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1. Introduction

The rule of five (Ro5) was originally published in 1997 and was
based on the physicochemical profiles of phase II drugs [1]. In this
mini-perspective I reflect on how: The Ro5 is consistent with what we
now know about the structural limitations of protein targets and on
the drugs that are ligands for the protein targets. Three of the four pa-
rameters in Ro5 are fundamental to the structure of both target and
drug binding sites. The chemical structure of the drug ligand depends
on the chemistry toolkit used in the ligand synthesis and the design phi-
losophy behind the ligand. Two extremes of chemical structure and
design philosophy exist; the ligands constructed in themedicinal chem-
istry synthesis laboratory without input from natural selection and the
natural product (NP) metabolites biosynthesized by an organism
based on evolutionary selection. It is in this latter, NP class, that one
finds most of the exceptions favorable to oral absorption from the
Ro5. I hypothesize that the biophysical chemistry chameleon-like be-
havior of many NPs due to intra-molecular hydrogen bonding as exem-
plified by cyclosporine A is a strong contributor to Ro5 outliers among
NPs. Drug discovery project decisions can occasionally lead to develop-
ment of a non-NP Ro5 outlier. The orally active anti-cancer drug
Navitoclax, now in phase III studies, provides an excellent example of
the extensive expertise, resources, time and key decisions required for
the rare discovery of a non-NP Ro5 outlier.
1.1. Structural limitations of protein targets and on their ligands the drugs

Based on our current knowledge virtually all of chemical space is de-
void of biologically active compounds. “The limits of biologically rele-
vant chemical space are defined by the specific binding interactions
between small molecules and the three dimensional molecular recogni-
tion patterns on biological molecules, such as proteins, RNA and DNA,
which have evolved over billions of years” [2]. Measured in terms of
physicochemical properties and topological descriptors of the ligand,
therapeutically useful ligands appear to cluster together in galaxies.
Clustering of ligand cavities, the binding partner of the ligand, is not
well predicted by either sequence or fold space. There are differences
in the similarities in sequence-, fold- and cavity space such that cavity
space is most similar to ligand binding space [3]. A consequence of
this is the cross reactivity observed not only for co-factors (to be ex-
pected) but also for ligands of proteins of unrelated sequence or fold
(unexpected). In a study of the same ligand binding to unrelated pro-
teins almost half of the instances involved the ligand binding to unrelat-
ed residues in the two proteins [4]. The cross reactivity observation is
pertinent both to issues of off-target toxicity and to opportunities in
drug repurposing. Until the last decade an unanswered question was
whether the galaxies of biologically active compounds are evenly and
sparsely distributed and therefore hard to find, or whether most of the
chemical universe is ‘empty’ (containing no therapeutically interesting
compounds), with galaxies of therapeutically interesting compounds
scattered far apart [2]. The clear evidence that biologically active com-
pounds exhibit small world clustering behavior [5] indicates that the
second alternative is correct, namely that most of chemical space is
“empty” and devoid of biologically active compounds and correspond-
ingly thatmost of protein sequence space is devoid of functional activity
[6]. It is important to note some limitations on the observation that
biologically active compounds are clustered in protein sequence space.
Virtually all the data behind this observation are based on ligands of
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monomeric proteins. There are too few ligands against protein–protein
interactions and too few ligands against nucleotide, carbohydrate or
lipid targets to draw any conclusions on the nature of biologically active
space against these target classes.

1.2. The immensity of chemical space

The number of possible small molecules is unimaginably large. For
example, the chemical space of small molecules with molecular weight
of 500 or less and containing the common atoms found in drugs is esti-
mated at 1060 [7]. The number of 62membered peptides containing any
of the twenty common amino acids (AA) is approximately1080. The
number of atoms in the universe is quoted as 1080 [8]. The theoretical
chemical space possibilities for any protein likely to be a drug target
(i.e. more than 62 AA) is similar or larger than the number of atoms in
the universe. How do experimental observation compare to theoretical
possibilities?

1.2.1. The number of experimentally observed protein folds
The number of experimentally observed protein folds in the PDB da-

tabase is just under 1400 and the total of folds is unchanged for almost
the last decade [9]. It is highly likely that at about 1400 folds we are at
the asymptote of the total number of physically possible protein folds
[10]. The shape of the ligand binding pockets in experimental X-ray
peptide structures has been computationally estimated and the endog-
enous ligand binding site is usually the largest, most hydrophobic and
geometrically most complex pocket of a protein. Moreover, druggable
pockets form a distinct cluster in pocket descriptor space [11].

1.2.2. The total number of pockets
The total number of pockets in a protein is in the range of 1400–2000

depending mostly on whether the pocket is unoccupied by a ligand
(which gives the smaller number) or whether the pocket is occupied
by a ligand (which gives the larger number). The total also depends
somewhat on the definition of shape similarity. The database of pockets
occupied by ligands has been termed the “pocketome” [12]. Larger un-
occupied pockets can sometimes beoccupied by structurally different li-
gands withmovement in the protein to accommodate the ligand with a
consequent change in pocket shape. The general pattern is that smaller
pockets occupied by smaller ligands tend not to change shape on ligand
binding. It is in the larger pockets that pocket shape may change on
binding of a larger ligand. For both protein structures (i.e. drug targets)
and drug binding sites in the target proteins the small number of shape
structural possibilities is an incredibly small fraction of the theoretical
possibilities in chemical space.

How does the number of drug target pocket shapes relate to the
number of possible shapes for drugs? The number of protein pocket
shapes represents a lower limit. The number of drug ligand shapes is
certainly much higher than the number of drug target pocket shapes.
Many drugs are capable of multiple conformations and the old idea
that one should limit the choices by only considering conformations
within 3 to 4 kcal of the global minimum is incorrect [13]. There are ex-
treme cases in which the bound conformation of a drug can be as much
as 9 kcal above the global minimum energy conformation. In addition,
the pocketome compilation is based on protein X-ray structures. Many
targets and their ligands have no X-ray data on the target. Finally, a li-
gand can project out of a protein pocket into solvent space thus increas-
ing the ligand shape possibilities.
arget and ligand structural limitations, ligand chemistry structure and
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1.2.3. The chemical space of proteins and that of drug binding sites
The chemical space of proteins and that of drug binding sites is very

limited.Why is this? The answer lies in the biophysics of the close pack-
ing of a protein. The crystallization of a protein (i.e. an alpha AA poly-
mer) is determined by an inter play within the protein relating to an
achievement of maximum density for the packed protein while still
allowing for satisfaction of protein hydrogen bond donors and accep-
tors. These factors almost always work in opposition to each other and
the final state of a protein is the lowest free energy compromise. The
same compensatory process works in small molecule crystallization.
The driving force leading to maximum density is the result of solvent
pressure on the surface of the packed protein. The drive to satisfy all hy-
drogen bonddonors and all the strong andmoderate hydrogen bondac-
ceptors is the very large energy penalty resulting from an unsatisfied
hydrogen bonding partner. The drive to satisfy hydrogen bonding is
the reason for the tightly bound water that is found within a protein
structure since there may be insufficient numbers of internal hydrogen
bond donors within a protein to satisfy the stronger and moderate hy-
drogen bond acceptors within the protein. The hydrogen bond donating
and accepting ability of tightly bound water ensures that all the impor-
tant hydrogen bond donors and acceptors in the protein are satisfied.
Compared to the well characterized cavity behavior in monomeric pro-
teins, most of the global interaction features in protein–protein interac-
tions has focused on the “hot spots” that might represent a druggable
binding site [14]. However as described later in Section 4, the interac-
tion surfaces of protein–protein interactions tend not to have the
types of cavities found in monomeric proteins. Nature through evolu-
tion has capitalized on the inherent tendency of proteins to interact
with one another as a key feature in biological protein–protein interac-
tion signaling networks. The wide range of protein–protein interaction
energy possibilities, only some of which are useful in a signaling sense,
is a type of emergent phenomenon that is not readily apparent from
the relatively limited protein synthesis tool kit of 20 amino acids and
post translational modifications.
1.2.4. Compactly packed proteins have inherent biological activity
A compactly packed protein has inherent biological activity that de-

pends on the inevitable cavities and crevices that come from packing
imperfections and is independent of any evolutionary consideration.
Proteinsmade in a chemistry synthesis laboratorywithout any relation-
ship to known biological literature have been shown to have small mol-
ecule binding activity [15,16]. Evolution works on what already pre-
exists namely the biological activity inherent in the pockets and crevices
of incompletely packed proteins [17]. Current thought is that the shape
of the ligand binding site is the fundamental binding site property [18].
Support for this arises from the considerable and perhaps surprising
success in the last decade in using shape just by itself as a parameter
in medicinal chemistry quantitative structure activity relationships
[19]. The tweaking of electrostatic surface properties within a particular
cavity shape likely evolved to allow for specificity and greater catalytic
activity. There is a limit to the allowable evolutionary change in a cavity.
As the cavity evolves toward greater catalytic potency there is a general
tendency for the original protein folding to become increasingly unsta-
ble. At the stability limit, proteins begin to form structures leading to
gradually increasing insoluble aggregates many of which are currently
believed to be at the origin of multiple disease pathologies [20]. In addi-
tion “the stability of native proteins is primarily determined by hydro-
phobic interactions between sidechains, while the stability of amyloid
fibrils dependsmore on backbone intermolecular hydrogen bonding in-
teractions” [21]. The protein cavity size distribution modulated by solu-
bility and permeability considerations is largely responsible for the
allowable size range of orally acting drugs acting on monomeric target
proteins. The cavity size distribution of these targets has been studied
and corresponds well with the allowable range of the Ro5 molecular
weight parameter [22].
Please cite this article as: C.A. Lipinski, Rule of five in 2015 and beyond: Ta
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1.2.5. The compactly packed protein model is a bit over simplistic
The compactly packed protein model is a bit over simplistic. In real-

ity, the protein exists as a dynamic equilibriummixture of protein con-
formers each of which realizes its minimum Gibbs free energy through
different contributions of enthalpy and entropy to the total protein free
energy [23]. In X-ray protein structures this dynamic equilibriumman-
ifests as regions of structural disorder, larger atom thermal ellipse
boundaries and infrequently as different protein conformations within
the same X-ray unit cell. In NMR structures of the smaller proteins suit-
able for NMR studies the equilibrium is often seen as the direct detec-
tion of individual conformers. When X-ray and NMR structures of the
same protein are compared the RMSDs of the protein backbones are
similar and typically within 1 Å and most of the differences are found
in the amino acid side chain positions [24]. This is consistent with the
hypothesis that the target cavity shape is determined by the primary se-
quence and that the electrostatic component of ligand binding is mostly
influenced by the amino acid side chain composition.

Several binding modes can accommodate a ligand that is modestly
larger than predicted from target site scanning (hot spot scanning) of
a monomeric epi-protein. The phenomenon of “induced fit” in which a
ligand can induce a larger cavity as inmany kinase inhibitors is thought
to be due to the capture and stabilization by the ligand of one of the dy-
namic protein conformers. This phenomenon of activity in a somewhat
larger ligand is likely to be more common for those proteins whose
evolved function involves some type of significant molecular motion
as in a flap moving or a crevice enlarging. A somewhat larger ligand
than predicted from epi-protein hot spot scanning can also be accom-
modated if part of the ligand projects outside of the protein into solvent
space. With carefully constructed hydrophilic functionality projecting
into solvent space, aqueous solubility of the ligand can be improved
by medicinal chemists with little or no loss in overall ligand binding
energy.

1.2.6. Hydrogen bonding patterns are critical to the packing of proteins
Hydrogen bonding patterns are critical to the packing of proteins

and thus to the formation of the cavities and crevices due to incomplete
packing that are the binding sites for drugs. We now know quite a bit
about the hydrogen bonding characteristics of drugs. The three dimen-
sional characteristics of hydrogen bonding are well understood
from analyses of hydrogen bonds in small molecule complexes in
the Cambridge Structural Database and from hydrogen bonds in
protein− ligand complexes in the Protein Data Bank. From an analysis
of ligands containing multiple hydrogen bond donor groups it is appar-
ent that within a single ligand it is very difficult to accommodate more
than about two or three hydrogen bond donor groups with the precise
geometry needed for the maximum enthalpic energy benefit arising
from the optimal three dimensional positioning of a hydrogen bond
[25]. This phenomenon is often discussed in the context of entropy–
enthalpy compensation [26]. As a result, as the number of potential hy-
drogen bond donors in a ligand increases it becomes increasingly likely
that they will not contribute in a positive sense to ligand binding and
likely will detract from ligand binding. This observation is very consis-
tent with the common medicinal chemistry observation that it is diffi-
cult to improve potency by addition of hydrogen bond donor groups.
The directionality of hydrogen bonding places restrictions on the num-
ber of hydrogen bonds in a ligand quite apart from the effect of hydro-
gen bond donor and acceptor groups on membrane permeability [27].

1.2.7. The parameters of the Ro5 and their role for protein targets
Three of the four parameters in the Ro5 namely the hydrogen bond

donors and acceptors and the molecular weight are fundamental to the
structure of both protein target and drug binding sites. It should be
noted that the molecular weight is a more easily calculated surrogate
for molecular volume or size. Lipophilicity as in the log P parameter in
the Ro5 is a composite parameter, namely the ratio of drug solubility
in water saturated with n-octanol divided by the drug solubility in n-
rget and ligand structural limitations, ligand chemistry structure and
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octanol saturated with water. The log P parameter is ultimately derived
experimentally from an artificial system and thus, unlike the other
three Ro5 parameters cannot be directly related to target biophysical
properties.

1.3. Natural products (NPs)

The chemical structure of the drug ligand depends on the type of
chemistry and the choice of synthetic intermediates used in the ligand
synthesis and on the design philosophy behind the ligand. Two ex-
tremes of chemical structure and design philosophy can be identified.
In the first of these there are the ligands constructed in the medicinal
chemistry synthesis laboratory without necessarily any input from the
structures of NPs and with input from the range of available chemistry
intermediates and the existing repertoire of organic chemistry synthetic
transformations. Although it should be noted that, in practice, only a
very small subset of known synthetic transformations is typically used
to make compounds for biological screening [28]. The second extreme
consists of the NPs that are secondary metabolites biosynthesized by
an organism based on evolutionary selection. It is in this latter NP
class that one finds most of the exceptions to the Ro5 that are favorable
to oral absorption.

1.4. Most of the favorable exceptions to Ro5 occur among NPs

Most of the favorable exceptions to Ro5 occur among NPs. As a me-
dicinal chemist discussing NPs, I intend to focus on the chemistry and
evolutionary aspects and how these relate to drug discovery in general
and the Ro5 in particular. The NP chemistry assembly toolkit is “limited”
when compared to the much broader set of synthetic transformations
available in current synthetic organic chemistry. Among the NPs there
are only about eight building blocks; namely C1, C2, C5, C6C3
(phenylpropyl), C6C2N (phenethylamine), indole, C4N (pyrrolidine),
and C5N (piperidine) [29]. I think it is fair to say that nomodernmedic-
inal chemist would ever limit themselves to such a limited range of
synthons. One can speculate as to the cause of this limited set of basic
carbon building blocks. The current set is certainly capable of producing
an extraordinarily large number of final products because of the advan-
tages inherent in biosynthetic combinatorial chemistry and is self-
evidently adequate in an evolutionary sense. One could conservatively
conclude that the patterns of NP assembly are a triumph of millennia
of biology evolutionary selection and screening that completely out-
weighs the theoretical advantage of the larger experimental chemistry
synthesis toolkit developed largely over the last 100 years. The current
total of small molecule organic single molecule synthetic compounds
ever made totals about 70 million in the Chemical Abstracts Service da-
tabase and about the samenumber in the public domain UniChemdata-
base [30]. Only a fraction of these have ever been tested for biological
activity with the majority of biological testing occurring since the ad-
vent of high throughput screening in the early 1990s.

1.5. NP synthons are related to secondary metabolic target

A more speculative view regarding the patterns of NP assembly re-
lates to possible inherent advantages of NP synthons as they relate to
secondary metabolite target tissue penetration. It seems to me that a
secondary metabolite is of limited or no evolutionary advantage if it
cannot attain its intended target. The ability of some secondary metab-
olites to self-modulate biophysical properties related to membrane and
target penetration could have been an important feedback in the evolu-
tion of a combinatorial biosynthetic pathway and to the assembly and
chemistry fine tuning of NP synthons. I speculate that the chameleon
like property of NP's like cyclosporine-A (vide supra) might mostly be
available in the type of large macrocycle and substituent chemistry
found in a few NPs and not in the overwhelming majority of the near
70 million organic synthetics made to date. To be fair, there are some
Please cite this article as: C.A. Lipinski, Rule of five in 2015 and beyond: T
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purely synthetic approaches to small molecule chemistry that in a tem-
plate sense mimic the structure of regular secondary structure ele-
ments, such as alpha helices, beta strands and reverse turns found in
many enzyme-substrate/inhibitor and receptor agonist/antagonist
complexes [31].

The synthons for NPs derive from synthons in primary metabolism
and in the current way a medicinal chemist thinks are not terribly effi-
cient. For example, to biosynthesize shikimic acid, the precursor to an
aromatic ring from a carbohydrate primary metabolism synthon takes
seven steps with additional steps toward the human essential aromatic
amino acids phenylalanine, tyrosine and tryptophan.

1.6. The repertoire of chemistry synthetic transformations is huge

The repertoire of chemistry synthetic transformations is huge,
standing in contrast to the limited range of NP synthons. For example
the 6th edition of March's Advanced Organic Chemistry consists of
2356 pages packed with synthetic chemical transformations, mecha-
nisms for these and discussions of scope and limitations. Wikipedia as
of March 21, 2016 lists 723 organic reaction types. In considering NP
secondary metabolites the analogy to combinatorial chemistry is per-
haps apt since recent evidence suggests that only a fraction of the NP
secondarymetabolites capable of biosynthesis have actually been tested
by and found active through evolution [32].

1.7. The chemistry tool kit for NP biosynthesis might be special

The chemistry tool kit for NP biosynthesis might be special apart
from themillennia long NP evolutionary selection process. This is a sub-
ject of some debate best illustrated by the discussion of the flavonoids.
Flavonoids are famous, perhaps notorious, for their ability to bind to
multiple protein targets. The argument is made that since flavonoids
are biosynthesized by a protein they are better suited for affinity to pro-
tein targets [33,34].

1.8. Cheminformatics to relate chemical structure to biological activity

A cheminformatics classification of the chemical structure based on
the underlying chemical scaffold and the use of chemical similarity cal-
culations among purely synthetic drugs allows successful analysis of the
relationship of chemical structure to biological activity. There are literal-
ly dozens of publications on this general approach. The cheminformatics
approach works among laboratory made synthetic drugs because, in
general, the underlying scaffold is fairly rigid and so there is a one
to one equivalence between scaffold structure and chemical shape/
polarity signature.

The cheminformatics classification of the chemical structure based
on the underlying chemical scaffold has been successfully applied to
the most abundant (and often conformationally rigid) natural products
like steroids or flavones [35] aswell as across databases of natural prod-
ucts [36] but there is little information on the numericallymuch smaller
sets of macrocyclic and theoretically conformationally flexible natural
products (e.g. ketolides). I note that the importance of macrolide con-
formational flexibility to the efficacy (as opposed to permeability)
of macrolides as beyond Ro5 ligands is controversial with a recent
review [37] supporting the position that it is the edge on and face on
binding modes of macrocycles rather than conformational flexibility
per se that account for the prevalence of macrocycles in beyond Ro5
compounds.

1.9. NPs can be conformationally flexible

NPs can exist as potentially conformationally flexible ring structures
or as potentially conformationally flexible acyclic structures and both of
these classes can form one (or more) intramolecular hydrogen bond
(HB) between an HB acceptor like a carbonyl group and hydrogen
arget and ligand structural limitations, ligand chemistry structure and
oi.org/10.1016/j.addr.2016.04.029
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from an HB donor like an amide N–H or an O–H. The energetics of an
intra-molecular HB in aqueous environment is currently somewhat dif-
ficult to calculate and the calculation errors for a compound capable of
multiple hydrogen bonding possibilities are large enough so as to
make somewhat problematical anyfirm conclusions about the structure
of the most stable intramolecular HB conformer. In the literature one
can find schemes for classifying NPs as to likely biosynthetic origin
and also by scaffold [36]. However, one cannot find an atlas or compen-
dium of the actual shapes and polarities in aqueous medium of
conformationally flexible intramolecularly hydrogen bonded natural
products. This scientific deficiency in understanding that I have just de-
scribed does not mean that conformationally flexible intramolecularly
hydrogen bonded NPs cannot be used to attain a biological goal. This
is where evolution comes in. A billion or more years (or less) of empir-
ical screening for a desired biological phenotypic effect from a natural
product secondary metabolite can be very successful indeed without
any understanding whatsoever of what is going on in a biophysical or
mechanistic sense. It should also be noted that the phenotypic evolu-
tionary selection of NPs does not mean that the NP is selective for a par-
ticular mechanism. In fact there is considerable speculation that
evolutionary selection may often drive for polypharmacology and that
a desired phenotypic biological effect may often be due to a mixture of
often structurally related NPs [38].

1.10. NP's interact with target nodes of higher biological network
connectivity

NPs interact with target nodes of higher biological network connec-
tivity than are typically the targets of most synthetic drugs [39]. This is
called the “central hit strategy” in that the drug selectively targets central
node/edges of theflexible networks of infectious agents or cancer cells to
kill them [40]. The “network influence strategy” tends to work against
utility in those diseases, where an efficient reconfiguration of rigid net-
works needs to be achieved. This observation aligns with the document-
ed value of NPs as sources of antibacterial and cytotoxic activity since it is
much more difficult to develop resistance to a ligand targeting a more
complex signaling node than for a simpler node. The centrality of a
complex signaling node is likely to be associated with multiple pharma-
cological effects so the perturbation of a complex node may be more
problematic for non-cytotoxic therapeutic approaches.

1.11. The physicochemical properties of NP drugs

The physicochemical properties of NP drugs as a function of the time
period of discovery have been reviewed with the conclusion that lipo-
philicity and aromatic ring count were the most time invariant proper-
ties [41]. NPs as a class contain more macrocycles, a ring architecture of
12 ormore atoms, than do collections of synthetic compounds designed
for screening [42]. This observation aligns well with the observation
that the biological information content for a cyclic compound is gener-
ally greater than for its acyclic counterpart [43].Many types of biological
activity require permeability across lipid membrane bilayers. To the ex-
tent that this is a powerful evolutionary selection pressure perhaps it
might have influenced the NP biosynthesis toolkit. As a thought exper-
iment, it is hard to imagine an NP biosynthesis toolkit evolving toward
the excessively lipophilic and aqueous insoluble compound property
profile exhibited by combinatorial synthetic drugs in the early years of
HTS. I tend to think that the many cyclic structures, the multiple intra-
molecular hydrogen bonding possibilities and conformational mobility
possibilities in NPs are structural features intended at least in part to in-
crease membrane permeability possibilities.

2. Cyclosporine A—a NP prototype for a cyclic structure

CyclosporineA (Fig. 1) is a NPprototype for a cyclic structurewith, in
theory, multiple intramolecular hydrogen bonding possibilities and
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conformational mobility possibilities. Based on chemical structure cy-
closporine A is distinctly outside of Ro5 space, yet with formulation
help it is orally bioavailable. The solvent dependent conformation of cy-
closporine Ahas longbeen known [44]. In a series of elegant experimen-
tal and computational studies workers at Pfizer have shed further light
on cyclosporine A's biophysical properties [45]. Based on NMR studies
cyclosporine A adopts a markedly different intramolecular hydrogen
bonding pattern and shape and polarity depending on whether it is
found in aqueous polar or non-aqueous apolar medium.

Cyclosporine has 7 of the 11 peptide amide N–H′s in the cyclic pep-
tide backbone replacedwithN-methyls. In aqueousmedia the lipophilic
N-methyls in the cyclic peptide are buried within the interior of
the molecule and polar functionality is presented to the polar aque-
ous medium. In non-aqueous apolar medium all the lipophilic
amide N-methyls project on the outside of the molecule into the apolar
medium and the hydrophilic polar functionality is buried within the in-
terior of the molecule.

Cyclosporine is literally a chemical chameleon changing its shape
and polarity and its intramolecular hydrogen bonding pattern depend-
ing on whether it is in an aqueous or in a non-polar environment. This
type of chameleon like behavior has been previously well documented
for warfarin [46] and is likely fairly common in NPs although the num-
ber of experimentally well documented cases is low.

3. Ro5 and beyond

Drug discovery project decisions can lead to a non-NP Ro5 outlier.
The orally active anti-cancer drug Navitoclax now in phase III studies
provides an excellent example of the extensive expertise, resources,
time and key decisions required for the rare discovery of a non-NP
Ro5 outlier.

Protein–protein interactions (PPIs) pose a special challenge for the
drug that conforms to the Ro5 parameter limits. For example, interfaces
in PPI are usually flat and quite large (1000–2000 A2). This compares to
the deep clefts and cavities (300–500 A2) that bind the smaller Ro5
compliant compound [47].

Analysis of the buried protein surface in a PPI suggests aminimumof
about 500 A2 is required for a stable dimeric protein association. As a
consequence inhibitors of PPI have physicochemical properties outside
the range of Ro5drugs and are likely to bemore hydrophobic,more lipo-
philic and more likely to have a higher aromatic ring count than Ro5
compliant compounds. The bias against Ro5 non-compliant compounds
in most HTS screening libraries is likely one factor in the failure of al-
most all HTS campaigns to discovery viable PPI inhibitor leads [48].

As ligand molecular size increases it is difficult to cover chemical
space in screening libraries as large as a fewmillion discrete compounds
[49]. This limitation can be overcome to some extent by using DNA
encoded libraries in which library sizes of several billion DNA tagged
small molecules may be possible [50]. The PPI surface can be quite lipo-
philic and bland in the sense that the PPI depends onmultiple small en-
ergetic interactions spread over a broad area rather than the crevice or
hole “hot spot” found in amonomeric protein drug target. The PPI target
poses a special problem in small molecule drug discovery since the
property profile for a PPI drug, if it could be found, would likely be
very non RO5-like. In fact, in the early years of HTS screening despite
considerable screening effort, the success rate on finding anything use-
ful in an HTS screen directed at a PPI target was close to zero. In recent
times PPI targets havemoved fromundruggable to just druggable, albeit
with very considerable effort, largely due to the advances in fragment
screening [51] and from an increased understanding of the features of
the protein–protein interface that lead to druggability [52].

3.1. Navitoclax—a non-NP Ro5 outlier

Navitoclax (Fig. 2) is an oncology drug discovered at Abbott that is in
phase III clinical studies and that is directed at a PPI target that was
rget and ligand structural limitations, ligand chemistry structure and
oi.org/10.1016/j.addr.2016.04.029
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Fig. 1. Cyclosporin A. Representative Ro5 data were obtained from pubchem.ncbi.nlm.nih.gov. Molecular weight (MW), calculated partition coefficient between octanol andwater (logP),
hydrogen bond donors (HBDon), hydrogen bond acceptors (HBAcc) and number of rotatable bonds are shown.
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discovered using fragment screening [53] and that based on chemical
structure is very non Ro5 like. I would never in amillion years have pre-
dicted any oral activity for Navitoclax based on its chemical structure.
Nevertheless, with formulation help, the drug is orally bioavailable.
Lymphatic uptake is responsible for much of the unexpected oral activ-
ity [54].

Navitoclax serves as a case study of a non NP RO5 outlier with out-
standing documentation of the history of the steps and decision process
taken by the Navitoclax drug discovery project team. The Navitoclax
discovery story has been published in great detail in a Springer book
chapter [53]. While a book chapter might in general be a bit less useful
in allowing reader access than a scientific journal publication it has the
advantage that the book format allows for a much richer discussion of
what was really going on, what the discovery team was thinking and
“what if” types of speculation concerning the management and project
team's decision choices. The Navitoclax story not only illustrates that
non NP oral drug activity is possible in a distinctly non Ro5 compound
but also illustrates the very considerable skill, resources, and even luck
that is required for an orally active non Ro5 compound.

My choice of a single take awaymessage from theNavitoclax story is
that timely and accurate pK/pD and oral absorption structure activity
data enabled the medicinal chemistry use of the PK/PD relationship
for AUC/EC50 [55] from a drug metabolism or pharmaceutical sciences
screening group and that this data was absolutely critical to the discov-
ery of this non NP and non Ro5 orally active drug.

It is by now clear that drugs can be discovered at various stages all
along the way to clinical approval that lie well outside of Ro5 space.
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Numerous examples in the field of HCV therapy are compiled in a spe-
cial thematic issue of the Journal of Medicinal Chemistry [56]. The dis-
covery of the clinically approved Daclatasvir (MWT = 738.88) is a
specially compelling example combining a phenotypic mechanistically
unbiased screen instead of the more usual mechanistic screen; a very
non-obvious structural progression from the original screening led to
the final clinical candidate and issues of high molecular weight and
log P [57].

4. Conclusions

Biologically active compounds cluster in small regions of the immen-
sity of chemical space. Protein folds and pockets are limited in number.
The physicochemical properties of drugs are controlled by the biophys-
ics of formation of the cavities in proteins that are the ligand binding
sites. Three of the four rule of five (Ro5) parameters, namely MWT,
and hydrogen bond donors and acceptors fit well with how ligand bind-
ing sites are formed in proteins. Lipophilicity is a composite experimen-
tal solubility ratio parameter and does not directly relate to the
biophysics of binding site formation. Natural products (NPs) provide
most of the examples of Ro5 outliers. The special chemistry in NPs as
well as their evolutionary selection allows the NP Ro5 outlier status.
Some NPs like cyclosporine A are chemical chameleons, changing
shape depending on the polarity of the medium. Discovery of a non
NP Ro5 outlier like Navitoclax is very difficult but still is possible with
a highly skilled, highly resourced team with excellent communication
between medicinal chemists and in-vivo bioassay personnel. What is
arget and ligand structural limitations, ligand chemistry structure and
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Fig. 2. Navitoclax. Representative Ro5 data were obtained from pubchem.ncbi.nlm.nih.gov. Molecular weight (MW), calculated partition coefficient between octanol and water (logP),
hydrogen bond donors (HBDon), hydrogen bond acceptors (HBAcc) and number of rotatable bonds are shown.
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unknown at this time is the cost-effectiveness of discovering non-
natural product oral drugs well outside of Ro5 space. That such drugs
can indeed be discovered is now well documented. That such drugs
can be discovered efficiently is at this time quite unclear.
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