me to devote
maore time to focus on crystallography and training of graduate students.

Several of our colleagues in the Institute for Dental Research and the Comprehensive Cancer
Center had research programs directed at isolating and characterizing important proteins, and they were
constantly urging us to collaborate on protein structural studies. It was clear that we would have a
number of exciting new directions we could go if we expanded our program into the rapidly developing
field of protein crystallography. We had an especially productive collaboration at that time with John
Montgomery, who was Director of the Organic Chemistry Division at nearby Southern Research Institute
(SRI). John also held a joint appointment in our Cancer Center. He was well known in oncology, and sever-
al drugs developed in his laboratory were being used successfully in treating cancer patients. Among his
numerous recognitions, John was a member of President Nixon's Cancer Advisory Board (Nixon had
declared his War on Cancer which was the reason that funding had surged in cancer research), and John
was excited about new protein targets that had been identified in cancer research. During his remarkable
career, John had spent years trying to design compounds to inhibit enzyme targets in oncology without
knowing the structures of the enzyme target sites, and he was constantly urging me to focus our crystallo-
graphic studies on some of the important protein targets in cancer. John had also introduced me to
George Hitchings and Gertrude Elion at the Burroughs-Wellcome Pharmaceutical Company, who later
shared the Nobe! Prize in Chemistry for Lifetime Achievements in Medicinal Chemistry, and they shared
John's urgency to know more about the structures of the protein targets that they were pursuing. |
entered into a consulting contract with the Burroughs Wellcome medicinal chemistry group to help with
their small-molecule structural analyses, so | was well aware of interesting protein targets of interest to
them. It became increasingly clear to me that we needed to expand our Birmingham program into protein
crystallography if we were going to take full advantage of opportunities in our new Cancer Center.

UAB had a policy of optional faculty sabbaticals every seven years, and | decided to use this oppor-
tunity to learn the essentials of protein crystallography. The University of Oxford had one of largest
protein crystallography programs at the time, under the joint guidance of Dorothy Hodgkin and David
Phillips. In addition, they initiated one of the first major university/industry joint programs in struc-
ture-based drug design, which was a collaboration between their protein crystallography group and
Wellcome Pharmaceutical Company (the parent of Burroughs Wellcome in the U.5.) to design and develop
compounds to modulate the activity of human hemoglobin. | applied to David Phillips to spend the
1974-1975 year with them and was delighted when they welcomed me. My colleagues at Burroughs
Wellcome were also eager for me to go and offered me a grant to work on the structure of dihydrofolate
reductase, a major drug design target within their medicinal chemistry program, during my sabbatical at
Oxford.

S0, in the spring of 1974, Bebe packed up our three young children, and we took off for Oxford,
along with 100 mgs of purified E. Coli dihydrofolate reductase from Burroughs Wellcome. The University
provided us with housing close to campus, and my children were quickly enrolled in superb private
schools, thanks to help from my Oxford colleagues. My lab at Oxford was located next door to Dorothy
Hodgkin, who had received the 1964 Mobel Prize in Chemistry for the structures of penicillin and vitamin
B,,. She had transitioned to proteins and was then working on the structure of insulin. | was immediately
at home and comfortable with Dorothy, who was incredibly warm and welcoming, and | felt that we
shared a common bond in transitioning from small-molecule crystallography to protein crystallography.
Dorothy also had several other colleagues in her group who were making similar transitions to proteins,
so it was a great environment for me to begin this new career.

Shortly after joining the Oxford group, my dihydrofolate reductase project came to a screeching
halt, after Joe Kraut's crystallography group at the University of San Diego announced that they had just
determined the crystal structure of this enzyme. Fortunately, Oxford had several other exciting protein



crystallography projects underway, and | quickly joined Margaret Adams (Fig. 1) on her studies of the
enzyme 6-phosphogluconate dehydrogenase [67]. Margaret was still in the early stages of determining
this crystal structure, and she enthusiastically invited me to join her on this project. She proved to be a
wonderful teacher who spent countless hours with me on details of protein crystallography. Margaret also
provided me with another lifelong benefit when she introduced me to John Helliwell, a bright and enthu-
siastic graduate student working on this crystallographic project. John was at the early stage of his gradu-
ate research, so we were pretty much on the same level in our protein crystallography training and we
were able to fully share the learning experience. We became close friends and continued to collaborate
over the years after we left Oxford. The situation could not have been more perfect for me, and | spent
many happy hours trying to learn as much as possible about this new field, while hoping to be of some
help to Margaret and John. The year at Oxford was extremely productive for me, thanks largely to Marga-
ret and John, and | felt confident that | would be in a good position to establish a successful protein
crystallography program in Birmingham when | returned.

Our Cancer Center Grant at UAB was scheduled for renewal shortly after | returned from Oxford.
Accordingly, | had a great opportunity to seek the extended funding that would be required to expand
our program effectively into protein crystallography. | returned to Birmingham for a couple of weeks at
mid-year to write the renewal proposal for the X-ray Crystallography Core Facility. We proposed in the
grant renewal to hire another faculty member who had experience in macromolecular crystallography
and to purchase the data collection equipment and computer modeling facilities that would be needed
for protein structural studies. We were fortunate to hire Bud Suddath, who had recently completed several
years with the Alex Rich group at MIT where he played a major role in determining the crystal structure of
t-RNA. Bud had also been heavily involved in equipping the Rich laboratory for this type of crystallograph-
ic project, and he came to us with a superb background in crystallographic computing and in the funda-
mentals of macromolecular crystallography. Bud was also from the south and had done his undergradu-
ate work at Georgia Tech, so he was immediately comfortable and enthusiastic about moving to Birming-
ham. We were successful with our NCI request for expanded funding to equip the laboratory for protein
crystallography, and Bud and | went about the tasks of renovating additional space that the University
generously made available for our expanded crystallography program, installing new equipment, and
teaching the current graduate students and postdoctoral fellows what they would need to know for
taking on new projects in protein crystallography.

We had several different protein targets that we wanted to pursue at UAB, and we initiated multi-
ple efforts to purify and crystallize these proteins for structural studies. The first protein structure that we
actually completed was of a scorpion neurotoxin (Fig. 2) [72, 90, 93-95, 98, 100,111, 131, 157]. We had
entered into a productive collaboration with Dean Watt, from Creighton University, to study the very
interesting proteins isolated from the venom of Arizona scorpions. Dean had devoted his career to isolat-
ing and characterizing these scorpion proteins which acted by binding to the sodium channels of nerve
cells, and he was convinced that the three dimensional structures would be essential in understanding
how the toxins modulate nerve impulses. Dean came to Birmingham and spent a year working with us on
purification and crystallization of these proteins isolated from scorpion venom provided by a colleague at
Arizona State University. The venom of the Arizona scorpion contains more than twenty different toxins
that target the sodium channels of different animals, birds and insects, so they were very interesting
probes for understanding variations in sodium channel structures among various species. The first toxin
structure that we completed was an effort that benefitted greatly from the work of Bob Almassy, a brilliant
postdoctoral fellow who joined us from Caltech, and from Juan Fontecilla-Camps, a graduate student who
worked closely with Bob. The structural results provided a working hypothesis for how these proteins
interact with membrane receptors and led to several additional studies designed to better understand the
species specificity displayed by these proteins. Those early years after returning from Oxford also
produced several other important protein structural results, including the crystal structures of ubiquitin (a
protein that continues to be the focus of many biological studies due to the central role it plays in protein
turnover) [76, 107, 119, 121], and calmodulin (a calcium-binding protein that regulates many biclogical



Figure 1: Bebe(right) and Margaret Adams on the beach at Margaret's vacation home in
Poole, England. It was a rare, warm sunny day. Many of the beachgoers stripped off all cloth-
ing, much to the excitement of the Bugg children.



Figure 2: Bill Cook, in his role of Clinical Pathologist. Bill is also a talented crystallographer, and
he played an important role as a member of the BioCryst executive team.



processes, and continues to be of great interest in multiple areas of biological research) [87, 88, 102, 108,
125-127, 129]. In addition, preliminary crystallographic results were reported for pea lectin at low-resolu-
tion [96]; other scorpion toxins [103, 106]; sea anemone toxin [105]; human C-reactive protein [123, 138];
bacterial purine nucleoside phosphorylase [109]; human serum transferrin [68]; and porcine aldose reduc-
tase [148]. The protein crystallography projects in Birmingham during those early years of our program
received valuable contributions from Bud Suddath, Bill Cook, Larry Delucas, Howard Einspahr, Larry
Gartland, Juan Fontecilla-Camps, and Bob Almassy. These crystallographers all went on to have remark-
able careers in crystallography and molecular biology at UAB, other leading academic institutions and in
industry. We also benefitted greatly from our multi-year collaboration with Dean Watt who added an
essential biochemistry and protein purification capability to our group during those early years in protein
crystallography.

Shortly after returmning from my sabbatical in Oxford, John Montgomery and | began the process of
selecting a suitable target for pursuing structure-based drug design guided by protein crystallography.
This had actually been a major goal that strengthened our NCI renewal grant proposal for support of the
Cancer Center, and there were many known protein targets in oncology that would be suitable for this
approach. Since both John and | had considerable experience with purine and pyrimidine derivatives,
including several that were useful chemotherapeutic agents in oncology, we focused our initial efforts on
enzymes involved in purine and pyrimidine metabolism [115]. We soon settled on the human enzyme
purine nucleoside phosphorylase (PNP) as a potentially ideal target for drug design. PNP had been
demonstrated to be essential for normal immune responses since children born with defects in the gene
for PNP lacked T-cell immunity. Inhibitors of PNP might prove useful clinically for treating T-cell mediated
diseases, including a variety of autoimmune diseases, T-cell leukemias, and T-cell lymphomas. In addition,
inhibition of PNP would block the biological synthesis of guanine from guanosine and could thus be used
to inhibit the synthesis of uric acid, for treatment of gout. We knew that it would be a long and difficult
road through the crystallographic studies, and through the eventual design, synthesis and development
of inhibitors. Thus, it was encouraging to have a target that might lead to drugs with multiple potential
applications. We also concluded that this effort was merited, since numerous past attempts to develop
useful PNP inhibitors by standard trial and effort methods had not been successful. However, these past
efforts had produced a number of inhibitors which, although not suitable for clinical use, would be avail-
able to us in our crystallographic work for characterizing the active site of the enzyme. With all of this in
mind, John and | embarked on a path in the 1970's to undertake a project that would eventually cover
many years of our future careers.

Much of the biochemistry of human PNP had been performed by Bob Parks and Johanna Stoeckler
in the Department of Pharmacology at Brown University. They kindly agreed to collaborate with us on a
crystallographic study of the enzyme structure, and they provided us with generous amounts of the
purified enzyme isolated from human red blood cells. Bill Cook (Fig. 3) crystallized the enzyme at UAB in
1981 [91], and Steve Ealick then assumed the lead role in the crystallographic studies that eventually led
to the structure of the enzyme [110, 139]. The crystallographic analysis was a fairly difficult undertaking at
the time since the crystals had a very high 80% sclvent content (Fig. 4), and thus diffracted relatively
weakly. This very large solvent content later proved to be a blessing when preparing active site directed
complexes of PNP for drug design studies, but the crystals were clearly good candidates for analysis using
the newly available high intensity beam lines at synchrotron facilities.

In 1981, | was eligible to take another sabbatical leave, and | returned to Oxford to assist Margaret
Adams and her group complete the structural analysis of sheep liver 6-phosphogluconate dehydrogenase
at 2.6A resolution [101]. At this stage, John Helliwell had completed his doctoral studies and moved to
Daresbury in northern England where one of the newly constructed synchrotron facilities was available.
John had developed a beam line for X-ray crystallography, and he was delighted to join us as a collabora-
tor on the structural studies of PNP. John was joined in this effort by Trevor Greenhough, a bright and
enthusiastic postdoctoral fellow in John's research group at the synchrotron facility. Steve Ealick came
over to Oxford and then on to Daresbury to help collect the high-resolution diffraction data that led to the



Figure 3: Three-dimensional structure of scorpion neurotoxin, the first protein crystal struc-
ture determined in Birmingham. The amino acids highlighted in yellow are hydrophobic
residues that are postulated to form the binding site on membrane sodium channels.



Figure 4: Electron density map showing the purine nucleoside phosphorylase(PNP) trimer at
6A resolution. The active site of the enzyme is at the interface between the monomers, and is
located on the edge of huge solvent channels that run through the crystals. These channels
permit ready access of inhibitors to the active site, simply by soaking preformed native crys-
tals in solutions containing the inhibitor.



high-resolution structure of PNP. Trevor later moved to Birmingham to continue with this project, and
John's collaboration continued for the years that it took to determine the structure and to characterize the
enzyme substrate binding site by determining the structures of a number of complexes of PNP with
substrate analogs and with inhibitors of the enzyme.

While at Oxford during the 1981-1982 year, | was very fortunate to become close friends with ¥.5.
Babu (Fig. 5), who was a postdoctoral fellow working with Louise Johnson on the crystal structure of
phosphorylase. Babu was generally regarded as one of the brightest crystallographers with the Oxford
group, and | was immediately impressed by the long hours he spent in the crystallography lab. He was
one of the few people working on weekends when | was able to get time on the new Evans and Suther-
land computer graphics system which was used for interactively constructing protein tracings to fit elec-
tron density maps. Margaret and her students had succeeded at producing a high-resolution map of the
enzyme, and | had taken on part of the responsibility of fitting the sequence to the electron density. Since
we had obtained funds to set up a similar graphics facility in Birmingham, | was eager to learn as much as
possible about its use, so | jJumped at every chance to access the system when it was available for extend-
ed periods on weekends. Babu was often the only other person available at those times, and he was
always generous in giving me help with my project. | ended up offering Babu a position with our group in
Birmingham, and | was delighted when he agreed to join us and to help 5teve Ealick and the others
working on the crystallographic studies of PNP.

Steve Ealick led all of the crystallographic studies of PNP and of multiple complexes of the enzyme,
work which encompassed much of the period between 1981 and 1985. He received tremendous help
from other members of our crystallography group in Birmingham and from the Daresbury crystallography
group, including Trevor Greenhough, Dan Carter, Steve Rule, J. Habash, and 5.V.L. Narayana, along with
continuous input from Babu, Bill Cook and John Helliwell. We continued to benefit greatly from continued
collaboration with the biochemistry group at Brown University, including Bob Parks, Johanna Stoekler and
5-F. Chen. By 1985, we felt that we had the structural data (Figs. & & 7) needed to begin a serious effort to
design and develop useful inhibitors of PNP [112]. We initially applied to NIH for a program project grant
to support the project which would require a fairly large effort involving crystallography, modeling,
organic chemistry, biochemistry, and pharmacology just to get to a stage where we could adequately
design, synthesize, and test inhibitors for preclinical development. Even with no funding requested for
clinical development, the required budget for the initial project was huge. Our proposal received encour-
aging reviews, but the budget was judged to be beyond levels that NIH would consider for funding.

At this stage, we began to think seriously about seeking funding from private sources. Biotechnol-
ogy was attracting considerable venture capital in the mid 1980, and we were convinced that the PNP
project had considerable long range commercial potential, especially considering the advanced stage of
our crystallography, the extensive experience that John Montgomery had in medicinal chemistry of
purine derivatives, and the multiple potential clinical uses for PNP inhibitors. We were fortunate to attract
the interest of Bill Spencer, a local prominent business leader in Birmingham who was on the President’s
Council at UAB. Bill had started the first biotechnology company in Birmingham several years before, and
he was enthusiastic about trying to help us raise venture capital to move forward with our PNP project. He
had wonderful investor contacts in the southeast, and there were tax incentives in place at the time that
made investments of this type especially favorable. In addition, UAB had very recently opened up The
Center for the Advancement of Developing Industries, a startup company incubator on campus, and they
were enthusiastic about having us as their first biotechnology occupant. After many presentations by me
and John to qualified investors, primarily in the Birmingham area, Bill managed to raise $4.5 million dollars
to start our venture. The prospectus that was made available to potential investors not only described the
PNP project, but it also laid out our plans for future drug design projects directed at influenza neuramini-
dase, and at serine proteases, with an initial focus on complement enzymes. We came up with the corpo-
rate name of BioCryst Pharmaceuticals, Inc., after an evening of brainstorming over beer.

Toward the end of our fundraising we were approached by Tom Glenn, who was director of
research at Ciba-Geigy Pharmaceuticals (later acquired by Novartis) about a possible collaboration on the



Figure 6: Complete three-dimensional structure of PNP. The enzyme active site, our target for
drug design, is shown as the stippled region at the interface between the monomers.



Figure 7: Ribbon drawing of the PNP trimer, showing BCX-34 bound in the active site.



Figure 5: My longtime friend and colleague Babu, working with the PNP structure, designing
potential inhibitors of the enzyme.



PNP project. Tom had been Chairman of Pharmacology at the University of South Alabama Medical School

before moving to Ciba-Geigy, and he was familiar with our research activities in Birmingham. Tom was
also interested in having his scientists learn more about structure-based drug design, and he appreciated

the potential of PNP inhibitors as clinical candidates for treatment of autoimmune diseases. Ciba-Geigy
agreed to make an investment in our new company and to dedicate two of their experienced scientists,
Wayne Guida and Mark Erion, to work with us on the project. Wayne and Mark turned out to be really
important additions to the PNP drug design team, since they brought pharmaceutical company experi-
ence, organization and discipline to our program.

Babu became our first employee at BioCryst which tumed out to be one of the most productive
recruitments | ever made in my career. Babu is a brilliant scientist with a tremendous background in
protein crystallography, and he was totally familiar with the PNP crystallography and structure, having
spent several years working in close collaboration on the project with Steve Ealick. Babu quickly became
the heart and soul of BioCryst and turned out to be the future driving force in the design of multiple,
exciting drug candidates at BioCryst over the years. Following guidance from our Ciba-Geigy colleagues,
we established a drug design team consisting of Steve Ealick and Babu, working closely with Wayne Guida
and Mark Erion from Ciba-Geigy, and John Montgomery and Jack Secrist who directed the organic chem-
istry efforts at Southern Research Institute (SRI). Crystallographic and modeling facilities were established
at the UAB incubator, but the organic chemistry was subcontracted to SRl where they had extensive
laboratory facilities that did not need to be duplicated immediately within the incubator. | Chaired a
Scientific Advisory Board that was assembled for BioCryst, but | remained primarily committed to the
various ongoing crystallography programs at UAB. | continued to follow the activities of the drug design
team with great interest, but the crystallographic and design success of the PNP project over the follow-
ing years were primarily due to the tremendous contributions from Steve and Babu, working with other
members of the drug design team.

In 1985, our crystallography program at UAB took an unusual turn toward space. NASA was in the
midst of designing the Space Station, and much of this work was being coordinated at the Marshall Space
Flight Center in Huntsville, Alabama. The Space Station project was being driven by powerful political
momentum in Congress. The contracts to construct the planned Station were to be divided among all fifty
states. Consequently, the Space Station had broad support in Congress, who assumed that it would be put
to good scientific use. NASA was actively in the process of trying to identify high priority scientific projects
that could take proper advantage of this expensive facility. Our Alabama Senator Howell Heflin, who was
from north Alabama and was a major supporter of the Space Station project, contacted the Director of the
Marshall Space Flight Center and the President of UAB and urged them to get their two institutions
together to identify projects in Alabama that might be competitive for funding from the Space Station
science budget. | ended up on a committee from UAB to meet with the Huntsville scientists to see if we
could identify commaon interests. | went reluctantly, since | had never thought about any possible ways
our crystallography programs might relate to space. At that meeting, however, we were given a presenta-
tion about crystal growth experiments that had been performed years earlier in space, with very interest-
ing results. These experiments involved optical measurements of disruptive convection caused by solu-
tion density changes during crystal growth, which were pronounced on Earth (Fig. 8) but were eliminated
in microgravity (Fig. 9), resulting in enhanced quality of crystals grown in space. Crystal growth of elec-
tronic materials and metals had been identified as a priority area for microgravity research by the Marshall
scientists. Mark Pusey, a member of the science team at the Marshall Spaceflight Center, later demonstrat-
ed that lysozyme crystals growing on Earth produced convective flow similar to that seen for other types
of crystals (Fig. 10).

| presented some of our ongoing activities in protein crystallography at UAB and explained the
challenges that everyone in our field was facing in the growth of high quality protein crystals for structur-
al studies (Fig. 11). It quickly became obvious to the NASA scientists that protein crystal growth might be
an incredibly important area for experiments in microgravity and for parallel NASA-sponsored research
programs on Earth. It was clear that protein crystal growth had about every component they were looking
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Figure 8: Photograph of a triglycine sulfate crystal growing on earth, as seen using Schlieren
optics. Density driven convective flow is highlighted by this method, which is caused by
density changes resulting from solute depletion near the growing crystal surface. The convec-
tion is believed to interfere with ideal crystal growth. The photograph is courtesy of the
Marshall Space Flight Center.



Figure 9: Photograph of a triglycine sulfate crystal growing in space. The photograph was
made by interferometry, which highlights variations in density within the solution. The grow-
ing crystal face is situated at the bottom of the figure. There is a smooth density gradient
extending out from the crystal surface, resulting from depletion of solute from the solution as
the crystal grows. The disruptive density driven convective flow seen on earth is essentially
eliminated in microgravity. This results in a more uniform growth process, which is governed
by the rate of solute diffusion from the solution to the growing crystal surface. The photo-
graph is courtesy of the Marshall Space Flight Center.




Figure 10: Schlieren photograph of a lysozyme crystal growing on earth, demonstrating that
the density driven convective flow seen with other types of crystals also occurs with protein
crystals. This photograph is courtesy of Dr.Marc Pusey, of the Marshall Space Flight Center.



“Forget enlightenment. | want you to concentrate on the structure of the
protein molecule.”

Figure 11: My favorite slide that | frequently showed to NASA personnel in explaining why



for, including past evidence of microgravity effects on crystal growth, a key problem that plagued import-
ant crystallographic structural studies in biology, and potential commercial applications for struc-
ture-based drug design in the pharmaceutical industry. It was not clear how the effects observed in
microgravity growth of inorganic materials might relate to growth of macromolecular crystals, but there
was enthusiastic agreement that this was an area that should be investigated.

The Birmingham crystallography group immediately began working closely with scientists and
engineers from the Marshall Space Flight Center to design suitable protein crystal growth experiments
that might be performed on the Space Shuttle, which was flying on a fairly regular schedule at that time.
We learned that an upcoming Space Shuttle mission was scheduled to include a biclogical experiment by
McDonnell Douglas Aerospace Company using a large-scale electrophoresis system for purification of the
protein erythropoietin, and one of the McDonnell Douglas engineers (Charlie Walker) would be going on
the flight as a Payload Specialist to perform the experiment. After explaining our plans to the electropho-
resis team, they agreed to take along our first protein crystal growth apparatus with them, and to have
Charlie Walker perform the experiments. We only had a few months to design the experiments and the
equipment that would allow us to take our first quick look at protein crystal growth in microgravity.
Charlie Walker would have to store the crystal growth apparatus in limited space available among the
electrophoresis equipment, and he would not have much time that he could allocate to our experiment,
s0 this first experiment had to be fairly simple to perform.

We quickly designed a simple vapor diffusion apparatus (Fig. 12) that could be activated in space
with chambers to accommodate several different proteins. The apparatus was constructed in a local shop
facility under the close supervision of NASA engineers, and our first microgravity protein crystal growth
experiments were performed on Shuttle Flight ST5-510 in April 1985. Vapor diffusion was selected as the
first method to be explored since it was the technique most widely used for crystallization of proteins, and
it allowed experiments to be performed using very small protein samples. Since it was the method of
choice in protein crystallography, most of the data on quality of Earth grown crystals had been obtained
using crystals grown by vapor diffusion, and crystallization conditions for many proteins were well devel-
oped using this method.

The vapor diffusion apparatus was formally designated by NASA as the Handheld VDA, and this
designation was later extended to include an improved model developed after our first Space Shuttle
flight. The initial Handheld VDA was composed of a series of cavities in an aluminum plate. A syringe
containing the sample of protein solution was positioned at one end of the cavity, which contained an
absorbent material soaked in the precipitant solution. At the other end of the cavity was a plunger that
could be moved in and out to block or open the end of the syringe (Fig. 13). The cavities in the aluminum
plate were covered by clear sheets of plastic on each side of the plate, so that the operations and crystal
growth could be observed and photographed.

The protein solutions were prepared and loaded in the syringes at the launch site as close to the
time of launch as possible, and the absorbent material was soaked with the solutions of precipitating
agents prior to transferring the apparatus to the Shuttle. The system was then closed, and the plungers
were positioned to seal the ends of the syringes. Both the syringes and the sealing plungers were operat-
ed by an allen wrench. Bud Suddath, Larry Delucas and | were responsible for loading proteins into the
apparatus immediately before the Shuttle launch, using a laboratory that had been assigned to us at the
Johnson Space Center (Figs. 14 & 15). The apparatus was then taken to the Shuttle and taped to the wall of
a mid-deck locker assigned to Charlie Walker. Once in orbit (Fig. 16), Charlie removed the apparatus, and
used an allen wrench to retract the plungers from the syringes and then extrude the protein solutions
onto the tips of the syringes. The crystallization process was then initiated by vapor equilibration between
the precipitating agents and the droplets of protein solution. The droplets of protein solutions, along with
microgravity grown crystals, would then be withdrawn back into the syringes, and the syringes would be
capped by the plunger for return to Earth at the end of the Shuttle flight.



Figure 12: The Handheld Vapor Diffusion Apparatus (Handheld VDA) flown on Space Shuttle
Flight 5TS-51D.The apparatus contains seventeen chambers, each with a separate protein
crystal growth experiment. Each chamber contains an absorbent wicking material, shown at
the right of the chamber, which was saturated with the solution of precipitating agent prior to
launch. The white cylinders protruding from the sides of the chambers are syringes, which are
operated by an allen wrench. The syringes containing protein solutions are shown at the left
of the chambers. The syringes on the right operate plungers that seal the tips of the protein
syringes during launch and landing. The syringes on the left extrude droplets of protein
solution, which then equilibrate with the precipitating agent within the chamber. Prior to
landing, the protein droplets are withdrawn into the syringes and the syringes are sealed.
Notes are shown attached to the apparatus as reminders of the steps for Charlie Walker to
follow.



Figure 13: Details of a single crystal growth chamber in the VDA. The plunger that seals the
protein syringe during launch and landing is shown in the retracted position at the bottom of
the chamber. The extruded protein solution is shown on the tip of the syringe at the top, with
protein crystals growing within the droplet.




Figure 14: Larry Delucas loading the VDA in the laboratory assigned to us at the Kennedy
Space Center, to prepare the apparatus for Shuttle Flight STS-51D.1 am shown at the top,
probably reminding Larry we need to hurry, because we grossly underestimated how long it
would take to complete the loading, following the detailed procedures dictated by NASA
personnel.



Figure 15: Bud Suddath(right), overseeing the loading process for STS-51D. Bud is instructing
Larry on each step from our written procedures. This is about the time that the NASA person-
nel were beating on the door telling us that we needed to get the apparatus on the Shuttle
immediately. The plan was to load the samples as close to launch time as possible, but we cut
it too close.



Figure 16: Charlie Walker, the payload specialist with McDonnell Douglas, performing our
experiment on STS-51D. To the left of Charlie is the large scale electrophoresis system for
purifying human erythropoietin, taking advantage of suppressed thermal convection in
microgravity, which interferes with large scale electrophoresis on earth.



Depending on your point of view, this first experiment turned out to be either a valuable learning
experiment or a gigantic failure. Out of the dozen or so samples, high quality crystals were obtained for
only one protein, lysozyme (Fig. 17). There were major problems with stability of the droplets of protein
solutions, and most of the droplets ended up splattered on the walls of the crystallization chambers. We
concluded that unusual movement from firing of positioning rockets on that particular flight were proba-
bly a factor in the drop instability, and we decided that the syringe tips needed to be redesigned to add
stability to the suspended droplets on future flights. In fact, the one successful experiment on 5T5-510,
which produced the large lysozyme crystal, used a different type of flared syringe tip that Bud Suddath
added at the final stages in the event that we did experience unexpected movements.

At any rate, we felt that we learned what we needed to know for designing an improved apparatus
for future microgravity experiments by vapor diffusion. We also learned a tremendous amount about
dealing with NASA, the facilities available for sample preparation at the launch site, and the procedures
that had to be followed for developing equipment that would be acceptable for use on the Shuttle. We
immediately began working on modifications to the Handheld VDA for future Space Shuttle flights.
Meanwhile, there was much debate in the crystallographic community about whether or not any of this
was really worth pursuing. Following our experiments on 5T5-51D0, Gina Kolata published an article in
Science titled, “The Great Crystal Caper” describing our first microgravity experiment in unflattering terms,
along with a discussion of the ongoing debate among crystallographers about the merits of trying to
grow protein crystals in space [21].

Our colleagues inside NASA, however, remained highly committed to moving this program
forward. Protein crystal growth had everything they were looking for in a worthwhile experimental
program that could be pursued initially on the Space Shuttle and eventually on the Space Station. Protein
crystallography had huge science appeal and was rapidly being implemented in drug design programs
within pharmaceutical companies around the world. Crystal growth was a major problem in protein
crystallography, and anything that potentially might improve the process would be important. Finally,
there were reasonable theories about why microgravity should affect crystal growth processes, and
previous microgravity experiments with growth of inorganic crystals had yielded data supporting these
theories. All of this was easy for top administrators within NASA to appreciate and for Congressional
funding committees to understand. Microgravity protein crystal growth was here to stay, at least until
enough experimental results had been accumulated to conclude it was a complete waste of further effort.

Working closely with NASA engineers, we modified the Handheld VDA trying to incorporate
changes that would maximize solution stability and better control the vapor diffusion process. This
improved Handheld VDA was flown on two additional Shuttle flights in 1985, each time showing us
additional improvements that could be made to the apparatus and the processes involved. On these
other 1985 Shuttle flights, we never really had much time that the crew could give to our experiments,
since their schedules were tightly controlled by activities that had been planned years in advance.

Our first real opportunity to have a dedicated person on board for our experiments came with
5T5-61C, in January 1986. For this set of experiments, we had a fully devoted Payload Specialist, Congress-
man Bill Nelson from Florida, to perform the flight experiments. Congressman Melson (now Senator
MNelson) was on one of the House committees that oversees NASA, and he arranged to go on the Shuttle
flight as part of his oversight responsibilities. Congressman Melson was able to select an experiment that
he could help perform on the mission. He enthusiastically chose our protein crystal growth experiments,
largely because of the linkage of protein crystallography to important biomedical research. He was a
wonderful person to work with. He trained with Larry DeLucas with our crystal growth apparatus on the
KC-135 airplane (better known as the “Vomit Comet”) that NASA used to generate brief periods of low
gravity by flying parabolic patterns (Fig. 18). He also spent several extended periods in Birmingham train-
ing on prototypes of our crystal growth apparatus, asking lots of detailed questions and getting totally
familiar with the procedures that would be involved. He successfully completed our experiments on the
Shuttle flight, which launched on January 12, 1986 (Fig. 19). The results were again somewhat mixed but



Figure 17: Crystal of lysozyme grown on STS-51D. Note the flared tip on this syringe. This was
a last minute change by Bud Suddath, who was concerned about possible instability of the
protein droplets during orbital positioning movements.



Figure 18: Larry DelLucas and Congressman Bill Nelson training with the Handheld VDA, on
NASA's KC-135, commonly known as the “Vomit Comet”.



Figure 19: Congressman Bill Nelson performing our protein crystal growth experiments
aboard Space Shuttle Flight STS-61C. Congressman Nelson performed the experiments well,
and he became a lifelong fan of protein crystallography.



considerably improved over those from that first experiment. Congressman Nelson became a major
advocate in congress for protein crystallography, and he was awarded the Public Service Award at the
Philadelphia ACA meeting in 1987, at which | retired as President of the organization. He also wrote a
book titled, “Mission” that described his brief career in protein crystallography and the experiments he
performed for us in space.

Our experiments with Congressman Nelson were on the last Shuttle flight prior to the Challenger
disaster on January 28, 1986. We did not have experiments on Challenger. Following the Challenger
accident there was a long extended period when the Space Shuttle program was grounded, while NASA
implemented changes to enhance the safety of the program. During this period we worked closely with
the NASA engineers to develop an Advanced Vapor Diffusion Apparatus (known in NASA as the Advanced
VDA) that incorporated changes to take advantage of all that we had learned from the four flights with
the Handheld VDA. This allowed many more experiments to be performed simultaneously. This hardware
was automated, so it could be operated with minimal crew time and training. The Advanced VDA was
enclosed in a temperature-controlled unit designed to replace one of the mid-deck lockers on the Space
Shuttle, The Advanced VDA (Fig. 20) included sixty crystal growth chambers and greatly improved the
control of crystal growth conditions on future flights. Using the Advanced VDA, we performed experi-
ments on eight more Shuttle flights between the Challenger accident and the time when | retired from
UAB.

Shortly after our first microgravity experiments, NASA initiated a program to establish a series of
university based centers to pursue technologies that could benefit from space access, with particular
emphasis on technologies that had commercial potential. These Centers for Commercial Development of
Space (CCDS) were to be spread across several technologies and areas of science that might eventually
enhance the commercial potential of space. We felt that protein crystal growth and various applications of
protein crystallography came as close to meeting that goal as any other discipline. We were heavily
involved at that stage with structure-based drug design program in BioCryst, and we had several
outstanding protein crystallographers from pharmaceutical companies collaborating with us on micro-
gravity protein growth experiments. We applied for a Center grant to provide broad support for our
crystallography programs in Birmingham and for collaborative studies with commercial partners. We were
funded generously by NASA in the first round of applicants, and the Alabama Board of Trustees approved
formation of our new Center for Macromolecular Crystallography (CMC). | was the initial Director, Bud
Suddath was Associate Director for X-ray Crystallography, and Larry Delucas was Associate Director for
Protein Crystal Growth. Several pharmaceutical companies who had been collaborating with us became
commercial partners in the Center. The Center designation gave us considerable independence within the
university, which facilitated future expansion of our crystallography program in Birmingham. The CMC
also served NASA as the conduit through which our many collaborators participated in microgravity
protein crystal growth experiments, as Members of the CMC.

The microgravity program included an ocutstanding group of collaborators from academia, gov-
ernment labs and industry. At the time that | left UAB in 1994, we had an international group of collabora-
tors from 23 universities, 12 pharmaceutical companies, and 4 government laboratories working with us
on microgravity protein crystal growth experiments. One particularly valuable collaboration that grew
from our early space experiments was with Schering Plough Pharmaceutical Company (later acquired by
Merck). At that time, Dr. T. L. (Nag) Nagabhushan, who was Senior Vice President of Research at Schering
Plough, was heavily involved in productive biochemical and clinical studies of interferons, protein growth
factors, cytokines and lymphokines, and he was eager to pursue structural studies of these interesting
proteins. Alpha interferon was a major pharmaceutical product for Schering Plough, and their manufac-
turing process was producing large quantities of highly purified protein for marketing. Therefore, this well
characterized protein was available in the large quantities that might allow us to expand the microgravity
experiments beyond the vapor diffusion studies designed to accommodate milligram samples of protein.
Considering the evidence that microgravity may affect crystal order, it seemed possible that microgravity
crystallization might provide a route for enhanced large-scale purification of biclogicals, as a step in the
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Figure 20: Payload specialist Pinky Nelson (no kin to Congressman Nelson) training with the
Advanced VDA, which was constructed following the Challenger accident. This system was

more automated, and the vapor diffusion apparatus was housed in a special temperature
controlled unit that was designed to replace one of the mid-deck lockers on the Space Shut-

tle. Pinky performed our first experiments with the Advanced VDA on Space Shuttle Flight
ST5-26, which launched on September 29,1988.



final manufacturing of commercial protein products. This concept was very appealing to the commercial-
ization division of NASA, since there were very few products that could possibly justify the high expected
costs of manufacturing in space. If large-scale microgravity crystallization of biclogicals did enhance the
quality of the final product, then the high price that biclogicals generate per gram of weight might even-
tually justify the high cost of manufacturing protein products in space. This same rationale was the basis
of the electrophoresis experiments that Charlie Walker had performed for McDonnell Douglas with eryth-
ropoietin on 5T5-51D, when we piggybacked our first microgravity protein crystal growth experiments on
his protein purification apparatus. NASA understood this rationale well, and our microgravity protein
crystal growth program picked up a new burst of momentum as we expanded into large-scale protein
crystallization studies.

In collaboration with Nag's group at Schering Plough, we proceeded to design equipment for
conducting microgravity bulk crystallization experiments, The system we ended up designing used tem-
perature change to activate crystallization, which is one of the most common techniques used in manu-
facturing of pharmaceuticals. This also was a fairly straightforward method for scaling up our experiments
to accommodate large samples. Within the CMC, these experiments were coordinated by Marianna Long,
who worked closely with various members of Nag's group at Schering Plough. Temperature change is
potentially ideal for optimizing microgravity effects, since temperature driven convection is essentially
eliminated in space along with normal crystal growth convection and crystal sedimentation. The system
designed for these bulk crystallization experiments was fairly simple, consisting of clear plastic cylinders
of various volumes with metal caps that abutted a metal plate that had precise temperature control. The
cylinders were loaded with protein solutions prior to launch and were maintained at temperatures where
the proteins were soluble. Once in orbit, the temperature of the solution was gradually adjusted by
changing the temperature of the metal plate that was in contact with the metal cap of the cylinder. This
resulted in a temperature gradient across the cylinder, which would have been unstable in the convection
driven flows on Earth, but was quite stable in microgravity. The temperature across the solution then
gradually equilibrated during the flight, producing an unusually stable environment for gradual nucle-
ation and growth of large quantities of crystalline material. The rate of equilibration could be controlled
by varying the rate of temperature change on the temperature control plate, depending upon the length
of time that the Shuttle was expected to remain in orbit.

This bulk crystallization system (known within NASA as the Protein Crystallization Facility, or PCF)
was tested on four Shuttle flights between 1991 and 1994, using samples of bovine insulin, alpha interfer-
on and human insulin. The results were encouraging, producing crystals in microgravity that were gener-
ally considerably larger and better formed that those grown in this system on Earth. In addition, crystals of
human insulin appeared to diffract to significantly higher resolutions, suggesting enhanced internal order.
Probably the best-characterized crystals obtained in these initial bulk crystallization experiments were
those obtained for a human insulin complex by Dave Smith and his colleagues at the Hauptman Wood-
ward Medical Institute. They reported obtaining crystals from their microgravity experiment that were
larger and of significantly higher quality than crystals grown in normal gravity. Using six of these micro-
gravity grown crystals for data collection, the Buffalo group successfully refined the insulin complex
structure to 1.4 A resolution, including hydrogen atoms in the final refined model.

Protein crystal growth soon became a major program within NASA, and they provided grants to
several academic groups to pursue a variety of projects to better understand this important field on Earth.
A protein crystal growth research program was established at the Marshall Space Flight Center, and we
expanded our program in Birmingham to help coordinate microgravity protein crystal growth experi-
ments with numerous collaborators from other universities and from the pharmaceutical industry. Larry
Delucas became our key leader in Birmingham for coordinating our space activities, and we were soon
performing experiments on most Shuttle flights. Meanwhile, the demands on my time from NASA
became more and more overwhelming, especially as planning for the construction of the Space Station
picked up momentum. It was assumed within NASA that protein crystal growth would be a major
program on the Space Station, and facilities to accommodate that program were being included in all of



the early stage planning tor the Station. The tentative plans even included serious discussion of including
an X-Ray diffraction facility onboard the Space Station so that crystals could be characterized quickly, and
complete data sets might be collected without waiting for return to Earth. | ended up as Chairman of the
Biotechnology Discipline Working Group of the Universities Space Research Association; a Member of the
Committee on Industrial Applications of the Microgravity Environment, Space Applications Board, Nation-
al Research Council; and a Member of the NASA Space Station Science and Applications Advisory Sub-
committee, Since the Space Station was an international effort, | was called on often to meet with science
groups from Europe and Japan. Beginning in 1985, | was Princpal Investigator of the large, and rapidly
expanding NMASA contract to support the microgravity program in protein crystal growth, including funds
for all of the space activities; for construction of special equipment for microgravity experiments; for
research in our Center to better understand factors that affect crystal quality; for coordination of the
rapidly expanding international group of collaborators who were steadily joining the program; and for the
hiring and management of engineers and other personnel required to meet the NASA demands for huge
quantities of paperwork. Our key personnel working on the program were screened and given high level
government clearance that would allow them to have ready access to NASA facilities, and we established
laboratory facilities at the Kennedy Space Center for preparing experiments close to the launch site. The
research group at the Marshall Space Flight Center also grew to include protein crystallography and basic
programs in protein crystal growth. | was spending a huge part of my time flying from one NASA meeting
to another, including many in Europe and Japan, while | really needed and wanted to concentrate on our
other protein crystallography programs, the exciting protein structural studies we had underway, and our
fruitful collaboration with BioCryst in structure-based drug design.

Fortunately, Larry Delucas was completely dedicated to our NASA program, and he was soon
heavily involved in coordinating all aspects of the program. He had the scientific background and the
personality to smooth over the multiple bumps that confronted us daily and to interface effectively with
our many colleagues in NASA and did a wonderful job overseeing all of our space experiments, supervis-
ing design of our evolving protein crystal growth equipment, training Payload Specialists to perform our
Shuttle experiments, and interacting with the program managers within NASA.

As the microgravity Space Shuttle experiments advanced through a series of Shuttle flights, data
accumulated in support of the theory that mare highly erdered protein crystals could be grown under
microgravity conditions. The most convincing data came from careful analysis of diffraction intensities as
a function of scattering angles when comparing Shuttle grown crystals with control samples. The data
that | found most helpful in evaluating crystal order was based on the types of relative Wilson plots (Fig.
21) that had been used historically to scale intensity data from heavy atom derivatives of protein crystals
to data from the native protein crystals, to compensate for the disordering effects that the derivatives
often induced in the native crystals. Similar disordering effects were apparent in relative Wilson plots
comparing Earth grown and microgravity grown crystals (Fig. 22), indicating that crystals grown in micro-
gravity tended to be more highly ordered, with measurable diffraction data that extended to higher
resolution [132]. However, debates continued in the crystallographic community about how worthwhile
this effort really was and if the funding required might be better used for other purposes. | was sympa-
thetic to the funding question, since we had other projects supported by NIH, but the reality was that the
funding that Congress awarded to NASA was somewhat independent from that allocated to NIH.

Microgravity protein crystal growth picked up great momentum in the late 1980%, and there was
building interest in upcoming opportunities to perform experiments over longer periods of time, first on
an upcoming Spacelab mission that was planned for 1992, and later on the Space Station. The Spacelab
mission might also be the first good opportunity to get a qualified crystallographer on board the Space
Shuttle, since Spacelab flights are fully dedicated to science. One advantage of all the NASA committees
that were soaking up my time was that | was in a strong position to effectively argue for a science slot for a
crystallographer on the planned Spacelab mission. If NASA agreed that a protein crystallographer should
be included among the scientists on the Spacelab mission, the most logical person to fill that role was
Larry DelLucas, since he had the experience and credentials to be a perfect choice. In 1991, Larry was
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Figure 21: Relative Wilson plots were one of the methods used to compare the order of space
grown protein crystals with their earth grown counterparts. These plots have been used
historically for scaling protein diffraction data sets from heavy atom derivatives, to correct for
the disordering effects that are often caused by heavy atom binding in protein crystals.
Debye-Waller factors (B) are a function of root-mean-square displacements of atomic posi-
tions in crystal structures. Although B values are normally a measure of thermal motion, the B
values also are affected by disorder at the molecular level in crystals. The slope of a relative
Wilson plot is a measure of differences in order when diffraction data sets from different
crystals are compared.



a—as ground interferon
4 ——a space interferon

Figure 22. Relative Wilson plots comparing crystals of gamma interferon. The upper plot
(black) compares data sets from earth grown crystals. The slope is close to zero, which is to be
expected if the order is unchanged. The lower plot (red) compares data from space grown
crystals with data from earth grown crystals, and displays a slope indicating that the crystals
grown in microgravity appear to be more highly ordered than those grown on earth.



selected to fly as a Payload Spedialist on 5T5-50, and he began a year of training for the job. His mission
was launched on June 25, 1992 (Fig. 23), and it gave us the longest uninterrupted period we had ever had
to do experiments before the Shuttle returned on July 9 with Larry and the crystals in great shape.

Before | left the microgravity protein crystal growth program to join BioCryst in 1994, we had
performed experiments on sixteen Shuttle flights [114, 116-118, 122,128,130, 132, 133, 140, 142-147, 154,
159, 165, 169). Four of these were performed with early stage versions of equipment for vapor diffusion
experiments (the Handheld VDA). The others were performed using the Advanced Vapor Diffusion Appa-
ratus that was developed post Challenger (the Advanced VDA), and the batch crystallization facility (the
PCF). Eight of the post Challenger flights included vapor diffusion experiments, and four included
large-scale crystallization experiments using the thermal gradient crystal growth equipment. A total of 81
different proteins, provided by some forty collaborators from protein crystallography groups around the
world, were included in crystal growth experiments on these sixteen Shuttle flights. Of these, fewer than
twenty percent produced microgravity grown crystals that were noticeably improved over those obtained
on Earth.

Many of these vapor diffusion experiments included proteins that were very poorly crystallized on
Earth in hopes that space might provide a chance for obtaining useful crystals from proteins that had
proved intractable in crystallization experiments on Earth. These “Hail Mary” protein crystal growth experi-
ments almost invariably failed to yield positive results in space. The most encouraging results were
obtained in the space experiments with proteins that had been studied extensively, with successful
crystallization results already obtained on Earth. Among this subset of proteins, there were several striking
examples of improved crystal order as evidenced by enhanced diffraction resolutions and reproducible
data from relative Wilson plots [132]. | have not closely followed the many microgravity experiments since
1993 that the Birmingham group has coordinated on Shuttle flights, and more recently on the Space
Station, but the results that | have seen from recent reviews support our earlier conclusions that signifi-
cant improvemnent in crystal quality may be obtained in space if the samples included in the experiments
are carefully selected from extensive Earth experiments prior to space flight. At the time of this writing
{January, 2015) a huge set of protein crystal growth experiments has just recently been returned from the
Space Station for analysis by Larry and his collaborators, to evaluate the long-range potential of micro-
gravity protein crystal growth. The proteins included have all been crystallized previously on Earth. The
experiments are double blinded, with Earth experiments being performed in the same type of equipment,
in parallel with the Space Station experiments. The crystals will all be analyzed by various standardized
diffraction techniques in Birmingham. The diffraction analyses will be blinded experiments that will be
used to compare order of the space grown crystals with their earth grown counterparts. These analyses
are expected to take the better part of the next year, and the results are expected to be important in
helping to determine the future direction for microgravity protein crystal growth.

Our collaboration with Nag's group at Schering Plough evolved into a broad and expanding
program in crystal structure studies of lymphokines and cytokines. Schering Plough did not have a crys-
tallography program at the time, and our initial crystal growth collaboration with Nag and his group soon
expanded to include multiple structural studies of the exciting proteins that they were developing for
potential commercial applications. Bill Cook worked closely with Nag's group on crystallization of these
proteins, and Steve Ealick led the crystallographic work that ended up determining the structures of
human gamma interferon [120, 153], human granulocyte-macrophage colony stimulating factor (GMCSF)
[137,155], and human interleukin-4 [149, 156]. Mark Walter worked closely with Steve Ealick and Bill Cook
on these crystallographic studies, and he carried on the collaborative program with Nag and his group
following my departure from UAB. This work led to the 1994 Milstein Award for Interferon and Cytokine
Research given to me and Nag as representatives of the UAB and Schering Plough groups. These structur-
al studies had only been possible because of the major contributions from Steve Ealick, Bill Cook, Mark
Walter, and Vijay Senadhi at UAB; and Paul Trotta, Paul Reichert, G.5. Hammond, and H.V. Le at Schering
Plough. Nag and | considered ourselves to simply be representatives of this superb group of crystallogra-
phers and biochemists in accepting the award.



Figure 23: Larry DelLucas performing protein crystal growth experiments on Spacelab 5T5-50.
This was a fifteen day mission, which gave us our longest period of uninterrupted protein
crystal growth in microgravity.



The collaboration with Schering Plough also produced a beautiful new artistic representation of
protein structure carved in wood, Academic groups could never have undertaken such a project, but the
interferons and lymphokines were major commercial products for Schering Plough, and they were eager
to display our crystallographic results in the entrance to their new research facility, which was scheduled
to open in New Jersey soon after we had completed the structure of gamma interferon. Bebe worked for a
wonderful art gallery in Birmingham at the time which specialized in sculptures done in various materials,
and she was familiar with the spectacular work that a local artist, Craig Mutt, was doing with wood carv-
ings. Bebe and | met with Craig, who knew nothing about molecular structures, and we showed him some
of Mike Carson's computer graphics representations of the gamma interferon structure. He was blown
away by the complexity but was awed by the beauty of the interlacing helices, which are abundant in the
interferon structure. He gave us a rough estimate of the time and dollars that would be required to fabri-
cate an accurate wooden carving of the structure. | thought there was no way Schering Plough would be
willing to fund the venture, considering the price, but they approved it without hesitation. Craig and Mike
Carson then spent many hours together with our graphics system before Craig was comfortable begin-
ning his carving. The results are spectacular (Fig. 24). The final model depicts the complete backbone
tracing, carved in cherry wood, with dimensions that scale almost perfectly with the actual structure. The
final size is about 10ft x 7ft x 5ft, and the carving was available to adorn the new Schering Plough facility
shortly after it opened. Craig named this wonderful artistic representation “Helical Dance”” | have not seen
anything like it since, and | doubt if the intricate style will be duplicated for many other protein projects.

Protein crystallography made major progress during the 1980, and the rate at which new protein
structures were being determined seemed increasingly reminiscent of the growth that | experienced in
small-molecule crystallography during the 1960's and 1970's. When | did my PhD thesis work in the early
1960's, determining the structure of a small organic molecule was a major challenge, but all new struc-
tures seemed to reveal something of fundamental importance for understanding chemical bonding and
molecular interactions. By the late 1980, many thousands of small-molecule structures had been deter-
mined and were deposited in the Cambridge Structural Database. Thanks to advances in direct methods
of phasing, and automated data collection methods, determining the crystal structures of most small
molecules had become somewhat routine, and most chemistry departments had established crystallogra-
phy facilities for structure analysis by non-specialists. By the 1980'%, | felt | was in the midst of a similar
revolution in protein crystallography even though the Brookhaven Protein Data Bank only contained a
few hundred structures at the time. Each new protein structural study still was a major challenge, but
synchrotron facilities and newer phasing techniques held the promise of rapidly increasing the rate at
which new protein crystal structures would be determined in the near future. The 1980’ were an incredi-
ble period to be in protein crystallography since almost any new protein crystal structure seemed to
reveal important new information in structural biology. However, | had an increasingly uneasy feeling that
our unigue talents as protein crystallographers were rapidly transitioning from unique to more routine.

In 1987, | had the pleasure of serving as the President of the American Crystallographic Associa-
tion, and | decided to focus on the future of protein crystallography for my after-dinner talk at the Phila-
delphia ACA meeting. | showed plots of the past growth of the Cambridge Structural Database and of the
current growth rate of the Brookhaven Protein Data Bank, and | suggested that the plots overlaid pretty
nicely when comparing the early stages of small-molecule crystallography with the then current growth
rate for new protein crystal structures. If we assumed that the two growth functions were going to be
approximately the same, | suggested that we could reasonably expect thousands of new protein crystal
structures to be forthcoming during the next few years. This suggestion was met with considerable skepti-
cism from my colleagues, but it really started me thinking about how | wanted to spend the rest of my
research career. | had lived through the upheaval in small-molecule crystallography when my special
crystallographic expertise transitioned from special to routine, and | had the eerie feeling that we were
not far from the time when protein crystallography would also become a tool widely adopted by non-spe-
cialists. Obwviously, this would be great for science, but it could potentially affect the role of crystallograph-
ic specialists in the future.



My thoughts about the future of protein crystallography were further enlightened by an unusual
event that occurred while | was serving as a protein crystallography reviewer on the NIH Molecular and
Cellular Biophysics Study Committee in the late 1980's. We had received an interesting grant proposal
from a molecular biologist who had no experience in crystallography, but who was proposing to deter-
mine the structures of proteins that were of central importance in his research program. He recognized
that structure was of central importance in understanding the biclogy of his systems, and he did not want
to depend on someone else for this experimental procedure. He had arranged with his university to take a
sabbatical and to work closely with the protein crystallographer at his medical school, and he was deter-
mined to learn what he needed to know so that he could use protein crystallography in his molecular
biology research program. At the time, it was heresy to think about funding a protein crystallography
project of a non-crystallographer, but this scientist was Hamilton Smith who had previously received a
Nobel Prize for his research on restriction enzymes. Dr. Smith was at Johns Hopkins Medical School, and

Ed Lattman, a superb protein crystallographer there, had agreed to serve as his tutor. We felt it would be a
mistake for our Study Section to reject the proposal without further analysis, and | was appointed Chair-

man of a site visit committee from our Study Section to go to Hopkins and evaluate the research proposal.
That site visit was eye opening for me. After spending the day with Dr. Smith, | was personally convinced
that protein crystallography was on the path of becoming a major tool that would be incorporated in
molecular biology programs, much like small-molecule crystallography had become a major tool in
chemistry departments, Protein crystallography would likely remain a major area for theoretical and
experimental research by card carrying crystallographers, especially when really challenging structural
studies were involved, but | could see the day was rapidly approaching when our discipline would also
transition to the hands of other scientists who used it as a major tool in advancing their research in struc-
tural biology. Experienced crystallographers were likely to be in increasing demand as the field of struc-
tural biology grew, but it seemed likely that more and more non-crystallographers would be adopting
crystallography as an essential tool in all areas of molecular biology, biotechnology and pharmaceutical
research. | began to question where | wanted to fit into this scenario for my future career, and | became
increasingly convinced that structure-based drug design was an attractive option.

If protein crystallography were going to advance as rapidly as | expected, it was clear that the
crystallographic community needed to prepare for how we were going to handle a surge of new structur-
al data, which would likely challenge our databases and journals. | had seen firsthand how powerful and
useful the Cambridge Structural Database had been for making small-molecule structural data widely
available, and | knew a little about the tremendous infrastructure and staffing that had been expertly
assembled in Cambridge to handle the huge flow of small-molecule crystallographic data. It seemed likely
that the Brookhaven Protein Data Bank, which was the protein structure depository at the time, would
soon face a similar rapid increase in demands from the crystallographic and biological communities to
handle a dramatic increase in protein structural data.

During the 1988-1994 period, | was a Member of the Visiting Committee in Biology at the Brookha-
ven National Laboratory, and | was also appointed Chairman of the Brookhaven Protein Data Bank Adviso-
ry Board in 1992, Our Advisory Board was in a position to evaluate how ready Brookhaven was to handle
the growth that we expected, and we felt obligated to do all we could to help Broockhaven adequately
prepare for the anticipated influx of new data. Tom Koetzle, who was Director of the Data Bank at the time,
was heavily committed to the program and was doing a yeoman’s job operating this important national
asset with a very small staff. Our Advisory Board strongly felt that he was greatly underfunded and under-
staffed to cope with the future, and we made our opinion clearly known to the upper management at
Brookhaven. Unfortunately, we were not able to get the Brookhaven management to really appreciate the
importance of that facility and to push for the increased funding and stafiing that would be required to
meet future demands. However, | feel that we were somewhat successful in bringing the issue to the
national level of attention, and eventually NIH and NSF stepped in to add their influence and funding to
help establish first class facilities for assuring that protein structural data would be widely available to the
international community. Unfortunately, Brookhaven did not end up as one of the final Protein Data Bank



facilities. The last time | looked, the Protein Data Bank, which is now managed at Rutgers University and
The University of 5an Diego, has data for well over 100,000 protein structures and is still growing rapidly.

| also had the pleasure of serving as Editor-in-Chief of Acta Crystallographica and the IUCr Commis-
sion on Journals during the 1987-1996 period (Fig 25). By the latter part of my term as Editor of Acta Cryst.,
protein crystallography was expanding rapidly, especially as biochemistry and biology departments
established crystallography groups to participate in the growing field of structural biology. Our under-
standing of protein structure was still in the infant stage, and almost every new protein or nucleic acid
crystal structure was of great interest to the structural biology and molecular biology communities.
Consequently, most of the macromolecular crystallographic results were published in biochemical and
biological journals. These journals were understandably primarily interested in the biclogical implications
of the resulting structures, rather than the crystallographic details that made the structural results possi-
ble. The IUCr Executive Committee and the Commission on Journals became increasingly concerned that
we were not adequately serving the biological crystallography community which was growing rapidly at
that time. There was clearly a need for a journal that could cover the many aspects of protein crystallogra-
phy that were essential for development of the field, including key theoretical studies in protein crystal-
lography; new methods and facilities for data collection and processing; advances in protein crystal
growth theory and procedures; methods for evaluating the accuracy of structural results; modeling meth-
ods for fitting proteins to electron density maps and refining the structures; new approaches to phasing;
and details of biological structures that might be of little immediate interest to biologists. Many details
that were likely to be of importance for future advances in the nuts and bolts of macromolecular crystal-
lography needed to be published even though these details might be of little interest to readers of
biological journals, and we felt that Acto Crystallographica should address this opportunity. After much
discussion with the protein crystallography community, and with the enthusiastic support of André
Authier, President of the IUCr at the time, we initiated Acta Crystallographica, Section D, titled "Biological
Crystallography,’ which is now one of the most popular journals in the Acta family.

Dwuring the late 1980, our crystallography group at UAB became increasingly focused on struc-
ture-based drug design [135, 141], and we initiated crystallographic studies of several additional enzymes
that we felt would be especially suitable drug design targets, including influenza neuraminidase, which
was being pursued by Ming Luo and his students, and complement proteins [150, 163, 167], which were
being pursued by Larry Delucas and N.V.L. Narayana in collaboration with John Violanakis from the UAB
Department of Medicine, Both of these programs were later licensed from UAB to BioCryst. UAB was also
focused on new approaches to molecular modeling that might be of broad use in structure-based drug
design. Mike Carson led a creative modeling program focused on novel approaches for displaying protein
sites by computer graphics in ways that would allow non-crystallographers to see features that would be
helpful in drug design [134,136]. Mike's early work produced the now popular algorithm for ribbon repre-
sentation of polypeptide chains [113, 168], and he designed new ways of displaying and interacting with
protein sites [152]. Scott Rowland pioneered other creative approaches for predicting interaction patterns
that might be applied to drug design through extensive analysis of intermolecular contacts found in
small-molecule crystal structures from the Cambridge Structural Database. 5cott later extended these
studies as a member of the Cambridge Structural Data Center staff, followed by several years at BioCryst
as a member of our drug design group.

By 1993, our BioCryst/Ciba Geigy/UAB/5SRI collaboration had produced a series of potent inhibitors
of human PNP [151, 158, 160-162, 166, 170], and a lead candidate, BCX-34 (later assigned the generic
name peldesine) had been selected for clinical development by BioCryst (Figs. 7 & 26). A second PNP
inhibitor, BCX-5 (Fig. 26), was partnered with Warner Lambert Pharmaceutical Company for clinical devel-
opment. When John Montgomery and | originally selected the PNP target for drug design back in the late
1970', the objective was to end up with drugs for treating patients, so we were finally at an important
milestone. The challenge we faced at that stage was to come up with the funds necessary to move BCX-34
forward into clinical development. | ended up grossly underestimating how much it would eventually cost
to develop a PNP inhibitor, but it was clear that we would need to raise a lot of money to even initiate



Figure 24: The beautiful model of gamma interferon, carved in cherry wood, which was com-
missioned by Schering Plough Pharmaceutical Company to adorn the lobby of their new
research center in New Jersey. T.L. (Mag) Nagabhushan is pictured on the left, and the artist,
Craig Nutt, is shown on the right. Craig is holding a small scale carving of the structure, which
he completed before embarking on the larger carving. The molecule is carved nearly perfectly
to scale, thanks to the collaboration between Craig and Mike Carson.



Figure 25: My final meeting with the Commission on Journals and the Executive Committee of
the International Union of Crystallography (IUCr) at the IUCr meeting in Seattle in 1996.
Shown from left to right, are Syd Hall, Mike Glazer, Samar Hasnain, me, John Helliwell, Andre
Authier and Phil Coppens. John Helliwell and | spent many years collaborating on various
crystallographic projects, and he succeeded me as Editor-in-Chief of Acta Crystallographica.
Samar Hasnain followed John in that position. Andre retired as President of the IUCr at the
Seattle meeting, and was succeeded by Phil Coppens. Andre worked very closely with me in
initiating Acta Crystallographica, Section D, Biological Crystallography.



BioCryst Compounds for Clinical Development

BCX-34(Peldesine) BCX-1470 BCX-1777 (Forodesine)

0 o & =]
[a]
H H
H | " HM | H D\‘f o hiH
H?r..)"*u HﬁAN i
5
MHH H
L] oA Hlj\'.: -:'.tlH

BCX-1812 (Peramivir) BCX-4208 (Ulodesine) BCX-4430

FH

Ha
i

s, ik EH
H
H

Figure 26: Some of the BioCryst compounds that reached advanced stages of development.



clinical development properly. Between 1986, when we first incorporated BioCryst, and 1993, we had
repeatedly gone back to our original investors to raise additional funds. We had also brought in funding
from a couple of prominent venture capitalists from national investment firms. However, these investors
were not willing to undertake the complete costs that would be required for clinical development of
BCX-34, along with our planned expanded program for attacking additional targets. Our investors were
painfully aware that drug development is incredibly expensive, very risky with high failure rates, and takes
a long time to complete the necessary clinical trials for drug approval by the FDA. It was going to take a
lot of capital, available continuously over a number of years, if we were to realize the goal of making our
PNP inhibitors and other compounds available for treating patients.

The ideal strategy for us was to take BioCryst public through an initial public offering (IPO) of stock
in the company. A publicly traded company has much better access to investors than we would ever have
as a private company, since stock in the company would then be a liquid asset that could be bought and
sold on public markets. Also, the business aspects of the company would then be transparent and contin-
uously monitored by the Securities Exchange Commission, thus allowing large investors and pharmaceu-
tical partners to be confident that they could adequately evaluate and monitor their investment. | knew
almost nothing about the details of how we would go about an IPO process, but the primary venture
capitalists who had invested in BioCryst at the time knew what needed to be done, and they had the Wall
Street contacts who might be helpful in moving the process forward. With their help and guidance, |
began participating in a series of frequent trips to New York with the CEO of BioCryst and meeting with
investment bankers and analysts to tell the BioCryst story.

By late 1993, we had two top-tier investment banking firms that wanted to represent us in an IPO,
and both firms had superb technical analysts who were convinced that PNP was an exciting target and
that structure-based drug design was a promising technology. Our case was especially reinforced by an
invited Scientific American article on structure-based drug design by John Montgomery, Mike Carson and
me [164] which was published at the same time we were in the process of discussing an IPO. The New York
bankers and analysts don't usually read Acta Crystallographica, but they do follow Scientific American, and
the issue with our article was on the newsstands in New York in late 1993 while we were actively trying to
put together the IPO. Even though the stock market was beginning to soften at that time, and biotechnol-
ogy IPOs were rapidly falling out of favor, it appeared that BioCryst could successfully complete an IPQ,
but with one big condition. The bankers, analysts and the major investors involved felt that it would be
critical for me to leave UAB and go fulltime with BioCryst. John Montgomery had already left his long time
position at SRl and taken over the medicinal chemistry program within BioCryst, but our Wall Street
colleagues argued that it would be essential for me to also join the company, if they were to be successful
at completing the IPO.

| had never even considered leaving UAB and joining BioCryst. Even after John Montgomery made
his mowve to BioCryst, | assumed that we could continue the collaborative program that allowed me to
remain at UAB. | had been at UAB since 1968. We had a robust crystallography program at UAB where |
had a superb group of graduate students, postdoctoral fellows and other colleagues. We also had been
very successful at obtaining grants from NIH, NASA, non- profit agencies, and pharmaceutical companies;
and our crystallography programs were going great. | was very happy at UAB and planned to stay until |
either died or retired at an old age. | was a tenured Professor in the Department of Biochemistry and
Molecular Genetics and was presumably set for life. On the other hand, it was important to me that
BioCryst succeed. | had convinced friends, family and important people around Birmingham to invest in
the company over those years between 1986 and 1993. | believed strongly in what BioCryst was doing, in
the potential of PNP inhibitors, and in the future of structure-based design. However, | realized that the
future of the whole BioCryst program was in jeopardy if we did not take this opportunity to complete an
IPO and raise the necessary funds to move forward. Bebe was supportive of whatever decision | came to,
even though leaving the security of my position at UAB was a risky move and would likely turn out to be a
life altering event for our family. Bebe probably would have vetoed the move if Penny Mann, my wonder-
fully proficient administrative assistant at UAB, had not agreed to leave the university and come along to



keep me organized, but fortunately Penny did.

In November 1993, | formally notified the UAB administration that | planned to retire at the end of
the year and take over as the Chairman and CED of BioCryst. At that time, the Center For Macromolecular
Crystallography had major funding from MASA, and Larry Delucas was highly qualified to succeed me as
Director of the CMC. The Department of Biochemistry and Molecular Genetics generously offered me an
ongoing position of Professor Emeritus following my retirement. My contract with BioCryst was written to
allow me to continue spending up to 10% of my time with UAB, which allowed me to keep my grants
active until they could eventually be transitioned over to other principal investigators. | was honored to be
selected the 1993 Distinguished Faculty Lecturer for UAB (an election that was made before | announced
my impending retirement) which gave me a wonderful opportunity at a formal dinner in late November
to say farewell to my UAB friends and colleagues and to describe what we had planned for the research
programs at BioCryst.

So on January 1, 1994, | jumped from my secure academic nest into the corporate world of
biotechnology. It was immediately clear that | had a lot to learn, and | needed to learn it quickly. | had
actually been fairly insulated from the internal operations of BioCryst while | was at UAB, and | knew very
little about the company beyond the drug design programs. Since | had been Principal Investigator on
several grants at UAB that overlapped BioCryst activities, and UAB had license agreements with BioCryst
and equity in the company, the University had been careful to minimize any potential conflicts of interest
between me and BioCryst. Consequently, we had set a fairly clear boundary between me and the compa-
ny while | was at UAB. | chaired the BioCryst Scientific Advisory Board, which was primarily focused on
structure-based drug design and selection of promising new potential targets for BioCryst to pursue, but |
had minimal involvement in other BioCryst activities. | had never even met the Chief Financial Officer, the
Vice President of Clinical Development or the Vice President of Regulatory Affairs, key people who would
now be responsible for financial management and for initiating and overseeing the BCX-34 clinical devel-
opment program. | also had limited knowledge about the business activities that BioCryst had been
pursuing over the years since we raised our original funds from investors.

During the first three months of 1994, | was focused heavily on the IPO which was the major carrot
that had lured me from UAB. During this period, | spent more time in New York than in Birmingham deal-
ing with investment bankers, analysts, lawyers, and investors who we hoped would participate in the IPO
stock offering. Fortunately, our major venture capitalists helped with introductions and advice to guide
me through the process. | was also fortunate to have two really bright analysts with the investment bank-
ing firms who had been selected to underwrite the IPO offering, and they now understood the science
behind structure-based drug design and PNP inhibition. This was critically important because most
potential investors relied heavily upon analyst recommendations, especially in emerging fields like
biotechnology. However, in early 1994, the IPO markets were beginning to rapidly cool, and there was real
urgency to complete our IPO before the funding window completely closed. | was beginning to have
nightmares about my decision to abandon my UAB position for a future that would be really tough if we
did not complete our IPO.

In addition to expected hurdles in putting together the IPO, | was faced with two unusual stum-
bling blocks. As soon as | moved to BioCryst, | learned that the company was facing a lawsuit from an
investment advisor who introduced our two lead venture capitalists to BioCryst. He had expected to
receive a commission from this transaction, but it turned out that he was not qualified to conduct security
transactions in Alabama, and the Alabama Securities Commission instructed BioCryst that they were not
allowed to pay any fee to that agent. He was unqualified because he was a convicted felon in Florida, who
had served prison time for burglarizing homes and then burning down the houses to cover the crimes.
This agent was determined to force us into payment by doing everything possible to threaten our public
stock offering. He repeatedly placed threatening phone calls to our underwriters, analysts, and accounting
firm, warning that BioCryst was operating under a lawsuit that threatened to destroy the long term viabili-
ty of the company. It became a running joke among my New York contacts that they needed to expand
their fire insurance coverage if they were going to deal with BioCryst. On top of this major distraction, |



was faced with our national accounting firm auditor who was somewhat inexperienced and shocked to
learn that BioCryst was not profitable and was not likely to be profitable in the near future. Of course,
essentially none of the other biotechnology companies completing IPOs during that period could meet
his criteria, but he held up our process for weeks while he conducted a detailed audit of our finances.

Despite all of these frustrations, and many sleepless nights for me, we successfully completed our
IPO on March 7, 1994 and initiated trading on the NASDAQ stock exchange under the stock symbol BCRX.
At the traditional closing dinner in New York, | was presented a fire extinguisher and a smoke detector and
wished good luck running a publicly traded company. Then | started receiving a report card every day
when the closing price of our stock was posted. | had not received any report cards since | had been
promoted to Professor at UAB, except for pink sheets from grant reviews, and now | was being graded
daily. | quickly learned that investor relations would be an ongoing part of my new life and that every-
thing | did or did not do was under the close supervision of the Securities and Exchange Commission.

Immediately after completing the IPO, | began my formal education on clinical trials. The previous
CEO was kind enough to remain long enough to help me understand what had been planned for clinical
trials of BCX-34, but my ignorance of the processes involved with clinical protocols, management of trials
and clinical data, and filings with the FDA was somewhat overwhelming. We had already embarked on
small clinical studies in patients with psoriasis, a T-cell mediated disease that might benefit from PNP
inhibition, and we had plans in place to initiate clinical studies of BCX-34 for treatment of patients with
cutaneous T-cell lymphoma. Both of these clinical programs were to be conducted initially using a topical
formulation of BCX-34, which appeared to have minimal risks to patients. However, | was really concerned
about what we were undertaking, largely because | knew so little about clinical development or the ability
of our still small company to manage the process. | also did not know our key personnel well enough at
that stage to evaluate how effectively they could properly manage the process, even though their
resumes appeared impressive, John Montgomery knew more than | did about clinical development since
a number of his drugs had advanced through clinical trials while he was at SR, but he had not been
involved with management of those trials. Except for Babu, essentially everyone else in the company was
a stranger to me at that stage.

| eventually turned to my good friend Nag Nagabhushan at Schering Plough to help me sort
through what we should be doing to develop BCX-34 properly. Nag had extensive experience with clinical
development programs at Schering Plough, and | knew that | could totally trust his advice. He kindly
agreed to come to Birmingham, to review our plans and to interview the key BioCryst personnel who
would be responsible for the clinical development program. Nag's analysis after a couple of days at
BioCryst was somewhat disconcerting. He was not overly impressed by the experience and backgrounds
of the personnel who would be responsible for our studies, and he emphasized to me the importance of
carefully monitoring every step of the clinical program. At that stage, small phase 2 trials in patients were
already underway, with initial results that had been reported as encouraging. There were no apparent
safety issues which would be of utmost concern to us in moving forward.

After Nag's input, | felt that | needed to get someone at BioCryst who had the clinical credentials to
oversee our drug development programs. | especially wanted someone that | knew well and could trust
completely. My thoughts quickly turned to Bill Cook, my previous graduate student and colleague at UAB.
Bill had obtained his PhD degree with me through the UAB MD/PhD program. After completing medical
school and a residency in pathology, he had combined a stellar career in clinical pathology at UAB with his
continued research in crystallography. He had not been involved directly in clinical trials, but | felt that he
had the background and intelligence necessary to quickly understand the clinical development program
at BioCryst. First and foremost, however, | knew Bill extremely well and had complete confidence that |
could trust his judgment and integrity. | was delighted and relieved when Bill agreed to move to BioCryst.
He took over as Senior Vice President of Research and assumed the important position of Medical Direc-
tor, responsible for overseeing our clinical development programs. Bill was a wonderful addition to
BioCryst since he was able to relate to essentially all aspects of our research and development programs
and support Babu's ongoing leadership in drug design. He had an impressive background in crystallogra-



phy, and he had been involved in all aspects of the PNP program since its inception. He also had a sound
clinical background and was able to interact effectively with all of our researchers who were responsible
for the clinical trials. He immediately added to the credibility of our research activities, and he was a great
help to me in interfacing with analysts and investors who were constantly evaluating our programs.

Soon after joining BioCryst, Bill undertook a detailed analysis of our clinical data from the initial
small phase 2 studies of topical BCX-34 for treatment of skin lesions in patients with psoriasis and patients
with cutaneous T-cell lymphoma. Results from these placebo-controlled studies had been publicly
announced as positive, and Bill was in the process of working with our head of clinical development to
prepare a publication on the detailed results. After working through a weekend with the data, Bill called
me on a Sunday afternoon and informed me that he was unable to reproduce the positive results that had
been reported. Working with the primary data from the clinical sites, Bill calculated that there was actually
no significant difference between the placebo and the drug treated groups. He concluded that altered
data had been transferred to the statisticians for analysis, and he saw no way that this could be an honest
mistake. Our head of clinical development was confronted with these findings, and he eventually admit-
ted that he had modified the randomization tables in order to make the negative results appear to be
strongly positive. We immediately fired him, and early the next morning, we faxed a letter to the FDA
notifying them what we had discovered. We later held a telephone conference call open to the investment
community to explain, as best we could, what had happened and what we planned to do next in the
clinical development program.

Falsification of clinical data is a felony, and it would have been a disaster for BioCryst if Bill had not
discovered this fabrication of data at an early stage. The FDA sent a team into BioCryst to go through all of
our records to completely understand what had occurred and what personnel were involved in the data
falsification. They then turned the case over to the Justice Department which led to an indictment and
trial of our ex-head of clinical development, resulting in his successful prosecution. After detailed investi-
gation by the Justice Department, it was concluded that only this one person was involved at BioCryst but
that he had colluded with his wife, who worked at one of the clinical trial sites, to fabricate positive clinical
results that would allow them to sell BioCryst stock at a profit. They were both convicted and sentenced to
terms in prison. Meanwhile, we went on to run larger clinical trials of BCX-34 in patients with psoriasis and
cutaneous T-Cell lymphoma, under management of a prominent Clinical Research Organization (CRO). We
eventually concluded that BCX-34 was not a suitable candidate for further clinical development. Although
it is a potent inhibitor of PNP, the clinical data suggested that the pharmacokinetics of the compound
were not adequate for further clinical development. Warner Lambert Pharmaceutical Company complet-
ed Phase-1 clinical trials with BCX-5 that indicated this second compound was also unsuitable for further
clinical development. Consequently, we renewed our search for a PNP inhibitor that would have better
biclogical properties.

Meanwhile, Vern Schramm and his colleagues at the Albert Einstein College of Medicine(AECOM)
had designed more potent PNP inhibitors by retaining the heterocyclic ring system of BCX-34 and BCX-5
and replacing the substituent on the 9-position of the heterocyclic ring with various positively charged,
nitrogen-containing side chains that formed strong contacts in the sugar-binding site of the enzyme.
These compounds seemed to have greatly improved pharmacokinetic properties compared to BCX-34
and BCX-5, so BioCryst entered into a license agreement with AECOM for rights to develop these com-
pounds. Two of these compounds entered advanced stages of clinical development. One of these,
BCX-1777 (generic name forodesine, Fig. 26), was eventually licensed to the UK based pharmaceutical
company Mundipharma for development in oncology. A second PNP inhibitor, BCX-4208 (generic name
uledesine, Fig. 26), was licensed for a while to Roche for the treatment of psoriasis , but Roche eventually
returned the rights to BioCryst. BioCryst continued development through Phase 2 clinical trials for treat-
ment of gout.

An especially frustrating design program was our multi-year effort to develop clinically useful
inhibitors of the viral enzyme, RNA polymerase. This enzyme is critical for all BNA viruses, including influ-
enza, hepatitis C, and a host of really bad viruses such as Ebola and Marburg. Since the enzyme tends to



be reasonably conserved among these viruses, inhibitors of the polymerase might be successful against
multiple viral targets. We spent several frustrating years focusing on RNA polymerase from hepatitis C. We
successfully designed several potent inhibitors of the enzyme, but our nucleoside analog clinical candi-
dates all proved to have preclinical toxicity profiles that were challenging for clinical development. More
recent efforts have resulted in the discovery by BioCryst that a compound in the portfolio of molecules
licensed from AECOM is a potent inhibitor against hemorrhagic filoviruses, including Marburg and Ebola
[124]. This compound (BCX-4430, Fig. 26) is currently under active development by BioCryst for treatment
of Marburg and Ebola viral infections, with funding from the NIAD division of the Mational Institutes of
Health. NIAD recently awarded BioCryst a contract to develop BCX-4430 through Phase 1 for treatment of
Ebola virus disease. A dose ranging study of BCX-4430 in nonhuman primates infected with Ebola demon-
strated an antiviral effect and showed statistically significant survival. BCX-4430 is now in a Phase 1 clinical
trial.

Bill Cook gave BioCryst two very productive years before returning as Professor in the Department
of Pathology at UAB and Investigator in the Center for Macromolecular Crystallography (since renamed
The Center for Structural Biology). We again turned to UAB for leadership at BioCryst and were fortunate
to recruit George Omura, a prominent Hematologist/Oncologist in the UAB Comprehensive Cancer
Center, to serve as our Medical Director. At the time, George was also a Member of the FDA's Oncology
Division Advisory Committee (ODAC) which was responsible for reviewing applications for approval of
new oncology drugs, and he had considerable experience with the design of clinical trials in oncology.
This was important for BioCryst, since our PNP inhibitor program was focused primarily on the potential of
these drug candidates for treatment of T-cell cancers. In 1996, we were also fortunate to recruit Dr. J.
Claude Bennett from UAB to serve as our President and Chief Operating Officer. Claude had been a
member of our Scientific Advisory Board since its inception, so he was quite familiar with our programs.
He was a wonderful addition to BioCryst, since he was a prominent basic scientist and clinician, with
extensive administrative experience. He previously served as Chairman of the Department of Microbioleo-
gy, Chairman of the Department of Medicine, and Founder and Director of the Center For Arthritis
Research at UAB. Immediately prior to joining BioCryst, Claude also served several years as President of
UAB. | met with him the day he announced his retirement from the Presidency, and | was delighted when
he quickly agreed to join BioCryst. Claude is a talented physician and researcher, and he is widely recog-
nized in the medical community. He was on the faculty at UAB when | joined in 1968, so | knew him
extremely well and long before we formed BioCryst. He sits through the chemistry and drug design
meetings at BioCryst, and he understands what we are doing, while also overseeing our clinical develop-
ment programs. Along with Babu, Claude completed a science and clinical leadership team that | felt was
among the best in the biotech industry.

Under Babu's supervision, the drug design group had impressive success with the development of
inhibitors of influenza neuraminidase and serine proteases. The PNP and neuraminidase projects proved
to be wonderful leaming experiences for guiding future design work, since both enzymes crystallized
with packing schemes that permitted ready access to their active sites by diffusion of compounds through
the solvent channels in preformed crystals. Consequently, it was possible to perform iterative design of
potent inhibitors of these two targets by modeling potential compounds using the native structure,
binding the compounds directly to the active site by diffusion into native enzyme crystals, determining
the structure of the complex, and seeing directly what additional changes to the inhibitor might be likely
to further enhance binding. The PNP project ended up determining the crystal structures of approximate-
ly forty complexes that were examined through this iterative process and yielded a wealth of information
about factors that would be useful in future design projects. This approach of iterative design also proved
to be helpful in making structural changes to improve the clinical potential of potent inhibitors that had
undesirable properties, such as toxicity, low solubility, poor bioavailability, poor pharmacokinetics or
metabolic instability. By seeing directly what parts of an inhibitor might be modified, without altering the
binding interactions, it was often possible to work around problems that prevented a good inhibitor from
being a suitable drug candidate.



Although the original PNP structural studies were performed using synchrotron radiation, the
structures of PNP complexes at BioCryst were determined using our laboratory based area detector
system, which was equipped with a rotating anode generator, low temperature system and focusing
optics. All of the neuraminidase work, which eventually involved determining the structures of some 120
inhibitor complexes during design optimization, also was done using data collected with our in-house
facilities. Thus, we could get fairly rapid turnaround of structural information by designing changesto a
lead compound, synthesizing the new compound in house, immediately seeing exactly how it binds to
the target in the crystal structure of the complex, and modeling reasonable additional changes to
enhance the properties of the inhibitor.

Following this iterative approach, Babu's team developed peramivir (Fig. 26), a potent inhibitor of
influenza neuraminidase. We entered into a partnership with Johnson and Johnson (J&J) for worldwide
clinical development of peramivir in 1999, J&J advanced peramivir up through early Phase 3 U.5. and
international clinical trials before deciding that low oral bioavailability of the compound was unsuitable
for their commercialization goals. We had made extensive efforts to improve the oral bicavailability of
peramivir, without success. The compound had wonderful activity as an intravenous agent, but J&J's
commercial interest was restricted to an oral drug. Consequently, J&J returned all rights for peramivir to
BioCryst, including an extensive package of clinical and preclinical data and a process for manufacturing
the compound. The clinical studies had demonstrated a good safety profile for peramivir, and later in vitro
tests against new emerging strains of influenza demonstrated that the compound has activity against
multiple strains of influenza, including avian strains that have been of increasing concern as possible
pandemic threats. BioCryst turned its focus to development of an intravenous formulation of peramivir.

Governments around the world became increasingly concerned about the threat of emerging
deadly strains of influenza, and funds were appropriated through HHS (Health and Human Services, the
parent of NIH) to support new therapies for treatment of influenza. We had a strong head start with the
development of intravenous peramivir, including a feasible manufacturing process, and we were success-
ful in our application for support from HHS for development of the intravenous drug. (BioCryst has now
received over $200 million from HHS and the Biomedical Advanced Research and Development Authority,
BARDA, for the development of peramivir.) At about the same time, we were approached by Shionogi, a
Japanese pharmaceutical company, for the rights to develop peramivir in Japan. In Japan, it is not unusual
for patients with fairly routine ilinesses to be treated by intravenous formulations in doctors’ offices, and
Shionogi saw the potential of using peramivir for the treatment of seasonal flu, in addition to any poten-
tial pandemic applications. Shionogi successfully completed clinical trials in Japan, which demonstrated
that a single intravenous infusion of peramivir is effective for treating seasonal influenza. The intravenous
drug is now on the market in Japan, under the trade name of Rapiacta. Peramivir is also approved in South
Korea, by Green Cross Pharmaceuticals, under the trade name Peramiflu, Meanwhile, BioCryst conducted
additional clinical trials with intravenous peramivir (trade name Rapivab) through HHS/BARDA funding. In
December 2014 the FDA approved Rapivab (peramivir injection) as a single-injection treatment of uncom-
plicated influenza in adults. This was the first new antiviral treatment for influenza approved by the FDA in
15 years. It was also the first BioCryst designed drug to be approved by the FDA for marketing in the U.S.

The BioCryst program directed at serine protease inhibitors has been ongoing ever since the IPQ in
1994, Our initial focus was on inhibitors of the complement enzyme Factor D, in collaboration with investi-
gators from UAB [163, 167]. We successfully designed a potent Factor D inhibitor (BCX-1470, Fig. 26) that
entered Phase 1 trials, but the trials were discontinued due to a less than ideal profile of the compound.
The next target that was approached in this series was the tissue factor-factor 7A complex, a target for
cardiovascular applications. This program resulted in BCX-4161, a potent inhibitor of plasma kallikrein,
another serine protease. Kallikrein is the culprit in the disease hereditary angioedema (HAE), a devastating
chronic ailment that impacts the lives of several thousand patients in the U.S. Injectable formulations of
kallikrein inhibitors are on the market, but these require frequent infusions. BCX-4161 is orally active,
meaning that patients might be treated by taking daily pills, which would be a significant improvement in
their quality of life. BCX-4161 has completed a successful phase 2 clinical trial in patients with HAE, and is



currently in a larger Phase 2 trial on the path to potential approval for marketing the drug in the US.

Meanwhile, Babu and his team are making good progress with the design of improved, second
generation inhibitors of kallikrein. At this stage, they have the experience that allows successful design
working only with the native structure of the enzyme, without necessarily resorting to iterative crystallo-
graphic analyses of multiple complexes. Over the years, they have become remarkably proficient at using
the extensive experience they gained with the PNP and neuraminidase programs for rapidly designing
effective inhibitors of other targets. The key scientists in the medicinal chemistry group have now been
working with Babu for a number of years, and the speed and efficiency with which this group is able to go
from the structure of a protein target to the design of effective inhibitors is amazing. It is still a challenge
to design compounds that can pass successfully through the torturous path of successful clinical develop-
ment, but | feel that our original goal of seeing structure-based drug design developed into a powerful
tool at BioCryst has been achieved.

In 2006, | announced my intent to retire as CEO of BioCryst in 2007, the year | would reach age 65.
The company had reached the stage where the focus needed to be on final approval of our drug candi-
dates and commercialization of these drugs. It seemed likely that we could now recruit an experienced
CEQ from the pharmaceutical industry who had the experience and credentials to move our drug pipeline
through final development and to market. We had established a BioCryst division in 2006 at the Research
Triangle in North Carolina to oversee our clinical development and regulatory (i.e., FDA related) activities.
That area in North Carolina is one of the best places in the world to manage clinical development due to
the heavy concentration of contract research organizations and pharmaceutical companies. The head-
quarters for BioCryst were moved to North Carolina, after the company recruited Jon Stonehouse to
replace me as CEO of BioCryst. All of the research functions have remained in Birmingham under the
leadership of Babu who is doing a superb job continuing the structure-based design program. | stayed on
as Chairman of the Board until our annual meeting in May 2007. | now maintain an office at the company
in Birmingham, and BioCryst has been generous to keep me on as a consultant. Claude Bennett retired a
couple of years after | did, and he and | meet weekly with the drug design team. | am looking forward to
finally seeing the drugs that we have worked on all these years reaching patients around the world. Given
the progress the company has made recently, | am optimistic that we are getting close to that goal.

5o what have | learned through these years in the biotechnology industry? First and foremost, it is
incredibly difficult and expensive to develop a drug, and the risks involved in moving a compound
successfully through the development process are immense. The FDA typically approves 20-30 new drugs
each year, although they have done a little better than that recently. The last financial figures | saw, which
are probably now underestimates, indicate that the pharmaceutical and biotechnology industries spend
over 550 billion dollars a year on research and development, so it is easy to see how expensive it is, on the
average, to produce that handful of drugs. A very recent analysis from Tufts University concluded that the
average cost of developing a drug currently exceeds 52 billion. What is the chance of a given compound
making it successfully through the development process? | have seen figures ranging from 1/500 to
1/10,000. Our experience at BioCryst indicates that those odds are improved by systematic use of structur-
al data during the design and drug optimization process, but a number of initially promising compounds
still fail during the clinical stage of development. How long does it take to get a drug from discovery to
patients? We started BioCryst in 1986, building initially on several years of research already completed at
UAB and 5RI, so our experience certainly suggests that it can take many years to get drugs successfully
through the development process. The BioCryst drug development programs have required extensive
funding over the years, which has come from periodic stock sales, government grants and contracts, and
support from our pharmaceutical partners; but we have still spent considerably less than the average cost
involved in getting drugs to market. Maybe that is attributable to the added efficiency of structure-based
design, but we will have to wait and see when the BioCryst compounds now in development reach the
market. Above all else, it is clear to me that structure-based design allows a small, focused team to under-
take pharmaceutical design and development projects that have generally been the sole purview of large
pharmaceutical companies.



The economics of a drug discovery and development company like BioCryst are interesting and
somewhat unique. BioCryst has operated in the red, meaning without profits, ever since our founding in
1986. This is not completely surprising considering the long time generally required to move a drug
successfully from design, through clinical development and through FDA approval processes. Despite this,
BioCryst has remained solvent ever since completing our IPQ in 1994, There have been periods when we
had to cut back programs and decrease personnel, but we were never really concerned about our finan-
cial survival. We generally strived to maintain a bank balance that would support the company for at least
a year, and we were able to do this through periodic public and private sales of stock. Many of the devel-
opment costs of the drug candidates have been funded by pharmaceutical partners, and BioCryst has also
benefitted from substantial government contracts for developing peramivir and BCX-4430. The deficit
between the revenues obtained from these sources and the research and development expenses has
been filled over the years by multiple equity offerings. The ability to raise this capital in the equity markets
is highly dependent on BioCryst's status as a publicly traded company, which was the original carrot that
lured me from academia to pursue the dream of using crystallography to develop important drugs that
might eventually make a big difference in the lives of patients.

Before | actually retired as CEOQ, | was invited to open trading (ring the opening bell) at the NASDAQ
stock exchange in recognition of BioCryst's twenty-year anniversary (Fig. 27). Bebe and several colleagues
from the company, including my longtime Administrative Assistant, Penny Mann, joined me. | gave a short
talk on the history of the company, which presumably is filed away somewhere in the archives of the stock
exchange. However, the main highlight was the picture of me and Bebe together, which was shown off
and on during the day on the Jumbotron screen at Times Square (Fig. 28). | have a blown-up copy of this
picture framed in my bathroom at home to remind me each morning of the many exciting, fun and stimu-
lating paths crystallography has allowed me to follow and enjoy during my career. | can't even begin to
count all of the lucky breaks in my life that led me into a career in crystallography, and | cannot imagine
any field that could have been more rewarding. It is mind boggling to realize the large number of Nobel
Laureates and other brilliant colleagues | have known personally and have had the chance to work with
during my career. What other field could possibly offer such opportunities? | have also been able to
witness and live through major revolutions in applications of crystallography, and | already see exciting
new forefronts opening up in biology. My major goal at this stage is to totally enjoy life and to stay alive
and healthy for a long time to witness the revolutions that are yet to come. Enjoying life is real easy, with
my three children (Jeannie, Betsy and Eddie) and six grandchildren (Brooke, Thomas, Banks, Lauren, Bebe,
and John) living only a few blocks away from me and Bebe. My three children all have very productive and
successful careers. | have not yet produced a crystallographer out of this group, but my son Eddieis a
prominent surgeon. My father is probably happy with that.
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Figure 27: BioCryst opening the NASDAQ stock exchange on the morning of September 8,
2006, in celebration of our twentieth year anniversary. Shown from left to right(beyond the
half head view of a NASDAQ official) are my longtime Administrative Assistant, Penny Mann;
Bebe; me; Mike Darwin, the BioCryst CFQ; a Nasdaq official; and a partial head view of Randy
Riggs, BioCryst Vice President for Commercial Development.



Figure 28: Bebe and | featured on the NASDAQ jumbotron in Times Square. This display was
shown periodically during the day, in celebration of BioCryst's anniversary. This picture has
been blown up to poster size, and is now mounted on the wall of my bathroom at home.
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destiped 1o atend Duke University,
where h of my parents, my grandfather and muluple other
relatives anended college. My father's number one recreation,
which also became mine, was hunting and lishing, These were
very prodisctive activities in niral North Caroling back then. It
wis @ wonderful time for me 1o grow up in the South,

My miother was a strong infuenee o oy life from the eardiest
times | can remember. |initeally attended Calvert School, mow
renamed Durham Academy. a private schonl where all of my
close friends were enmlled. However, my motler was a strong
advocate of public schools, and she served a number of years
om the Durkam School Board, Although 1 think oy Famaly
could have afforded private school at the time, she moved me (o
Muorchead School, a public clementary school, when T wasin the
fowrth grade. This school was in s preny rough neighborhood.
It seemed that 1 was roatinely roughed wp every day aficr
school, and 1 made it clear that T tought 1 really should returm
o Calvent, My mom s solution was o hire s retired professional
hoxer b give me lessons in how to take care of myself, She sent
me hack into the junghe, where 1 finished elementary school. |
actunlly ended up making some very good friends there, who
had interesting backgrounds that T would have wtally missed
il 1 hael stayves] i private school,

Academic crystallography. | was admited 10 Duke as a
pre-med student in the summer of 1959, A real siroke of good
luck was meeting Bebe Bradshaw on the first day of freshman
orientatbon. She was and is my soul mate and has been a key
support and driving force inall aspects of my life and career since
those carly vears at Duke, My goal of becoming an onhopedic
surgeon was gradually replaced by my interest in science; |
really was wened on by physical chemisiry, thanks to a superh
professor, Marcus Hobbs, Professor Hobbs arranged forme tobe
adrmiited o the Rice graduate program. Thene | was fortunate to
be aceepied as o student in the Bboratony of Romald Sass, o young,
dynarmic faculty member pursuing various research programs
im erystallography. Daguickly became an expert in Weissenberg
photography and manually estimated the intensaties of thousands
of filmspots by companing eachseparately with diffraction spots
prosluced on standarcdized Glmsanps. Computing was alsoa major
challenge at the time, bt i was Fortunate that the Department
of Electrical Engineering ot Bice had recemily constructed a
compuler that was available at night amd on weekends, This
computer occipied a complete Boor of the engineering school
adwas constamtly breaking dosm, Inprodably had atiny fraction
of the power of a modern smartphone, Tt it beat caleulating

ar

In his memoar Chalie deseribes how an academic eryatal-
lographer remvented himsell as the CEO of & biotechnobogy
firm, The company be founded, BioCryst Pharmaceuticals,
applies sructure-based drug design 1o ipvent drags For
cancer, goul, Marburg, Fhola, influenza, and hereditary
angioedema. During his career be assumed a leadership role
in the NASA efforts 1o grow proten crystals in space. He
also was President of the ACA (1987 ) and Editor-in-Chiel of

Acta Crystallographica { 1987-1996),

Fouwrier maps by hand. When oy PhD thesis weas completed in
1965 1 did pot know exactly what | waniad o do with the nest
of my life. Philip Handler, the Chairman of Buochemisoy at
Duake, was charismatic, knowladgeable and persaasive m his
view that crvstallography was a wonderful opporiumity For e
i biokogy, With help from Dr. Sass, o poswdocioral position was
asranged at Caltech, in the laboratory of Dick Marsh and Bob
Corey. nnd [ joined them in the spring of 1963,

Ar Caliech my crysiallography training moved o an
entirely new level under the supervision of Dick Marsh. Dick
iz a noloriows stickler Tor high precizsion in all aspects of
crysiallographic structural studics, be ginming with collection of
accurate diffraction datn and theowgh the final writing of a proper
manuscripl deseribing the analvsis and resulis. | like io think
that much of his obsession wilth doing everything as perfecily
as possible rubbed off on me during oy timee with him, and that
1, in o, have had some success in passing those principles on
b my studems and postdocoral fellows, Following the Watson-
Crick discovery of the double helical structare of DIMA, there
wits broad mverest in better undersianding the detailed atomic-
bevel structures of mickeéc acid components so that mone precise
madels of mecleic acids could be developed. 1 was foriunate to
obinin crysinls of cyidvlic acid, one of the four componenes
of RNA, and the crystallographic analysis of that sucleotide
became my first major project 3t Caliech. This also began what
eventually became a multi-year cancer incrystallographic studies
of mucleic scid components amd their analogs.

The 1%60°s were o grest time o be in science, and many
career gpportunitics wene availoble. T mterviewed with several
chemical companies and was especially excited by the broad
research programs at DuPont. [ ended up acoepting a position
with their polymer fiber division. st their reseanch Iaboratories
bescatied bn K inston, Morth Caroling. Within six months however,
it was chear toome that & lagge compaiy, even oibe &5 ontstanding
as DuPont, was not whese T wanted to spend the nest of my life.
I greatly missed the freedom s stimulation of academia. |
subrmitted an application to NIH for a postdoctosal fellowship to
continue my siidics of nucbeic acid componemts. [ was delighted
when | was awarded the fellowship and fortunately Dick Marsh
wis happy o accept me back into his lab.

In 159968 am umeswal opportumity fell into my Bap. The University
of Alabamin in Birmingham (U A B} had reccived a large MIH grant
tes estublish an ivterdisciplinary Institute of Dentod Bescarch in
Birmingham, which was home to one of the top demal schools
in the country, | accepted positions as Assistamt Professor in
the Depariment of Biochemistry, Investigator i the Instidnte of



ACA

Strnciure Matiers

ACA Living History

Spring 2015

Dental Bescarch. and Investigutor inthe Laboratory of Molecular
Binlogy, I was extremely [orunate 10 be joined by my Caliech
colleague U Thewalt, who was eager (o comtinoe the fruitful
crystallogrophic collaborution we had initiated in Pasadena, Car
crysiallography group undertook a vanety of strociural sudies
of puring and pyomidine denvatives wlong with other molecules
of biological interest, We also initiated productive studies of
calcium and phosphote complexes and compounds, much 1o the
Joy of my colleagues in the dendal field. 1 alse enjoved the benefit
of collaborating with amother of my Caliech colleagues, Mani
Subramanian, who joined my groop shortly after Ul deparsed for
o new faculty position in Germany, 1 think that these structural
stindies added significantly io the foundation for understanding
the base stecking interactions of naturol and modified purines
nngd pyrimidines and the interactions that occur in biological
systems between calcivm and phosphate jons and various
biological ligands. Howard Einspahr did a particul arly beswtiful
job bringing together datn from all of oor calcium strgctumes
with other data from the Combridge Strsctoral Database 1o Iny
out a comprehensive picture of how caleium iens et with
virous biological ligands,

In 1971, the UAB Cancer Center was designaled one ol the first
Comprehensive Cancer Centers by the Natonal Cancer Instinue,
amcl | served ax the first Associate Director [or Bosic Sciences in
the Center. We had an especially produe tive eollnboration at thas
tomie wiath Jodn Mimli‘_lﬂl'ﬂ:rrl',:l |'r|1m|.i|'ﬂ,11.1 medicina] chemast al
rIc:rl'r:.' Seaithen Besearch Instiute (SRT), and be was Eﬂmhhﬂ[]:'l
urgiqg mi 1o [oens our q}'xmlh:p'u.lti: siudees on soane of the
i:m.-::r'[:nl! Fn:llr.‘in larpels i camcer. [ hecanm i:rlnl:m:-uingl:,.' clear
to me that we needed o E!l.i'ﬂ.l.!'ﬂl clir H-impi.nﬂlmm O il
proedein erysiallography if we were going 1o iake Tull advamtage
of opportnities i our new Cancer Center. UAB bl a policy off
optional Faculty sabbaticals every seven years, and | decidediouse
LI'Ii.'|-1:|'|:r|:|n|.1|.1I.'||:'|'|1|I by biewrm the casentials |.1[]!rn.1[||:|n tr}'umlll.wp.llﬁr.

Sabbatical in Oxford. 5o in the spring of 1974, Bebe packed
up our three young children, am we took off for Oxford. My lab
at Oxford was located next door to Dorothy Hodgkin, who had
received the 1964 Nobel Prize in Chemistry for the structunes of
penicillin and vitamin B ,. She had transitioned o proteins and
wits then working on the structune of insulin. | was immediaiely
at home and comfortable with Darothy, who was incredibly
warim and welcomang, and | felt that we shared @ comamon boad
in transitioning from small-molecuke crystallography to protein
crystalls . Lquickly joined Margaret Adams on her studics
ol the enzyme 6-phosphogleconato dehydmgenase. Margaret was
still inn the early stages of determining this erystal stricture, and
she enthusiastically invited me 1o join her on thas project. She
proved o be o wonderful ieacher who spent countless howrs with
e on ditaals of proten erystallography, Margaret also provided
e with wmiher lifelong benchit when she introducad me g0 John
Hellrwell, a bright and enthosiastic graduate sindent working on
this crystallographic project. John was at the carly stage of his
graduate research, so we were pretty much on the same level in
our protein crystallography training and we were able 1o Tully
share the learning experience. We became close friends and

eontimed (o collnborate over the vears after we left Oxford.

The PNP project, Shorily after my return from sabbatical in
O fomd, Joalan E-'ltmlﬂun'i.’:r}' ad [ undertook a |1|'|:|j|:a|:I that weoald
l!".'l:rl'll.l.ﬂ“:.l COVER ANy Years of our [ulure careers, Wi selocted
the lmunm CIEV T purim: misebecside |1||.|:=ﬂ.|ﬂu.1|‘:|-'|.wu PPy
for pursuing structure-based drug design guided by protein
erysiallography. PNP had been demonstrated 1o be essential for
el irmane FELpRIERES since children born with diefects in e
gene for PNF lncked Tocell immunity, Inhilitors of PRP might
prove s ful :.'I;inil:ull::r o [rls!l:'nl_g Tezell medimied diseases,
including o variery of autoimmune diseases, Tcell leukemias,
and T-cell lymphomas. Inaddition, inhibition of FNT woukd block
1he Huh:lgi.c:l.'l l.'_l.'rllhu.iu ol Fl.luuim: froam p.hummi.ﬂrz amd eomild
(e B wwsed] to imduabar the xJ.'rlLI'H.'H';s af une acid, for treatment of
govut, We konew that it would be a long and difficult read through
ithee :.T}lxl’.ﬂ“lngr.q:l]iil: studies, aned Hmlhgh thi eventual :h:xigqp.
qmlhu'uin and dﬂwh’:pllﬂ'u[ ol inhahitors. Thus it vnsmmumg_ing
1es have & Luggel that 1|1|gl|[ lead 1 d:rugs with mr.ll[i:plu |1:|:|l-|;-_1|li:1]
applications.

At this stage, John Hellbwell had completed his doctoral studies
and moved to Daresbury in northem England where one of the
newly construcied synchrotron Facilities was available. John kad
developed a beam line for X-ray crystallography, and e was
delighted to join us a5 a collaborator on the streciural studics of
PHE. Bill Cook crystallized the enzyme and Steve Ealick led all
of the crystallographic studies of PP and of multiple complexes
af the eneyme, work which encompassed much of the penod
between 1981 and 1945, The crystallographic analysis was o
fairly difficult undertaking at the time sinee the crystals had a very
high 8% solvent content, ind thus diffeacted relatively weakly.

Atrighycine salfale crysial grosving in space with growing crysml face ot
the botinm. The disruptive density-driven convective flow seen on Fanh is
el elimisaied in micrograviey. This reaulis in o mose unifons growls
proszeis, whach ks governed by the mme of soluce diffusson from the solulios
1o the gromimg crysial surface (Counesy of Marshall Spaceflighn Cemer).

Crysiallizotion in space. In 1985, ourcrystallography program
ol UAR ook pn unesual twm toword spoce, NASA was in the

midst of designing the Space Siation, snd much of this work
was being coordinaled at the Marshall Spoce Flight Cender in
Humadsville, Alabama. Ly DeLocas developed inboa chansmatic
lender of our space efforts, in collaboration with multiple NASA
colleagues. By 1994 we hod performed expeniments on sixisen
Shuitle fights. A total of B1 different profems, provided by some
4 collaborators from proteim erystallography groups around the
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wirrhd, were included in crystal growth experiments. The most
encouriging mesulis were obtamed in the space experiments
with proteins that had been stsdied extensively, with successful
crystallization resulls already obiained on Barh, Among this
subset of proleins, there were several striking examples of
amproved erystal onder as evidenced by enbanced diffmaction
resolutions and reproducible data from relative Wilson plots,
At the time of this writing a buge set of dowble-blmded prowein
crysial growth experimnis has st recently been returmed from
the Space Station for analysis by Lary and his collaborators,
Iy evaluate the long-range potential of microgravity protein
erystal growth,
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Service to ACA and Acta. In 1987, | had the pleasure of
serving as the President of the Amencan Crystallographic
Associateon, and 1 decided w0 focus on the e of protein
crystallography for my afer-dinner ik the following vear af the
Philadelphia ACA meeting. | showed plots of the past growth
of the Cambridge Structurn] Database and of the current growth
e of the Brookhaven Protein Data Bank, and | suggesied tha
the plots overbaad preny nicely when comparing the early slages
of small-molecule crystallography with the then current growth
rate for new protein crystal structures, I we assumed that the
two growth functions wene going 10 be approsimately the same,
| suggested that we could reasenably expect thousands of new
protein erystil structures o be forthcoming during the next few
years, This suggestion was met with considerable skepticism
from my colleagoes., bt the: Brookhaven Protein Data Bank soon
saw 8 damatic merease in the nomber of deposited stroctures. |
later served as Chamman of the Brookhaven Protem Data Bank
Advisory Board, which gave me an opportunity 1o help campaign
for the inereased fumding that would be required forthe Data Bank
1 handle the huge mflux of new date, The last ime 1 looked., the
Protein Data Bank has data for well eover 10O 000 prodeim strc fures
and is still grewimg magadiy, 1 also had the pleasure of serving as
Editor-in-Chief of Acra Crvstallographica and chairing the [UCT
Commizsion on Joumals during the 1987-1990 period. Afler
much diseussion with the protem crystallography commaumity,
and with the enthusiastic support of André Awthier, President of
the IUCrat the time, we mitisted Acta Crystallographice, Section
13, titled “ Biological Crystallography,” which is now one of the
most popalar joumals in the Acte family,

Structure-based drug design. During the e 19800, our
erystallography group at UAE became ncreasingly focused on
struciure-hased drug design, and we mitiated crysallographic
stimdies of several additiona) eneymes that we felt would be
expecially swiahle drig design targets, inclisding inlluenra
newrminidase and complement proteins. Both of these programs
were later hoensed from UAB o BaCryst. UAB was also
focised on new approaches (o mokecular modeling that might
be of brosd use in sirsciure-beised drg design, Mike Carson
bed & creative modeling program focosed on movel approaches
for displaying protein sites by computer graphics in ways that
would allow non-crystallographers fo see features that would
be helphul in drog design. Mike's carly work produced the now
popubaralgorithm forritsbon neproseniation of polypeptice chams,
anwd he designed new ways of displavimg and mterncting with
prodein sites, Scoit Rowdand proneered other creative approachss
for predicting mieraction patiems that might be applied o drg
design through extensive analysis of intermolecular contacts
found in small modecule crystal structures from the Cambridge
Structural Daabase,

BioCrysi Pharmacenticals. In 1985 we began to think
seripusly about secking funding from privaie sources. BioCrvst
Pharmaceuticals, Inc. was incorporated in 1986, Y. 5. Babu
became our st emplovee, which trmed out o be one of the
mosl productive recmeitments [ ever made in my cancer. By
1993, our BioCrvst/Ciba GeigyTTARSR]D collaboration had
prodhuced a senies of podeni inhibitors of homan PNF and & bead
candidate, BCX-34 (loter pssigned the generic name pebdesine)
had been selected for clinkcal development by BioC ryst A second
FMI inhibitor, BCX-5, was pannered with Warmer Lambert
Pharmacewtical Company for clinical development. When John
Montgomery and 1 originally selected the PMNP target for drug
design back in the late 19705, the objective was io end up with
drugs for treating paients, so we were finally ai an important
milestomne.
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Somne of the: BioCryst compounds that have reacked advanced siages
ol developmen.

The challenge we faced of thal stage was (0 come up with
the funds neccssary o move BOX-34 forward imnte clinical
development. | cmded wp grossly nnderestimating how much it
winlld eventually cost todevelop a PP inhibitor, bt it was clear
that we would need toraise a lot of money toeven mitinte clinscal
development properly. Between 1986, when we first incorporaied
BioCryst, and 1993, we had repeatedly gone back to our eriginal
imwestors o raise additional fonds. We had also broughi in fonding
from a couple of promiment venture copitalists from national
investment fArms. However, these investors were nol willing 1o
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undertake the complete costs that would be required for clinkcal
development of BOCX-M, along with our planped expanded
program for atfacking additional targets. Our investors were
pamfully aware that drog development is incredibly expensive,
viery risky with high Failure rates, amd takes along time tocomplete
the necessary clinical trials for drug approval by the FIDAL T
wils going to take a bol of cagdtal, available continuously over a
numherof years, if we were to realize the goal of making our PP
inhibitors and other compounds available for treating paticits,

The ideal strategy for ps was 1o take BioCryst public through
an initind public offering (IPCY of stock in the company. The
bankers, analysts and the major investors involved Felt that it
would be cntical for me to leave UAB and go fulliime with
BioCrvstl. Bebe probably would hove vetoed the move il Penny
Mann, my wonderfully proficient adminkstrotive assistant at
LUABR, hnd nod agreed to leave the university and come along 1o
keep me onganized, bul fortunntely Penny did. 5o on Janoary 1,
L9 1 junped from my secure cademic nest into the corporate
world of bictechnology. It was immediately clear that 1 had a
lod 1o leam, and 1 needed o leam it quickly, We successiully
completed our IPO on March 7. 1994 and initiated rading on
the MASDAQ stock exchange under the stock symbol BCRX,

Drugs for cancer, goul, Marburg, Ebola, infMuenza,
hereditory angioedema, Mesnwhile, Vern Schramm and hiz
collengues at the Albert Einstein College of Medicine (ABCOM)
had designed more potent PNP inhibitors by retaining the
heterocyelic ring system of BOX-34 and BCX-5 and replacing the
subatituent on the F-position of the heterocyelic ring with various
positively-churged, nitrogen-containing side chains that fommed
strong contscls in the sugar-bindimg sile of the eneyme, These
compounds seemisd 1o have greatly improved phamscokinetic
properties compaured 1o BOX- 34 and BOX-5 50 BioCrystentered
i o license agreement with ABCOM [or nghts o develop
these compoumds. Two of these compowsds entered advameed
simgres of clinkcal development. One of these, BOX- 1777 (zenenc
e forodesine ), wos eventually fully licensed to the UK -based
pharmaceutical company Mundiphorma for development in
ompcobogy, A second PN inhibitor, BOX-4208 {peneric name
ulodesime), was licensed for a while to Roche [or the treatmient
of paoriasis, but BRoche e ventually retnermed the rights to BeCryst
where BioCryat continued development theough Phase 2 clinical
irials for treatment of gout.

An especially frestrating design progrom was aur malt-year
effort 1o develop clinkcally uselful inhibitors of the viral enzyme,
BN A polymerase, More recently Bed ryst discovered that another
compound i the portfolo of mokecules heensed From ARCOM
15 & pedent inhibitor against hemorrhogic Mkoviruses, nclding
Marburg and Ebola. The compoand (BOCX-4430) iscumently under
active development by BioCryst for treatment of Marburg and
Ebala viral infections, with funding from the NLAID division of
the MNational Institwtes of Health. WIATD has awarded Biod ryst
a contract o develop BOX-4420 throagh Phase | for treatmient
af Eboly vimes diseases. A stwdy of BOX-44M) in nonhoman
primates infected with Ebola demonstrated an antiviral effect
and showed statistically significant survival benefit. BOX4430

41

is currently in a Phase | stody.

Under Boabu's supervision, the dmg design group had
impressive success withithe development of inhibators of influenen
neuraminidase and serine prodeases, The PNP and nevraminidase
propects proved to be wonderful leaming expenences lor guiding
Twivme design work, since both eneymes crvstallized with packing
schemes that permitted ready access to their sclive sites by
diffusionof compounds through the solvent channels in preformed
crystals. Consequently, it was possible to perform iterative design
of potent inhibitors of these two torgets by modeling potential
compounds wsing the native structure, binding the compounsds
dircctly tothe aetive site by diffusion into notive eneyme crystals,
determinimg the structure of the complex, and sceing directly
what additional changes to the inhibitor might be likely o further
enhance binding, The FNP project ended op determining the
crystol struciures of approximuolely [omy complexes thal were
exomined through this erative process and yvielded a wealth of
information abowt Factors tent would be uselal in future design
provjects. Thisapproach el ierative design also proved o behelpful
in making stroctural changes o improve the clinical potential of
podend inhibdtors thai had undesirable propenies, such as toxicity,
low solubility, poor bicavailability, poor pharmacokinetics or
metabolic instability. By secing directly what pans of an inhibitor
might b meodified, without aliering the binding interactions, it
wis often possible (0 work around problems that prevented a
o inhibitor from being a suitable drug candidate,

Rt ibrawing ol the PRP i, shonmsg X - 32 homsd i the soonve gite.

Following thes Herative approach, Baba’™s team developed
preraiivir, a podend inhibitor of infloenza searaminidase . Johnson
and Johnson (1&)) advanced peramivir up through carly Phasc
3 U5 and imtermational clindcal trals befone deciding that low
oral bicavailability of the compound was unsuitable for their
commercialization goals. The clinical studics had demonsirated
a gond safiety profile for peramivie, and later in viteo iesis against
newemerging sirains of influenen demonstrated that the conipeund
has activity againsd multiple straing of influeaza, including
avian strains ilat have been of increasing comocrn as possable
pandcmic theeats, Shionegi successfully completed clinical irials
in Japan, which demonstrated that a single infravenous infusion
of peramivie is effective for treating scasonal influenza, The
infravenous drug is now on the market in Jipan, osder the irade
namme of Rapiacia. Pemmivir is alsoapproved i South Korea, and
licensed 1o Gireen Coos Pharmacewticals, under the trade name
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Permmillu. Meanwhile, BioCryst conducted additional climal
trands wiath mtrvenous peramivir (rade mame Rapivab) through
HHSBARDA Tumding, In December 2004 the FDA approved
Rapivals {peramivir injection) as a simghe injection treatment of
uncoanplicaled mfuemea inaduals, This was the st new aniviral
treatment for mfluenea approved by the FDA i 15 vears. Tt was
also the first BioCryst desagned drsg 1o be approved by the FIDDA
for marketing in the US In addition, the serine protease mbilbaior
desagn program sl BioUnest proshuced a potent mbibator of the
enryvme kallekreim. This orally adminesiensd compond (BCX-
4161 joompheted a successiul Phase 2 mal for tresitment of palients
with bereditary angroedema, and is cusrently in a larger Pliase 2
trand ineiting patients wWith this devastating disease.

In 207 1 retired as CEO of BwCryst. The company had
reached the stage where the focus needed to be on final approval
of our drug candidates and commercialization of these dngs.
W had cstablished a BioCryst division in 20046 ai the Bescarch
Triangle in Merth Carcling o oversee our clinical development
and regulatory (i.c., FIOA related) activitics. The headquarters
for BioCnyst were moved o Nonh Carolina, afier the company
recruited Jon Stonchouse to replace me as CEO of BioCryst. Aldl
of the rescarch functions have remained in Binmingham under
the leadership of Babu who is doing a superb job continuing the
stmciare-hased design program.

S0 what have | learned throwgh these years in the
biotechnology industry? First and foremost, i 15 ineredibly
difficull and expensive 1o develop a dmg, and the risks involved
i moving o compounsd successfully throngh the development
process are immense, The FDA typically approves 20030 new
drugs esch year, althoggh they have done o hitle betler than
that recently, A very recent analysis from Tofts University
conchsded that the average cost of developing a drug cemrently
excesds 32 hillion. What s the chance of a given compounsd
mnking it successfully throogh the development process? | have
seen figures rangmg from LS00t 1710 000, Our experience al
Biory=t imdhicates that those odds are improved by systematic
use of structural dota during the design and drug optimization
process, but o number of mitially promising compounsds still fail
during the climical stage of development, How long does il lake
o gt a dmg from discovery to patients? We started B ryst
m 1EG, buikding initially on several years of research already
completed at LA and SR, soour experience certuinly suggests
thint it can take many years o get drogs suceessiully through the
development process. The BioCrvst drog development programs
hive reguired extensive Iunding over the vears, but we have still
spent considerably bess than the average cost imvolved in getting
drugs o market. Mayhe that is attributable (o the added efheiency
of structure-hased design, bt we will have to wait and see when
the BioCryst compounds now in development reach the market.
Above all else, it 15 clear 1o me that structure-hased design allows
o small, focused team o underiake pharmsceuticn] design wnd
development projects that have generally been the sole purview
of lnrge pharmaceubical companies,

The economics of admg discovery and development company
fike BioCryst are interesting and somewhat unkque, BioCryst
b operated in the red, meanmg withoul prodits, ever simce our

Toundimg in 1986, This is mol completely surprising considenng
the long tme pencrally required 10 move a drug successiully
from design, through chincal development and through FDA
approval processes, Despite this, BioCrys has remained solvent
evier smee completing our IO n 1954, Many of the development
costs of the drig candidanes have been funded by pharmaceunical
partners, and BioCryst has also benefined from substantial
govemment comitracts for developing perwmavar and BOX-4430,
The delicit between the revenes obbned from these souroes
and the research and development expenses has been filled over
the years by muluple equity offernings. The ability wo ruise this
cagatal in the equity markes s highly dependent on BioCrya's
stinis as o publicly mded company, which was the ongial
carrol that lered me from academia 1o parsue e dream of nsing
crystallography o develop important drogs that might eventually
make a big difference in the hves of patients.

Before | actually revired as CFEO, 1 was invited 1o open irading
ining the opening bell) a the MASDAQ stock exchange in
recognition of BioCryst's twenty-year anniversary. Bebe and
several eolleagues from the company, including my kong-time
Aiministrative Assistant, Penny Mann, joined me. The main
highlight was the picture of Bebe and me together, which was
shown off and on during the day on the 100-foot Jumbotron
screen af Times Square, | have a blown-up copy of this piciure
framed in my bathroom at home to remind me cach moming of
the many exciting, fun and stirlating paths crystallography las
allowed me o follow and enjoy during my carcer.

Charlie Begpe

Peete i Chias e Beatueed on the MASDAL) Jusalostros in Tiimes Siquane

o i belralbod of Bl Trvdd s henhali sl veran

Editor; Watch for an extended version of Charlic’s memoir
that will be available m future on the ACA History Ponal (see:
wwwamercrysialnssn.org/hisiory_home ),



Perwignind wosieg Aooles Phantoiba Lkghiress=











