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1.1 INTRODUCTION

Today, computers are so ubiquitous in pharmaceutical research and develop-
ment that it may be hard to imagine a time when there were no computers to
assist the medicinal chemist or biologist. A quarter-century ago, the notion
of a computer on the desk of every scientist and company manager was not
even contemplated. Now, computers are absolutely essential for generating,
managing, and transmitting information. The aim of this chapter is to give a
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brief account of the historical development. It is a story of ascendancy and
one that continues to unfold.

Owing to the personal interest and experience of the authors, the emphasis
in this chapter is on using computers for drug discovery. But the use of com-
puters in laboratory instruments and for analysis of experimental and clinical
datais no less important. This chapter is written with young scientists in mind.
We feel it is important that the new investigator have an appreciation of how
the field evolved to its present circumstance, if for no other reason than to
help steer toward a better future for those scientists using or planning to use
computers in the pharmaceutical industry.

Computers began to be deployed at pharmaceutical companies as early as
the 1940s. These early computers were usually for the payroll and for account-
ing, not for science. Pharmaceutical scientists did eventually gain access to
computers, if not in the company itself, then through contractual agreements
with nearby educational institutions or other contractors.

There were several scientific and engineering advances that made possible
a computational approach to what had long been exclusively an experimental
art and science, namely, discovering a molecule with useful therapeutic
potential. One fundamental concept understood by chemists was that chemi-
cal structure is related to molecular properties including biological activity.
Hence if one could predict properties by calculations, one might be able to
predict which structures should be investigated in the laboratory. Another
fundamental, well-established concept was that a drug would exert its bio-
logical activity by binding to and/or inhibiting some biomolecule in the
body. This concept stems from Fischer’s famous lock-and-key hypothesis
(Schlissel-Schloss-Prinzip) [1, 2]. Another advance was the development of
the theory of quantum mechanics in the 1920s [3]. This theory connected
the distribution of electrons in molecules with observable molecular proper-
ties. Pioneering research in the 1950s attacked the problem of linking elec-
tronic structure and biological activity. A good part of this work was collected
in the 1963 book by Bernard and Alberte Pullman of Paris, France, which
fired the imagination of what might be possible with calculations on biomol-
ecules [4]. The earliest papers that attempted to mathematically relate chem-
ical structure and biological activity were published in Scotland all the way
back in the middle of the nineteenth century [5, 6]. This work and a couple
of other papers [7, 8] were forerunners to modern quantitative structure-
activity relationships (QSAR) but were not widely known. In 1964, the role
of molecular descriptors in describing biological activity was reduced to a
simplified mathematical form, and the field of QSAR was propelled toward
its modern visage [9, 10]. (A descriptor is any calculated or experimental
numerical property related to a compound’s chemical structure.) And, of
course, there was the engineering development of computers and all that
entailed. The early computers were designed for military and accounting
applications, but gradually it became apparent that computers would have a
vast number of uses.
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One of us (MMM) was one of the first people in the pharmaceutical
industry to perceive that computer-aided drug design was something that
might be practical and worthy of investigation. He pioneered a sustained,
industrial research program to use computers in drug design. After retiring
from Eli Lilly and Company in 1986, he became a Visiting Research Scientist
and later an Adjunct Professor in the Department of Chemistry, Indiana
University, Bloomington. Section 1.2 is his personal account of the early
steps at Lilly.

1.2 COMPUTATIONAL CHEMISTRY: THE BEGINNINGS
AT LILLY

This narrative was first presented at Don Boyd’s third annual Central Indiana
Computational Chemistry Christmas Luncheon (CICCCL-3) on December
18, 1997. Although it is specific for Eli Lilly and Company, the progress and
problems that transpired there were probably not too different from develop-
ments at other large, forward-looking, research-based pharmaceutical
companies.

This little story contains mainly my personal recollection about how the com-
putational chemistry project in the Lilly Research Laboratories began. An
advantage of living longer than one’s contemporaries is that there is no one
around among the early participants to contradict my reminiscences. A more
comprehensive history of this discipline may be found in the Bolcer and
Hermann chapter in Reviews of Computational Chemistry [11]. T shall confine
this commentary to what I remember about my own involvement.

I began work at Eli Lilly and Company in March 1942 as a laboratory aide in
the analytical department. At that time, there was very little sophisticated
instrumentation in the laboratory. The most complex calculations were carried
out using a slide rule. After military service in World War II and an educational
leave of absence to complete my undergraduate studies in chemistry at Indiana
University, I returned to the Lilly analytical group in 1947. Slide rules were still
much in evidence but were soon augmented with mechanical calculators—
usually Monroe or Friden models.

It was not until 1949 that the company actually acquired a stored-program
computer; at that time an IBM 704 system was purchased—for about $1 million.
In spite of the fact that it was a vacuum tube machine—with considerable con-
comitant downtime—several business operations were carried out using it. A
number of inventories and the payroll were successfully handled. However, no
scientific calculations were performed with it. The system was replaced in a few
years with an IBM 709—again only for business and financial operations.

In the late 1950s or early 1960s, the first computers to have stored programs of
scientific interest were acquired. One of these was an IBM 650; it had a rotating
magnetic drum memory consisting of 2000 accessible registers. The programs,
the data input, and the output were all in the form of IBM punched cards. A
major concern was keeping those card decks intact and in order as they were
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moved about from user to machine and back. My recollection is that some sta-
tistical calculations by Lilly’s research statistics group under Dr. Edgar King
were carried out on this machine.

At about the same time, one of the business groups obtained an IBM 610 com-
puter. This device was simpler to use than the 650, and it utilized punched paper
tape input, program, and output. The tape was generated on a typewriter. Pro-
grams were developed using an essentially algebraic language peculiar to the
machine. After the program tape was read in, a tape containing sequentially
the data to be processed was fed in. The output tape was carried back to a tape
reader linked to a typewriter where the results were ultimately typed out. I used
this machine.

My interest at that time revolved around evaluating optical rotary dispersion
data [12]. The paired values of optical rotation vs. wavelength were used to fit
a function called the Drude equation (later modified to the Moffitt equation
for William Moffitt [Harvard University] who developed the theory) [13]. The
coefficients of the evaluated equation were shown to be related to a significant
ultraviolet absorption band of a protein and to the amount of alpha-helix con-
formation existing in the solution of it.

Interest in possible applications of computers at the Lilly Research Laboratories
began to broaden in the early 1960s. Dr. King (then director of the statistical
research group) and I appeared before the Lilly board of directors, submitting a
proposal to acquire a computer and ancillary equipment to be devoted primarily
to research needs. The estimated cost was a little more than $250,000. In those
days, an expenditure of that large an amount required board approval. Today, I
suppose a division director or even a department head could sign off on a personal
computer with vastly more power than any computer of the 1960s!

The board of directors approved our proposal. The system that was purchased
was an IBM 1620 with the necessary card punches and reader plus tape drives.
In addition to statistical and some analytical chemistry applications, Dr. Charles
Rice (then head of the radiochemistry group) and I initiated Lilly’s first com-
puter-based information retrieval system. Through an agreement with the Insti-
tute for Scientific Information (ISI, Philadelphia), Lilly was able to receive
magnetic tapes containing computer-searchable title information on current
scientific journals from ISI every 10 days. Interest profiles of individual Lilly
scientists were then used to generate the famous (or infamous!) “hit” cards that
were distributed to members of the research staff. The cards contained journal
citations to articles matching the recipient scientist’s profile. This service con-
tinued until the advent of electronic literature alerts in the 1980s.

Stemming from my growing interest in and enthusiasm for the potential use of
computed values of atomic and molecular properties in pharmaceutical research,
I was able to gain approval for a requisition for a scientist who knew how to use
computers to determine molecular properties. The person I hired was Dr. Robert
B. Hermann, our first theoretical chemist. It was 1964. He obtained his Ph.D.
with Prof. Norman L. Allinger at Wayne State and then did postdoctoral research
with Prof. Joseph O. Hirschfelder at Wisconsin and with Prof. Peter Lykos at
the Illinois Institute of Technology. When Bob joined us, he brought along a
semiempirical molecular orbital program that he had personally written. He
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planned to use this to estimate molecular properties of drug-type molecules, but
Lilly computers were incapable of handling the necessary matrix multiplication
steps. This obstacle was overcome by going outside the company. We were able
to develop a working agreement with the engineering component of Allison
Transmission Division of General Motors to use their IBM 7094 after regular
working hours. Since the system was used only by Allison and Lilly, data security
was not an issue. However, considerable time was spent transporting punched
card decks and printouts between the Lilly Research Laboratories near down-
town Indianapolis and the Allison facility in nearby Speedway, Indiana.

Looking back, it is difficult for me to pinpoint the factors leading to my initia-
tion of the molecular modeling and drug design effort at Lilly. Certainly, the
developments of Prof. Lou Allinger and his associates (at Wayne State and the
University of Georgia) in the 1960s to use calculations to study conformation
played an important part [14]. Similarly, the publishing of an EHT program by
Prof. Roald Hoffmann (Harvard University) in 1963 was a significant impetus.
The introduction of the pi-sigma correlation equation by Prof. Corwin Hansch
(Pomona College) in 1964 added another facet of interest. Also that year, Dr.
Margaret Dayhoff (a theoretical chemist who became the first prominent
woman in what would become the field of bioinformatics and who was at the
National Biomedical Research Foundation in Maryland) published a method
for arriving at the geometry of a polypeptide or protein via internal coordinates
[15]. This methodology also encouraged me to begin thinking about enzyme-
inhibitor interactions and the three-dimensional requirements for molecular
design.

It was not until 1968, when Don Boyd joined us as the second theoretical
chemist in our group, that the computers at Lilly started to reach a level of size,
speed, and sophistication to be able to handle some of the computational
requirements of our various evaluation and design efforts. Don brought with
him Hoffmann’s EHT program from Harvard and Cornell. Due to the length
of our calculations and due to the other demands on the computer, the best we
could obtain was a one-day turnaround.

The preceding years involved not only the Allison agreement (for which we paid
amodest fee) but also later ones with Purdue University (West Lafayette, Indiana)
and Indiana University, Bloomington computing centers. These latter arrange-
ments involved Control Data Corporation (CDC) systems that were much faster
than the IBM 7094. Use of the Purdue computer, which continued after Don
joined our group, involved driving to the near north side of Indianapolis where
the Purdue extension campus was located. In the basement of their science build-
ing was a computer center connected to the CDC 7600 in West Lafayette. Com-
puter card decks of data and the associated program for approximate molecular
orbital calculations could be left with the machine operators. With luck, the card
decks and computer printouts could be retrieved the next day. Security was more
of a problem with the academic facilities because they had a large number of
users. The concern was enhanced when—on one occasion—I received, in addi-
tion to my own output, the weather forecast data and analysis for the city of
Kokomo, Indiana! Even though it was unlikely that anyone could make use of our
information except Bob, Don, or myself, it was a relief to research management
when we were able to carry out all our computations in-house.
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These reminiscences cover about the first 15 years of the Lilly computational
chemistry effort. Considering the strong tradition of lead generation emanating
from the organic chemistry group, the idea that molecular modeling could make
a significant contribution to drug design was slow to be accepted. Nevertheless,
enough research management support was found to spark the small pioneering
project and to keep it going in the face of strong skepticism. Regrettably, a
considerable amount of my time in this critical period was spent attempting to
convince management and the scientific research staff of the logic and signifi-
cance of these studies. Because we entered the field at a very early stage, a great
deal of effort went into the testing, evaluation, and establishment of the limits
of application of the various computational methods. This kind of groundwork
was not always well understood by the critics of our approach.

In what follows, we review events, trends, hurdles, successes, people, hard-
ware, and software. We attempt to paint a picture of happenings as histori-
cally correct as possible but, inevitably, colored by our own experiences and
memories. The time line is broken down by decade from the 1960s through
the turn of the century. We conclude with some commentary on where the
field is headed and lessons learned. For some of the topics mentioned, we
could cite hundreds of books [16] and thousands of articles. We hope that
the reader will tolerate us citing only a few examples. We apologize to our
European and Japanese colleagues for being less familiar with events at their
companies than with events in the United States. Before we start, we also
apologize sincerely to all the many brilliant scientists who made landmark
contributions that we cannot cover in a single chapter.

1.3 GERMINATION: THE 1960s

We can state confidently that in 1960 essentially 100% of the computational
chemists were in academia, not industry. Of course, back then they were not
called computational chemists, a term not yet invented. They were called
theoretical chemists or quantum chemists. The students coming from those
academic laboratories constituted the main pool of candidates that industry
could hire for their initial ventures into using computers for drug discovery.
Another pool of chemists educated using computers were X-ray crystallogra-
phers. Some of these young theoreticians and crystallographers were inter-
ested in helping solve human health challenges and steered their careers
toward pharmaceutical work.

Although a marvel at the time, the workplace of the 1960s looks archaic
in hindsight. Computers generally resided in computer centers, where a small
army of administrators, engineers, programming consultants, and support
people would tend the mainframe computers then in use. The computers were
kept in locked, air-conditioned rooms inaccessible to ordinary users. One of
the largest computers then in use by theoretical chemists and crystallogra-
phers was the IBM 7094. Support staff operated the tape readers, card readers,
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and printers. The users’ room at the computer centers echoed with the clunk-
clunk-clunk of card punches that encoded data as little rectangular holes in
the so-called IBM cards [see reference 11]. The cards were manufactured in
different colors so that users could conveniently differentiate their many card
decks. As a by-product, the card punches produced piles of colorful rectan-
gular confetti. There were no Delete or Backspace keys; if any mistake was
made in keying in data, the user would need to begin again with a fresh blank
card. The abundance of cards and card boxes in the users’ room scented the
air with a characteristic paper smell. Programs were written in FORTRAN
I1. Programs used by the chemists usually ranged from half a box to several
boxes long. Carrying several boxes of cards to the computer center was good
for physical fitness. If a box was dropped or if a card reader mangled some
of the cards, the tedious task of restoring the deck and replacing the torn
cards ensued. Input decks were generally smaller—consisting of tens of
cards—and were sandwiched between JCL (job control language for IBM
machines) cards and bound by rubber bands. Computer output usually came
in the form of ubiquitous pale green and white striped paper (measuring 11
by 14-7/8 inches per page). Special cardboard covers and long nylon needles
were used to hold and organize stacks of printouts.

Mathematical algorithms for common operations such as matrix diagonal-
ization had been written and could be inserted as a subroutine in a larger
molecular orbital program, for instance. Programs for chemistry were gener-
ally developed by academic groups, with the graduate students doing most or
all of the programming. Partly, this was standard practice because the profes-
sors at different universities were in competition with each other and wanted
a better program than their competitors had access to. (Better means running
faster, handling larger matrices, and doing more.) Partly, this situation was
standard practice so that the graduate students would learn by doing. Obvi-
ously, this situation led to much duplication of effort: the proverbial reinvent-
ing the wheel. To improve this situation, Prof. Harrison Shull and colleagues
at Indiana University, Bloomington, conceived and sold the concept of having
an international repository of software that could be shared. Thus was born
in 1962 the Quantum Chemistry Program Exchange (QCPE). Competitive
scientists were initially slow to give away programs they worked so hard to
write, but gradually the depositions to QCPE increased. We do not have room
here to give a full recounting of the history of QCPE [17], but suffice it to say
that QCPE proved instrumental in advancing the field of computational
chemistry including that at pharmaceutical companies. Back in the 1960s and
1970s, there were no software companies catering to the computational chem-
istry market, so QCPE was the main resource for the entire community. As
the name implies, QCPE was initially used for exchanging subroutines and
programs for ab initio and approximate electronic structure calculations. But
QCPE evolved to encompass programs for molecular mechanics and a wide
range of calculations on molecules. The quarterly QCPE Newsletter (later
renamed the QCPE Bulletin), which was edited by Mr. Richard W. Counts,



10 HISTORY OF COMPUTERS IN RESEARCH AND DEVELOPMENT

was for a long time the main vehicle for computational chemists to announce
programs and other news of interest. QCPE membership included industrial
computational chemists.

Finally in regard to software, we note one program that came from the
realm of crystallography. That program was ORTEP (Oak Ridge Thermal
Ellipsoid Program), which was the first widely used program for (noninterac-
tive) molecular graphics [18]. Output from the program was inked onto long
scrolls of paper run through expensive, flat-bed printers. The ball-and-stick
ORTEP drawings were fine for publication, but routine laboratory work was
easier with graph paper, ruler, protractor, and pencil to plot the Cartesian
coordinates of a molecule the chemist wanted to study. Such handmade draw-
ings quantitated molecular geometry. Experimental bond lengths and bond
angles were found in a British compilation [19].

Also to help the chemist think about molecular shape, hand-held molecu-
lar models were widely used by experimentalists and theoreticians alike.
There were two main types. One was analogous to stick representations in
which metal or plastic rods represented bonds between atoms, which were
balls or joints that held the rods at specific angles. Metal wire Drieding
models were among the most accurate and expensive. The other type was
space filling. The expensive CPK (Corey—Pauling—Koltun) models [20, 21]
consisted of three-dimensional spherical segments made of plastic that were
color-coded by element (white for hydrogen, blue for nitrogen, red for oxygen,
etc.). From this convention, came the color molecular graphics we are familiar
with today.

In the 1960s, drug discovery was by trial and error. Interesting compounds
flowed from two main sources in that period. The smaller pipeline was natural
products, such as soil microbes that produced biologically active components
or plants with medicinal properties. The dominant pipeline, however, was
classic medicinal chemistry. A lead compound would be discovered by bio-
logical screening or by reading the patent and scientific literature published
by competitors at other pharmaceutical companies. From the lead, the medic-
inal chemists would use their ingenuity, creativity, and synthetic expertise to
construct new compounds. These compounds would be tested by the appro-
priate in-house pharmacologists, microbiologists, and so forth. Besides the
intended biological target, the compounds would often be submitted to a
battery of other bioactivity screens being run at the company so that leads for
other drug targets could be discovered. The most potent compounds found
would become the basis for another round of analog design and synthesis.
Thus would evolve in countless iterations a structure-activity relationship
(SAR), which in summary would consist of a table of compounds and their
activities. In fortuitous circumstances, one of the medicinal chemists would
make a compound with sufficient potency that a project team consisting of
scientists from drug discovery and drug development would be assembled to
oversee further experiments on the compound to learn whether it had the
appropriate characteristics to become a pharmaceutical product. The formula
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for career success was simple: The medicinal chemist who invented or could
claim authorship of a project team compound would receive kudos from
management.

What happens when a theoretical chemist is thrown into this milieu? Well,
initially not much because the only theoretical methods of the 1960s that
could treat drug-sized (200-500 Da) molecules were inaccurate and limited.
These molecular orbital methods were extended Hiickel theory [22, 23] and
soon thereafter CNDO/2 (complete-neglect-of-differential-overlap/second
parameterization) [24, 25]. Although approximate by today’s standards
and incapable of giving accurate, energy-minimized (“optimized”), three-
dimensional molecular geometries (bond lengths, bond angles, and torsional
angles), they were far more appropriate for use than other methods available
at the time. One of these other methods was Hartree—Fock [26-29] (also
called self-consistent field or nonempirical in the early literature, or ab initio
in recent decades). Although Hartree—Fock did fairly well at predicting
molecular geometries, the computers of the era limited treatment to mole-
cules not much larger than ethane. Another class of methods such as simple
Hiickel theory [30-32] and Pariser-Parr-Pople (PPP) theory [33] could treat
large molecules but only pi electrons. Hence, they were formally limited to
planar molecules, but not many pharmaceuticals are planar.

In addition to the quantum chemistry in use in the 1960s, an independent
approach was QSAR, as already alluded to. Here the activity of a compound
is assumed to be a linear (or quadratic or higher) function of certain molecu-
lar descriptors. One of the commonly used descriptors was the contribution
of an atom or a functional group to the lipophilicity of a molecule; this
descriptor was designated pi (m). Other famous descriptors included the
Hammett sigma (o) values for aromatic systems and the Taft sigma (c*)
values for aliphatic systems; both came from physical organic chemistry [34-
36]. The sigma values measured the tendency of a substituent to withdraw or
donate electron density in relation to the rest of the molecule.

Abbott, Schering-Plough,and Upjohn were among the first companies, besides
Lilly, to venture into the area of using computers for attempts at drug discovery.
Dow Chemical, which had pharmaceutical interests, also initiated an early effort.
Generally, the first steps consisted of either hiring a person with theoretical and
computer expertise or allowing one of the company’s existing research scientists
to turn attention to learning about this new methodology. Much effort was
expended by these early pioneers in learning the scope of applicability of the
available methods. Attempts to actually design a drug were neither numerous nor
particularly successful. This generalization does not imply that there were no
successes. There were a few successes in finding correlations and in better under-
standing what was responsible for biological activity at the molecular level. For
example, early work at Lilly revealed the glimmer of a relationship between the
calculated electronic structure of the beta-lactam ring of cephalosporins and
antibacterial activity. The work was performed in the 1960s but was not published
until 1973 [37] because of delays by cautious research management and patent
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attorneys at the company. (The relationship was elaborated in subsequent years
[38, 39], but no new pharmaceutical product resulted [40].)

1.4 GAINING A FOOTHOLD: THE 1970s

Some of the companies that first got into this game dropped out after a few
years (but returned later), either for lack of management support or because
the technology was not intellectually satisfying to the scientist involved. Other
companies, like Lilly, persisted. Lilly’s pioneering effort paid off in establish-
ing a base of expertise. Also, quite a few papers were published, almost like
in an academic setting. In hindsight, however, Lilly may have gotten in the
field too early because the initial efforts were so limited by the science, hard-
ware, and software. First impressions can be lasting. Lilly management of the
1970s thwarted further permanent growth but at least sustained the effort. (It
was not until near the end of the 1980s that Lilly resumed growing its com-
putational chemistry group to catch up to the other large pharmaceutical
companies.) It was generally recognized that Lilly was a family-oriented
company committed to doing what was right in all phases of its business.
There was great mutual loyalty between the company and the employees.
Other companies such as Merck and Smith Kline and French (using the old
name) entered the field a few years later. Unlike Lilly, they hired chemists
trained in organic chemistry and computers and with a pedigree traceable
back to Prof. E. J. Corey at Harvard and his attempts at computer-aided syn-
thesis planning [41-43].

Regarding hardware of the 1970s, pharmaceutical companies invested
money from the sale of their products to buy better and better mainframes.
Widely used models included members of the IBM 360 and 370 series. Placing
these more powerful machines in-house made it easier and more secure to
submit jobs and retrieve output. But output was still in the form of long print-
outs. Input had advanced to the point where punch cards were no longer
needed. So-called dumb terminals, that is, terminals with no local processing
capability, could be used to set up input jobs for batch running. For instance,
at Lilly an IBM 3278 and a Decwriter II (connected to a DEC-10 computer)
were used by the computational chemistry group. The statistics program
MINITAB was one of the programs that ran on the interactive Digital Equip-
ment Corporation machine. Card punches were not yet totally obsolete, but
received less and less use. The appearance of a typical office for computa-
tional chemistry is shown in Figure 1.1.

The spread of technology at pharmaceutical companies also meant that
secretaries were given word processors (such as the Wang machines) to use
in addition to typewriters, which were still needed for filling out forms. Key-
boarding was the domain of the secretaries, the data entry technicians, and
the computational chemists. Only a few managers and scientists would type
their own memos and articles.
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Figure 1.1 Offices used by computational chemists were filled with stacks of print-
outs and banks of file cabinets with legacy card decks. This photograph was taken in
1982, but the appearance of the environs had not changed much since the
mid-1970s.

Software wasstill written primarilyin FORTR AN,nowmainly FORTRAN
IV. The holdings of QCPE expanded. Among the important acquisitions was
Gaussian 70, an ab initio program written by Prof. John A. Pople’s group at
Carnegie-Mellon University. Pople made the program available in 1973. (He
later submitted Gaussian 76 and Gaussian 80 to QCPE, but they were with-
drawn when the Gaussian program was commercialized by Pople in 1987.)
Nevertheless, ab initio calculations, despite all the élan associated with them,
were still not very practical or helpful for pharmaceutically interesting mole-
cules. Semiempirical molecular orbital methods (EHT, CNDO/2, MINDO/3)
were the mainstays of quantum chemical applications (MINDO/3 [44] was
Prof. Michael J. S. Dewar’s third refinement of a modified intermediate
neglect-of-differential-overlap method).

The prominent position of quantum mechanics led a coterie of academic
theoreticians to think that their approach could solve research problems
facing the pharmaceutical industry. These theoreticians, who met annually in
Europe and on Sanibel Island in Florida, invented the new subfields of
quantum biology [45] and quantum pharmacology [46]. These names may
seem curious to the uninitiated. They were not meant to imply that some
observable aspect of biology or pharmacology stems from the wave-particle
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duality seen in the physics of electrons. Rather, the names conveyed to cogno-
scenti that they were applying their trusty old quantum mechanical methods
to compounds discussed by biologists and pharmacologists [47]. However,
doing a calculation on a system of pharmacological interest is not the same
as designing a drug. For instance, calculating the molecular orbitals of sero-
tonin is a far cry from designing a new serotonin reuptake inhibitor that could
become a pharmaceutical product.

Nonetheless, something even more useful came on the software scene in
the 1970s. This was Prof. N. L. Allinger’s MMI/MMPI program [48, 49] for
molecular mechanics. Classic methods for calculating conformational ener-
gies date to the 1940s and early 1960s [50, 51]. Copies of Allinger’s program
could be purchased at a nominal fee from QCPE. Molecular mechanics has
the advantage of being much faster than quantum mechanics and capable of
generating common organic chemical structures approaching “chemical accu-
racy” (bond lengths correctly predicted to within about 0.01 A). Because of
the empirical manner in which force fields were derived, molecular mechanics
was an anathema to the quantum purists, never mind that Allinger himself
used quantum chemistry, too. Molecular mechanics became an important
technique in the armamentarium of industrial researchers. Meanwhile, a
surprising number of academic theoreticians were slow to notice that the
science was transitioning from quantum chemistry to multifaceted computa-
tional chemistry [52, 53].

Computational chemists in the pharmaceutical industry also expanded
from their academic upbringing by acquiring an interest in force field
methods, QSAR, and statistics. Computational chemists with responsibility
to work on pharmaceuticals came to appreciate the fact that it was too limit-
ing to confine one’s work to just one approach to a problem. To solve
research problems in industry, one had to use the best available technique,
and this did not mean going to a larger basis set or a higher level of quantum
mechanical theory. It meant using molecular mechanics or QSAR or
whatever.

Unfortunately, the tension between the computational chemists and the
medicinal chemists at pharmaceutical companies did not ease in the 1970s.
Medicinal chemists were at the top of the pecking order in corporate research
laboratories. This was an industry-wide problem revealed in conversations at
scientific meetings where computational chemists from industry (there were
not many) could informally exchange their experiences and challenges.
(Readers should not get the impression that the tension between theoreticians
and experimentalists existed solely in the business world. It also existed in
academic chemistry departments.)

The situation was that as medicinal chemists pursued an SAR, calculations
by the computational chemists might suggest a structure worthy of synthesis.
Maybe the design had the potential of being more active. But the computa-
tional chemist was totally dependent on the medicinal chemist to test the
hypothesis. Suddenly, the medicinal chemist saw himself going from being the
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wellspring of design ideas to being a technician who was implementing
someone else’s idea. Although never intended as a threat to the prestige and
hegemony of the organic chemistry hierarchy, proposals from outside that
hierarchy were often perceived as such.

Another problem was that on a computer it was easy to change a carbon
to a nitrogen or any other element. It was easy to attach a substituent at any
position in whatever stereochemistry seemed best for enhancing activity. It
was easy to change a six-member ring to a five-member ring or vice versa.
Such computer designs were frequently beyond the possibilities of synthetic
organic chemistry, or at least beyond the fast-paced chemistry practiced in
industry. This situation contributed to the disconnect between the computa-
tional chemists and medicinal chemists. What good is a computer design if
the molecule is impossible to make?

If the computational chemist needed a less active compound synthesized
to establish a computational hypothesis, such as for a pharmacophore, that
was totally out of the question. No self-respecting medicinal chemist would
want to admit to his management that he purposely spent valuable time
making a less active compound. Thus the 1970s remained a period when the
relationship between computational chemists and medicinal chemists was still
being worked out. Management people, who generally rose from the ranks of
medicinal chemists, were often unable to perceive a system for effective use
of the input computational approaches might provide. In addition, many
managers were not yet convinced that the computational input was worth
anything.

The computational chemists at Lilly tackled this problem of a collaboration
gap in several ways. One was to keep the communication channels open and
constantly explain what was being done, what might be doable, and what was
beyond the capabilities of the then-current state of the art. For organic chem-
ists who had never used a computer, it was necessary to gently dispel the
notion that one could push a button on a large box with blinking lights and
the chemical structure of the next $200 million drug would tumble into the
output tray of the machine. (Back in those days, $200 million in annual sales
was equivalent to a blockbuster drug.) The limited capability to predict
molecular properties accurately was stressed by the computational chemists.
Moreover, it was up to the human, not the machine, to use chemical intuition
to capitalize on relationships found between calculated physical properties
and sought-after biological activities. Also, it was important for the compu-
tational chemist to avoid theory and technical jargon when talking with
medicinal chemists. The computational chemists, to the best of their ability,
had to speak the language of the organic chemists, not vice versa.

In an outreach to the medicinal chemists at Lilly, a one-week workshop
was created and taught in the research building where the organic chemists
were located. (The computational chemists were initially assigned office space
with the analytical chemists and later with the biologists.) The workshop
covered the basic and practical aspects of performing calculations on
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molecules. The input requirements (which included the format of the data
fields on the punch cards) were taught for several programs. One program
was used to generate Cartesian atomic coordinates. Output from that program
was then used as input for the molecular orbital and molecular mechanics
programs. Several of the adventurous young Ph.D. organic chemists took the
course. The outreach was successful in that it empowered a few medicinal
chemists to do their own calculations for testing molecular design ideas. It
was a foot in the door. These young medicinal chemists could set an example
for the older ones. An analogous strategy was used at some other pharma-
ceutical companies. For instance, Merck conducted a workshop on synthesis
planning for their chemists [54].

Despite these efforts, medicinal chemists were slow to accept what com-
puters were able to provide. Medicinal chemists would bring a research
problem to the computational chemists, sometimes out of curiosity about what
computing could provide, sometimes as a last resort after a question was
irresolvable by any other approach. The question might range from explaining
why adding a certain substituent unexpectedly decreased activity in a series
of compounds to finding a QSAR for a small set of compounds. If the subse-
quent calculations were unable to provide a satisfactory answer, there was a
tendency among some medicinal chemists to dismiss the whole field. This
facet of human nature of scientifically educated people was difficult to fathom.
A perspective that was promoted by one of us (DBB) to his colleagues was
that computers should be viewed as just another piece of research apparatus.
Experiments could be done on a computer just like experiments could be run
on a spectrometer or in an autoclave. Sometimes the instrument would give
the results the scientist was looking for; other times, the computational exper-
iment would fail. Not every experiment—at the bench or in the computer—
works every time. If a reaction failed, a medicinal chemist would not dismiss
all of synthetic chemistry. Instead, another synthetic route would be attempted.
However, the same patience did not seem to extend to computational
experiments.

Finally, in regard to the collaboration gap, the importance of a knowledge-
able (and wise) mentor—an advocate—cannot be overstated. For a nascent
effort to take root in a business setting, the younger scientist(s) had to be
shielded from excessive critiquing by higher management and powerful
medicinal chemists.

The computational chemists were able to form collaborations with their
fellow physical chemists. Some of the research questions dealt with molecu-
lar conformation and spectroscopy. The 1970s were full of small successes
such as finding correlations between calculated and experimental properties.
Some of these correlations were published. Even something so grand as the
de novo design of a pharmaceutical was attempted but was somewhat beyond
reach.

Two new computer-based resources were launched in the 1970s. One was
the Cambridge Structural Database (CSD) [55], and the other was the Protein
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Data Bank (PDB) [56]. Computational chemists recognized that these com-
pilations of 3D molecular structures would prove very useful, especially as
more pharmaceutically relevant compounds were deposited. The CSD was
supported by subscribers, including pharmaceutical companies. On the other
hand, the PDB was supported by American taxpayers.

We have not discussed QSAR very much, but one influential book of the
1970s can be mentioned [57]. Dr. Yvonne Martin began her scientific career
as an experimentalist in a pharmaceutical laboratory, but after becoming
interested in the potential of QSAR she spent time learning the techniques
at the side of Prof. Corwin Hansch and also Prof. Al Leo of Pomona College
in California. As mentioned in her book, she encountered initial resistance
to a QSAR approach at Abbott Laboratories. Another significant book that
was published in the late 1970s was a compilation of substituent constants
[58]. These parameters were heavily relied upon in QSAR investigations.

The decade of the 1970s saw the administration in Washington, DC, set
the laudatory goal of conquering cancer. Large sums of taxpayer dollars were
poured into the National Cancer Institute for redistribution to worthy aca-
demic research projects. Naturally, many professors, including those whose
work was related to cancer in the most tenuous and remote way, lined up to
obtain a grant. The result was that many academic theoretical chemistry
papers published in the 1970s included in their introduction rather farfetched
claims as to how the quantum chemical calculations being reported were
going to be applicable (someday) to the design of anticancer agents. Compu-
tational chemists in industry were not touched by this phenomenon because
they were supported by the sales efforts of the manufacturers of the pharma-
ceuticals and were more focused on the real task of aiding drug discovery.

1.5 GROWTH: THE 1980s

If the 1960s were the Dark Ages and the 1970s were the Middle Ages, the
1980s were the Renaissance, the Baroque Period, and the Enlightenment all
rolled into one. The decade of the 1980s was when the various approaches of
quantum chemistry, molecular mechanics, molecular simulations, QSAR,
and molecular graphics coalesced into modern computational chemistry.

In the world of scientific publishing, a seminal event occurred in 1980.
Professor Allinger launched his Journal of Computational Chemistry. This
helped stamp a name on the field. Before the journal began publishing, the
field was variously called theoretical chemistry, calculational chemistry, mod-
eling, etc. Interestingly, Allinger first took his proposal to the business man-
agers for publications of the American Chemical Society (ACS). Unfortunately,
they rejected the concept. Allinger turned to publisher John Wiley & Sons,
which went on to become the premier producer of journals and books in the
field. Nearly 25 years passed before the ACS moved to rectify its mistake,
and in 2005 it remolded its Journal of Chemical Information and Computer



18 HISTORY OF COMPUTERS IN RESEARCH AND DEVELOPMENT

Sciences (JCICS) in an attempt to meet the needs of today’s computational
chemists. JCICS was becoming the most popular venue for computational
chemists to publish work on combinatorial library designs (see Fig. 1.2 and
Section 1.6 on the 1990s).

Several exciting technical advances fostered the improved environment for
computer use at pharmaceutical companies in the 1980s. The first was a devel-
opment of the VAX 11/780 computer by Digital Equipment Corporation
(DEC) in 1979. The machine was departmental size, that is, the price, dimen-
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Figure 1.2 Journals that have published the most papers on combinatorial library
design. Total number of papers published on this subject according to the Chemical
Abstract Service’s CAPLUS and MEDLINE databases for all years through 2004
plus three-quarters of 2005.
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sions, and easy care of the machine allowed each department or group to have
its own superminicomputer. This was a start toward noncentralized control
over computing resources. At Lilly, the small-molecule X-ray crystallo-
graphers were the first to gain approval for the purchase of a VAX, around
1980. Fortunately, the computational chemists and a few other scientists were
allowed to use it, too. The machine was a delight to use and far better than any
of the batch job-oriented IBM mainframes of the past. The VAX could be run
interactively. Users communicated with the VAX through interactive graphical
terminals. The first terminals were monochrome. The first VAX at Lilly was
fine for one or two users but would get bogged down, and response times would
slow to a crawl if more than five users were logged on simultaneously. Lilly
soon started building an ever more powerful cluster of VAXes (also called
VAXen in deference to the plural of “0x”). Several other hardware companies
that manufactured superminicomputers in the same class as the VAX sprung
up. But DEC proved to be a good, relatively long-lasting vendor to deal with,
and many pharmaceutical companies acquired VA Xes for research. (However,
DEC and those other hardware companies no longer exist.)

The pharmaceutical companies certainly noticed the development of the
IBM personal computer (PC), but its DOS (disk operating system) made
learning to use it difficult. Some scientists bought these machines. The Apple
Macintosh appeared on the scene in 1984. With its cute little, lightweight,
all-in-one box including monochrome screen, the Mac brought interactive
computing to a new standard of user friendliness. Soon after becoming aware
of these machines, nearly every medicinal chemist wanted one at work. The
machines were great at word processing, graphing, and managing small (labo-
ratory) databases. The early floppy disks formatted for the Macs held only
400 KB, but by 1988 double-sided, double-density disks had a capacity of
1400 KB, which seemed plenty in those days. In contrast to today’s huge
applications requiring a compact disk for storage, a typical program of the
1980s could be stuffed on one or maybe two floppy disks.

On the software front, three advances changed the minds of the medicinal
chemists from being diehard skeptics to almost enthusiastic users. One
advance was the development of electronic mail. As the Macs and terminals
to the VAX spread to all the chemists in drug discovery and development,
the desirability of being connected became obvious. The chemists could com-
municate with each other and with management and could tap into databases
and other computer resources. As electronic traffic increased, research build-
ings had to be periodically retrofitted with each new generation of cabling
to the computers. A side effect of the spread of computer terminals to the
desktop of every scientist was that management could cut back on secretarial
help for scientists, so they had to do their own keyboarding to write reports
and papers.

The second important software advance was ChemDraw, which was released
first for the Mac in 1986 [59-62]. This program gave chemists the ability to
quickly create two-dimensional chemical diagrams. Every medicinal chemist
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could appreciate the aesthetics of a neat ChemDraw diagram. The diagrams
could be cut and pasted into reports, articles, and patents. The old plastic ring
templates for hand drawing chemical diagrams were suddenly unnecessary.

The third software advance also had an aesthetic element. This was the
technology of computer graphics, or when 3D structures were displayed on
the computer screens, molecular graphics. Whereas a medicinal chemist
might have trouble understanding the significance of the highest occupied
molecular orbital or the octanol-water partition coefficient of a structure, he
or she could readily appreciate the stick, ball-and-stick, tube, and space-filling
representations of 3D molecular structures [63-65]. The graphics could be
shown in color and, on more sophisticated terminals, in stereo. These images
were so stunning that one director of drug discovery at Lilly decreed that
terms like “theoretical chemistry,” “molecular modeling,” and “computa-
tional chemistry” were out. The whole field was henceforth to be called
“molecular graphics” as far as he was concerned. A picture was something
he could understand!

Naturally, with the flood of new computer technology came the need to
train the research scientists in its use. Whereas ChemDraw running on a Mac
was so easy that medicinal chemists could learn to use it after an hour or less
of training, the VAX was a little more formidable. One of the authors (DBB)
was involved in preparing and teaching VAX classes offered to the medicinal
chemists and process chemists at Lilly.

Computer programs that the computational chemists had been running on
the arcane IBM mainframes were ported to the VA Xes. This step made the
programs more accessible because all the chemists were given VAX accounts.
So, although the other programs (e.g., e-mail and ChemDraw) enticed the
medicinal chemist to sit down in front of the computer screen, he or she was
now more likely to experiment with molecular modeling calculations. (As
discussed elsewhere [66], the terms computational chemistry and molecular
modeling were used more or less interchangeably at pharmaceutical compa-
nies.) Besides the classes and workshops, one-on-one training was offered to
help the medicinal chemists run the computational chemistry programs. This
was generally fruitful but occasionally led to amusing results such as when
one medicinal chemist burst out of his lab to happily announce his discovery
that he could obtain a correct-looking 3D structure from MM?2 optimization
even if he did not bother to attach hydrogens to the carbons. However, he had
not bothered to check the bond lengths and bond angles for his molecule.

On a broader front, large and small pharmaceutical companies became
aware of the potential for computer-aided drug design. Although pharmaceu-
tical companies were understandably reticent to discuss what compounds they
were pursuing, they were quite free in disclosing their computational chem-
istry infrastructure. For instance, Merck, which had grown its modeling group
to be one of the largest in the world, published its system in 1980 [67]. Lilly’s
infrastructure was described at a national meeting of the American Chemical
Society in 1982 [68].
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A few years later, a survey was conducted of 48 pharmaceutical and chemical
companies that were using computer-aided molecular design methods and were
operating in the United States [69]. Between 1975 and 1985, the number of
computational chemists employed at these companies increased from less than
30 to about 150, more than doubling every five years. Thus more companies
were jumping on the bandwagon, and companies that were already in this area
were expanding their efforts. Hiring of computational chemists accelerated
through the decade [70]. Aware of the polarization that could exist between
theoretical and medicinal chemists, some companies tried to circumvent this
problem by hiring organic chemistry Ph.D.s who had spent a year or two doing
postdoctoral research in molecular modeling. This trend was so pervasive that
by 1985 only about a fifth of the computational chemists working at pharma-
ceutical companies came from a quantum mechanical background. Students,
too, became aware of the fact that if their Ph.D. experience was in quantum
chemistry, it would enhance their job prospects if they spent a year or two in
some other area such as molecular dynamics simulations of proteins.

The computational chemistry techniques used most frequently were molec-
ular graphics and molecular mechanics. Ab initio programs were in use at 21
of the 48 companies. Over 80% of the companies were using commercially
produced software. Two-thirds of the companies were using software sold by
Molecular Design Ltd. (MDL). A quarter were using SYBYL from Tripos
Associates, and 15% were using the molecular modeling program CHEM-
GRAF by Chemical Design Ltd.

The following companies had five or more scientists working full-time as
computational chemists in 1985: Abbott, DuPont, Lederle (American Cyana-
mid), Merck, Rohm and Haas, Searle, SmithKline Beecham, and Upjohn.
Some of these companies had as many as 12 people working on computer-
aided molecular design applications and software development. For the 48
companies, the mean ratio of the number of synthetic chemists to computa-
tional chemists was 29:1. This ratio reflects not only what percentage of a
company’s research effort was computer based, but also the number of syn-
thetic chemists that each computational chemist might serve. Hence, a small
ratio indicates more emphasis on computing or a small staff of synthetic chem-
ists. Pharmaceutical companies with low ratios (less than 15:1) included
Abbott, Alcon, Allergan, Norwich Eaton (Proctor & Gamble), and Searle.
The most common organizational arrangement (at 40% of the 48 companies)
was for the computational chemists to be integrated in the same department
or division as the synthetic chemists. The other companies tried placing their
computational chemists in a physical/analytical group, in a computer science
group, or in their own unit.

About three-quarters of the 48 companies were using a VAX 11/780, 785,
or 730 as their primary computing platform. The IBM 3033, 3083, 4341, etc.
were being used for molecular modeling at about a third of the companies.
(The percentages add up to more than 100% because larger companies had
several types of machines.) The most commonly used graphics terminal was
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the Evans and Sutherland PS300 (E&S PS300) (40%), followed by Tektronix,
Envison, and Retrographics VT640 at about one-third of the companies
each and IMLAC (25%). The most-used brands of plotter in 1985 were the
Hewlett-Packard and Versatec.

As cited above, the most widely used graphics terminal in 1985 was the
E&S PS300. This machine was popular because of its very high resolution,
color, speed, and stereo capabilities. (It is stunning to think that a company
so dominant during one decade could totally disappear from the market a
decade later. Such are the foibles of computer technology.) At Lilly, the E&S
PS300 was set up in a large lighted room with black curtains enshrouding the
cubicle with the machine. Lilly scientists were free to use the software running
on the machine. In addition, the terminal also served as a showcase of Lilly’s
research prowess that was displayed to visiting Lilly sales representatives and
dignitaries. No doubt a similar situation occurred at other companies.

The 1980s saw an important change in the way software was handled. In
the 1970s, most of the programs used by computational chemists were
exchanged essentially freely through QCPE, exchanged person to person, or
developed in-house. But in the 1980s, many of the most popular programs—
and some less popular ones—were commercialized. The number of software
vendors mushroomed. For example, Pople’s programs for ab initio calcula-
tions were withdrawn from QCPE; marketing rights were turned over to a
company he helped found, Gaussian Inc. (Pittsburgh, Pennsylvania). This
company also took responsibility for continued development of the software.
In the molecular modeling arena, Tripos Associates (St. Louis, Missouri) was
dominant by the mid-1980s. Their program SYBYL originally came from
academic laboratories at Washington University (St. Louis) [71].

In the arena of chemical structure management, MDL (then in Hayward,
California) was dominant. This company, which was founded in 1978 by Prof.
Todd Wipke and others, marketed a program called MACCS for management
of databases of compounds synthesized at or acquired by pharmaceutical
companies. The software allowed substructure searching and later similarity
searching [72, 73]. The software was vastly better than the manual systems
that pharmaceutical companies had been using for recording compounds on
file cards that were stored in filing cabinets. Except for some companies such
as Upjohn that had their own home-grown software for management of their
corporate compounds, many companies bought MACCS and became depen-
dent on it. As happens in a free market where there is little competition,
MACCS was very expensive. Few if any academic groups could afford it. A
serious competing software product for compound management did not reach
the market until 1987, when Daylight Chemical Information Systems was
founded. By then, pharmaceutical companies were so wedded to MACCS that
there was great inertia against switching their databases to another platform,
even if it was cheaper and better suited for some tasks. In 1982, MDL started
selling REACCS, a database management system for chemical reactions.
Medicinal chemists liked both MACCS and REACCS. The former could be
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used to check whether a compound had previously been synthesized at a
company and how much material was left in inventory. The latter program
could be used to retrieve information about synthetic transformations and
reaction conditions that had been published in the literature.

Some other momentous advances occurred on the software front. One was
the writing of MOPAC, a semiempirical molecular orbital program, by Dr.
James J. P. Stewart, a postdoctoral associate in Prof. Michael Dewar’s group
at the University of Texas at Austin [74-76]. The program was the first widely
used program capable of automatically optimizing the geometry of molecules.
This was a huge improvement over prior programs that could only perform
calculations on fixed geometries. Formerly, a user would have to vary a bond
length or a bond angle in increments, doing a separate calculation for each,
then fit a parabola to the data points and try to guess where the minimum
was. Hence MOPAC made the determination of 3D structures much simpler
and more efficient. The program could handle molecules large enough to be
of pharmaceutical interest. In the days of the VAX, a geometry optimization
could run in two or three weeks. An interruption of a run due to a machine
shutdown meant rerunning the calculation from the start. For the most part,
however, the VA Xes were fairly stable.

MOPAC was initially applicable to any molecule parameterized for Dewar’s
MINDO/3 or MNDO molecular orbital methods (i.e., common elements of
the first and second rows of the periodic table). The optimized geometries
were not in perfect agreement with experimental numbers but were better
than what could have been obtained by prior molecular orbital programs for
large molecules (those beyond the scope of ab initio calculations). Stewart
made his program available through QCPE in 1984, and it quickly became
(and long remained) the most requested program from QCPE’s library of
several hundred [77]. Unlike commercialized software, programs from QCPE
were attractive because they were distributed as source code and cost very
little.

In the arena of molecular mechanics, Prof. Allinger’s continued, meticu-
lous refinement of a experimentally based force field for organic compounds
was welcomed by chemists interested in molecular modeling at pharmaceuti-
cal companies. The MM2 force field [78, 79] gave better results than MMI.
To fund his research, Allinger sold distribution rights for the program initially
to Molecular Design Ltd. (At the time, MDL also marketed some other
molecular modeling programs.)

A program of special interest to the pharmaceutical industry was CLOGP.
This program was developed by Prof. Al Leo (Pomona College) in the 1980s
[80-82]. It was initially marketed through Daylight Chemical Information
Systems (then of New Orleans and California). CLOGP could predict the
lipophilicity of organic molecules. The algorithm was based on summing the
contribution from each fragment (set of atoms) within a structure. The frag-
ment contributions were parameterized to reproduce experimental octanol-
water partition coefficients, log P,,. There was some discussion among
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scientists about whether octanol was the best organic solvent to mimic biologi-
cal tissues, but this solvent proved to be the most used. To varying degrees,
lipophilicity is related to many molecular properties including molecular
volume, molecular surface area, transport through membranes, and binding
to receptor surfaces, and hence to many different bioactivities. The calculated
log P, values were widely used as a descriptor in QSAR studies in both
industry and academia.

Yet another program was Dr. Kurt Enslein’s TOPKAT [83, 84]. It was
sold through his company, Health Designs (Rochester, New York). The
software was based on statistics and was trained to predict the toxicity of a
molecule from its structural fragments. Hence compounds with fragments
such as nitro or nitroso would score poorly, basically confirming what an
experienced medicinal chemist already knew. The toxicological end points
included carcinogenicity, mutagenicity, teratogenicity, skin and eye irrita-
tion, and so forth. Today, pharmaceutical companies routinely try to pre-
dict toxicity, metabolism, bioavailability, and other factors that determine
whether a highly potent ligand has what it takes to become a medicine. But
back in the 1980s, the science was just beginning to be tackled. The main
market for the program was probably government laboratories and regula-
tors. Pharmaceutical laboratories were aware of the existence of the program
but were leery of using it much. Companies trying to develop drugs were
afraid that if the program, which was of unknown reliability for any specific
compound, erroneously predicted danger for a structure, it could kill a
project even though a multitude of laboratory experiments might give the
compound a clean bill of health. There was also the worry about litigious
lawyers. A compound could pass all the difficult hurdles of becoming a
pharmaceutical, yet some undesirable, unexpected side effect might show
up in some small percentage of patients taking it. If lawyers and lay juries,
who frequently have trouble understanding science, the relative merits of
different experiments, and the benefit-risk ratio associated with any phar-
maceutical product, learned that a computer program had once put up a red
flag for the compound, the pharmaceutical company could be alleged to be
at fault.

We briefly mention one other commercially produced program. That
program was SAS, a comprehensive data management and statistics program.
The program was used mainly for handling clinical data that was analyzed by
the statisticians at each company. Computational chemists also used SAS and
other programs when statistical analyses were needed. SAS also had unique
capabilities for graphical presentation of multidimensional numerical data
[85] (this was in the days before Spotfire).

With the widespread commercialization of molecular modeling software
in the 1980s, came both a boon and a bane to the computational chemist and
pharmaceutical companies. The boon was that the software vendors sent
marketing people to individual companies as well as to scientific meetings.
The marketeers would extol the virtues of the programs they were pushing.
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Great advances in drug discovery were promised if only the vendor’s software
systems were put in the hands of the scientists. Impressive demonstrations of
molecular graphics, overlaying molecules, and so forth convinced company
managers and medicinal chemists that here was the key to increasing research
productivity. As a result of this marketing, most pharmaceutical companies
purchased the software packages. The bane was that computer-aided drug
design (CADD) was oversold, thereby setting up unrealistic expectations of
what could be achieved by the software. Also, unrealistic expectations were
set for what bench chemists could accomplish with the software. Unless the
experimentalists devoted a good deal of time to learning the methods and
limitations, the software was best left in the hands of computational chemistry
experts.

Also in the 1980s, structure-based drug design (SBDD) underwent a
similar cycle. Early proponents oversold what could be achieved through
SBDD, thereby causing pharmaceutical companies to reconsider their invest-
ments when they discovered that SBDD too was no panacea for filling the
drug discovery cornucopia with choice molecules for development. Never-
theless, SBDD was an important advance.

All through the 1970s, computational chemists were often rhetorically
quizzed by critics about what if any pharmaceutical product had ever been
designed by computer. Industrial computational chemists had a solid number
of scientific accomplishments but were basically on the defensive when chal-
lenged with this question. Only a few computer-designed structures had ever
been synthesized. Only a very tiny percentage of molecules—from any
source—ever makes it as far as being a clinical candidate. The stringent cri-
teria set for pharmaceutical products to be used in humans winnowed out
almost all molecules. The odds were not good for any computational chemist
achieving the ultimate success, a drug derived with the aid of the computer.
In fact, many medicinal chemists would toil diligently their whole career and
never have one of their compounds selected as a candidate for clinical
development.

Another factor was that there were only a few drug targets that had had
their 3D structures solved prior to the advancing methods for protein crystal-
lography of the 1980s. One such early protein was dihydrofolate reductase
(DHFR), the structures of which became known in the late 1970s [86, 87].
This protein became a favorite target of molecular modeling/drug design
efforts in industry and elsewhere in the 1980s. Many resources were expended
trying to find better inhibitors than the marketed pharmaceuticals of the
antineoplastic methotrexate or the antibacterial trimethoprim. Innumerable
papers and lectures sprung from those efforts. Scientists do not like to report
negative results, but finally a frank admission came in 1988. A review con-
cluded that none of the computer-based efforts at his company or disclosed
by others in the literature had yielded better drugs [88].

Although this first major, widespread effort at SBDD was a disappoint-
ment, the situation looked better on the QSAR front. In Japan, Koga employed
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classic (Hansch-type) QSAR while discovering the antibacterial agent nor-
floxacin around 1982 [89-91]. Norfloxacin was the first of the third-generation
analogs of nalidixic acid to reach the marketplace. This early success may not
have received the notice it deserved, perhaps because the field of computer-
aided drug design continued to focus heavily on computer graphics, molecular
dynamics, X-ray crystallography, and nuclear magnetic resonance spectros-
copy [92]. Another factor may have been that medicinal chemists and micro-
biologists at other pharmaceutical companies capitalized on the discovery of
norfloxacin to elaborate even better quinoline antibacterials that eventually
dominated the market.

As computers and software improved, SBDD became a more popular
approach to drug discovery. One company, Agouron in San Diego, California,
set a new paradigm for discovery based on iterations of crystallography and
medicinal chemistry. As new compounds were made, some could be cocrys-
tallized with the target protein. The 3D structure of the complex was solved
by rapid computer techniques. Observations of how the compounds fit into
the receptor suggested ways to improve affinity, leading to another round of
synthesis and crystallography. Although considered by its practitioners and
most others as an experimental science, protein crystallography (now popu-
larly called structural biology, see also Chapter 12) often employed a step
whereby the refraction data were refined in conjunction with constrained
molecular dynamics (MD) simulations. Dr. Axel Briinger’s program X-PLOR
[93] met this important need. The force field in the program had its origin in
CHARMM developed by Prof. Martin Karplus’s group at Harvard [94].
Pharmaceutical companies that set up protein crystallography groups acquired
X-PLOR to run on their computers.

The SBDD approach affected computational chemists positively. The
increased number of 3D structures of therapeutically relevant targets opened
new opportunities for molecular modeling of the receptor sites. Computa-
tional chemists assisted the medicinal chemists in interpreting the fruits of
crystallography for design of new ligands.

Molecular dynamics simulations can consume prodigious amounts of com-
puter time. Not only are proteins very large structures, but also the MD
results are regarded as better the longer they are run because more of con-
formational space is assumed to be sampled by the jiggling molecules. Even
more demand for computer power appeared necessary when free energy
perturbation (FEP) theory appeared on the scene. Some of the brightest
luminaries in academic computational chemistry proclaimed that here was a
powerful new method for designing drugs [95, 96]. Pharmaceutical companies
were influenced by these claims [97]. On the other hand, computational chem-
ists closer to the frontline of working with medicinal chemists generally rec-
ognized that whereas FEP was a powerful method for accurately calculating
the binding energy between ligands and macromolecular targets, it was too
slow for extensive use in actual drug discovery. The molecular modifications
that could be simulated with FEP treatment, such as changing one substituent
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to another, were relatively minor. Because the FEP simulations had to be run
so long to obtain good results, it was often possible for a medicinal chemist
to synthesize the new modification in less time than it took to do the calcula-
tions. Also, for cases in which a synthesis would take longer than the calcula-
tions, not many industrial medicinal chemists would rate the modification
worth the effort. Researchers in industry are under a great deal of pressure
to tackle problems quickly and not spend too much time on them.

The insatiable need for more computing resources in the 1980s sensitized
the pharmaceutical companies to the technological advances leading to the
manufacture of supercomputers [98]. Some pharmaceutical companies opted
for specialized machines such as array processors. By the mid-1980s, for
example, several pharmaceutical companies had acquired the Floating Point
System (FPS) 164. Other pharmaceutical companies sought to meet their
needs by buying time and/or partnerships with one of the state or national
supercomputing centers formed in the United States, Europe, and Japan. For
instance, in 1988 Lilly partnered with the National Center for Supercomput-
ing Applications (NCSA) in Urbana-Champaign, Illinois. Meanwhile, super-
computer manufacturers such as Cray Research and ETA Systems, both
in Minnesota, courted scientists and managers at the pharmaceutical
companies.

A phrase occasionally heard in this period was that computations were the
“third way” of science. The other two traditional ways to advance science
were experiment and theory. The concept behind the new phrase was that
computing could be used to develop and test theories and to stimulate ideas
for new experiments.

1.6 FRUITION: THE 1990s

The 1990s was a decade of fruition because the computer-based drug discov-
ery work of the 1980s yielded an impressive number of new chemical entities
reaching the pharmaceutical marketplace. We elaborate on this statement
later in this section, but first we complete the story about supercomputers in
the pharmaceutical industry.

Pharmaceutical companies were accustomed to supporting their own
research and making large investments in it. In fact, the pharmaceutical
industry has long maintained the largest self-supporting research enterprise
in the world. However, the price tag on a supercomputer was daunting. To
help open the pharmaceutical industry as a market for supercomputers, the
chief executive officer (CEO) of Cray Research took the bold step of paying
a visit to the CEO of Lilly in Indianapolis. Apparently, Cray’s strategy was
to entice a major pharmaceutical company to purchase a supercomputer, and
then additional pharmaceutical companies might follow suit in an attempt to
keep their research competitive. Lilly was offered a Cray-2 at an irresistible
price. Not only did Lilly buy a machine, but other pharmaceutical companies
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either bought or leased a Cray. Merck, Bristol-Myers Squibb, Marion Merrell
Dow (then a large company in Cincinnati, Ohio), Johnson & Johnson, and
Bayer were among the companies that chose a Cray. Some of these machines
were the older X-MP or the smaller J90 machine, the latter being less expen-
sive to maintain.

After Lilly’s purchase of the Cray 25-2/128, line managers were given the
responsibility to make sure the purchase decision had a favorable outcome.
This was a welcome opportunity because line management was fully confi-
dent that supercomputing would revolutionize research and development
[99]. The managers believed that a supercomputer would enable scientists to
test more ideas than would be practical with older computers. Management
was optimistic that a supercomputer would foster collaborations and informa-
tion sharing among employees in different disciplines at the company. The
managers hoped that both scientific and business uses of the machine would
materialize. Ultimately, then, supercomputing would speed the identification
of promising new drug candidates. Scientists closer to the task of using the
supercomputer saw the machine primarily as a tool for performing longer
molecular dynamics simulations and quantum mechanical calculations on
large molecules. However, if some other computational technique such as
QSAR or data mining was more effective at discovering and optimizing new
lead compounds, then the supercomputer might not fulfill the dreams envi-
sioned for it. A VAX cluster remained an essential part of the technology
infrastructure best suited for management of the corporate library of com-
pounds (see more about this below).

Lilly organized special workshops to train potential users of the Cray. This
pool of potential users included as many willing medicinal chemists and other
personnel as possible. In-house computational chemists and other experts
were assigned the responsibility of conducting the off-site, week-long work-
shops. The workshops covered not only how to submit and retrieve jobs but
also the general methods of molecular modeling, molecular dynamics,
quantum chemistry, and QSAR. The latter, as mentioned, did not require
supercomputing resources, except perhaps occasionally to generate quantum
mechanical descriptors. Mainly, however, the training had the concomitant
benefit of exposing more medicinal chemists, including younger ones, to what
could be achieved with the current state of the art of computational chemistry
applied to molecular design.

As the role of the computational chemist became more important, atti-
tudes toward them became more accepting. At some large, old pharmaceuti-
cal houses, and at many smaller, newer companies, it was normal practice to
allow computational chemists to be co-inventors on patents if the computa-
tional chemists contributed to a discovery. Other companies, including Lilly,
had long had a company-wide policy that computational chemists could not
be on patents. The policy was changed at Lilly as the 1990s dawned. Compu-
tational chemists were becoming nearly equal partners in the quest to dis-
cover drugs.
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Lilly’s Cray also served as an impressive public relations showcase. The
machine was housed in a special, climate-controlled room. One side of the
darkened room had a wall of large glass windows treated with polymer-
dispersed liquid crystals. The thousands of visitors who came to Lilly each
year were escorted into a uniquely designed observation room where an excel-
lent video was shown that explained the supercomputer and how it could be
used for drug discovery. The observation room was automatically darkened
at the start of the video. At the dramatic finish of the video, the translucent
glass wall was turned clear and bright lights were turned on inside the com-
puter room, revealing the Cray-2 and its cooling tower for the heat transfer
liquid. The visitors enjoyed the spectacle.

To the disappointment of Lilly’s guest relations department, Lilly’s Cray-2
was later replaced with a Cray J90, a mundane-looking machine. But the J90
was more economical, especially because it was leased. The supercomputers
were almost always busy with molecular dynamics and quantum mechanical
calculations [100]. Of the personnel at the company, the computational chem-
ists were the main beneficiaries of supercomputing.

At the same time supercomputers that were creating excitement at a small
number of pharmaceutical companies, another hardware development was
attracting attention at just about every company interested in designing drugs.
Workstations from Silicon Graphics Inc. (SGI) were becoming increasingly
popular for molecular research. These high-performance, UNIX-based
machines were attractive because of their ability to handle large calculations
quickly and because of their high-resolution, interactive computer graphics.
Although a supercomputer was fine for CPU-intensive jobs, the workstations
were better suited for interactive molecular modeling software being used for
drug research. The workstations became so popular that some medicinal
chemists wanted them for their offices, not so much for extensive use but
rather as a status symbol.

Another pivotal event affecting the hardware situation of the early 1990s
merits mention. As already stated, the Apple Macintoshes were well liked by
scientists. However, in 1994 Apple lost its lawsuit against Microsoft regarding
the similarities of the Windows graphical user interface (GUI) to Apple’s
desktop design. Also, the price of Windows-based PCs dropped significantly
below that of Macs. The tables tilted in favor of PCs. More scientists began to
use PCs. At Lilly, and maybe other companies, the chief information officer
(a position that did not even exist until computer technology became so critical
to corporate success) decreed that the company scientists would have to switch
to PCs whether they wanted to or not. The reasons for this were severalfold.
The PCs were more economical. With PCs being so cheap, it was likely more
people would use them, and hence there was a worry that software for Macs
would become less plentiful. Also, the problem of incompatible files would be
eliminated if all employees used the same type of computer and software.

On the software front, the early 1990s witnessed a continued trend toward
commercially produced programs being used in pharmaceutical companies.



30 HISTORY OF COMPUTERS IN RESEARCH AND DEVELOPMENT

Programs such as SYBYL (Tripos), Insight/Discover (BIOSYM), and
Quanta/CHARMmM (Polygen, and later Molecular Simulations Inc., and now
Accelrys) were popular around the world for molecular modeling and simula-
tions. Some pharmaceutical companies bought licenses to all three of these
well-known packages. Use of commercial software freed the in-house com-
putational chemists from the laborious task of code development, documenta-
tion, and maintenance, so that they would have more time to work on actual
drug design. Another advantage of using commercial software was that the
larger vendors would have a help desk that users could telephone for assis-
tance when software problems arose, as they often did. The availability of the
help desk meant that the in-house computational chemists would have fewer
interruptions from medicinal chemists who were having difficulty getting the
software to work. On the other hand, some companies, particularly Merck
and Upjohn, preferred to develop software in-house because it was thought
to be better than what the vendors could provide.

Increasing use of commercial software for computational chemistry meant
a declining role for software from QCPE. QCPE had passed its zenith by
about 1992, when it had almost 1900 members and over 600 programs in its
catalog. This catalog included about 15 molecular modeling programs written
at pharmaceutical companies and contributed for the good of the community
of computational chemists. Among the companies contributing software were
Merck, DuPont, Lilly, Abbott, and Novartis. When distribution rights for
MOPAC were acquired by Fujitsu in 1992, it was a severe blow to QCPE.
After a period of decline, the operations of QCPE changed in 1998. Today
only a web-based operation continues at Indiana University, Bloomington.

The 1990s was a decade of change for the software vendors also. The
California company that started out as BioDesign became Molecular Simula-
tions Inc. (MSI). MSI went on a buying spree starting in 1991. It grew large
by acquiring other small software companies competing in the same drug
design market, including Polygen, BIOSYM, BioCAD, Oxford Molecular
(which had already acquired several other start-ups), and others [101]. Phar-
maceutical companies worried about this accretion because it could mean less
competition and it could mean that their favorite molecular dynamics (MD)
program might no longer be supported in the future. This latter possibility
has not come to pass because there has been sufficient loyalty and demand
for each MD package to remain on the market.

Researchers from pharmaceutical companies participated in user groups set
up by the software vendors. Pharmaceutical companies also bought into con-
sortia created by the software vendors. These consortia, some of which dated
back to the 1980s, aimed at developing new software tools or improving existing
software. The pharmaceutical companies hoped to get something for their
investments. Sometimes the net effect of these investments was that it enabled
the software vendors to hire several postdoctoral research associates who
worked on things that were of common interest to the investors. Although the
pharmaceutical companies received some benefit from the consortia, other
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needs such as more and better force field parameters remained underserved.
Inspired by the slow progress in one force field development consortium, Merck
single-handedly undertook the de novo development of a force field they call
the Merck Molecular Force Field (MMFF94). This force field, which targeted
the modeling of pharmaceutically interesting molecules well, was published
[102-108], and several software vendors subsequently incorporated it in their
molecular modeling programs. The accolades of fellow computational chemists
led to the developer being elected in 1992 to become chairman of one of the
Gordon Research Conferences on Computational Chemistry [109].

On the subject of molecular modeling and force fields, a general molecular
modeling package was developed in an organic chemistry laboratory at
Columbia University in New York City [110]. Perhaps because MacroModel
was written with organic chemists in mind, it proved popular with industrial
medicinal chemists, among others. The program was designed so that versions
of several good force fields could easily be invoked for any energy minimiza-
tion or molecular simulation.

The 1990s witnessed other exciting technological developments. In 1991,
Dr. Jan K. Labanowski, then an employee of the Ohio Supercomputer Center
(Columbus, Ohio), launched an electronic bulletin board called the Com-
putational Chemistry List (CCL). Computational chemists rapidly joined
because it was an effective forum for informal exchange of information. Com-
putational chemists at pharmaceutical companies were among the 2000 or so
members who joined in the 1990s. Often these employees would take the time
to answer questions from beginners, helping them learn about the field of
computer-aided drug design. The CCL was a place where the relative merits
of different methodologies and computers and the pros and cons of various
programming languages could be debated, sometimes passionately.

In 1991, MDL came out with a new embodiment of its compound manage-
ment software called ISIS (Integrated Scientific Information System).
Pharmaceutical companies upgraded to the new system, having become so
dependent on MDL. In general, managers of information technology at phar-
maceutical companies preferred one-stop solutions. On the other hand, com-
putational chemists found Daylight Chemical Information Systems software
more useful for developing new research applications.

MACCS and then ISIS gave researchers exceptional new tools for drug
discovery when similarity searching came along. Chemical structures were
stored in the database as connectivity tables (showing which atoms were con-
nected by bonds). In addition, chemical structures could be stored as a series
of on-off flags (“keys”) indicating the presence or absence of specific atoms
or combinations of atoms and/or bonds. The similarity of compounds could
be quantitated by the computer in terms of the percentage of keys that the
compounds shared in common. Thus, if a researcher was aware of a lead
structure from in-house work or the literature, it was possible to find com-
pounds in the corporate database that were similar and then get these com-
pounds assayed for biological activities. Therefore the technique of data
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mining became important. Depending on how large the database was, it was
fairly easy to find compounds with low levels of activity by this method. Some
of these active compounds might have a skeleton different from the lead
structure. The new skeleton could form the basis for subsequent lead opti-
mization. As Dr. Yvonne C. Martin (Abbott) has wryly commented in her
lectures at scientific meetings, one approach to drug discovery is to find a
compound that the target receptor sees as the same as an established ligand
but which a patent examiner sees as a different compound (and therefore
satisfying the novelty requirement for patentability).

Many or most of the results from data mining in industry went unpub-
lished. More recently, when a few academic researchers gained access to data
mining software, the weakly active compounds they found were excitedly
published. This difference between industry and academia in handling similar
kinds of results is a matter of priorities. In industry, the first priority is to find
marketable products and get them out the door. In academia, the priority is
to publish (especially in high-impact journals). Contrary to a common mis-
conception, scientists in industry do publish, a point we return to below.

Software use for drug discovery and development can be classified in
various ways. One way is technique based. Examples would be programs
based on force fields or on statistical fitting (the latter including log P predic-
tion or toxicity prediction). Another way to classify software is according to
whether the algorithm can be applied to cases in which the 3D structure of
the target receptor is known or not. An example of software useful when the
receptor structure is not known is Catalyst [111]. This program, which became
available in the early 1990s, tried to produce a 3D model of a pharmacophore
based on a small set of compounds with a range of activities against a given
target. The pharmacophore model, if determinable, could be used as a query
to search databases of 3D structures in an effort to find new potential
ligands.

In situations in which the computational chemist had the benefit of the 3D
structure of the target receptor, three methodologies came into increased
usage. One was docking, that is, letting an algorithm try to fit a ligand struc-
ture into a receptor. Docking methodology dates back to the 1980s, but the
1990s saw more crystal structures of pharmaceutically relevant proteins being
solved and used for ligand design [112]. A second technique of the 1990s
involved designing a computer algorithm to construct a ligand de novo inside
a receptor structure. The program would assemble fragments or “grow” a
chemical structure such that the electrostatic and steric attributes of the
receptor would be complemented by the ligand [113-115]. The third tech-
nique of the 1990s was virtual screening [116, 117]. The computer would
screen hypothetical ligand structures, not necessarily compounds in bottles,
against the 3D structure of a receptor in order to find those most likely to fit
and therefore worthy of synthesis and experimentation.

A new approach to drug discovery came to prominence around 1993. The
arrival of this approach was heralded with optimism reminiscent of earlier
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waves of new technologies. The proponents of this innovation—combinato-
rial chemistry—were organic chemists. The thinking behind combinatorial
chemistry seemed to be as follows. The chance of finding a molecule with
therapeutic value was extremely low (one in 5000 or one in 10,000 were rough
estimates that were often bandied about). Attempts at rational drug design
had not significantly improved the odds of finding those rare molecules that
could become a pharmaceutical product. Because the low odds could not be
beat, make tens of thousands, . . . no, hundreds of thousands, . . . no, millions
of compounds! Then, figuratively fire a massive number of these molecular
bullets at biological targets and hope that some might stick. New computer-
controlled robotic machinery would permit syntheses of all these compounds
much more economically than the traditional one-compound-at-a-time
process of medicinal chemistry. Likewise, computer-controlled robotic
machinery would automate the biological screening and reduce the cost per
assay.

Proponents promised that combinatorial chemistry was the way to keep
the drug discovery pipeline full. Pharmaceutical companies made massive
investments in people and machinery to set up the necessary equipment in
the 1990s. Some companies built large refrigerated storage rooms where the
libraries of compounds could be stored and retrieved by robots. The com-
puters to run the equipment had to be programmed. This work was done by
instrument engineers, although chemists helped set up the systems that con-
trolled the syntheses.

Combinatorial chemistry increased the rate of output of new compounds
by three orders of magnitude. Before combi-chem, a typical SAR at a phar-
maceutical company might have consisted of fewer than a couple hundred
compounds, and a massive effort involving 10-20 medicinal chemistry labo-
ratories might have produced two or three thousand compounds over a
number of years. In 1993, with traditional one-compound-at-a-time chemistry
it took one organic chemist on average one week to make one compound for
biological testing. Some years later, with combi-chem a chemist could easily
produce 2000 compounds per week.

With the arrival of combi-chem, computational chemists had a new task in
addition to what they had been doing. Computational chemistry was needed
so that the combinatorial chemistry was not mindlessly driven by whatever
reagents were available in chemical catalogs or from other sources. There
were several strategies to library design [118]. The first was to cover as much
of “compound space” as possible, that is, to produce a variety of structures
to increase the likelihood that one of the compounds would stick to the target.
Then after the drug discovery researchers had gained a general idea of what
structure(s) would bind to the target receptor, a second strategy would come
into play: to design compounds similar to the lead(s). Another need was to
assess the value of libraries being offered for sale by various outside interme-
diaries. Computational chemists could help determine whether these libraries
complemented or duplicated a company’s existing libraries of compounds and
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determine the degree of variety in the compounds being offered. How does
one describe chemical space and molecular similarity? Computational chem-
ists had already developed the technologies of molecular descriptors and
substructure keys, which we mentioned above. With these tools, the compu-
tational chemist could discern where structures were situated in multidimen-
sional compound or property space and provide advice to the medicinal
chemists.

Along with all the data generated by combi-chem and high-throughput
screening (HTS) came the need to manage and analyze the data. Hence,
computers and the science of informatics became increasingly vital.

The computational chemist was now more important to drug discovery
research than ever before. Hence by 1993-1994, these technological changes
possibly helped save the jobs of many computational chemists at a time when
pharmaceutical companies in the United States were downsizing, as we now
explain. In 1992-1993 an acute political force impinged on the pharmaceutical
industry in the United States. That force was the healthcare reform plan pro-
posed by Hillary and Bill Clinton. Readers who are well versed in history of
the 1930s will be aware of the economic system handed down from pre-World
War II Europe. Under that system, the means of production, that is, industry,
remains in private ownership but the prices that the companies can ask for
their products are regulated by government. That was the scheme underlying
the healthcare reform proposal. Pharmaceutical companies in the United
States generally favored any proposal that would increase access to their
products but feared this specific proposal because of the great uncertainty it
cast over the status quo and future growth prospects. As a result, thousands
of pharmaceutical workers—including research scientists—were laid off or
encouraged to retire. Rumors swirled around inside each pharmaceutical
company about who would be let go and who would retain their jobs. When
word came down about the corporate decisions, the computational chemists
were generally retained, but the ranks of the older medicinal chemists were
thinned. A new generation of managers at pharmaceutical companies now
realized that computer-assisted molecular design and library design were criti-
cal components of their company’s success. One is reminded of the observation
of the Nobel laureate physicist Max Planck, “An important scientific innova-
tion rarely makes its way by gradually winning over and converting its oppon-
ents. ... What does happen is that its opponents gradually die out and the
growing generation is familiarized with the idea from the beginning.”

Nevertheless, the Clintons’ healthcare reform scheme had a deleterious
effect on the hiring of new computational chemists. The job market for com-
putational chemists in the United States fell from a then record high in 1990
to a depression in 1992-1994 [119]. This happened because pharmaceutical
companies were afraid to expand until they were sure that the business
climate was once again hospitable for growth. The healthcare reform proposal
was defeated in the United States Congress, but it took a year or two before
pharmaceutical companies started rebuilding their workforces.
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Toward the mid-1990s, a new mode of delivering content came to the fore:
the web browser. Information technology (IT) engineers and computational
chemists help set up intranets at pharmaceutical companies. This allowed
easy distribution of management memos and other information to the employ-
ees. In addition, biological screening data could be posted on the intranet so
that medicinal chemists could quickly access it electronically. Computational
chemists made their applications (programs) web-enabled so that medicinal
chemists and others could perform calculations from their desktops.

The hardware situation continued to evolve. Personal computers became
ever more powerful in terms of speed and the amount of random access
memory (RAM) and hard drive capacity. The price of PCs continued to fall.
Clusters of PCs were built. Use of the open-source Linux operating system
spread in the 1990s. Distributed processing was developed so a long calcula-
tion could be farmed out to separate machines. Massively parallel processing
was tried. All these changes meant that the days of the supercomputers were
numbered.

Whereas the trend in the 1980s was toward dispersal of computing power
to the departments and the individual user, the IT administrators started
bringing the PCs under their centralized control in the 1990s. Software to
monitor each machine was installed so that what each user did could be
tracked. Following the example of other industries, some pharmaceutical
companies turned over the technical work of managing their networks of PCs
to outside contractors. Gradually, computational chemists and other workers
lost control over what could and could not be installed on their office machines.
One type of hardware, however, persisted through the 1990s and even to
today: the SGI workstations. These UNIX machines became more powerful
and remained popular for molecular modeling. Silicon Graphics Inc. acquired
the expiring Cray technology, but it did not seem to have much effect on their
workstation business.

Traditionally, in pursuit of their structure-activity relationships, medicinal
chemists had focused almost exclusively on finding compounds with greater
and greater potency. However, these SARs often ended up with compounds
that were unsuitable for development as pharmaceutical products. These
compounds would be too insoluble in water, or were not orally bioavailable,
or were eliminated too quickly or too slowly from mammalian bodies. Phar-
macologists and pharmaceutical development scientists for years had tried to
preach the need for medicinal chemists to also think about other factors that
determined whether a compound could be a medicine. Table 1.1 lists a number
of factors that determine whether a potent compound has what it takes to
become a drug. Experimentally, it was difficult to quantitate these other
factors. Often, the necessary manpower resources would not be allocated to
a compound until it had already been selected for project team status.

At the beginning of the 1990s, the factors in Table 1.1 were generally
beyond the capability of computational chemistry methods to predict reliably.
However, as the decade unfolded, computational chemists and other scientists
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TABLE 1.1 What It Takes for a Compound (Ligand) to Become a
Pharmaceutical Product

Absorption into the body, i.e., bioavailability

Behavior in humans as anticipated from preliminary testing in animal models, i.e.,
no untoward species differences

Distribution among the appropriate tissues of the body

Metabolism by the body or organisms living in the body

Ease of production, including, for instance, the existence of environmentally safe
routes of isolation or synthesis

Efficacy, i.e., whatever the compound does at its site(s) of action; the net effect is to
elicit a desirable therapeutic outcome

Elimination from the body, i.e., excretion

Medical need, which affects marketability

Novelty, which determines patentability

Pharmaceutical “elegance,” which encompasses factors related to route of
administration (taste, color, mixability with excipients, etc.)

Side effects of the compound and its degradation products are minimal or at least
tolerable

Solubility, preferably in water

Stability, so the compound will not degrade before being consumed and can reach
its site of action in a bioactive form

Therapeutic ratio, so that the concentration of the compound to elicit its
therapeutic effect is much lower than the concentration that would cause
untoward effects

Toxic effects of the compound and its degradation products are minimal

created new and better methodologies for selecting compounds with the char-
acteristics necessary to become a drug. In 1997, Lipinski’s now famous “Rule
of Five” was published [120]. These simple rules were easily encoded in data-
base mining operations at every company, so that compounds with low pros-
pects of becoming an orally active, small-molecule drug (less than 500 MW)
could be weeded out by computer.

The computational methods used in the 1980s focused, like medicinal
chemistry, on finding compounds with ever-higher affinity between the ligand
and its target receptor. That is why in the past we have advocated use of the
term computer-aided ligand design (CALD) rather than CADD. However,
with increased attention to the factors listed in Table 1.1, the field was finally
becoming more literally correct in calling itself CADD.

Another important change started in the mid-1990s. Traditionally, a QSAR
determined at a pharmaceutical company might have involved only 5-30
compounds. The size depended on how many compounds the medicinal
chemist had synthesized and submitted to testing by the biologists. Sometimes
this size data set sufficed to reveal useful trends. Other times, though, the
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QSARs were not very robust in terms of predictability. As large libraries of
compounds were produced, data sets available for QSAR analysis became
larger. With all that consistently produced (although not necessarily perfectly
accurate) biological data and a plethora of molecular descriptors, it was pos-
sible to find correlations with good predictability. In fact, QSAR proved to
be one of the best approaches to providing assistance to the medicinal chemist
in the 1990s. Computational chemists were inventive in creating new molecu-
lar descriptors. Hundreds have been described in the literature [121-123].

As stated in the opening of this section, the 1990s witnessed the fruition
of a number of drug design efforts. Making a new pharmaceutical product
available to patients is a long, difficult, and costly enterprise. It takes 10-15
years from the time a compound is discovered in the laboratory until it is
approved for physicians to prescribe. Hence, a molecule that reached the
pharmacies in the 1990s was probably first synthesized at a pharmaceutical
company well back in the 1980s. (Most of today’s medicines come from the
pharmaceutical industry rather than from government or academic laborato-
ries.) The improved methodologies of computational chemistry that became
available in the 1980s would therefore start to show their full impact in the
1990s. (Likewise, the improved experimental and computational methodolo-
gies of the 1990s should be bearing fruit now.)

Table 1.2 lists medicines whose discovery was aided in some way by
computer-based methods. Those compounds marked “CADD” were pub-

TABLE 1.2 Marketed Pharmaceuticals Whose Discovery Was Aided by
Computers

Generic Name Brand Name Year Discovery Activity
Approved in Assisted by
United States

Norfloxacin Noroxin 1983 QSAR Antibacterial
Losartan Cozaar 1994 CADD Antihypertensive
Dorzolamide Trusopt 1995 CADD/SBDD  Antiglaucoma
Ritonavir Norvir 1996 CADD Antiviral
Indinavir Crixivan 1996 CADD Antiviral
Donepezil Aricept 1997 QSAR Anti-Alzheimer’s
Zolmitriptan Zomig 1997 CADD Antimigraine
Nelfinavir Viracept 1997 SBDD Antiviral
Amprenavir Agenerase 1999 SBDD Antiviral
Zanamivir Relenza 1999 SBDD Antiviral
Oseltamivir Tamiflu 1999 SBDD Antiviral
Lopinavir Aluviran 2000 SBDD Antiviral
Imatinib Gleevec 2001 SBDD Antineoplastic
Erlotinib Tarceva 2004 SBDD Antineoplastic

Ximelagatran Exanta 2004 SBDD Anticoagulant
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licized in a series of earlier publications [references 124-128; see also
references 129 and 130, and Chapter 16 for other discussion]. These exam-
ples of CADD successes were gathered in 1997 when one of us (DBB)
undertook a survey of the corresponding authors of papers published after
1993 in the prestigious Journal of Medicinal Chemistry. Authors were
asked whether calculations were crucial to the discovery of any com-
pounds from their laboratory. Of the hundreds of replies, we culled out
all cases in which calculations had not led to drug discovery or had been
done post hoc on a clinical candidate or pharmaceutical product. We have
always felt strongly that the term “computer-aided drug design” should be
more than just doing a calculation; it should be providing information or
ideas that directly help with the conception of a useful new structure. We
retained only those cases where the senior author of a paper (usually a
medicinal chemist) vouched that computational chemistry had actually
been critically important in the research process that led to the discovery
of a compound that had reached the market. As seen in Table 1.2, there
were seven compounds meeting this criterion in the period 1994-1997. The
computational techniques used to find these seven compounds included
QSAR, ab initio molecular orbital calculations, molecular modeling,
molecular shape analysis [131], docking, active analog approach [132],
molecular mechanics, and SBDD.

More recently, a group in England led by a structural biologist compiled a
list of marketed medicines that came from SBDD [133]. These are labeled
“SBDD” in Table 1.2. It can be seen that there is only a little overlap between
the two compilations (CADD and SBDD). It can also be seen that the
number of pharmaceuticals from SBDD is very impressive. Computer-based
technologies are clearly making a difference in helping bring new medicines
to patients.

Looking at the success stories, we see that it has often been a team of
researchers working closely together that led to the success. It took quite a
while for other members of the drug discovery research community to appre-
ciate what computational chemistry could provide. There remains room for
further improvement in this regard. Computational chemistry is probably
most effective when researchers work in an environment where credit is
shared [134]. If management adopts a system whereby company scientists are
competing with each other, then collaborations are tempered. On the other
hand, if all members of an interdisciplinary team of scientists will benefit
when the team succeeds, then collaboration increases, synergies can occur,
and the team is more likely to succeed. Sometimes it helps to put the compu-
tational chemistry techniques in the hands of the medicinal chemists, but it
seems that only some of these chemists have the time and inclination to use
the techniques to best advantage. Therefore, computational chemistry experts
play an important role in maximizing the potential benefits of computer-
based technologies.
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1.7 EPILOGUE

To close, we distill in Figure 1.3 the essence of what we have described about
the history of computing at pharmaceutical companies over the last four
decades. We plot the number of papers published (and abstracted by Chemical
Abstracts Service) for each year from 1964 through 2004, the most recent
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Figure 1.3 Annual number of papers published by researchers at pharmaceutical
companies during a 41-year period. The data were obtained by searching the CAPLUS
and MEDLINE databases for papers related to “computer or calculation.” Then these
hits were refined with SciFinder Scholar by searching separately for 48 different
company names. Well-known companies from around the world were included. Com-
panies with more than 250 total hits in the period 1964-2004 are included in the plot.
The indexing by CAS is such that a search on SmithKline Beecham gave the same
number of hits as for GlaxoSmithKline (GSK) but much more than Smith Kline and
French. The downward trend of the sum after 2001 can be traced to fewer papers
coming from GSK. Initially, we had wanted to structure our SciFinder Scholar search
for all papers using terms pertaining to computational chemistry, molecular model-
ing, computer-aided drug design, quantitative structure-activity relationships, and so
forth. However, CAS classifies these terms as overlapping concepts, and so SciFinder
Scholar was unable to do the searches as desired. Searching on “computer or calcula-
tion” yields many relevant hits but also a small number of papers that are of question-
able relevance. This contamination stems from the subjective way abstractors at CAS
have indexed articles over the years. The irrelevant papers introduce noise in the data,
but hopefully the systematic error is relatively constant over the period covered.
CAPLUS covers 1500 journals. See color plate.
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complete year. These are papers that were indexed as pertaining to “computer
or calculation” and that came from pharmaceutical companies. We can learn
several things from Figure 1.3. First, industrial scientists do publish. Second,
the figure includes a list of pharmaceutical companies that have done the most
publishing of papers pertaining to computers or calculations. There are 15
companies with more than 250 papers each in the 41-year period. Some of
these companies ceased publishing simply because they were acquired by
other pharmaceutical companies, and hence the affiliation of the authors
changed. The companies are headquartered in the United States, Switzerland,
Germany, and Japan. Third, the number of publications increased slowly but
fairly steadily from 1964 through the mid-1980s. Then, from 1986 through
1992, the annual number of papers grew rapidly. This period is when the super-
minicomputers, supercomputers, and workstations appeared on the scene. We
also learn from Figure 1.3 that since 1994 the sum of the annual number of
papers published by the 15 companies has zigzagged around 325 papers per
year. Curiously, the recent years show no evidence of an upward trend.

As the twentieth century came to a close, the job market for computational
chemists had recovered from the 1992-1994 debacle. In fact, demand for
computational chemists leaped to new highs each year in the second half of
the 1990s [135]. Most of the new jobs were in industry, and most of these
industrial jobs were at pharmaceutical or biopharmaceutical companies. As
we noted at the beginning of this chapter, in 1960 there were essentially no
computational chemists in industry. But 40 years later, perhaps well over half
of all computational chemists were working in pharmaceutical laboratories.
The outlook for computational chemistry is therefore very much linked to the
health of the pharmaceutical industry itself. Forces that adversely affect phar-
maceutical companies will have a negative effect on the scientists who work
there as well as at auxiliary companies such as software vendors that develop
programs and databases for use in drug discovery and development.

Over the last four decades, we have witnessed waves of new technologies
sweep over the pharmaceutical industry. Sometimes these technologies tended
to be oversold at the beginning and turned out to not be a panacea to meet
the quota of the number of new chemical entities that each company would
like to launch each year. Experience has shown that computer technology so
pervasive at one point in time can almost disappear 10 years later.

Discovering new medicines is a serious, extremely difficult, and expensive
undertaking. Tens of thousands of scientists are employed in this activity.
Back in 1980, pharmaceutical and biotechnology companies operating in the
United States invested in aggregate about $2000 million in R&D. The sum
has steadily increased (although there was the slight pause in 1994 that we
mentioned above). By 2003, R&D investments had grown to $34,500 million.
In 2004, the total jumped to $38,800 million. The United States pharmaceuti-
cal industry invests far more in discovering new and better therapies than the
pharmaceutical industry in any other country or any government in the world.
Despite the ever-increasing investment in R&D each year, the annual number
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of new chemical entities (NCEs) approved for marketing in the United States
(or elsewhere) has not shown any overall increase in the last 25 years. The
number has fluctuated between 60 and 20 NCEs per year and has been around
30 per year recently. This very uncomfortable fact was not widely discussed
before the late 1990s [124] but is now well known. A recent analysis of NCE
data was able to find some reason for optimism that innovation is bringing to
market drugs with substantial advantage over existing treatments [136].
However, deciding whether R&D is becoming more productive depends on
how the NCE data are handled. Generally, most people in the field realize
that discovery research is not as easy or as productive as they would like.

In an attempt to boost NCE output, executives at pharmaceutical compa-
nies have put their researchers under extreme pressure to focus and produce.
Since the early 1990s, this pressure has moved in only one direction: up.

During two million years of human evolution, better intelligence at creating
and using tools has meant the difference between survival and extinction. In a
similar way, those pharmaceutical companies with scientists who are best at
creating and using tools will be able to innovate their way to the future. In con-
trast to the days of the hunter-gatherer cracking stones, today the tools are com-
puters and software, as well as chemistry and biology. With combinatorial
chemistry, high-throughput screening, genomics, and structural biology firmly
embedded in modern drug discovery efforts, computers are indispensable.

All musical composers work with the same set of notes, but the geniuses
put the notes together in an extraordinarily beautiful way. Synthetic chemists
all have available to them the same elements. The successful medicinal
chemist will combine atoms such that amazing therapeutic effect is achieved
with the resulting molecule. The computational chemist’s goal should be to
help the medicinal chemist by providing information about structural and
electronic requirements to enhance activity, namely, information about which
regions of compound space are most propitious for exploration.

Fortunately, all the effort that goes into pharmaceutical R&D does benefit
society. In nations where modern medicines are available, life expectancy has
increased and disability rates among the elderly have declined. Considering
all of the things that can go wrong with the human body, many challenges
remain for the pharmaceutical researcher. Hopefully, this chapter will inspire
some young readers to take up the challenge and join the noble quest to apply
science to help find cures to improve people’s lives.
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