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Mechanism-Based Target Identification and
Drug Discovery in Cancer Research

Jackson B. Gibbs

Cancer as a disease in the human population is becoming a larger health
problem, and the medicines used as treatments have clear limitations. In
the past 20 years, there has been a tremendous increase in our knowledge
of the molecular mechanisms and pathophysiology of human cancer.
Many of these mechanisms have been exploited as new targets for drug
development in the hope that they will have greater antitumor activity
with less toxicity to the patient than is seen with currently used medi-
cines. The fruition of these efforts in the clinic is just now being realized

with a few encouraging results.

In some areas of the world, cancer has be-
come or shortly will become the leading dis-
ease-related cause of death of the human
population. For example, in the United
States, cancer is the second leading cause of
death behind cardiovascular disease, and it is
projected that cancer will become the leading
cause of death within a few years. There are
two main reasons for this change. First, can-
cer is a disease of multiple accumulating
mutations that are becoming manifest in hu-
man populations, which have enjoyed an in-
creasingly prolonged life-span (/). Second,
cardiovascular-related deaths are decreasing
as a result of an increased understanding of
the mechanisms underlying the disease, the
identification of risk factors, which indicate
life-style changes that can reduce the onset of
disease, and the development of targeted mo-
lecular therapies. In contrast, the medical
treatment of cancer still has many unmet
needs. The main curative therapies for can-
cer—surgery and radiation—are generally
only successful if the cancer is found at an
early localized stage. Once the disease has
progressed to locally advanced cancer or met-
astatic cancer, these therapies are less suc-
cessful. Existing chemotherapeutic treatments
are largely palliative in these advanced tu-
mors, particularly in the case of the common
epithelial tumors such as lung, colorectal,
breast, prostate, and pancreatic cancers (2).
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Sometimes, sound mechanistically based che-
motherapies are effective but only for a de-
fined period of time. For example, antihor-
monal treatments of prostate cancer can ini-
tially shrink tumors but eventually fail when
the residual tumor cells become hormone-
independent. Although a few chemotherapeu-
tic regimens have yielded lasting remissions
or cures (for example, in testicular cancer and
childhood leukemias), it is clear that new
therapeutic options are necessary.

In the development of new chemothera-
peutic agents, several issues need to be ad-
dressed, including improved and durable an-
titumor efficacy, reduction of toxicities,
which can prevent effective dosing of poten-
tially efficacious drugs, and prevention of
drug resistance caused by the inherent
genomic instability of tumors. Upon the dis-
covery some 20 years ago of the first onco-
gene defects in cancer (3), it was envisioned
that the genetic information could be trans-
lated into therapeutics that could selectively
ablate tumors without the systemic side ef-
fects often associated with cancer drugs. The
translation of that scientific information into
potential new medicines is now starting to
emerge. In looking ahead at new targets and
new approaches to cancer drug discovery, it
can be useful to look at which pharmacolog-
ical treatments have worked in other diseases,
such as cardiovascular disease, and over which
time frame these developments occurred.

Medicines to treat hypertension evolved
over a 40-year period (4). In the 1950s and
1960s, the drugs of choice included reserpine

and methyldopa, both of which act in the
central nervous system. An understanding of
receptor pharmacology led to development of
peripherally acting adrenergic receptor antag-
onists in the 1970s, and this evolved in the
1980s and 1990s to peripherally acting non-
adrenergic agents, such as inhibitors of an-
giotensin-converting enzyme and angioten-
sin-receptor antagonists, which have far few-
er side effects than the early centrally acting
agents. The lessons to be learned here are that
basic research discoveries on the fundamental
mechanisms responsible for a disease state
often lead to the most direct pharmaceutical
approaches to manage the disease. However,
successful treatments emerge from an itera-
tive process that depends not only on the
scientific learning curve but also on feedback
from clinical trials where we learn whether
our mechanistic ideas are having a therapeu-
tic benefit and what the drawbacks are in
terms of side effects. The development of
initial drugs and subsequent pharmacological
improvements also benefits from knowledge
of the specific molecular target of the drug,
such as a receptor or enzyme. It takes decades
to learn what approaches can initially provide
some benefit for a disease and to then
progress to a point where the disease is ef-
fectively managed with medicines essentially
devoid of side effects.

Where Are We in Cancer?

Cancer chemotherapy emerged in the 1940s
from toxicological studies of nitrogen mus-
tard—based war gas (2). The anticancer activ-
ity of nitrogen mustard is due to DNA alkyl-
ation, and many other cancer drugs were
developed on the basis of this general concept
(modification of DNA, which impairs accu-
rate replication) and then optimized on the
basis of cytotoxicity in growth proliferation
models. Mechanism-based approaches have
also been explored for several decades. An-
timetabolite drugs (for example, methotrex-
ate and mercaptopurine) were developed on
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the basis of a scientific understanding of key
enzyme steps in nucleotide biosynthesis and
the sensitivity of tumor cells to alterations in
these pathways. Newer agents in this class,
such as gemcitabine (Gemzar), continue to
show promise in the management of some
cancers. Overall, though, the identification of
successful agents with clinical utility has
been a somewhat empirical process up to
now, not least because of the focus on the
antitumor efficacy of potential new agents in
cell-culture cytotoxicity. assays and animal
tumor models that do not effectively reflect
the complexities of human cancer. This often
‘makes it difficult to assess why a particular
drug can be successful (as cisplatin is for
testicular cancer) or why others may fail. In
the absence of a specific mechanistic under-
standing, particularly with regard to a molec-
ular target, it is difficult to learn from the suc-
cesses and failures and understand why differ-
ent tumor types have different susceptibilities.
Over the last 20 years, there has been a
fundamental shift in the way target identifi-
cation in cancer is approached. Advances in
molecular biology now allow us to identify
genes that go awry in cancer, and offer the
opportunity to dissect the molecular mecha-
nisms underlying the disease. At first, there
were just a handful of cancer genes (such as
src, abl, ras, myc, myb, mos, and raf’), and the
challenge was to find out how the gene prod-
ucts functioned. Now, many genes are known

DRUG DISCOVERY

to affect tumorigenesis and tumor growth
(some are shown in Fig. 1), and the key is to
decide which ones to exploit in the areas of
signal transduction, cell-cycle regulation, ap-
optosis, telomere biology, and angiogenesis

).

Cancer Target Identification and
Pharmaceutical Tractability

Nothing provides more compelling validation
for a target than knowledge of the human
genetics of a specific disease. In cancer re-
search, the choice of target is often highlight-
ed by the mutated gene underlying the cancer
(such as ras, p53, RB, p16, myc, and bcr-abl
shown in Fig. 1) (3, 6). Overexpression of
specific gene products, such as HER-2, epi-
dermal growth factor (EGF) and insulin-like
growth factor receptors, and cyclins, has also
been correlated as a causative factor in some
cancers (6—8). Alternatively, a normal gene
product may be closely correlated with can-
cer progression. For example, elevated telo-
merase activity is observed in essentially all
human cancers (9, 10), and increased serum
vascular endothelial growth factor (VEGF)
has been reported to be a prognostic clinical
factor correlated with decreased survival in
breast, ovarian, lung, gastric, and colon can-
cer patients (/). Obviously, many molecular
tools are available for target validation, in-
cluding antisense oligonucleotides, ribozymies,
dominant negative mutants, neutralizing anti-
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Fig. 1. Examples of molecular targets in tumor cells for cancer drug development. See text for
details. cdk’s, cyclin-dependent kinases; EGF, epidermal growth factor receptor; ER, estrogen
receptor; FTase, farnesyltransferase; MEK, MAPK/Erk kinase; PDGF, platelet-derived growth factor

receptor; PKC, protein kinase C.

bodies, and mouse transgenics/knockouts.
Often multiple approaches must be evaluated.
For example, the use of several of these tools
has led to the recognition that the telomerase
enzyme (9, 10, 12) and the KDR receptor of
VEGF (11, 13) are good targets for drug
development. Telomerase regulates the im-
mortalization properties of tumors and KDR
is expressed in normal vasculature endotheli-
al cells that wc¢ ™ ™ not be expected to have the
genomic instal _ / problems of the surround-
ing tumor cells.

A genetic defect in a tumor may identify a
potential target, but it will never serve as a
successful target for drug discovery unless it
is pharmaceutically tractable. This is often
frustrating, because many more targets can be
validated by the tools of molecular biology
than may be amenable for drug development.
For example, there is strong evidence that if
one were to disrupt protein-protein interac- -
tions such as Myc/Max dimerization, specific
SH2 domain interactions, or Ras/Raf binding,
one could inhibit the function of pathways
essential to certain tumor cells (I4, 15).
Progress to develop inhibitors of these pro-
tein-protein interactions has, however, prov-
en problematic. Model peptides have been
found, but they are often difficult to convert
into molecules with appropriate pharmaceu-
tical properties (/4, 15). This process often
entails the development of low molecular
weight (<600 daltons) organic molecules
with sufficient potency, pharmacokinetic, and
safety profiles to be considered a drug suit-
able for testing in humans. A notable exam-
ple where inhibitors of protein-protein inter-
action have been developed is in the area of
integrin biology, where antagonists of specif-
ic integrins may serve as anti-angiogenesis
agents (/6, /7). Newer approaches such as
therapeutic antibodies and nucleic acid—based
treatments (antisense oligonucleotides) may
afford alternative ways to attack targets that
are not amenable to small-molecule inhibitor
development, as will be discussed later.

A knowledge of the cellular signaling
pathways can also be helpful for exploiting
rational targets that prove difficult to inhibit,
either for the reasons described above or
because, in the case of tumor suppressor
genes, the protein target is no longer present
in the tumor. For example, many of the early
approaches to inhibit Ras function failed but
knowledge of the pathways afforded new tar-
gets in Raf and MEK (/8). Likewise, inhibi-
tion of specific cyclin dependent kinases by
p16 indicates that protein kinase inhibitors to
thése targets may inhibit tumors having de-
fective p16 (7, 8). Alternatively, there may be
new approaches to find pharmaceutically vi-
able targets that might not otherwise be iden-
tified by our current knowledge of cancer
genetics. For example, yeast genetic screens
were developed to identify which other pro-
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tein(s) when inhibited selectively kill cells
that have the primary gene defect commonly
found in human cancers (/9). This strategy
used to identify “secondary” targets is known
as synthetic lethality. Gene chip technologies
also afford ways to elucidate critical path-
ways that might serve to identify targets for
inhibitor development (20, 21).

Breast Cancer as a Paradigm

In the development of new cancer therapeu-
tics, breast cancer can serve as a useful ex-
ample for the application of both traditional
cytotoxic approaches and new mechanistic
information. The standard of care often in-
cludes doxorubicin (Adriamycin) and a tax-
ane such as paclitaxel (Taxol) or docetaxel
(Taxotere) (2). Recent advances have been
realized with the emergence of tamoxifen
(Nolvadex) and trastuzumab (Herceptin),
which were developed on the basis of insights
into the role of estrogen in breast cancer and
oncogenes, respectively.

Although doxorubicin and the taxanes
were discovered on the basis of their toxicity
to tumor cells in preclinical models, subse-
quent studies identified the biochemical
mechanisms of action. Doxorubicin inhibits
topoisomerase functions, and more specific
topoisomerase inhibitors have been subse-
quently developed. Taxanes stimulate tubulin
polymerization and induce tumor apoptosis
via a novel G,/M checkpoint that is indepen-
dent of wild-type p53 function (22, 23). Tax-
anes achieve responses in 30 to 40% of pa-
tients, and this level of clinical success has
sparked further preclinical efforts in this area
(24). For example, novel agents such as the
epothilones were identified in tubulin poly-
merization screens and have been shown to
be active in preclinical models of cancers that
are resistant to paclitaxel (25). A cell-based
assay, which looks at mitotic spindle organi-
zation, has also been designed to identify
novel agents that might modulate the G,/M
checkpoint in a less-toxic manner than the
taxanes (26).

The role of estrogen in some breast can-
cers was recognized as early as the 1930s, but
the field really exploded with the identifica-
tion of the first estrogen receptor in the 1960s
and the realization that measuring estrogen
receptor levels in clinical breast cancer spec-
imens could prospectively identify hormone-
dependent tumors (about 50% of all breast
cancer cases) that might be responsive to
endocrine therapy (27, 28). These studies ul-
timately led to the development of tamoxifen,
an antagonist of the estrogen receptor in
breast tissue, for adjuvant therapy of breast
cancer. Tamoxifen reduces the incidence of
cancer recurrence in patients with estrogen
receptor positive tumors. It can also delay the
occurrence of breast cancer in women who
are at high risk for developing the disease.
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These benefits are realized with minimal
drug-related toxicity. Nevertheless, resistance
to tamoxifen inevitably occurs. Efforts to im-
prove on tamoxifen will likely benefit from
the identification of a second estrogen recep-
tor (ER-B) and research in the area of selective
estrogen receptor modulators (SERMs) (28,
29), which can have agonist activity in one
tissue and antagonist activity in another tis-
sue. Tamoxifen has demonstrated activity to
prevent cancer because of its antagonist prop-
erties in breast tissue but its use is currently
limited to cancer patients because of some of
its mechanism-based side effects, such as a
slightly increased risk for endometrial cancer,
which is due to the agonist activity of tamox-
ifen in the uterus (28). In addition to newer
SERMs that are active against tamoxifen-
resistant tumors, an ultimate goal will be the
development of effective estrogen agonist
hormone replacement therapies (for bone,
lipids, and hot flashes in post-menopausal
women) that can also be used to prevent
cancers because of estrogen antagonist activ-
ity in breast and uterine tissues (28, 29). The
development of next generation SERMs is a
highly active area of research (Table 1).

Trastuzumab serves as the first success story
for therapeutic strategies based on studies of
oncogenes (30). The HER-2 gene was discov-
ered in 1985, and the overexpression of its gene
product was subsequently associated with hu-
man breast cancer in 1987 (6, 30). Genentech
pursued the development of an antibody direct-
ed to the extracellular domain of HER-2. The
rationale was to develop an agent that will
selectively recognize tumor cells having a de-
fective gene product. Trastuzumab had an ex-
cellent preclinical antitumor profile, particularly
when used in combination with a second agent
such as doxorubicin or paclitaxel (37). The
therapeutic antibody appears to work by several
mechanisms including internalization and
down-regulation of HER-2 receptor, induction
of cell-cycle inhibitors such as p27kip, and
immune-mediated responses (32). Trastuzumab
is well tolerated by patients, and the drug was
approved by the U.S. Federal Drug Adminis-
tration (FDA) in 1998 for the treatment of
HER-2-positive breast cancer (which accounts
for approximately 30% of breast cancer). Re-
sponses of up to 60 to 70% have been noted for
trastuzumab in combination with paclitaxel
(33). Improved efficacy is also noted in patients
treated with both trastuzumab and doxorubicin,
but this combination also results in greater car-
diotoxicity (34). This higher toxicity appears to
be mechanism-based, because HER-2 is ex-
pressed in heart tissue and doxorubicin is
known to be a cardiotoxic agent.

New Molecular-Based Agents in
Clinical Trials

The translation of mechanism-based target
identification to new therapies is now being

realized on a large scale in the clinic. In
particular, protein kinases have drawn special
attention (Table 1). Some of the more prom-
ising clinical trials are being done with a
small-molecule inhibitor of Ber-abl and ei-
ther small-molecule inhibitors or a therapeu-
tic antibody of the EGF receptor.

The choice of Ber-abl as a target is based
on the Philadelphia chromosome, one of the
first defined genetic alterations diagnostic for
a cancer, chronic myelogenous leukemia
(CML) (35). The fusion between the bcr and
abl genes is the molecular basis of the defect
because the resulting Ber-abl gene product
has an abnormal tyrosine kinase activity.
CGP 57148/STI 571 is a potent inhibitor of
both Ber-abl and platelet-derived growth fac-
tor receptor protein kinase activities, and the
inhibitor cures bcr-abl tumors in mice as long
as the drug is administered so that Bcer-abl
protein kinase activity is blocked continuous-
ly (35). In clinical trials, nearly all CML

Table 1. Examples of mechanism-based cancer
therapies in development. See text and Fig. 1 for
details.

Drug Target
Receptor antagonists

Raloxifene Estrogen receptor
LY353381 Estrogen receptor
GW 5638 Estrogen receptor
CP336156 Estrogen receptor
EM-800 Estrogen receptor
EMD-121974 Integrin

Protein kinase inhibitors

CGP 57148/STI 571 Bcr-abl
ZD-1839 EGF receptor
CP-358,774 EGF receptor
SU-5416 KDR
SU-6668 KDR, FGFR, and PDGFR
CGP 60474 Cyclin-dependent kinases
Flavopiridol Cyclin-dependent kinases
CGP 41251 Protein kinase C
UCN-01 Protein kinase C
Other enzyme inhibitors
R115777 FTase
SCH 66336 FTase
L-778,123 FTase
BMS-214662 FTase
CP-609,754 FTase
Marimastat MMPs
AG-3340 MMPs
BMS-275291 MMPs
CGS-27023A MMPs
BAY 12-9566 MMPs
Therapeutic antibodies

C225 EGF receptor
Anti-VEGF VEGF
IMC-1C11 KDR
Vitaxin Integrin

Antisense oligonucleotides
1S1S-2503 Ras
ISIS-5132 Raf
1S1S-3521 Protein kinase C
G3139 Bcl2

Viruses

SCH 58500 (Ad-p53) p53
Onyx-015 p53

1971
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patients who receive the appropriate dose-
level of CGP 57248/STI 571 have shown
complete responses, and these responses have
been sustained for at least 8 months with
minimal side effects (35).

EGF receptors are overexpressed in some
tumors such as lung, oral, and colon cancer,
and autocrine activation of this receptor by
EGF and TGF-a is important to the prolifer-
ation of the tumor cells (6). The EGF recep-
tor kinase inhibitors ZD-1839 and CP-358,774
also appear to be showing good clinical re-
sponses, particularly in non—small cell lung
cancer (36-38). The EGF receptor kinase
inhibitors are well-tolerated, and the derma-
tological toxicities reported to date are most
likely mechanism-based.

Should the initial encouraging results with
these small-molecule protein kinase inhibi-
tors continue, it would reinforce efforts to
develop agents directed at the primary defects
in cancer. Furthermore, the results would
support continued efforts to develop protein
kinase inhibitors. Even though these agents
are competitive with respect to adenosine
triphosphate and might be expected to inhibit
other protein kinases, they appear to have
sufficient biochemical specificity to be well
tolerated by the patients. Other protein kinase
inhibitors in clinical trials (Table 1) also ap-
pear to be tolerated sufficiently to allow test-
ing beyond phase I (8, 16, 38, 39).

Broad-based pharmaceutical efforts have
also focused on developing inhibitors of far-
nesyltransferase (FTase) and matrix metallo-
proteinases (MMPs) (Table 1). FTase became
a major target for inhibitor development after
it was shown to catalyze an essential lipida-
tion step onto the COOH-terminus (the CaaX
sequence) of the ras oncogene proteins; with-
out this lipidation, Ras proteins cannot trans-
form normal cells into tumor cells (38, 40—
42). However, at least 20 other proteins have
been identified so far which are also sub-
strates for FTase, indicating that FTase inhib-
itors (FTIs) cannot be considered Ras-specif-
ic drugs. FTIs have not demonstrated any
strong antitumor activity in humans when
tested as single agents in phase I studies, but
several FTIs are now being tested clinically
in combination with other therapies based on
the enhanced antitumor activity seen in pre-
clinical cancer studies (38, 41).

MMPs are involved with multiple aspects
of tumor physiology including tumor cell me-
tastasis and endothelial cell invasion essential
to tumor angiogenesis (43). Given that there
are more than 15 different MMPs, a key
question is which MMPs one should inhibit.
The MMP inhibitors currently in clinical tri-
als have different specificities for the various
MMPs, and the results of these trials will help
in identifying the most appropriate biochem-
ical profile.

Several biological approaches to mecha-

nistically validated targets are showing prom-
ise in clinical trials (Table 1). The therapeutic
antibody C225 (made to the extracellular do-
main of the EGF receptor), in particular, is
achieving complete responses in head and
neck cancer when administered in combina-
tion with radiation (44). Therapeutic antibod-
ies are also being evaluated as antitumor
agents against the angiogenesis targets VEGF,
KDR, and an integrin (45). Promising results
are being reported for antisense oligonucleo-
tides directed at key regulatory proteins in
tumor cells, and may offer methods to inhibit
enzymes that are difficult to specifically in-
hibit biochemically (46, 47). Antisense oli-
gonucleotides also offer a means to attack
proteins that are not amenable to small-mol-
ecule inhibitor development. The up-regula-
tion of the anti-apoptotic protein Bcl2 is a
very common alteration in human cancer and
is associated with resistance to chemothera-
peutics and radiation (48). Inhibition of Bcl2
dimerization with pro-apoptotic partners has
so far proven difficult to disrupt chemically.
G3139 appears to effectively lower bcl2
RNA expression in tissues, and clinical tumor
responses have been reported with combina-
tion therapies (47).

Gene therapy has the potential to offer
new biologically based medicines. Some gene
therapy approaches have focused on the p53
protein, which until recently has not been
amenable to small-molecule inhibitor devel-
opment (48—51). In about 50% of tumors, the
p353 protein is either lost or mutated such that
it adopts a conformation that ablates its abil-
ity to bind DNA. Wild-type p53 is often
critical for an apoptotic response to DNA-
damaging agents, and therefore, loss of p53
function is a major cause of tumor resistance
to chemotherapeutic agents (48). Clinical tri-
als focused on p53 are trying to either rein-
troduce wild-type p53 back into tumor tissues
or to inoculate the tumor with a cytolytic
virus that replicates selectively in cells that
have lost wild-type p53 function (Table 1). A
recent study has provided proof-of-concept
that pharmacological approaches are also
possible to restore function to mutant p53
proteins (5/). In a screen that monitored the
active and inactive conformations of p53,
small molecules of 300 to 500 daltons were
identified that could restore functional activ-
ity to p53 proteins having one of four differ-
ent mutations. One of these compounds, CP-
31398, significantly inhibited tumor growth
in animals when it was administered at doses
that restored wild-type function to mutant p53.

Conclusions

The promise of new molecularly based med-
icines founded on a genetic understanding of
cancer is in the process of being realized, and
the clinical results will point to new research
directions. Some of the most exciting results

are obtained with agents directed against ty-
rosine kinases, either as therapeutic antibod-
ies or as small-molecule kinase inhibitors.
However, the problem of tumor instability
that might lead to resistance is a looming
issue, and it still remains to be seen whether
these new drugs will offer lasting survival
advantages to the patients. It is also apparent
that not all of the approaches are performing
as well as anticipated. There is clearly a
learning curve with respect to the best ways
to use these new agents, just as has been the
case in the development of traditional cyto-
toxic drugs. For example, many of the new
agents are being tested in combination with
therapies currently used to treat specific can-
cers. A number of toxicities are also encoun-
tered, some of which are mechanism-based
(EGF receptor inhibitors, FTIs, MMPIs) and
some of which are caused by the chemical
structure of drug unrelated to its mechanism
of action (phosphorothioate antisense oligo-
nucleotides) (38, 46). Nevertheless, these
newer agents are affording novel ways to
mechanistically attack cancer, even if one
cannot realize efficacy without toxicity.

An increased use of tumor genotyping to
guide the choice of cancer therapy can also be
anticipated (/), as is already being done in
breast cancer to determine estrogen receptor
and HER-2 status. The ultimate goal is still to
obtain the best agents that will achieve com-
plete and durable responses. Targeting the most
appropriate patients may be a way of using
newer medicines in the most effective manner
and achieve a therapeutic index (a ratio between
the dose that achieves an antitumor effect ver-
sus the dose that gives toxicity) that is greater
than currently obtainable in the clinic with cy-
totoxic agents. This promise is being realized in
current clinical trials with the Bcr-abl protein
kinase inhibitor. One can also envision highly
safe drugs that can prevent cancer, as is being
anticipated with newer SERMs for breast can-
cer, Sa-reductase inhibitors for prostate cancer,
and inhibitors of cyclo-oxygenase 2 for colon
polyps and potentially colon cancer (52). Each
step in this slow and sometimes stochastic pro-
cess, however, should benefit from rigorous
target validation and novel mechanistic ap-
proaches to enhance the cancer drug develop-
ment process.
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Harnessing the Power of the Genome in
the Search for New Antibiotics

John Rosamond and Aileen Allsop*

Over the past 40 years, the search for new antibiotics has been largely
restricted to well-known compound classes active against a standard set
of drug targets. Although many effective compounds have been discov-
ered, insufficient chemical variability has been generated to prevent a
serious escalation in clinical resistance. Recent advances in genomics have
provided an opportunity to expand the range of potential drug targets and
have facilitated a fundamental shift from direct antimicrobial screening
programs toward rational target-based strategies. The application of ge-
nome-based technologies such as expression profiling and proteomics will
lead to further changes in the drug discovery paradigm by combining the
strengths and advantages of both screening strategies in a single program.

The science of genomics has largely been driv-
en by the desire to understand the organization
and function of the human genome. However,
determination and characterization of smaller,
less complex genomes, notably bacteria and
yeast, has preceded that of the human genome,
providing a testing ground for high-throughout
screening procedures. For example, the Saccha-
romyces cerevisiae genome project, which de-
livered the first complete eukaryotic genome
with 16 chromosomes and about 6200 genes
(1), provides a model for ways in which DNA
sequence information can be used to direct the
subsequent systematic study of biochemical
and functional processes (2, 3). Furthermore,
new approaches are being developed for ex-
tracting information concerning gene expres-
sion, protein levels, subcellular localization and
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functionality (4, 5), providing for the first time
a “genome view” of how an organism grows,
reproduces, and responds to its environment.
Many of the complete genomes determined
so far are of microorganisms, and further mi-
crobial genomes are being sequenced (Fig. 1).
Microbial genomics are already revolutionizing
the pharmaceutical industry’s capability for an-
timicrobial drug hunting—and none too soon.
Most antibiotic drugs used today are derivatives
of agents which have been in the clinic for more
than 30 years (or even longer in nature as
natural products). This in itself would not be a
problem, were it not for the remarkable ability
of microorganisms to evolve and adapt. The
biggest threat is antibiotic resistance (6—3§).
This has always been an issue, but in the early
years of penicillin use pathogens depended on a
single resistance mechanism, whereas many
strains found in the clinic today have acquired
multiple systems to reduce or avoid the action
of an antibiotic (9, 10). Most threatening of
these are the mechanisms that involve changes

in the target site for antibiotic interaction, con-
ferring levels of resistance to all compounds
with that same mechanism of action. Further-
more, the DNA coding for these processes can
be transferred between related strains, and the
short generation time of many microorganisms
facilitates the opportunity for gene selection
even during a short course of drug treatment
1.

Resistance is not the only problem, howev-
er. As clinical practice changes to encompass
greater use of invasive procedures and patients
live longer, more and more individuals are be-
coming dependent on adequate antimicrobial
cover. This is particularly relevant in the case of
immunocompromised patients, who may be in-
fected even by normally nonpathogenic organ-
isms. Unfortunately, the use of antibiotics can
select for such infections which are not sensi-
tive to standard therapies. For example, in Eu-
rope, 10% of infections in intensive therapy
units involve Acinetobacter sp. highly resistant
but previously rare pathogens (12). In this way
not only is resistance escalating, but also a new
range of organisms have to be considered as
potential pathogens.

There is therefore a need for a range of new
drugs with new mechanisms of action, not sus-
ceptible to existing resistance mechanisms and
in sufficient numbers to reduce reliance on a
small number of chemical classes. Almost all
antimicrobial compounds in the clinic today
have come from semi-rational optimization
programs based on compounds, often natural
products, identified by whole-cell, antimicrobi-
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