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Lead optimization in the nondrug-like

space
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Drug-like space might be more densely populated with orally available compounds than the remaining
chemical space, but lead optimization can still occur outside this space. Oral drug space is more dynamic
than the relatively static drug-like space. As new targets emerge and optimization tools advance the oral
drug space might expand. Lead optimization protocols are becoming more complex with greater
optimization needs to be satisfied, which consequently could change the role of drug-likeness in the
process. Whereas drug-like space should usually be explored preferentially, it can be easier to find oral

drugs for certain targets in the nondrug-like space.

Introduction

Identifying the chemical space most likely to produce drug mole-
cules is crucial in lead generation (LG) and lead optimization
(LO). It is believed that certain sections of chemical space (i.e.
drug-like space), defined by molecular properties such as mole-
cular weight (MW), lipophilicity, hydrogen bonding capability,
among others, ismore likely to contain oral small-molecule drugs.
In his seminal paper, Lipinski [1] concluded that a compound that
complies with Rule-of-Five (ROS) is less likely to carry absorption
and solubility liabilities. This association between simple mole-
cular features and the pharmacokinetic (PK) profile has been
expanded over the past decade by multiple analyses [2-4] to
establish the concept of drug-likeness. It is now widely accepted
that drug-like compounds tend to possess certain favorable PK
properties such as aqueous solubility and cell permeability. Some
experts have cautioned, however, not to follow these rules too
strictly [5,6] and it has been recognized that ‘many valuable
discoveries can be made at the margins or even outside areas
considered mainstream’ [7]. Recent analyses showed that 20% of
oral drugs violate at least one ROS rule [8]. Among the top ten
best-selling oral drugs in 2008: two are ROS violators; three
require metabolic activation to produce irreversible ligands to
exert their pharmacological effects; and one contains a dienenone
and a thioester group. It is clear that the drug-like space, as
currently defined, and the oral drug space where the oral drugs
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were actually found do not completely overlap. The drug-like
space is relatively static, whereas the oral drug space is more
dynamic.

The nature of the emerging targets, untreated diseases, modern
optimization tools and regulatory requirements constantly
evolves, which consequently leads to the changes of molecular
features of drugs. Historically, LO has been a complex process and
is becoming increasingly more sophisticated as new assays are
incorporated in the LO protocols on a regular basis. Most pre-
clinical tests attempt to eliminate ‘losers’, but the ultimate goal of
LO is to identify and develop ‘winners’.

Given the limited annual first-in-class NCEs, even a small
number of false positives and/or negatives could significantly
impact productivity. It has long been a concern that the ‘search
for quicker and cheaper tests” might ‘add to the obstacles, uncer-
tainties and expense of developing drugs’, as articulated by Weath-
erall 29 years ago [9]. Assigning an appropriate weight to drug-
likeness in the ever changing LO protocols requires proper judg-
ment. Every year, millions of compounds are screened and hun-
dreds, maybe thousands, of advanced compounds with good
potency, selectivity and PK are produced. This huge effort only
generated 2-6 first-in-class NCEs per annum over the past decade.
Clearly, readily measurable properties such as PK might not be the
bottleneck in LO. It is an open question as to whether more
faithful compliance to the drug-likeness rules will improve R&D
output significantly.
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Drug-likeness: what does it mean?

The term ‘drug-likeness’ signifies different things to different
people within the pharmaceutical industry [10]. It is literally a
measure of how similar a compound is to a drug, and can only be
determined when the compound to be measured and drugs
targeting the same mechanism are characterized. A truly drug-
like compound should capture most of the essential features of
the drug molecule targeting the biological target of interest, and
should carry only minor liabilities that can be fixed by medicinal
chemistry techniques. Drug-like compounds clearly can, and
marketed drugs do, have drastically different chemical charac-
teristics depending on the nature and location of their biological
target(s) and anti-target(s), the PK profile needed, the nature of
the disease to be treated, and so on. A universal molecular
definition of drug-likeness in this sense is impossible because,
for example, vancomycin and aspirin share few structural simi-
larities. The term ‘drug-likeness’ in medicinal chemistry litera-
ture is more narrowly defined by several molecular parameters
(e.g. MW, clogP, polar surface area (PSA), rotatable bonds, etc.)
that appear to influence PK properties by retrospective analyses.
Therefore, ‘drug-like’ can be more appropriately termed as ‘PK-
friendly’.

LO in the nondrug-like space

The drug-like and nondrug-like spaces are not clearly separated
because all components of drug-likeness are not accurately defined
[11]. MW and rotatable bonds can be accurately counted and
hydrogen bond donors and acceptors can be readily identified,
but their strengths are influenced by the local environment and
are difficult to evaluate. LogP and PSA as measurements of lipo-
philicity and polarity, respectively, cannot be calculated reliably
[12].

The most convincing liability associated with nondrug-like
compounds is the poor PK properties, but PK-related attrition
has been comparatively insignificant in recent years [13] and ‘over
optimization’ of PK might increase other types of attrition. The
weak correlation of PK properties across species further compli-
cates the association between drug-likeness and human PK [14]. It
has also been observed that high clogP can increase the promis-
cuity of a molecule and thus be linked to toxicity [15]. For most
targets, however, the more lipophilic compounds also tend to be
more-potent ligands and might not result in a reduced therapeutic
window. In addition to Lipinski’s analysis on the physicochemical
properties of experimental drugs, Wenlock [3] and Vieth [16] have
demonstrated that drugs have lower MW and clogP than discon-
tinued candidates and highly active ligands, respectively.
Although these observations indicate drug-like compounds can
contain other superior qualities in addition to PK properties,
several investigators have observed that final drugs are often larger
and greasier than their lead compounds [17], which paradoxically
implies drugs are less ‘drug-like’ than the lead compounds. Taken
together, it can be concluded that drug-like space might be more
densely populated with orally available compounds, but how
productive this space is in generating oral drugs remains to be
determined.

Given the associated PK advantages, the drug-like space should
generally be explored preferentially but some caveats exist. The
distribution of orally available compounds on the chemical space

has not been determined and the difference between the drug-like
space and the remaining chemical space has not been quantified.
Although 80% marketed oral drugs share drug-like physicochem-
ical profiles, they might not be representative of drug-like com-
pounds because other confounding factors (efficacy, safety, etc.)
are involved. Assuming the drug-like space contains 80% of the
oral compounds, this 4-times enrichment might not be an over-
whelming advantage when weighed up against the risks (e.g.
inadequate potency, selectivity, targeted tissue distribution,
etc.) that can cause problems for certain programs. Depending
on the target of interest, other optimization needs could prevail
and future discoveries should not be confined solely in the drug-
like space. When the desired properties require conflicting mole-
cular features, some properties might need to be in the suboptimal
zone to maximize the overall molecular quality.

Newer classes of targets such as proteins with binding pockets
that are large and shallow (e.g. protein-protein interactions, PPI)
or highly hydrophilic (e.g. protein phosphatases, PPs) or highly
lipophilic (e.g. cholesterol ester transfer protein, CETP) often
require nondrug-like ligands. New strategies such as rational
design of multiple ligands also demand large molecules to achieve
dual activity. These targets and strategies represent new therapeu-
tic opportunities, define the limit of state-of-the-art science, drive
the invention of useful technologies and should be investigated
intensively to expand the oral drug space.

Other forces can contribute to the production of nondrug-like
candidates. For example, no screening compound collection is
complete and the drug-like scaffolds might not be currently avail-
able even though they theoretically exist. Larger and more-com-
plex molecules can also provide higher selectivity [18]. More-
lipophilic compounds, although less soluble in water and less
metabolically stable, also tend to have a larger volume of distribu-
tion [19] and longer exposure and can be useful under certain
circumstances. Finally, the skills of the medicinal chemists can
influence the quality of the compounds that they produce, but it is
a fine line between designing compounds with no ‘taste’ and
following rules with no discipline.

Proteins with large and shallow binding pockets
Potency against the desired target is crucial for a drug to exert
therapeutic effects. At a tolerable dose the drug compound must
achieve adequate exposure to modulate the target of interest to
an appreciable degree. For some targets, however, it has proved
challenging to achieve sufficient potency with drug-like com-
pounds [20]. For example, protein—protein interactions often
involve large, shallow and featureless binding pockets that are
difficult to bind with drug-like molecules [21]. Biologically,
however, protein-protein interactions are central to several
key cellular signaling pathways and represent potential drug
targets [22].

Significant progress has been made in the past decade on this
class of important but challenging targets. The most notable
example is the B-cell lymphoma-2 (Bcl-2/xL) inhibitor ABT263
(1, Fig. 1), which is in Phase II clinical trials for cancer [23].
Although ABT263 has a MW of 974 Da, its PK profile is acceptable
for oral dosing. Potent small-molecule ligands for several other PPI
targets have also been discovered and some PPIs are now consid-
ered druggable targets [24].
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FIGURE 1
B-cell lymphoma-2 (Bcl-2/xL) inhibitor ABT263.

Proteins with highly lipophilic binding pockets

Proteins with extremely lipophilic binding pockets can usually
only bind highly hydrophobic molecules. Marketed drugs tar-
geting this type of protein, such as lipid GPCRs, are typically
nondrug-like (high MW and clogP). CETP transports insoluble
cholesterol ester and triglycerides, and has attracted much
attention owing to its potential in preventing cardiovascular
events [25]. CETP is soluble but nearly 50% of the amino acids in
CETP are hydrophobic residues, which presumably form the
binding pockets for its substrates. This hydrophobic nature of
the CETP binding pocket determines the physicochemical prop-
erties of the ligands. The most advanced candidates are all
highly lipophilic molecules (Fig. 2). A large Phase III trial (ILLU-
MINATE) revealed that torcetrapib (2, Fig. 2) caused more car-
diovascular events than placebo and its development was
terminated prematurely [26], whereas anacetrapib (3, Fig. 2)
and dalcetrapib (4, Fig. 2) are currently being evaluated in

late-stage clinical trials. These molecules are not drug-like, but
their therapeutic potential warranted the medicinal chemistry
effort and compounds with acceptable PK profiles have been
successfully identified.

Proteins with highly hydrophilic binding pockets
Protein phosphatases catalyze the hydrolysis reactions of phos-
phoesters and, along with protein kinases, regulate protein phos-
phorylation—one of the most important cellular events.
Unsurprisingly, PPs tend to form highly polar binding sites and
their ligands often contain a large number of hydrogen bond
donors, acceptors, and negatively charged groups. These features
result in poor cell permeability and, thus, prevent the ligands
from reaching their intracellular targets. No orally administrated
phosphatase inhibitors have been approved for human use yet.
Protein tyrosine phosphatase 1B (PTP1B) was probably the most
intensely researched of the PPs [27]. PTP1B was considered a
highly validated target for diabetes ten years ago and has been
studied extensively by several major pharmaceutical companies.
The protein can be crystallized and structure-based drug design
was routinely used.

PTP1B has a hydrophilic catalytic pocket, which is highly
homologous with that of T-cell protein tyrosine phosphatase
(TCPTP). All potent PTP1B inhibitors are highly polar compounds,
few of which can penetrate the cell membrane. To achieve selec-
tivity against TCPTP, even larger and more-hydrophilic ligands
were needed to bind a second binding site of PTP1B, which is less
homologous to that of TCPTP. Using fragment-based technology
guided by X-ray crystallography scientists at Abbott discovered
several potent and selective PTP1B inhibitors (Fig. 3). The doubly
charged compound 5 (Fig. 3) was highly potent and moderately
selective again TCPTP, whereas the monoacid 6 (Fig. 3) was less
potent but more selective and showed cellular activity [28]. As a
result of the daunting structural requirements, no PTP1B inhibi-
tors have passed Phase II clinical trials—even with the assistance of
powerful technologies and large investment from major pharma-
ceutical companies. This type of scientifically valuable research is
the only way to define the (non)druggability of novel targets
convincingly, as well as the limitations of the state-of-the-art drug
discovery.

FIGURE 2
Advanced cholesterol ester transfer protein (CETP) inhibitors.
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FIGURE 3
Selective protein tyrosine phosphatase 1B (PTP1B) inhibitors.

Multiple ligands

Some diseases are multifactorial and drugs targeting multiple
biological targets can be more efficacious and less toxic than
selective pharmaceuticals [29,30]. Several marketed drugs, espe-
cially CNS (central nervous system) drugs, are promiscuous but
they were often discovered by serendipity rather than rational
design [31].

Rational design of multiple ligands has emerged as an attractive
strategy in recent years. Because multiple ligands aim to target
more than one protein they tend to be large and nondrug-like [32].
A recent successful example is anticancer drug lapatinib (7, Fig. 4)
[33]. The dual agent lapatinib inhibits epidermal growth factor
receptor (EGFR) and human epidermal growth factor receptor 2
(HER2) equipotently with an ICs of ~10 nM. Although these two
kinases share substantial homology, a large ligand was needed to
achieve high potency against both with acceptable PK properties.
Lapatinib has a MW of 581 Da and its water solubility is low, but it
can be dosed orally although the absorption is incomplete and
variable according to its label. This example demonstrates that, to
give a novel therapeutic strategy a chance, using nondrug-like
compounds is a risk worth taking and can be successful.

Other optimization needs can also escalate MW and lipophili-
city. For example, most drugs targeting biogenic amine receptors
are larger and greasier than the endogenous ligands such as
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FIGURE 4

Epidermal growth factor receptor (EGFR) and human epidermal growth factor
receptor 2 (HER2) dual inhibitor lapatinib.

dopamine and serotonin to achieve adequate selectivity. Owing
to the small molecular size of the biogenic amines, most of these
drugs are within drug-like range but selectivity can clearly be a
driver for even larger compounds for certain targets (e.g. TCPTP-
selective PTP1B inhibitor §, Fig. 3). Lipophilic compounds tend to
distribute into tissues, which leads to longer exposure. Several
lipophilic drugs (e.g. penfluridol, astemizole, pimozide) from
Janssen Pharmaceutica have been designed to have long duration
of actions. LO is complex and drug-likeness should be evaluated
against other properties in the decision making.

First-in-class, best-in-class and withdrawn drugs

For several classes of drugs, the best-in-class drug is less drug-like
than the first-in-class drug, suggesting LO should not always be
directed toward making more-drug-like compounds. For instance,
all follow-on statins have higher MWs than the first-in-class
lovastatin, which is a RO5-compliant drug-like compound, and
the best-in-class atorvastatin has a MW of 558 Da. Interestingly,
the oral bioavailability of atorvastatin (14%) is higher than that of
lovastatin (<5%). Had the LO been directed to designing more-
drug-like compounds atorvastatin might not have been synthe-
sized. In the field of anti-arrhythmics, the most effective agent is
amiodarone, which is the least drug-like (MW =645 Da,
clogP = 8.9) and dirtiest of all anti-arrhythmics [34].

Similarly, the withdrawn drugs are not necessarily nondrug-like
or less drug-like than the drugs remaining on the market from the
same class. For example, among the 18 small-molecule drugs that
have been withdrawn from the major markets between 2000 and
2010, four (22%) violate at least one ROS5 rule while the other 14
are ROS compliant. The ROS compliance rate of these withdrawn
drugs is almost identical to that (20%) of the marketed drugs.
Among the four violators, troglitazone has two ROS5-compliant
analogs that remain on the market and rapacuronium has several
analogs that violate the same rule but remain on the market.
Among the ROS-compliant withdrawn drugs, ximelagatran and
cerivastatin, each has one ROS-violating analog on the market
(dabigatran etexilate and atorvastatin, respectively). Drug-likeness
does not appear to correlate well with the fate of marketed drugs.
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Compensating nondrug-likeness

Sometimes low oral bioavailability can be compensated by other
PK properties or improved by novel formulation technologies. For
example, the rennin inhibitor aliskiren has a low oral bioavail-
ability of 3%, but it is sufficient to produce the desired therapeutic
effect owing to a long half-life and a favorable distribution in the
kidney [35]. The clogP for torcetrapib (2, Fig. 2) is 7.5, but the
aqueous solubility can be improved by 100-fold with spray-dried
dispersion formulation [36]. Using prodrug is another method that
can enhance PK properties, particularly solubility and permeabil-
ity [37]. For example, the clogP value (7.5) of anticancer agent
miproxifene is high and the water solubility of this drug is low. Its
phosphate prodrug increases the aqueous solubility by ~1000-fold
[38] and a reasonable oral bioavailability was achieved. These
options should be considered when making LO decisions. Finally,
although oral administration is frequently preferred, other deliv-
ery methods can be acceptable and nearly 50% of FDA approved
drugs are not oral drugs [39].

Closing remarks

Oral drug space is likely to expand in the future as optimization
tools advance to allow the exploration of less druggable targets.
Drug-likeness rules are helpful guidelines in finding orally avail-
able compounds, but appropriate application of these rules as
LO becomes more complex can be subtle. Drugs are considered
‘Black Swans’ that do not follow the normal distribution and
few breakthrough drugs would have succeeded if the drug
hunters had not taken extraordinary risks. For example, when
the anti-acid cimetidine project was initiated the existence of a
H, receptor on parietal cells and the role of antihistamines in
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