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Advances in big data and therapeutic target validation technology
has yielded a multitude of new targets that would constitute first-in-
class medicines [1]. Despite this deluge of information identifying safer
and more effective pharmacological strategies, the targets of nearly
half of all new molecular entities belong to three classes (GPCRs, ion
channels, nuclear receptors) [2].

The rising costs of research and development, coupled with the low
probability of reaching approval, have resulted in many big pharma’s
being risk adverse and less likely to pursue novel targets. Research
and development to point of marketing costs have been increasing
at an annual rate of 8.5% above inflation [3]. On the order of 90% of
the compounds entering clinical trials do not meet the requirements
for FDA approval [1]. Insufficient safety and efficacy are estimated to
account for 66% and 21% of failures at phase I, respectively [4]. Taking
into consideration the associated costs of these program failures, a new
prescription drug approval is estimated to require an $2.588 billion
USD [3].

How can the cost of development be lowered and the risk mitigated?
Common strategies are centered around taking the road as extensively
traveled as possible. Introducing minor modifications to existing drugs
has proven to be a much less rocky path to development. This also
allows for the revenue streams from blockbuster drugs to be retained
instead of ‘falling off the patent cliff” to the generics market, which is
estimated to nearly double from 2010 to 2017 [4,5]. But do these new
variants constitute an improvement? An analysis of 122 drugs approved
between 1999 and 2005 indicated that only 13 were superior to already
available drugs [6]. The drawbacks of this approach are evident in
the field of antibiotic discovery. Drug resistance has rapidly emerged
to third- and fourth-generation cephalosporins [7] leading to fifth-
generation drugs, such as ceftobiprole. Other approaches involve not
creating a new drug at all, these include: utilizing new combinations of
existing therapeutics, new formulations, or drug repurposing for a new
indication [8].

There has been a gravitation away from higher risk (and higher
reward) pharmacological targets and creating truly novel chemical
entities. This can be attributed, in part, to the challenges encountered
by major research initiatives within big pharma. Proteins that elicit
their physiological effect through non-enzymatic interactions with
other proteins have been considered by many to the most exigent of
the untapped target classes [9]. In examining the high-throughput
screening program success rates of AstraZeneca (2004-2008) by target
type, of the 16 different classes only protein-protein interaction targeted
programs (5 total) failed to provide a lead candidate [10]. Another
example are the efforts in antibiotic development by GlaxoSmithKline
from 1995-2001 [11]. To extend beyond the confines of these “me too”
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antibiotics, they evaluated over 300 genes for essentiality in bacterial
strains for new drug targets. This led to 70 high-throughput screening
campaigns, the majority of which failed to even yield any hits [11].

While these discouraging results lend credence to pursuing lower
risk alternatives; where there are challenges, there are opportunities.

Analysis of the sizes of screening collections for GlaxoSmithKline,
Novartis, Sanofi-Aventis and Wyeth ranged from roughly 300,000
to 2,000,000 molecules [12]. The consensus estimate of the chemical
space (all possible stable molecules) for compounds having a molecular
weight of less than 500 Da is on the order of 1060 different molecules
[10]. To put these numbers into context, as of November 11, 2016
there are 92,366,303 molecules reported in the PubChem database - a
minuscule fraction of the possibilities.

To successfully modulate these desirable untapped targets, we need
to extend beyond the confines of existing libraries. This necessitates
exploring chemical space in a manner that hones in on molecules
matching target specific features, with physiochemical properties/
structural characteristics that will enable successful development.
Diversity oriented synthesis is one approach to build libraries with
members in new regions of chemical space, wherein the strategy is to
access as many structurally distinct architectures in as few reactions as
possible [13]. This, however, is limited by the availability of resources
for compound synthesis.

Recently, computational enumeration of every stable combination
up to just 17 atoms of C, N, O, S and halogens yielded 166,443,860,262
distinct molecules (GDB17 database) [14]. Many of these compounds
in the GDB17 have exotic ring systems and multiple stereogenic centers,
and are extremely difficult synthetic feats. The challenge becomes how
to most accurately and efficiently parse through billions of molecules
to the synthetically accessible, and therapeutically relevant structures.

Computational tools used for structure-based drug design have
played a role in the discovery and/or optimization of over a dozen
small molecules that have entered the clinic [15]. Of the numerous
computational resources available, molecular docking programs are
the most widely utilized [15]. Docking programs use a selected three-
dimensional target structure, and provide a calculation of affinity
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(score) and predicted binding orientation (pose) for a ligand input.
These programs are commonly used in the virtual high-throughput
screening of available libraries, for the selection of only minor subset
for physical testing in laboratory assays. Performing docking prior to
testing has been shown to dramatically improve hit rates compared to
conventional HTS [16]. However, scores are notoriously uncorrelated
with observed affinity, attributed to multiple potential points of error
(scoring function accuracy, physiological relevance of the structure
used, solvation effects, etc.) [17]. This approach has proven to be the
most valuable for narrowing down the realm of possibilities, as opposed
to precise affinity comparisons; facilitating more focused testing. The
accuracy for hit identification is increased substantially through using
intricate knowledge of the target biochemistry and combining multiple
computational tools [18], which are selected based on the specific
characteristics of the target and ligand set.

Other approaches have been fruitful in recent years for yielding
new drugs are those involving fragment-based drug discovery (FBDD)
[19]. FBDD has led to more than 30 compounds in clinical trials,
including two FDA approvals [19]. The general concept is simple —
start small and work your way up. This entails the initial screening of
low-molecular weight compounds (< 300 Da) at high concentrations
(> 500 uM) [19]. The generally very weak target binders identified
in fragment screens undergo iterative rounds of analoging and assay
evaluation until a potent, drug-like lead is produced for further testing.
While typically labor intensive, FBDD approaches extend beyond the
confines of chemical space encompassed by in stock libraries, to help
yield novel compounds with high specificity. The exemplification of this
is with the breakthrough drug venetoclax for the treatment of chronic
lymphocytic leukemia [19]. This orally bioavailable, 868 Da small
molecule is a completely novel structure that began with fragments as
low as 150 Da [19].

While R&D costs continue to rise with a low probability of program
success, advancing technologies and new strategies are showing great
promise for drug discovery. How can productivity and innovation be
further improved? - Interdisciplinary cross-talk.

There needs to be a transition out of one size fits all “drug-like’,
and tailor nascent discovery approaches to the biology of the specific
indication. This is particularly pressing for antibiotic development
[20]. There has been a prohibitive disconnect between biochemical
assay activity to efficacy against the live bacterium [20]. This has been
largely attributed to the unique prokaryotic physiology and lack of
an understanding of what makes compounds “antibiotic-like” [20].
Overcoming biological challenges, such as cell wall permeation and
drug extrusion by efflux pumps, can most productively facilitated
through a close concerted effort by biochemists, microbiologists and
synthetic chemists.

In general, physiochemical properties of drugs and the regions
of occupied chemical space can differ significantly depending on
the indication [21,22]. Discovery programs would benefit from
a more extensive molecular descriptor profile, and incorporating
better predictive models for toxicology and other factors associated
with attrition [23,24]. The earlier in a program an interdisciplinary
framework for discovery can be implemented, the greater the
opportunity for innovative new drugs.

We propose that success can be improved by beginning with
even smaller starting points (<100 Da) and utilizing computational
enumeration with retrosynthetic analysis, to create extensive target-
specific libraries. These same principles that have led to success in
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fragment screening can be streamlined using computational tools,
and with the three-dimensional structure of the target and thorough
knowledge of its biochemistry as a guide. Starting with sub-structures,
such as ring systems in successful drugs [25], has the advantage of
more space on a molecular canvas. This opens the door for flexibility in
design to complement the unique features of the target biochemistry;
while incorporating better predictive models of the factors associated
with attrition in the iterative design and selection process.

Meeting these challenges necessitates a much more cohesive
integration of emerging computational technologies with multiple
disciplines, to form a facile framework for the early discovery process.
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