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ABSTRACT: The human brain is a uniquely complex organ, which has evolved a sophisticated ~Pphysicochemical
protection system to prevent injury from external insults and toxins. Designing molecules that can ~Properties
overcome this protection system and achieve optimal concentration at the desired therapeutic
target in the brain is a specific and major challenge for medicinal chemists working in CNS drug
discovery. Analogous to the now widely accepted rule of S in the design of oral drugs, the
physicochemical properties required for optimal brain exposure have been extensively studied in an
attempt to similarly define the attributes of successful CNS drugs and drug candidates. This body
of work is systematically reviewed here, with a particular emphasis on the interplay between the
most critical physicochemical and pharmacokinetic parameters of CNS drugs as well as their impact

space

oral drugs

on medicinal chemistry strategies toward molecules with optimal brain exposure. A summary of
modern CNS pharmacokinetic concepts and methods is also provided.

1. INTRODUCTION

Traditionally, the development of medicines for central nervous
system (CNS) disorders has been an intense and profitable
research activity for the pharmaceutical industry. Despite the
recent divestment of research in some areas, such as psychiatric
disorders (i.e., depression and schizophrenia),' this trend is likely
to continue as a result of the acute medical needs and market
opportunities created by an increasing human life span. It is
estimated that, in the absence of disease-modifying treatments,
age-related neurodegenerative conditions such as Alzheimer’s
disease and Parkinson’s disease will be the major drivers of the
predicted increase in US health care expenditures from the
current ~15% of gross domestic product (GDP) to ~29% of
GDP in 2040.”> Additionally, the brain is a common site of meta-
stases for some of the most prevalent cancers, such as lung and
breast cancers,” and is the second leading cause of death in the
United States among males younger than 40 years and females
younger than 20 years.* Patients who present with metastatic
brain cancer have a poor prognosis with a median survival of only
2.5 months,® which is at least partially a consequence of poor
CNS exposure for currently available drugs that were developed
to treat systemic disease. Consequently, CNS exposure is
increasingly seen as an important requirement in the develop-
ment of new cancer treatments.®

However, the pressures of medical needs and the incentives
of market opportunities are countered by the challenges and
complexities of CNS drug discovery. In addition to the dif-
ficulties of CNS target validation and clinical translation,
designing therapeutic agents that are able to reach and effectively
modulate targets in the brain makes CNS research one of the
most challenging endeavors in drug discovery. This is largely due
to a highly sophisticated protection system that the brain has
evolved to preserve its physiological environment and shield
itself from external insults and toxins. An important component
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of this system is the blood—brain barrier (BBB), which lies at the
interface between the blood capillaries of the brain and brain
tissue.” The BBB has a very complex multicellular organization
comprising brain endothelial cells that line the blood vessels and
form the brain capillary endothelium as well as surrounding cells,
including pericytes, astrocytes, and neurons. The BBB provides a
fully autonomous milieu for the cells within the CNS, enabling
selective access of required nutrients and hormones while
removing waste and diminishing exposure to potentially harmful
xenobiotics.” The blood—cerebrospinal fluid barrier (BCSEB)
is a similar barrier between the blood capillaries and the
cerebrospinal fluid (CSF), which fills the ventricles and bathes
the external surface of the brain to provide buoyancy and
mechanical protection within the skull® In brain tissue, the
CSF is exchanged with the brain’s interstitial fluid (ISF), which
eliminates metabolic waste from the CNS and regulates the
chemical environment of the brain (Figure 1).

Since the density of the capillaries within the brain
parenchyma is so high that virtually every neuron is supplied
by its own capillary (the combined capillary length in the human
brain is 400 miles), it is estimated that the BBB surface area
(~120 square feet) is approximately S000 times larger than the
BCSFB surface area. Consequently, the BBB is thought to have
a much greater role than the BCSFB in CNS drug delivery to
the brain.”'® Active transport and passive diffusion through
endothelial cells are the two principal mechanisms by which
molecules can enter the brain. In contrast to the endothelial cells
of capillaries elsewhere in the body, diffusion through the
intercellular space between cells (paracellular) is effectively
precluded by the presence of the tight junctions that
characterize the BBB and BCSFB. For example, the capillary
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Figure 1. Principal CNS PK parameters and concepts. (a) Schematic representation of bound and unbound drug concentration equilibrium across

BBB and brain main compartments: interstitial fluid (ISF), intracellular fluid (ICF), and cerebrospinal fluid (CSF); (b) K,
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endothelial cell junctions in the brain are sufficiently tight to
restrict the movement of ions such as Na* and CI™ and con-
sequently display much higher transendothelial electrical resistance
than peripheral capillaries (>1000 versus <20 ohm/cm?)."" This
restrictiveness is thought to protect the brain from fluctuations in
ionic composition that may occur, e.g,, during a meal or physical
activity.

The majority of CNS drugs are small molecules that cross
the BBB via the transcellular passive diffusion route.'?
Designing molecules that can achieve optimal concentration
at the desired therapeutic target in the brain is a unique and
major challenge for medicinal chemists working in CNS
drug discovery.”*~"> Tremendous progress has been made in
recent years in terms of enabling the development of robust
pharmacokinetic-pharmacodynamic (PK/PD) relationships for
centrally acting agents as well as in understanding how these
relationships are influenced by molecular physicochemical
properties. The objective of this Perspective is to review this
progress and highlight successful medicinal chemistry strategies
toward molecules that can achieve optimal brain exposure via
transcellular passive diffusion. Alternative brain delivery systems
utilizing BBB active transport are beyond the scope of this
Perspective, and the reader is referred to an excellent review of
this topic.'®

At this point, it should also be noted that the term “optimal”
is used loosely in this context, since there is no single value or
desirable concentration range, but what is considered to be
optimal exposure depends on a multitude of variables, including
drug potency, mode of action (e.g, agonist vs antagonist),
binding kinetics (e.g, fast vs slow dissociation constant or
reversible vs irreversible binders), pharmacokinetic properties,
and therapeutic index. One could define the optimal brain
exposure as a free drug concentration at the site of the intended
target expressed in the brain that produces maximum desired
and minimum undesired effects (best therapeutic window) over
the time course deemed to be suitable for the intended dosing
regimen (e.g., once-a-day).

2. IMPORTANT CNS PHARMACOKINETIC CONCEPTS
AND PARAMETERS

Achieving a good understanding of the PK and PD relationships
in preclinical disease models, which is a critical prerequisite for
successful drug discovery programs across all therapeutic areas,
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is particularly challenging for CNS targets. The existence of the
BBB renders classical PK parameters, such as oral bioavailability
and plasma concentration, insufficient for assessing drug exposure
and time courses in the brain. For a meaningful assessment of
CNS drug candidates, additional data and more sophisticated
PK methods are required."”’ '

2.1. Free Drug Hypothesis. The most direct information
on drug exposure at the site of action is provided by receptor
occupancy (RO) studies. In the clinical setting, brain RO is
measured using radiolabeled tracer ligands whose distribution
can be determined by noninvasive imaging methods, such as
single photon emission computed tomography (SPECT) and
positron emission tomography (PET).** In preclinical studies,
the tracer distribution is established mainly by scintillation spectro-
scopy of dissected brain tissue. These studies are characterized
by the need for radiolabeled ligands, long turnaround times, and
relatively low success rates (particularly for agonists). Therefore,
due to technical complexities as well as time and costs involved,
RO studies tend to be performed mainly for the most advanced
compounds. Consequently, the more easily obtained drug total
brain concentration (C,) and whole brain-to-plasma ratio (K, =
Cy/C,; also referred to as the B/P ratio) have historically been
used as the main decision-making drivers in CNS drug discovery.

However, recent evidence suggests that relying solely on these
parameters is insufficient for adequate understanding of the
CNS exposure needed to establish robust PK/PD correlations.”
This insufficiency arises from the fact that only a fraction of total
drug concentration in the plasma ( Cp) and tissues, such as brain
(Gy), is unbound from the tissue proteins or lipids and is free
to diffuse across biological barriers and tissues to reach the
intended therapeutic target (Cu,P =C, X fypand Cyp, = G, X fup
respectively), as depicted in Figure la. Because the unbound
plasma and tissue fractions tend to be different, the unbound
brain-to-plasma ratio (Kp,uu) is often considerably different from
the total brain-to-plasma ratio (Kp)‘

The potential for misleading conclusions derived from the
reliance on total brain and plasma concentrations is well-
exemplified by comparative in vivo PK/PD studies of morphine,
1, and one of its active metabolites, morphine-6-glucuronide 2
(M6G).** Both compounds are thought to exert their centrally
mediated analgesic affect through the activation of mu-opioid
receptors (MOR) expressed in CNS.
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Table 1. Morphine and Morphine-6-glucuronide Paradox
27,28

Explained by Considering Drug C,;, Data

1
compd MOR? AUC” K, ISF AUC Ky
K (nM)  (uM/min) (uM/min)
1 22 186 0.74 79 0.51
2 63 42 0.05 336 0.56

“[*H]-Naloxone displacement binding assay in MOR-expressing cell
membranes.”* ®Total brain AUC concentration in rat, 10 mg/kg (s.c.).
“Measured by in vivo transcortical microdialysis.*®

Although the two compounds exhibit similar activities in vitro
(Table 1),*° their similar in vivo efficacy®® was unexpected
considering the poor total brain/plasma ratio (K, = 0.05) and
much lower rate of BBB permeation, expressed as permeability
surface area product (PS = 0.11 yL/min/g), for 2 compared
with those of morphine (K, = 0.54; PS = 3.5 uL/min/g).
In fact, based on the classic concepts of CNS exposure, 2
should have no in vivo efficacy.”” To explain this phenomenon,
several hypotheses, such as glucuronide 2 activation of a new
and not yet discovered receptor subtype, have been proposed.”*
However, this apparent paradox could also be explained by
considering the unbound (free) rather than total drug
concentrations in the brain.® Actually, whereas the 2 total
brain AUC concentration is 4—5-fold lower compared with that
of morphine, the drug ISF AUC (unbound) is approximately
4-fold higher than morphine (Table 1), which may explain the
similar in vivo efficacy observed for these two compounds.”’
These general observations have been confirmed by multiple
CNS drug studies reported over the past decade: ISF is the
relevant brain compartment for drug pharmacodynamics effect,
and ISF drug concentration is not reflected by the total brain
concetration, >>**’

It is important to note that the total B/P ratio (K,) can be
misleading, even when comparing structurally similar com-
pounds. For example, a K, value of 0.04 suggests significantly
lower brain penetration for (R)-cetirizine compared with that
of its enantiomer, (S)-cetirizine, which has a K, value of 0.22.””
However, the unbound drugs in the brain (C,,) and plasma
(Cu,p) show that (S)- and (R)-cetirizine have very similar, if not
identical, effective compound levels in the brain, with K,
(Cyp/ CU‘P) values of 0.17 and 0.14, respectively. The observed
K, enantioselectivity has been rationalized by the lower plasma
protein binding (PPB) of (S)-cetirizine (PPB = 50%) compared
with that of (R)-cetirizine (PBB = 85%).>

The importance of free drug concentrations is embedded
in the central tenet of in vivo pharmacology, the free drug
hypothesis, which states that: (1) the free (unbound) drug
concentration (C,) at the site of action is responsible for
pharmacological activity in vivo and (2) at steady state and in
the absence of active transport, the free drug concentration is
the same on both sides of any biomembrane (e.g., the BBB).*
Thus, at steady state, one could equate the drug unbound brain
concentration (C,,) with its experimentally more accessible
unbound plasma concentration (CU,P). The C,;, could be then
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used in combination with the drug in vitro potency data to
estimate the brain exposure or dose required for in vivo eflicacy.
However, it is important to note that this assumption is not
valid for compounds that

o Display a low rate of passive permeability across the
BBB/BCSFB (require a long time to reach equilibrium
across membranes).

® Are actively transported in or out of the brain.

In these cases, the disconnect between a compound’s free
plasma and brain concentrations (C,, # C,,) is translated
into K, values, which can be either above or below 1. K,
values below 1 indicate compounds that are subject to active
efflux and/or have low passive permeability across the BBB
(Figure 1b).>" This profile is suitable for peripherally active
drugs, such as (S)-cetirizine (K,,,, = 0.22), a second-generation
antihistamine that was intentionally designed to minimize brain
exposure to avoid sedation and other CNS side effects generally
associated with first-generation antihistamines.>> However,
pursuing compounds with low K, values for CNS targets is
less desirable, due not only to the higher peripheral exposure
needed to achieve efficacious brain levels and the consequently
increased risk of side effects but also to the difficulty with
estimating low human C_;,, which results in low confidence
human dose predictions.” K, values greater than 1, as
exemplified by the first-generation antihistamine diphenhydr-
amine (rat Ko = 5.5), indicate an active uptake process
mediated by influx transporters.®® Active transport may offer an
alternative approach for achieving optimal brain exposure for
molecules whose properties are nonconducive to passive BBB
penetration, as exemplified by gabapentin or L-DOPA that are
transported via L-type amino acid transporter-1 (LAT1).**
However, intentionally targeting specific transport proteins or
transcytosis mechanisms for CNS drug delivery remains
challenging, and, although this approach has attracted interest
across the pharmaceutical industry and academia, research in
this area is still in its infancy.'® A successful small molecule CNS
drug candidate typically complies with the free drug hypothesis
and displays a ratio of the unbound drug in the brain to the
unbound drug in the plasma (K, value) close to 1."%35 With
a K, ,, in mouse of 0.98, the antidepressant venlafaxine is one
such example.*®

To simplify the process and increase the throughput, K,
values are often estimated from single-time-point measure-
ments. This is generally an acceptable approximation; however,
one should be aware that such data can be misleading if the
selected time point was before the system could reach steady
state. In this context, more reliable K, values are generated
using the area under the concentration—time curves (AUCs)
for total and unbound concentrations obtained from time
course experiments (K,,, = AUC,,/AUC,,). Again, AUCs
and steady-state concentrations can be used interchangeably
in this equation as they measure the same property.’*® When
making important decisions on the basis of K, data, it is
worth remembering that these values include experimental
errors from four separate in vivo and in vitro measurements
(total plasma concentrations, total brain concentrations, PPB,
and brain tissue binding). For comparing and prioritizing key
compounds, one might like to consider generating multiple
K, data points (e.g, n = 2) to increase confidence in the K, ,
values.

2.2. Experimental Methods Commonly Used To
Measure or Estimate Brain Exposure. Microdialysis is the
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method of choice for the direct measurement of unbound drug
concentrations (C,,) within the brain ISE.*® This powerful
technique enables investigations into the extent as well as the
rate of drug delivery to the brain, providing critical parameters
for PK/PD modeling. However, similar to RO studies, technical
challenges and resource requirements limit its use in drug
discovery to more advanced drug candidates.

CSF sampling is a less demanding and therefore more widely
employed technique for assessing brain exposure during early
drug discovery. The CSF is separated from the ISF compart-
ment by only a single layer of ependyma, a cell layer that does
not have tight junctions. Due to the very low protein levels
in CSF, approximately 0.2 mg/mL compared to 70 mg/mL in
plasma, drug CSF concentrations (Ccgp) can be approximated
by C,;- Indeed, microdialysis studies of brain distribution, as
well as PK/PD studies for a range of preclinically and clinically
used compounds, suggest that the drug CSF level is generally
a good approximation of the brain ISF concentration.”” A
comparative study of brain exposure in rats for 39 structurally
diverse drugs demonstrated a 3-fold agreement between drugs
with respect to K, (ISF) and K, ,, (CSF), within a similar
rank order.>®® However, one should remember that the CSF
approximation fails for compounds that are subject to active
efflux or influx (K,,, < 1 or > 1), presumably due to the
lower active transport capacity of the blood—cerebrospinal fluid
barrier compared with that of the blood—brain barrier.*”
For example, while the Ccgy significantly overpredicts the C,,
of highly effluxed drugs, such as loperamide, it undel;predicts
the Gy, of actively influxed drugs, such as oxycodone.™

CSF sampling has a high value in CNS translational studies,
being the only generally applicable method of obtaining informa-
tion on free drug concentrations in the human brain.** Studies
comparing rat and human CSF data showed that the human
K, (CSF) was, on average, approximately 3-fold higher than
the rat K, (CSF).*® Some of the proposed explanations for
the observed species difference include the disease state of the
patients (e.g, altered BBB function), active transport, kinetic bias
due to timing of CSF sampling, and the different sampling site
(cisterna magna in the rat vs lumbar puncture in the patients).*®
In any case, the 3-fold error is generally considered to be of
little pharmacokinetic or pharmacodynamic consequence for the
prediction of drug concentrations in human CSF on the basis
of rat CSF concentrations. However, prediction of rat unbound
brain exposure based on rat CSF concentration includes an
additional 3-fold error, which results in a cumulative 9-fold error
margin in prediction of human C,}, solely on the basis of rat CSF
exposure.”” This may have significant consequences if a drug has
a narrow therapeutic window. In order to enhance the predictive
power of modeling human C,}, and related PK/PD relationships
on the basis of preclinical data, more complex physiologically
based PK (PBPK) algorithms have been developed in recent
years, which also incorporate mechanistically relevant in vitro
data and integrate drug-dependent physiological and biological
parameters, as they vary between species, subjects, age, or disease
state."7°

A more screening-based approach commonly used in early
drug discovery due to much higher throughput is the brain
homogenate-based estimation of unbound drug concentrations
in the brain (C,,). This method relies on a combination of the
in vitro measured fraction unbound in the brain (f,},) and the
relatively straightforward in vivo determined brain total
concentration (C,). The f,;, data are generated in a high-
throughput fashion using a simple and elegant method based
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on the equilibrium dialysis of compounds between brain
homogenate and buffer, which is used to calculate the unbound
concentration in the brain (C,p, = f,, X Gy).* An alternative to
the in vitro f,;, determination method preserves the cellular
structure of the brain tissue using brain slices.” In contrast to
the brain homogenate method, this approach can capture
potential differences between ISF and intracellular fluid (ICF)
drug concentrations, as observed for gabapentin.*® Since this
phenomenon is thought to be relatively rare, generally
associated with compounds that are actively transported into
tissue, the more elaborate slice method is considered mainly
when other techniques fail to explain the PK/PD relationship.

It is important to note that due to a very poor correlation the
free fraction in plasma (f,,,) is not a suitable surrogate for fu,b‘44
This lack of correlation is mostly a consequence of the very
different lipid and protein contents of the two compartments,
with plasma having twice as much protein and the brain having
20-fold more lipids.”® However, the free drug hypothesis infers
that at steady state, irrespective of differences in f,, and f, e
the unbound drug concentration in the tissue of interest is
mirrored by C,,, i€, Cypama = Cytissue- FOTr example, following
either single or multiple doses of the antifungal drug
fluconazole, similar free drug concentrations are found in a
range of body fluids, including plasma, CSF, saliva, breast milk,
vaginal secretions, sputum, and prostatic and seminal vesicle
fluid.*

Species dependence of plasma protein binding is a well-
documented phenomenon. Summerfield and colleagues at
GlaxoSmithKline reported marked variations on comparing
human f,,, values with rat (R* = 0.49) and pig (R* = 0.65) for a
set of 21 CN'S drugs and PET tracers.*® This is hardly surprising
considering the evolutionary divergence in the structure of
blood proteins and overall blood content. In contrast, however,
Summerfield et al. found good interspecies correlations for f,,
values among rat, pig, and human (R* > 0.9; n = 21).* Similarly
high degrees of f,; correlation were reported by Di et al. at
Pfizer for a set of 47 drugs in six different species and in two
different strains of rat.*’ This evidence supports the commonly
accepted practice of using rodent f,;, values in human PK
prediction models. It was suggested that interspecies similarities
in f,, reflect the conserved brain general morphology across
species and mainly nonspecific nature of drug binding to brain
lipids, since the brain-lipid content is higher than that in plasma
and protein binding within brain tissue is thought to be
insignificant.*® Therefore, if species differences in brain exposure
of passively diffused drugs are observed, then they are likely to
be driven by differences in plasma protein binding where the
homology varies significantly from one species to another.

Plasma protein and brain tissue binding are clearly very
important parameters for understanding drug PK, PD, and safety
properties. However, theoretical analyses and experimental
observations suggest that these parameters should not be the
primary focus of optimization efforts in drug discovery.’**
Indeed, high tissue binding is generally not considered to be
a liability, as many successful drugs exhibit low f,, e.g., 24% of all
dugs launched between 2003 and 2013 have PPB > 99%,
whereas 15 out of 32 the most prescribed CNS drugs have f,), <
59%.% 1t has also been pointed out that lowering brain tissue
binding does not necessarily lead to higher C,;, and
consequently, instead of focusing on f,, and f,;, discovery
teams should place a stronger emphasis on minimizing intrinsic
clearance and BBB efflux transport to achieve high C,, and
Cu’b.49 It is worth noting that improved C,, and C,;, levels,
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especially when achieved by reducing lipophilicity, are often
accompanied by increased unbound concentrations (e.g, Tables 3
and 4). Ultimately, assuming all other properties being equal, one
may still prefer drugs with higher f, levels, which may translate
into lower daily dose requirements.

2.3. BBB Permeability and Active Transport. A fine
interplay between passive membrane permeability and active
transport processes at the BBB level, together with plasma/brain
tissue binding, is widely recognized as being the primary
determinant of drug disposition within the CNS. However,
despite decades of experience in culturing brain endothelial cells,
there is still no satisfactory in vitro model of the BBB available
to date. Culturing primary brain endothelial cells is too difficult
for routine applications, whereas immortalized brain endothelial
cell lines lack the required junction tightness. Still, useful
high-throughput permeability assays have been developed using
alternative cell lines, such as Caco2 (heterogeneous human
epithelial colorectal adenocarcinoma cells), porcine kidney
(LLC-PK1), and the industry favorite MDCK (Madin—Darby
canine kidney) cell lines.>® Although these cells lines are neither
endothelial cells nor do they originate from the brain, the
tightness of the monolayer results in permeability values (P,,,)
that correlate well with in vivo permeation. Due to its signifi-
cantly lower cost and higher throughput, a parallel artificial
membrane permeability assay (PAMPA)>" that lacks transporter
proteins can be positioned in a screening flow scheme to remove
poorly permeable compounds from testing in the MDCK cell
line.

Active efflux and poor permeability tend to exert a much
greater effect on CNS than peripheral exposure, mainly because
the transporters at the BBB are less likely to be saturated, as
the drug concentration in the brain blood capillaries is much
lower than that in the gut. Consequently, the physicochemical
property requirements for brain exposure are generally
more stringent. In a comparative study of marketed CNS and
non-CNS drugs examined using MDCK assays, 96% of the
CNS drugs exhibited passive permeability (P,,,) greater than
150 nm/s, whereas only 76% of the non-CNS drugs met this
criterion.”® On the basis of these results, a widely quoted P>
150—200 nm/s cutoft was suggested for compounds designed
for CNS targets. In contrast, a lower threshold value of P, >
100 nm/s is the generally accepted guideline for achieving good
oral bioavailability.>?

Limited brain exposure due to active efflux is a common issue
for CNS drug discovery programs. Among the transporters
known to be expressed in BBB endothelial cells that can affect
drug transport in either direction,™ P-glycoprotein (P-gp, or
MDR1), an active efflux transporter, is by far the most studied
and best understood.>* This large transmembrane glycoprotein,
first discovered in mutant cancer cells that appeared to alter
membrane permeability for chemotherapeutics, belongs to the
ATP-binding cassette transporter superfamily, which uses the
energy of ATP hydrolysis to extrude compounds across a lipid
membrane (hence named permeability glycoprotein, P-gp).>®
This was a ground breaking discovery, providing a rationale for a
frequently observed cancer treatment failure due to resistance to
multiple chemotherapeutics. Years later, P-gp was found in the
brain, expressed at high levels at the luminal face (blood-side) of
the brain vascular endothelium, in addition to the endothelial
cells of the choroid plexus, where it facilitates transport toward
the CSE.*° In fact, P-gp has been found widely expressed in a
variety of tissues, including the intestine, liver, kidney, testis, and
placenta> Interestingly, CNS drugs were found to have a

2588

significantly lower incidence of P-gp-mediated efflux than non-
CNS drugs, suggesting the greater importance of P-gp efflux for
CNS therapeutics.”” This is probably because, in contrast to the
intestine, drug plasma concentrations at the BBB can rarely reach
P-gp saturation levels.

In humans, P-gp is encoded by a single gene (MDRI),
whereas in rodents, there are two genes, mdrla and mdrlb.
They are both expressed in brain; however, only mdrla is found
at the BBB, whereas mdrl1b is expressed in brain parenchyma.*®
The significant species-dependent substrate recognition
divergence is a relatively rare occurrence,** although com-
pounds that exhibit difference between rodent and human
efflux ratios have been observed.®” These observations are
consistent with a relatively high primary sequence homology
between human and rodent P-gp transporters, also shared with
other species, e.g,, there is 85—93% sequence homology among
human, mouse, rat, dog, and rhesus monkey.59

The continuous research focus on P-gp is a reflection of its
apparent role as the main BBB gatekeeper with the broadest
substrate specificity. Its molecular recognition promiscuity is
better understood since the recent publication of the mouse
P-gp apo crystal structure at 3.8 A resolution, along with two
co-crystal structures with the enantiomers of a P-gp inhibitor,
which revealed an internal cavity of ~6000 A® with a very large
hydrophobic substrate binding site and two ATP-binding
domains.”’ The crystal structures support a “hydrophobic
vacuum cleaner”>* model whereby the substrate partitioned
from the outside of the cell into the membrane bilayer enters
the P-gp binding pocket through an open portal at the level of
the inner leaflet of the lipid bilayer. With the substrate in place,
ATP binds to the two nucleotide binding domains, triggering a
large conformational change that presents the substrate to the
extracellular space while occluding the cytosolic side, thereby
providing unidirectional transport to the outside. ATP
hydrolysis and dissociation returns the protein to its inward
facing conformation, ready for the next transport cycle. The
proposed transport mechanism is also consistent with the
observation that increasing passive permeability is often
accompanied by a lower likelihood of P-gp efflux.® It is
possible that compounds that rapidly diffuse across the
membrane could overwhelm the P-gp efflux process and, to
some extent, escape into the cytosol. Therefore, increasing passive
permeability can be seen as a potential strategy for addressing the
risk of efflux by P-gp.**

Two decades after the discovery of P-gp, another member of
the ATP-binding cassette transporter superfamily implicated in
cancer multidrug resistance was identified, first in the multidrug-
resistant human breast cancer cell line (hence the name breast
cancer resistance protein, or BCRP)** and then found widely
expressed in tissues including gastrointestinal tract, liver, and
kidney, as well as the luminal membrane of the brain capillaries.*®
Studies using BCRP and the dual P-gp/BCRP knockout mouse
point toward BCRP and P-gp having synergistic and potentially
compensatory roles in brain exclusion of cancer drugs such as
dasatanib® and sunitinib.”” On the basis of the currently available
structure—activity relationship, an amino-heteroraomatic motif is
suggested to be an important substrate recognition element for
BCRP.>® However, the relative contribution of BCRP to overall
drug BBB efflux capacity, and its broader impact on brain
exposure of therapeutic agents outside oncology, is still
unclear.®®® Other well-characterized members of the ABC
transporter superfamily, such as multidrug resistant protein 1
(MRP1), MRP4, and MRPS, are also found to be expressed in
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brainsgndothelial capillary cells, albeit at lower levels than that of
P-gp.

Similarly to P-gp, BCRP shares high sequence homology
across species, e.%., there is 86% homology between human and
rat transporters. * However, recent quantitative proteomics
studies uncovered a significant interspecies difference in the
abundance of these two transporters at the BBB, with P-gp
being more abundant at the rat and mouse BBB and BCRP
being more abundant at the monkey and human BBB.
Consequently, the incorporation of transporter protein
abundances into human brain in vivo PK modeling algorithms
is considered to be essential for interspecies translational
modeling of drugs that are substrates for these two trans-
porters.”" This translational challenge, in addition to driving
doses higher than necessary, is one of the reason for a general
preference given by CNS drug discovery teams to the
development of clinical candidates that are not substrates of
active transport. Potential risk of drug—drug interactions (DDI)
at the BBB has been another frequently raised concern about
drugs that undergo P-gp and/or BCRP efflux,”* although the
extent of this risk has been questioned recently. Following
evaluation of clinical evidence, the International Transporter
Consortium (ITC) concluded that, while increased CNS
distribution of efflux transport substrates has been commonly
observed in animal models, the overall risk of the BBB active
transport-related DDI and consequent safety events is low in
humans.”® This was rationalized by the inability of marketed
drugs to achieve unbound systemic concentrations sufficient to
elicit appreciable changes in CNS drug distribution. Only a few
drugs (e.g, cyclosporine, quinine, and quinidine) were found to
have potential for P-gp inhibition at therapeutic doses in
humans, but, even so, the magnitude of the potential clinical
effect would be low (<2-fold increase in B/P ratio).”

The MDCK cell line is the most favored in vitro assay
for assessing P-gp efflux and has provided a large amount of
the data reported in the literature. The popularity of this cell
line is related to its relatively low background expression of
endogenous transporters and stable transfection with human
MDRI1 or rodent mdrla transporter (MDRI1-MDCK or
Mdrla-MDCK, respectively). The apparent permeability
(Papp) for this cell line is determined in both directions,
apical-to-basolateral (A—B) and basolateral-to-apical (B—A), to
calculate the efflux ratio (ER) defined as the ratio of P op(sa)/
Pppam)- ER valuéezs greater than 3 are generally used to define
P-gp substrates.”” The in vivo effect of P-gp efflux can be
evaluated using either mdrla™~ knockout mice®>”* or P-gp
inhibitors to create chemical P-g;) knockouts, which also enables
studies in species beyond mice.”>”®

While in vitro assays offer lower costs and higher throughput
than in vivo studies, the complexity of bidirectional assays,
such as MDR-1 MDCK, prevents screening a large number of
compounds, which is often necessary during the early stages
of drug discovery. Therefore, in silico tools can be useful for
identifying potential issues related to P-gp efflux and prioritiz-
ing the design, synthesis, and testing of compounds. The
availability of large in vitro data sets has enabled the develop-
ment of numerous in silico approaches, ranging from simple
rules based on physicochemical properties to more complex
quantitative structure—activity relationship (QSAR) models.
For example, an analysis of an internal MDR-1 MDCK data set
of 2000 compounds at Eli Lilly found that molecules with a
topological polar surface area (TPSA) < 60 A” and calculated
most-basic pK, < 8.0 exhibited a much lower likelihood of
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being P-gp substrates (94%), whereas over 75% of P-gp
substrates had TPSA > 60 A? and a calculated pK, > 8.0.
The same data set was used to generate a QSAR model that
exhibited a robust prediction profile, with positive prediction
values (PPV) and negative prediction values (NPV) over 80%.””

These findings are consistent with a recently proposed rule of
4 that suggests that compounds with molecular weights < 400,
total numbers of nitrogen and oxygen atoms < 4, and basic
pK, < 8 are unlikely to be P-gp substrates.”® Although a number
of CNS-active molecules exceed one of these criteria, the rule
of 4 is a useful strategy that researchers can apply to reduce
P-gp efflux. Indeed, lowering pK, and reducing the number of
heteroatoms, particularly hydrogen-bond donors (HBD), have
proved to be effective medicinal chemistry approaches for
reducing P-gp efflux, as will be exemplified below.>*

In contrast to efflux, active uptake can have a positive effect
on brain exposure, particularly for compounds with poor
passive permeability, such as the previously mentioned
gabapentin and 1-DOPA.>*”” However, in such cases, under-
standing the transport mechanism and how that mechanism is
influenced by the compound structure to inform the optimiza-
tion process presents a significant challenge. Even if a project is
successful in delivering a clinical candidate, concerns related to
cross-species and interpatient variability are likely to be raised.
For these reasons, the generally preferred optimization strategy
for overcoming the poor permeability of small molecule drugs
is by addressing inherent passive permeability rather than by
exploiting active transport.

3. PHYSICOCHEMICAL PROPERTIES AND BRAIN
EXPOSURE RELATIONSHIPS

The landmark study by Lipinski et al.** of the physicochemical
properties associated with the oral bioavailability of drugs and
advanced clinical candidates, codified in a simple mnemonic
known as the rule of S (RoS), was a major milestone in the
evolution of medicinal chemistry from a largely trial-and-error
effort to the modern scientific endeavor of today that is driven
by robust prediction methods. Analogous to the now widely
accepted Ro$S in the design of oral drugs, the physicochemical
properties needed for brain penetration have been extensively
studied by a number of researchers in the attempt to similarly
define the characteristics of successful CNS drugs and drug
candidates using a variety of approaches. To illustrate the
evolution of scientific thought and the current state of the art in
this field, a representative selection from this body of work
reported in the literature is summarized in chronological order
in Table 2 and discussed below in more detail.

Inevitably, the data set choice greatly influences the
conclusions drawn from these analyses, which has spawned
much debate in the CNS medicinal chemistry community
regarding the best methods for evaluating brain exposure. Many
studies have been based on the physicochemical properties
of marketed CNS drugs. Consequently, their conclusions
reflect not only brain penetration but also the overall ADME
and toxicological requirements for a successful CNS drug
candidate.”® Alternatively, researchers have analyzed large
in vitro BBB permeation data sets (e.g., MDRI1-MDCK, Caco-2,
PAMPA) or in vivo measurements of brain penetration, such as
total brain/plasma concentration ratios (K, or Log BB). It is
important to realize that the former approach provides
information on the rate of permeation of the BBB, whereas
the latter approach provides information on the extent of
penetration, which was historically based primarily on the total
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Table 2. Evolving CNS Property Space: Summary of Selected Literature Describing the Physicochemical Properties Required

for Optimal Brain Exposure'>'*

data set
P-gp ER for 2000 compounds from Eli
Lilly collection

Medicinal chemistry literature review

317 CNS and 626 non-CNS oral drugs

119 marketed CNS drugs and 108 Pfizer
CNS clinical candidates

9571 Caco-2 measurements

3059 rat CNS LogBB; 1975 P-gp ER;

50641 PAMPA P,,; and 986 brain

tissue binding measurements

Mouse C,, data for 1000 compounds from
Eli Lilly collection

Medicinal chemistry literature review

Marketed CNS drugs

329 launched oral drugs from the period
1983—-2002

1000 P-gp measurements

Literature review

48 CNS and 45 non-CNS drugs

776 CNS and 1590 non-CNS oral drugs
that reached at least Phase II

125 CNS and non-CNS drugs
Young’s data set

20 CNS penetrant histamine H,
antagonists

201 barbiturates with preclinical in vivo
efficacy data

conclusions and recommendations

Compounds with TPSA < 60 A and pK, < 8 are less likely to be P-gp substrates.

General guidelines for minimizing P-gp recognition include HBD count < 2 and
the TPSA < 90 A* (preferably <70 A?).

CNS drug design property profile guidelines: TPSA < 76 A? (25—-60 A?); at least
one N atom; <7 (2—4) linear chains outside of rings; <3 (0—1) HBD;
740—970 A3 volume; solvent accessible surface of 460—580 A%

Median values for marketed CNS drugs: MW 305.3 Da; cLogP 2.8; cLogD 1.7;
MW 305.3; PSA 44.8 A% HBD = 1; and pK, 84.

Passive permeability is influenced by both MW and LogD: guidelines to achieve
>50% chance of high permeability for a given MW: for MW 300—350,
AZLogD > 1.1; for MW 350—400, AZLogD > 1.7; for MW 400—450,
AZLogD > 3.1; for MW 450—500, AZLogD > 3.4.

1 cLogP leads to 1 brain tissue binding. 1 cLogP leads to 1 LogBB.b For basic,
acidic, and zwitterionic molecules, 1 clogP leads to permeabilitz. Suggested
optimal cLogP is <3. T MW leads to | Py T ER, and | LogBB” and 1 brain
tissue binding.

Compounds with cLogP < 4 and TPSA 40—80 A? are more likely to achieve
higher C,,.“

Suggested physicochemical property ranges for increasing the potential for BBB
penetration: PSA < 90 A% HBD < 3; cLogP 2—5; cLogD (pH 7.4) 2-5;
MW < 500.%

Attributes of a successful CNS drug candidate: MW < 450; cLogP < 5; HBD < 3;
HBA < 7; RB < 8; H-bonds < 8; pK, 7.5—10.5; PSA < 60—70 A%

CNS drugs have significantly different properties relative to non-CNS drugs. CNS
drug properties (mean/median): MW (310/307); O + N (4.32/4);

HBA (2.12/2); RB (4.7/4.5).

Proposed cut-offs to avoid P-gp efflux liability: MW < 400; N + O < 4; pK, < 8.

Rule of thumb for brain uptake: compound with O + N < 5 (~70 A?), or
cLogP — (O + N) > 0 has a better chance of brain penetration.

Physicochemical properties of non-CNS drugs differ significantly from CNS
drugs, which have 1 cLogP (CNS mean 3.43); 1 cLogD (CNS mean 2.08);
| HBD (CNS mean 0.67); | PSA (CNS mean 40.5 A?).

Upper PSA limit for the most of CNS drugs is <60—70 A% oral drugs do not
exceed PSA of 120 A2

PSA can be used as a drugs H-bond capacity descriptor. Improved chance of CNS
penetration if MW <450; PSA <90 A2 and LogD 1-4.

LogBBY can be predicted using LogP alkane/water and calculated molar volume
or PSA.

LogBBb can be increased by 1 lipophilicity (LogP) or/and reducing hydrogen-
bonding capacity.

LogP is critical for in vivo activity. Found drug in vivo efficacy in a parabolic
dependence on LogP. Suggested optimal LogP = 2.

year, author(s), ref

2013, Desai et al.””
2012, Hitchcock™

2011, Ghose et al.®!

2010, Wager et al 8283

2009, Waring®*

2008, Gleeson®®

2006, Raub et al.®

2006, Hitchcock and Pe:nnington15

2005, Pajouhesh and Lenz™
2004, Leeson and Davis®

2003, Petrauskas et al.”®

2002, Norinder and Haeberlein®®

2002, Polli et al.”’

1999, Kelder et al.¥

1998, Van der Waterbeemd et al.”
1992, Van der Waterbeemd and Kansy®
1988, Young et al”?

1971, Hansch et al”

“Based on drug unbound (free) blood/brain concentrations. PBased on drug total blood/brain concentrations; MW: molecular weight; PSA: polar
surface area; TPSA: topological polar surface area; HBD: hydrogen-bond donors; HBA: hydrogen-bond acceptors; RB: rotatable bonds; ER: efflux

ratio; 1: increased; |: decreased.

drug concentration in the brain. Used in isolation, neither
technique provides insight into the more relevant brain free
drug concentration (C,y); therefore, the associated physico-
chemical guidelines should be interpreted with care.
Understanding how physicochemical properties affect each of
the parameters discussed above and how they influence each
other enables the design of molecules with optimal CNS
exposure. Several physicochemical properties have consistently
been found to be important in the context of designing
molecules for optimal brain exposure, including lipophilicity,
as expressed by calculated logarithm of the octanol/water
partition coefficient (cLogP) or calculated logarithm of the
octanol/water partition coeflicient at physiological pH 7.4
(cLogD), the number of hydrogen-bond donors (HBD) and
acceptors (HBA), polar surface area (PSA), ionization state (pK,),
rotatable bond (RB) count, and molecular weight (MW 587
One of the critical challenges for the medicinal chemist in
drug discovery is balancing multiple physicochemical parameters
with SAR to address deficits in one property without negatively
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affecting another. For example, increasing lipophilicity can
improve BBB permeability, but it may also negatively impact
blood clearance and increase nonspecific binding, leading to
an overall reduction in C,;. To achieve an optimal balance,
one should have a good understanding of how individual
physicochemical properties may influence each other as well as
the extent of CNS penetration and the rate of permeation. This
Perspective presents a synopsis of recent studies published in
the medicinal chemistry literature and attempts to capture
the most prominent physicochemical guidelines that have
been reported as useful aids for decision making during lead
optimization. Key physicochemical properties are discussed
sequentially, and their impact on CNS exposure is illustrated
with literature examples. However, it should be noted that it is
not possible to alter one parameter in isolation, which may
confound the interpretation of the controlling factor mitigating
CNS exposure. Therefore, the categorization applied here is best
regarded as a mnemonic rather than as a rigorous classification.
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Table 3. M1 Agonists: Reducing Lipophilicity To Improve Cu,b%

o7 N 0o
H $ B N
N N N
Q o.f Q ‘e Q
N N N
- e -
[e] (o]
3 4 5
compd M, cLogP Ccl¢ K, Sup fup Cop” Cuyp'1 Ky
PECso (mL/min/kg) (%) (%) (nM) (nM)
3 9.3 3.5 8§ 5.7 6 20 2.5 2.6 0.96
4 8.6 1.5 11 0.8 36 40 168 378 0.44
R 8.0 1.5 23 1.7 39 38 261 265 0.98

“3 mg/kg p.o. (rat).

3.1. Lipophilicity. Lipophilicity is generally regarded to be
one of the most important, if not the most important,
physicochemical properties, which is critical to control for
ultimate success in drug discovery and development. Increasing
ligand lipophilicity often results in improved in vitro potency,
which makes it a relatively straightforward and tempting
optimization strategy. However, it is now widely accepted that
increased lipophilicity is also accompanied by increased risk
of poor solubility and metabolic stability, as well as a greater
probability of nonspecific, off-target activities with related
toxicological outcomes.”*

Lipophilicity was the first molecular descriptor to be
identified as an important determinant of CNS exposure,
including both the rate and extent of drug distribution into
the brain. In the 1960s, Hansch et al.”® initiated the field of
quantitative structure—activity relationships (QSAR) and, in
their early work, demonstrated that the hypnotic activity of
around 200 barbiturates depended almost entirely on their
lipophilic character, as defined by their octanol—water partition
coefficient (LogP).”> To minimize the metabolism and side
effects, cLogP values of ~2 were suggested to be the most
optimal, although it was recognized that a higher lipohilicity
may be required to achieve greater CNS eflicacy. These
observations were later supported by comparative studies of
marketed CNS and non-CNS drugs reported by Van de
Waterbeemd et al,”® who also introduced a more physiolog-
ically relevant lipophilicity indicator: the pH-dependent
octanol—water distribution coefficient (LogD). This analysis
showed that a good correlation exists between LogD and brain
exposure expressed by LogBB, and cLogD values in the range
of 1—4 were proposed for optimal LogBB. In comparison, the
median cLogD for marketed CNS drugs is 1.7.%*

Since both in vitro potency and total brain levels are driven
mainly by lipophilicity, many CNS drug discovery programs have
ended up on a “lipid escalator” with little prospect of success.”’ As
discussed earlier, the drug discovery reliance on LogBB (based on
total brain and plasma concentrations) and its correlation with
in vivo efficacy, as well as its general lpharmacological relevance,
have been questioned in recent years."*">**> In contrast, a good
correlation has been found between nonspecific brain tissue
binding and cLogP in an analysis of over 3000 diverse
compounds from GlaxoSmithKline.*® This finding suggests that
the higher LogBB values observed for more lipophilic compounds
are a consequence of increased nonspecific brain tissue binding,
which is unlikely to translate into a therapeutic effect. Importantly,
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this study also uncovered a negative correlation between f,;, and
LogP, which suggests that reducing lipophilicity would be an
effective strategy for improving free drug concentrations in the
brain and achieving the desired therapeutic profile.

This strategy was adopted by Johnson et al. in their efforts
to identify selective muscarinic M, agonists for the treatment
of the cognitive deficits associated with schizophrenia and
Alzheimer’s disease (Table 3).” During the course of the
program, a potent and moderately lipophilic oxindole 3 was
identified (cLogP = 3.5). Despite a high total B/P ratio (rat
K, = 5.7), its brain unbound drug concentration was very low
(Cyp = 2.5 nM), a consequence of higher brain tissue vs plasma
protein binding (f,;, = 6% vs f,, = 20%) and high plasma
clearance (Cl = 85 mL/min/kg).

To improve metabolic stability and C,}, a series of analogues
with reduced lipophilicity was synthesized, which led to the
discovery of benzoxazolinone 4 (cLogP = 1.5). Despite the
reduced K, compared with that of the parent compound 3
(0.8 vs 5.7, respectively), 4 displayed a much improved brain
free concentration (C,;, = 168 vs 2.5 nM for 3), presumably a
result of combined improvements in metabolic stability (Cl =
11 mL/min/kg) and brain free fraction (f,}, = 36%). However,
an over 2-fold difference between the C,;, and C,, values
(K, w = 0.44) suggested that 4 undergoes active efflux, possibly
by P-gp, which prevented its further progression. This result
led the authors to target additional analogues with a cLogP at
~1.5 but reduced H-bond acceptor capacity, which was thought
to be associated with P-gp recognition. This strategy resulted
in the identification of nitrile analogue 5 (cLogP = 1.5), which,
as a P-gp nonsubstrate (K,,, = 0.98), achieved an almost
2-fold higher C,;, compared with that of 4 (261 and 168 nM,
respectively), despite of its slightly higher clearance in rat
(Cl =23 mL/min/kg). Compound $ was examined further in PD
studies and exhibited a robust pro-cognitive effect in preclinical
models at a 1 mg/kg dose.”®

The optimization of a series of neurokinin-3 (NK;) receptor
antagonists reported by Smith et al. at GlaxoSmithKline is
another example that highlights the importance of controlling
lipophilicity and looking beyond total brain levels to success-
fully prosecute CNS optimization programs (Table 4).”
Following the first round of optimization of a lead quinolone
series, the authors selected two analogues, 6 and 7, to examine
further in an ex vivo NK; receptor occupancy study in gerbils,
which was selected as a suitable species due to its close receptor
homology to the human NK;. Ex vivo receptor occupancy
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Table 4. NK; Antagonists: Total Brain Concentration (C,)
Does Not Correlate with Measured Receptor Occupancy
(R0)97

6, GSK172981

7, GSK256471

compd cLogP  hNK;  dose” (mg/kg) G, Sup RO"
(pKi) (route) (M) (%) (%)

6 6.8 87 30 (ip) 011 07 60

7 45 9.0 10 (po) 118 33 6l

“Gerbil. YRO (%) obtained from brain homogenate binding
experiment (gerbil).

(RO) was determined using a homogenate binding technique
and the cortical tissue harvested following a 1 h pretreatment
time. As shown in Table 4, despite the higher whole brain
exposure observed for compound 6, its receptor occupancy at
30 mg/kg ip. was similar to the occupancy observed for
compound 7 at 10 mg/kg p.o. Equilibrium dialysis measure-
ments of the brain tissue binding revealed a ~5-fold lower
unbound fraction for 6 (cLogP = 6.8) compared with that of
the less lipophilic analogue 7 (cLogP = 4.5). This difference,
together with the slightly higher affinity of 7 for the NK;
receptor, offsets the over 40-fold lower total brain concentration
of 7 compared with that of 6 (118 nM vs 5011 nM), which
results in RO levels that predict equivalent efficacy in vivo.

In addition to the extent of drug distribution into the brain,
as discussed above, lipophilicity also affects the rate of drug
distribution into the brain (BBB permeation). For example,
an analysis of over 50000 data points from a PAMPA assay
at GlaxoSmithKline showed that increased LogP is associated
with increased passive permeability of molecules containing
ionizable groups, such as acidic, basic, or zwitterion groups.
Interestingly, no such linear correlation was observed for
neutral molecules.®> Consistent with these findings, Waring’s
analysis of a large Caco-2 data set at AstraZeneca indicated that
LogD is a better permeability predictor than LogP.** He also
demonstrated that, in addition to LogD, molecular size also
must be considered. As MW increases, LogD must also increase
to maintain a 50% probability of high permeability. For
instance, a 300—350 Da compound requires a cLogD > 1.1,
but a 450—500 Da compound requires a cLogD > 3.4.%%°

Because permeability is a principal prerequisite for CNS
penetration, it is tempting to optimize compounds for a very
high permeability using the rapid in vitro screens described
above. However, if offset by other parameters (e.g, no active
efflux, low plasma clearance, or high f,1,), even low-to-moderate
permeability may suffice. Therefore, optimization efforts should
focus on improving K, and C,}, since these two parameters
have a much greater impact on the desired pharmacological
efficacy.”® The significance of K, is well-reflected by the
fact that among CNS-active drugs it varies by a factor of up to
150-fold, whereas the range for log B/P ratios (K,,) differs by up
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to 2000-fold, and for BBB permeability, it spans an even larger
range of up to 20 000-fold differences.”® High permeability is
more critical for acute treatments that need fast-acting drugs,
e.g., anesthetics or analgesics for acute pain. It is of lesser
importance for chronic administration schedules, where even
poor permeants can elicit s1gn1ﬁcant pharmacologlcal effects, as
seen for morphine-6-glucuronide 2.

3.2. Hydrogen Bonding. In the context of CNS drug
design, H-bonding capacity is probably the most critical physico-
chemical property due to its effect on a multitude of properties
related to brain exposure. Studies using artificial membranes
(PAMPA) suggest that increased H-bonding potential is
associated with lower passive permeability.>> This is related to
the desolvation of the associated hydrogen-bound water
molecules that is required for membrane permeability as well
as lipid solubility. This effect is often further exaggerated in
biological membranes, where an increased H-bonding potential
also increases the risk of P-gp recogition.”* In addition to the
rate of permeation, the extent of unbound brain exposure has
also been found to be dominated by H-bonding capacity, e. &
removal of two HBAs can lead to a 2-fold increase in KP
These findings are consistent with molecular property analyses
showing that CNS drugs have significantly lower numbers
of H-bond donors (HBD)*” and H-bond acceptors (HBA)*’
compared with that of non-CNS drugs. Consequently, the
reduction of H-bond donors and acceptors is often a successful
strategy for optimizing the targeting of the CNS. Pajouhesh and
Lenz proposed the following frequently quoted guidelines for
successful CNS drug candidates: H- bond donors < 3, H-bond
acceptors < 7, and total H-bonds < 8.5

In many cases, a simple HBD/HBA count could be used to
successfully differentiate chemotypes for the relative likelihood
of P-gp recognition. However, because not all HBDs and HBAs
are equal in terms of the strength of the H-bond they that they
can form,” incorporating relative H-bond strength into molec-
ular design can be an effective strategy to reduce P-gp efflux.
According to a global model based on Abraham’s HBD and
HBA strength parameters, @ and f3, respectively,” compounds
with f < 1.7, MW < 400, and the most basic pK, < 8 are likely to
be nonsubstrates.”>”® For example, a set of B, receptor (BK,R)
antagonists reported by Kuduk et al,' which differ only in the
substitution at the terminal amide group, were found to have
similar BK;R potencies and the same HBD/HBA count and
acceptable passive permeability while exhibiting a range of ERs
(Table S).

Table S. B;R Antagonists: Lowering HBA Strength To

Reduce P-gp ER'

<——— HBA (O-atom)

compd R B,R HBA(© 2tom) P0 ER
K, (nM) strength (nm/sec)

8 —CH; 0.9 2.12 210 8.6

9 —CHF, 0.4 1.63 310 32

10 —CF; 0.6 1.39 280 2.3

11 —CF,CF; 1.6 1.35 310 14

“Desai et al.”?> MDRI1-MDCK: passive apparent permeability
coeflicient with P-gp inhibited.
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Table 6. PDE10A Inhibitors: Reducing HBD Capacity To Improve Brain Exposure

OH

O’

O

\

C,

1
©

101

A
NQ

o Ry Ry TR D

12 13
compd PDE10A HBD
ICy (nM)
12 92 3
13 1.1 2
14 4.3 1
15 4.5 1
16 S.1 1

14 15 16

ER® lolle F? RO®
(L/h/kg) (%) (%)

76.7

111

24

0.9 0.53 10 21.3

0.07 56 57.1

“MDRI-MDCK. *Fed male Sprague—Dawley rats; dose: 5 mg/kg p.o. “Dose: 10 mg/kg.

Clearly, the effect of a fluorine substitution in BK;R on the
ER could not be explained by HBD/HBA count or PSA because
these values are the same for all analogues. There is also very
little difference in their permeabilities, P,,, 210—310 nm/s.
To explain the observed difference in ER, the authors proposed
that the strong electron-withdrawing effect of fluorine
substitution makes the amide carbonyl group a poorer HBA
with consequently reduced P-gp recognition.” This hypothesis
has been supported by a quantum mechanical HBD/HBA
strength calculation reported by Desai et al., %2 which found that
the HBA strength of the terminal amide carbonyl group
dropped approximately 10-fold, from 2.1 to 1.3 (the values are
in log scale), as the number of fluorine molecules increased
across compounds §—11 (Table S).

A reduction in HBD capacity is one of the most frequently
reported medicinal chemistry strategies for improving brain
exposure. For example, this strategy was employed by Hu and
colleagues at Amgen while optimizing the CNS exposure of
a benzimidazole series of PDE10A inhibitors that they were
developing for the treatment of schizophrenia (Table 6)."""

One of the initial leads in the program was compound 12,
a potent and selective PDE10A inhibitor (ICy, = 92 nM),
which was also a strong P-gp substrate with an efflux ratio (ER)
in the MDR1-MDCK assay of 76.7. Early SAR investigations
indicated that the piperidine alcohol moiety in 12 is not critical
for potency and can be replaced by groups lacking HBDs.
In fact, a morpholine analogue, 13, displayed almost 2 orders of
magnitude higher potency (ICs, = 1.1 nM) with one HBD less
than 12 and with a reduced ER of 11.1. Encouraged by these
initial results, the authors further pursued the HBD-reduction
strategy, which led to the identification of benzothiazole 14,
a slightly less potent PDE10A inhibitor (ICs, = 4.3 nM), but
with the P-gp efflux reduced to an acceptable 2.4 ER. Because a
co-crystal structure of the HTS hit (12) bound to PDE10A
suggested that the NH linker was not essential, the authors
decided to replace it with a carbonyl group to further reduce
the HBD count while maintaining the observed planarity of the
phenyl and the benzimidazole rings. The resulting keto
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analogue 15 not only retained the low nanomolar PDE10A
potency but also exhibited a low efflux ratio of 0.9. The modest
target engagement achieved by this compound at 10 mg/kg
(RO = 21%) and 30 mg/kg (RO = 55%) in rats (p.o.) was
attributed to its poor systemic exposure, which was related to
the oxidative metabolism of the morpholine ring. Optimization
around that region of the molecule led to the identification of
piperazine analogue 16, which had a superior ADME profile
and 57% RO at 10 mg/kg (p.o.). 101

A slightly greater impact on the ER of the carbonyl group in
15 compared with that of the benzothiazole in 14 could be
rationalized by a masking effect of an intramolecular hydrogen
bonding (IMHB) between the carbonyl group and the last
remaining HBD in 15 (Table 6). Indeed, the introduction of an
IMHB motif can be an attractive alternative to the complete
removal of HBD. When a hydrogen-bond donor and acceptor
are on the same molecule in close proximity, an equilibrium
may exist between closed conformations where an intra-
molecular hydrogen bond is formed and open conformations
where the polar groups are exposed to solvent.'”” The closed
forms, masking the polarity from the environment, are likely to
be more lipophilic and may consequently display higher mem-
brane permeability, whereas the open forms are more water-
soluble.

The incorporation or reposition of an existing HBA in
a molecule to enable intramolecular H-bond formation is a
widely employed property optimization stratezgy particularly
when the HBD is required for target activity.”~ By practically
removing polar HBD and HBA groups from the molecular
environment, the formation of an IMHB can result in increased
lipophilicity, which, in turn, may improve passive permeability
as well as impair P-gp recognition, as shown in Table 7.'%

One important consideration when designing an IMHB is
the equilibrium between the open (polar) conformations and
the closed (nonpolar) conformation, which is needed to achieve
optimally balanced molecular solubility and permeability
properties. For example, to improve aqueous solubility, one
could consider introducing steric constraints or altering ring size
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Table 7. Intramolecular H-Bond (IMHB) Improves P,,, and
ER!%3

N X
(- L
N
Hn NH, N NH,
o
@ﬁo’go ©/\o/l§o 0
17 18
compd HBD P’ ER°
17 2 43 3.1
18 2° 177 L1

“Includes one intramolecular H-bond. “Apparent AB permeability in
the MDR1-MDCK assay. “BA/AB permeability ratio in the MDRI-
MDCK assay.

in the closed form to shift the equilibrium toward the open,
more water-soluble conformation. An elegant analysis of the
Cambridge Structural Database (CSD) and the Protein Data
Bank (PDB) by Kuhn and co-workers suggested a relatively
high propensity for intramolecular hydrogen bonds to form
five- to eight-membered rings."®” By far the highest frequency
motif was found to have planar, six-membered rings stabilized
by conjugation with a 7z-system. A number of less explored
topologies have also been identified, including weaker six-
membered ring hydrogen bonds containing one sp® center and
nonplanar seven- and eight-membered ring topologies.'”

One of the first reported intentional uses of an IMHB
designed to improve CNS exposure was in the optimization
of a series of NK, receptor antagonists described by Ashwood
et al.'® The initial lead 19 (Table 8) displayed a desired
pharmacological profile with an oral bioavailability of 60%
in dogs and a half-life of greater than 6 h; however, it also
exhibited poor solubility (<2 mg/L) and a modest total brain—
plasma ratio in rat (K, = 0.6). The authors reasoned that
the inclusion of an HBA at the amide alpha-carbon could
potentially lead to the formation of an IMHB with one of the
neighboring N—H’s from the urethane or amide groups. They
hoped that the resulting compounds would display improved
permeability due to the effective removal of an HBD and HBA
in the IMHB as well as increased aqueous solubility. While the
inclusion of an NMe, group in 20 did not affect NK; potency,
it did produce a desirable profile with improved solubility
and total brain exposure, despite reduced total plasma AUC,

which ultimately resulted in a greatly improved K, (Table 8).
Since K, ,, values were not reported, it is difficult to establish
to what extent the improved total brain exposure of compound
20 was driven by the nonspecific tissue binding. However,
a significantly higher efficacy of compound 20 in the centrally
mediated gerbil foot tapping paradigm with minimum effective
dose (MED) of 1 mg/kg is indicative of its superior free brain
exposure when compared to that of parent compound 19
(MED = 30 mg/kg).

The enhanced efficacy of 20 was rationalized by a combina-
tion of improved solubility and reduced HBD count by IMHB.
The presence of an IMHB between the NMe, and the amide
hydrogen, forming a six-membered ring, has been substantiated
by variable-temperature nuclear magnetic resonance (NMR)
spectroscopy studies.'®* Although it is likely to be protonated
at physiological pH conditions, the amine can pass through
lipophilic cell membranes only in its unprotonated form, in
which the observed IMHB would increase apparent molecular
lipophilicity and consequently cell membrane permeability.
A similar amide NH — N3;R IMHB and its impact on molecular
properties such as lipophilicity and permeability have been
described more recently by Over and colleagues at AstraZeneca.'”

There is a scaffold-dependent limit to which molecular
polarity can be increased with the addition of a polar HBA
before showing a deleterious effect on membrane penetration,
presumably due to a high water desolvation penalty. This issue
could potentially be avoided by considering an intramolecular
halogen bond, the existence of which has been supported by
X-ray crystallography evidence.'” Although considerably
weaker than classical O--H and N---H H-bonds, an improved
property profile has been associated with molecules containing
an intramolecular halogen bond. This approach was effectively
leveraged by researchers at Amgen in their efforts to decrease
P-gp recognition in a hydroxyethylamine series of S-amyloid
cleaving enzyme-1 (BACE-1) inhibitors represented by pyridine
21 (Table 9).""

BACE-1, an intensely pursued target in the quest for a
disease-modifying treatment for Alzheimer’s disease, is an
aspartic protease with a characteristically polar and relatively
shallow substrate binding site."® Consequently, BACE-1
inhibitors are large molecules that are generally characterized
by a high PSA and HBD/HBA count, which presents a consider-
able drug discovery challenge in terms of delivering potent
inhibitors with optimal brain exposure capable of achieving the
desired in vivo efficacy. Pyridine 21, one of the early leads in
Amgen’s BACE-1 effort, was prototypical; it displayed high

Table 8. NK,; Receptor Antagonists: Rationally Designed IMHB To Improve Brain Exposure'®

o O N
~
NH
19

compd NK; HBD PSA
ICs (nM) (Az)

19 1.0 3 96
20 0.5 3¢ 100

“Includes one IMHB. "Dose 0.5 mg/kg, iv. (rat). °K,

,uu
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4

No
o, OJ\N ~_N :
H{ o ¢
=
N\ _NH
20
cLogP AUC,_,,* K,° MED?
(ng h/g) (mg/kg)
5.5 120 0.4 30
53 ) 6.0 1

values were not reported. “Substance P induced foot tapping in the gerbil.
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Table 9. BACE-1 Inhibitors: Introducing Intramolecular Halogen Bond To Mask a HBD and Reduce P-gp ER'”

X
|
2 [
F | N
22 N A
compd BACE-1 HBD PSA
IC5o (nM) (A%
21 26.1 3 96.4
22 484 96.4
23 33.2 3 96.4

“MDRI1-MDCK cell line.

cLogP B ER”
(107 cm/s)
43 11 49
4.8 18 35
4.8 17 4

in vitro potency (ICs, = 26.1 nM) as well as moderate
permeability and a very high efflux ratio of 49 in a human
MDRI-MDCK assay. As discussed earlier, reducing the number
of HBDs would be a sensible mitigation strategy for P-gp efflux,
except that both the SAR and crystallographic data indicate that
all three HBDs in 21 are critical for binding to BACE-1. In such
situations, HBD masking should be considered, and when PSA
is already high (as in this case), introduction of intramolecular
hydrogen bonding may be the preferred option. Gratifyingly, the
incorporation of a fluorine atom into position 2 of the pyridine
ring to engage in halogen bonding and mask the amide N—H
was successful; analogue 23 exhibited an ER that was an order of
magnitude lower than that of the parent compound 21 (ER = 4
vs 49, respectively). Interestingly, S-fluoropyridine derivative 22,
a regioisomer of 21 that lacks an appropriately positioned fluorine
atom to mask the amide N—H, displayed a high potential for
efflux (ER = 35). This finding supports the intramolecular
halogen bond hypothesis as a rationale for the reduced efflux rate
observed for compound 23.

Most commonly used computational methods for the
calculation of physicochemical properties are independent of
molecular conformation; consequently, they do not account for
the potential existence of internal hydrogen bonds. Therefore,
researchers should be cautious when relying only on calculated
properties, such as cLogP and PSA. Significant discrepancies
between the calculated and experimental properties for
molecules with intramolecular hydrogen bonds could account
for the unexpectedly good in vivo pharmacokinetics displayed
by molecules that reside in the Beyond Rule of 5 (BRoS)
property space.lo9

To experimentally confirm the existence of intramolecular
hydrogen bonds, 'H NMR temperature dependency in
lipophilic solvents, such as deuterated chloroform or toluene,
is often employed. An exchangeable proton that is involved in
a hydrogen-bond interaction is more deshielded (higher &
chemical shift value) than a similar, exchangeable proton that
is not hydrogen bonded.'"® The temperature coefficient (TC)
value determined in these experiments corresponds to the slope
of the line obtained by plotting the chemical shift versus the
temperature of the experiment; this value is generally negative,
and compounds containing intramolecular hydrogen bonds
exhibit a less negative TC than compounds unable to form an
IMHB.'"!

Shalaeva et al.''? described an experimental method to
characterize the intramolecular hydrogen-bond capacity using
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AlogP, which is defined as the difference in a compound’s
distribution between a protic (octanol) and an aprotic
(toluene) solvent. A potential advantage of the AlogP over
the NMR method is that it uses a physiologically more relevant
environment that is conducive to IMHB formation. However,
similar to the NMR method, the AlogP technique is low-
throughput and too laborious for a more extensive evaluation of
the impact of intramolecular hydrogen bonds during the early
stages of the drug discovery process. Recently, several high-
throughput methods for intramolecular hydrogen-bond detec-
tion have been reported, including chromatographic methods
such as supercritical fluid chromatography, as described by
Goetz et al.''> This technique correlates chromatographic
retention with the exposed polarity of a molecule; molecules
that can form an intramolecular hydrogen bond can hide their
polarity and therefore exhibit lower retention than structurally
similar compounds that cannot form an intramolecular
hydrogen bond.

3.3. Polar Surface Area. The polar surface area (PSA) of
a molecule is generally defined as the surface area (A%) over all
polar atoms, primarily oxygen and nitrogen, including their
attached hydrogens. There are at least three different calcula-
tion approaches, each producing considerably different results.
The most commonly reported method is the topological polar
surface area (TPSA), which is the simplest and therefore the
fastest calculation method derived from the 2D atomic
connectivity and is independent of molecular conformation.
The TPSA is often calculated by the atom-based method, which
correlates closely with the total hydrogen-bond count, the sum
of hydrogen-bond donors and acceptors.''* A more complex
PSA method accounts for the PSA dependence on the con-
formation and is based on the molecular van der Waals surface of
a three-dimensional (3D) conformation. In a simpler version, the
method utilizes a single low-energy conformer of the molecule to
calculate the PSA, whereas a more sophisticated dynamic PSA
calculation includes the Boltzmann weighted average of all
conformers within 2.5 kcal mol™ of the lowest energy conformer
found during a conformational search."”® Yet another method
calculates the solvent accessible surface area (SASA) by enclosing
the water dimension radius of 1.4 A over a 3D conformation to
estimate the polar surface area.''®

Often described as a surrogate measure of hydrogen-bonding
capacity and molecular polarity, the PSA is a commonly used
metric during the optimization of a drug’s ability to permeate
cell membranes. Molecules with a PSA > 140 A” generally have
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poor gut permeability, leading to low oral bioavailability.>*
However, reflecting the differences in the gut and BBB
permeability as well as plasma and brain tissue binding, PSA
values for CNS penetrant compounds tend to be considerably
lower. A comparative analysis of marketed CNS and non-CNS
drug properties led van de Waterbeemd et al. to propose
PSA < 90 A? as a cutoff for optimal CNS exposure.”® On the
basis of a similar analysis of a different data set, Kelder et al.
suggested an even more stringent cutoff of <60—70 A%

The optimization efforts around a series of 11-hydroxyste-
roid dehydrogenase type 1 (115-HSD1) inhibitors described by
researchers at AstraZeneca provide a good illustration of the
impact of the PSA on brain exposure."'” One of early leads in
this series, thiazole 24 (Table 10), displayed moderate in vitro

Table 10. 114-HSD1 Inhibitors: Increasing PSA Leads to
Reduced K, Values'"”

o}
s N OH
— | H
N—>o
|

24 2527
compd R h113-HSD1 PSA LogD;, K,,* F*
ICs (nM) (A% (%)
24 61 75 2.0 0.9 23
25 MeO—- 72 84 2.3 0.7 40
26 Pr(1-CN)CH,O— 2 93 26 04 79
27 CH,80,CH,— 486 11 04 003 65

“Oral bioavailability in male Han Wistar rat at 1 h, 30 mg/kg.

potency (h115-HSD1 ICs, = 69 nM) and favorable physico-
chemical properties (e.g, PSA = 61 A% LogD,, = 2.0), which
were translated into modest oral bioavailability and high CNS
penetration in rat (F = 12%; K, = 0.9). Further optimiza-
tion efforts led to the discovery of tetrahydrofuryl analogues
such as 25 and 26 with improved in vitro potency and rat
pharmacokinetic properties when compared to those of lead
compound 24. However, these improvements came at the price
of increased PSA, which ultimately impacted the compounds’
CNS penetration. Compound 25 with PSA of 84 A’ showed
K, of 0.7, whereas 26 with PSA = 93 A had K, further
reduced to 0.4. This trend continued with sulfone analogue 27
(PSA = 111 A?), which maintained good oral bioavailability

(F = 65%) but had brain exposure at the very limits of analytical
detection, with K, , value estimated to be as low as 0.03.

Interestingly, despite the reduced CNS penetration, com-
pound 26 (K, ,, = 04) achieved a free brain concentration
20-fold over its ICs, at a relatively low dose of 20 mg/kg (p.o.).
Because it exhibited the most balanced oral bioavailability
and brain exposure in the series, compound 26 was progressed
further into preclinical target validation studies to assess the
impact of 115-HSD1 inhibition on body weight and glucose
levels in rat.""”

Another example illustrating the influence of PSA on CNS
exposure is shown in Table 11. Again, the observed poor CNS
properties of lead molecule 28 (ER = 5.8; K, = 0.1) from an
Indane series of R-amino-3-hydroxyl-5-methyl-4-isoxazole-
propionic acid (AMPA) receptor potentiators were attributed
to the compound’s high PSA (109.1 A%), a consequence of
containing two sulphonamide groups.''® Because modifications
to the Indane sulphonamide were not tolerated, the PSA
optimization efforts were focused on finding alternatives to the
less restrictive phenyl sulphonamide moiety. One of the earlier
analogues resulting from this study was N-methylated analogue
29, which, consistent with a reduced HBD count, had a lower
ER and improved brain exposure (ER = 3.2 and K, = 0.4).

Seeking further improvements, the authors explored a range
of PSA-lowering heterocyclic replacements. This investigation
led to the discovery of pyridine analogue 30, which retained
the AMPA potency and cLogP of the parent bis-sulphonamide
but significantly reduced the PSA to 67.4 A*> compared with
109.1 A* for 28. Accordingly, compound 30 was not a P-gp
substrate (ER = 1.1) and exhibited good passive permeability
and good brain exposure (Kp = 2.1). On the basis of its
favorable overall PK and PD properties, including its efficacy
and safety margin in preclinical models, 30 advanced to clinical
development for the treatment of cognitive impairment in
schizophrenia."*®

3.4. pK, and lonization State. The majority of CNS drugs
contain a basic center. Wager at al. found that a median pK,
value for marketed CNS drugs and Pfizer CNS clinical
candidates was 8.4.%> There are two schools of thought as to
whether this fact reflects an inherent benefit of compound
basicity for brain exposure or is merely due to bias in the data
set resulting from the fact that many currently prescribed CNS
drugs target monoamine receptors or transporters, which ligand
pharmacophores contain basic centers. Pajouhesh and Lenz
proposed that the optimal pK, range for CNS drugs is
7.5—-10.5.%¢ Although the lower limit of this range would

Table 11. AMPA Positive Allosteric Modulators: Reducing PSA To Improve Brain Exposure'

D
\/S\/N \ /io
A R
00 ©
28,R=H
29, R=Me
compd AMPA“ PSA
PECso (4%
28 6.1 109.1
29 5.9 100.3
30 5.6 67.4

“FLIPR-based hGluA, flip isoform assay.

18
H
N
N Z
N7 | s
F —
30
HBD cLogP ER” K,°
2 2.7 5.8 0.1
1 27 32 04
1 2.8 11 2.1
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YEfflux ratio in the MDRI-MDCK. “Brain—blood AUC,_, ratio (rat).
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currently be considered overly conservative, the upper limit is
consistent with more recent analyses of P-gp substrate liability
(vide infra).® In a review of P-gp data for 1000 compounds,
Petrauskas proposed a cutoff of pK, < 8 for compounds
designed to avoid possible P-gp interactions.”®

Controlling pK, was an approach adopted by McDonald
et al. at Bristol-Myers Squibb to improve CNS penetration in
a quinolone series of @7 nicotinic acetylcholine receptors
(nAChR) agonists that they were developing as a potential
treatment for the cognitive deficits associated with schizo-
phrenia."'” One of their early leads, quinuclidine 31 (Table 12),

Table 12. @7 nAChR Agonists: Controlling pK, To Improve
Permeability'®

31 32 33
compd a7 nAChR K, ER® P’ K,°
ECyy uM (nm/s)
31 0.15 10.1 69 900 <0.02
32 5.80 7.6 0.6 380 ND
33 026 8.1 1.0 550 09

“Caco-2 Pyyy(a)/Pupp(an) "PAMPA, pH 7.4. “Rat, 30 min.

exhibited very poor brain penetration in rats (K, < 0.002),
despite its good permeability as measured in a PAMPA assay
(P, = 900 nm/s). Follow-up experiments revealed that all of
the tested quinuclidine analogues in this series exhibited very
high efflux ratios in a bidirectional Caco-2 assay, suggesting
transporter-mediated efflux.

To test the hypothesis that the observed high ER was related
to the quinuclidine high basicity (pK, = 10.1), the authors
explored a series of quinolone analogues containing amine
groups with reduced pK,, such as 4-fluoroquinuclidine 32
(pK, = 7.6). Confirming the hypothesis, the less basic
compound 32 displayed significantly reduced efflux (ER =
0.6), although the drop in basicity was also accompanied by
a substantial loss in a7 activity (ECsy = 5.8 uM). Gratifyingly,
the slightly more basic morpholine analogue 33 (pK, = 8.1)
retained a7 potency (ECg, = 260 nM) while displaying near
unity ER in the Caco-2 assay, achieving a K, value of 0.9 in rats
at 10 mg/ kg dose (no concomitant improvement in C,p was
reported)."!

A research group at Novartis employed a similar approach
in their efforts to improve the CNS exposure in a series of
BACE-1 inhibitors represented by macrocyclic ethanol amine
34 (Table 13)."*° This initial lead compound was a potent and
selective BACE-1 inhibitor; however, it also displayed poor
permeability and high efflux in the MDR1-MDCK cell line
(P, = 1.4 X 107 em/s; ER = 23). The pK-lowering strategy
adopted to address these issues required modifications around
the ethanolamine group (pK, = 8.5), a critical pharmacophoric
element involved in a direct interaction with the catalytic
aspartates in the enzyme binding site (Table 13).

Indeed, insertion of small fluorinated alkyl groups such as
CHF, and CF; into the benzylic position next to the amine
resulted in improved passive permeability and reduced P-gp
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Table 13. BACE-1 Inhibitors: Reducing pK, To Improve P,

. . 120 app
and Brain Penetration

o
34,R=
0
0
SEhns
N OH
N : 35, R=
Asp228
Asp32
compd BACE-1  pK, Pyt ER“ G Ap40°
ICg, nM (1076 cm/s) (uM) (%)
34 32 8.5 13 23 0.04 7
35 15 73 4.0 35 0.32 72

“MDRI1-MDCK. “APP51/16 tg mouse; dose: 60 ymol/kg.

efflux (data not shown).'* Unfortunately, these changes were
also accompanied by a complete loss of activity, presumably
due to the amine pK, now being too low for a productive
interaction with the catalytic aspartates. A search toward a more
tempered pK, effect led the authors to the design of cyclo-
propane analogue 35 (pK, = 7.3), which displayed significantly
improved passive permeability and reduced ER values (P,,, =
4 x 107° cm/s; ER = 3.5) while retaining high BACE-1
potency. Consequently, this compound showed higher concen-
trations in the brain (0.32 M) and a significantly greater
reduction in brain levels of AB40 (72%) when compared to that
of parent benzylamine 34 (C, = 0.04 uM; AP40 = 7%).
Unfortunately, the introduction of the cyclopropyl group into
the ethanolamine motif led to the loss of selectivity over the
closely related aspartyl proteases cathepsin D and E, which
prevented this series from progressing further.'*

Contrary to amines, carboxylic acids are generally associated
with poor brain exposure due to a combination of multiple
factors, including high plasma protein binding, poor passive
permeability, and P-gp recognition.*®> This trend was first
observed in studies related to terfenadine (36, Figure 2),

HO
OH
N
R

36, terfenadine 37, fexofenadine
R=CH, Cyp3A4  R-CooH
HIICo=10M  ~— = H1iC,=15nM
hERG Ki = 56 nM hERG Ki =23000 nM
Papp =28.5x10¢ cm/s P. =6.6x10%cm/s

app

Figure 2. Terfenadine and its main metabolite, fexofenadine."*'

a first-generation antihistamine discontinued in 1997 due to
instances of torsades de pointes, a polymorphic ventricular
tachycardia that can persist and possibly degenerate into a life-
threatening ventricular fibrillation.

The cardiac arrhythmia was later associated with a block of a
cardiac potassium channel, a product of the human ether-a-
go-go related gene (hERG). It was subsequently found that its
principle metabolite, carboxylate 37, accounts not only for most
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of terfenadine’s therapeutic effect but also produced signifi-
cantly less of the CNS side effects such as sedation as well as
a greatly improved selectivity over hERG."*' On the basis of
these findings, the metabolite was subsequently marketed as
fexofenadine, the progenitor of the second generation antihist-
amines that are characterized by a lack of the central side effects
intrinsic to the prior generation. The improved CNS side-effect
profile of fexofenadine has been attributed to its low brain
exposure. Terfenadine has a high passive permeability (P,,, =
28.5 X 107® cm/s) and does not exhibit markedly different
brain uptakes in wild type and mdrl KO mice. In contrast,
zwitterionic fexofenadine has low passive permeability (P,,, =
6.6 X 107 cm/s) and in vivo efflux ratio of ~50, as indicated by
the mdr1 KO studies.'*>'*

Although zwitterions are generally associated with poor CNS
exposure, examples of brain-penetrant zwitterionic molecules
have been reported in the literature, such as a series of melanin-
concentrating hormone receptor-1 (MCHR-1) antagonists
described by Mihalic and colleagues at Amgen.'** Progress in
this intensely pursued research field toward the treatment of
obesity and mood disorders has been severely hampered by
an extensive MCHR-1 and hERG pharmacophore overlap and
consequent cardiovascular risks.'>® Inevitably, achieving
sufficient selectivity over hERG was one of the major challenges
faced by the Amgen group, too. An initial lead in their series,
compound 38, was a potent MCHR-1 antagonist with good
brain exposure and overall ADME profile and demonstrated
efficacy in reducing food consumption in mice (Table 14).

Table 14. MCHR-1 Antagonists: Zwitterions Can Be Brain-

Penetrant'**
et

N

\> incorporate COOH to
improve hERG selectivity

compd MCHR-1  hERG® cr®
ICy, (nM)  ICs (uM)  (L/h/kg) (uM)
38 1 0.03 02 0.04
39 0.6 >5 0.55 0.4 021 032

“Rb* efflux. "APP51/16 tg mouse; dose: 60 ymol/kg.

However, this compound was subsequently found to be a potent
hERG blocker, which ultimately prevented its further develop-
ment. In order to address this issue, the authors considered
incorporation of a carboxylic group into the molecule, a strategy
commonly employed to improve selectivity over hERG ever
since the terfenadine—fexofenadine example was reported.'*®
The hERG evolved, as a potassium cation channel, to
stabilize positive charge within its central cavity, which not
only may explain why many hERG blockers contain basic
amine groups but also rationalize the fact that the presence of
a functionality that is negatively charged at physiological pH,
such as a carboxylic group, is often detrimental to hERG
binding. Indeed, while the replacement of the tetrahydropyran
in 38 with a cyclohexyl carboxyl group in 39 did not affect
MCHR-1 potency, it resulted in the near complete elimination
of hERG potency (ICs, > S uM). Importantly, compound 39
(AMG 076) displayed sufficient CNS exposure (Ccgp/ C,=021;
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10 mg/kg, p.o.) to produce robust in vivo efficacy in mouse
models of obesity (Ccgp/C, = 0.21; 10 mg/kg, p.o.) and was
advanced into the clinic."** A similar zwitterion approach to
improve general selectivity profile was successfully employed in
the design of brain-penetrant dual H,/5-HT,, antagonists that
advanced into the clinical development for the treatment
of sleep disorders."”’”

3.5. Molecular Flexibility and Rotational Bonds. Veber
and colleagues at GlaxoSmithKline highlighted the importance
of molecular flexibility, as measured by the number of rotational
bonds (RB), for predicting rat oral bioavailability and per-
meation rates in an artificial membrane permeation assay.>>
They showed that increased molecular flexibility exerted a
negative effect on passive permeation. Consistent with the
supposition that such effects would have a more profound
influence at the BBB, Leeson and Davis demonstrated that the
average rotational bond count of oral CNS drugs (mean 4.7,
median 4.5) within a data set of oral drugs (1983—2002 NCE
list) was reduced relative to the global average across all
therapeutic areas (mean 6.4, median 6).*” This finding led to
the proposed guideline of a rotatable bond count < 8 as an
attribute of a successful CNS drug candidate.*®

The inverse agonist of growth hormone secretagogue receptor
type 1la (GSH-R1) 40 reported by scientists at AstraZeneca was
characterized by several physicochemical parameters lying
outside the range usually associated with good CNS exposure,
including high MW (621.2 Da) and PSA (132 A?) and eight
rotatable bonds (Table 15)."** Therefore, it was no surprise to
find that compound 40 showed no detectable levels in the brain,
despite good oral exposure in rats (F = 50%). This result was
attributed to a combination of poor permeability and high efflux
ratio in the MDR1-MDCK assay, 0.5 X 10~ cm/s and 69,
respectively.

The authors noted that a single-crystal structure of 40
confirmed the existence of an internal hydrogen bond between
the urea NH and the amide CO groups, as marked in Table 18.
It was reasoned that this intramolecular H-bond effectively
masks the physicochemical parameters driven by the acylurea
portion of the molecule, e.g., polarity, number of hydrogen-
bond donors and acceptors, and RB count. With these
considerations in mind, the authors focused their optimization
efforts on the flexible side chain region of the molecule to
further reduce the number of RBs. This strategy led to the
discovery of piperidine 41, whose physicochemical properties,
other than RB count, remained largely unchanged from those
of the parent compound 40. Gratifyingly, this physicochemical
profile did translate into significantly improved MDR1-MDCK
permeability and efflux, which ultimately resulted in greatly
improved K,,, (0.4) and a free brain exposure multiple of
0.4 (Cy, divided by ICy, GHS-Rla) in rat at S0 mg/kg. The
authors were interested in inverse agonists or antagonists of
GSH-R1 as a potential approach to the treatment of obesity;
these two compounds enabled them to demonstrate that CNS ex-
posure was necessary to obtain reduced food intake in mice."**

Johnson and colleagues at Pfizer recently described their
efforts towards CNS-penetrant inhibitors of anaplastic
lymphoma kinase (ALK) for the treatment of nonsmall cell
lung carcinoma (NSCLC).6 NSCLC commonly metastasises in
the brain where the current standards of care have only limited
effectiveness.® For example, a sample taken at steady state from
a single patient at the recommended 250 mg twice daily (bid)
dose of crizotinib 42 (Figure 3), approved by FDA in 2011,
showed a CSF to free plasma ratio of 0.03 (Table 16)."*
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Table 15. GSH-R1 Antagonists: Reducing Molecular Flexibility (RB count) To Improve Brain Exposure'*®

o)
w_0O
N/<}\ >’3/
H | —\
o” ‘N/LS \_\_N
| \__/

Cl —
N“~0
H
N
[ ] 40
(]
compd GHS-Rla RB cLogP cpK,
ICy, (nM) count (basic)
40 0.77 8 1.9 7.8
41 6.7 S 2.1 8.1

“A-B MDR1-MDCK. %6 h post p.o. dose in rat. “Dose: 100 mg/kg. “Dose: 50 mg/kg.

H/g /LQ @

Cl
N
H
O
195 ER” Kp_uub free brain
(107 cm/s) multiple®
0.53 69 <0.03¢ <0.01
54 2.6 0.42¢ 04

C,p/1C5o (GHS-R1a).

Cl

42, crizotinib

—

Figure 3. A structure of ALK inhibitor crizotinib, 42, co-crystallized
with the ALK kinase domain, PDB 2XP2 (the protein is omitted for

clarity).

The lack of CNS exposure can be explained by the com-
pound’s high efflux ratio, as measured in the MDR1-MDCK
assay. Although early optimization efforts produced leads with
improved overall properties, as represented by compound 43,

these improvements were considered to be inadequate, and the
team looked for an alternative design approach. Interestingly,
the structures of several of these new leads co-crystallized
with the ALK kinase domain all showed a typical U-shaped
binding conformation, similar to the one observed for 42
(Figure 3), with the aryl and pirazol groups in close proximity.

This observation prompted the authors to consider the
synthesis of macrocyclic analogues using the existing amide
functionality to connect the two proximal regions of the acyclic
template. The macrocycles were expected to reinforce the
binding conformation and consequently display improved
potency and selectivity profile. In addition, due to the significant
reduction in number of RBs and increased buried surface area,
the macrocyclics were also anticipated to show improved BBB
permeability properties. Indeed, dramatic improvements in all
key parameters were observed upon the implementation of this
strategy. Amide macrocycle 44 showed over 20-fold higher
ALK potency relative to that of acyclic analogue 43 as well as
improved permeability and reduced efflux ratio in the MDRI1-
MDCK assay. Importantly, the AUC ratios of CSF to free
plasma of 0.31 suggested that compound 44 is distributed into
the CNS. There have been a number of similarly successful
examples reported in the literature; consequently, macrocyclization
as an approach to improving the molecular properties of drugs has
been receiving ever increasing attention in recent years.BO

3.6. Molecular Weight. CNS drugs tend to be smaller than
non-CNS therapeutics. The mean MW of CNS drugs launched

Table 16. ALK Inhibitors: Macrocyclic Analogues Displayed Improved Brain Exposure’

F

43
compd ALK RB PSA
K, (nM) count
42 0.74 S 78
43 22 6 86
44 0.70 0 110

“A—B MDR1-MDCK. Human. “Rat.
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44
cLogP B ER AUC
(107 cm/s) CSE/Cyp,
3.6 12.5 44.5 0.03”
22 18.8 7.6
1.6 28.8 L5 0.31¢
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between 1983 and 2002 was 310 Da, whereas the mean MW
for oral therapeutics (including CNS drugs) was 377 Da.*>*
Levin proposed, on the basis of brain capillary permeability
measurements in anesthetized rats, that there was a MW cutoff
for passive brain permeability somewhere between MW
400—657 Da."*' Moreover, following an analysis of CNS
versus non-CNS drugs, Van de Waterbeemd proposed that the
value should be MW < 450 Da.”® Waring suggested that the
molecular size and LogD are the most critical parameters for
predicting permeability in Caco2 cell line: larger molecules
require higher LogD to have a chance of high permeability.***®
Of course, molecular weight reduction often has coincidental
beneficial effects on other parameters, such as rotatable bonds,
PSA, and cLogP, which are, as discussed earlier, frequently
employed CNS optimizations strategies in their own right. This
approach is typically initiated by deletion studies carried out
early in hit optimization to establish minimum pharmacophore,
which is then optimized while closely monitoring the ligand

binding efficiency (LE)."*>

4. MULTIPARAMETER OPTIMIZATION APPROACHES

As discussed earlier, a good understanding of the general risks
and benefits associated with individual physicochemical
parameters and their interplay in the context of molecular
pharmacokinetic and pharmacodynamics properties is a critical
aspect of modern CNS drug design. However, often no single
physicochemical parameter can be used to fully explain or
predict the intricate pharmacokinetic properties related to brain
exposure; rather, more complex multivariate models that inter-
rogate multiple descriptors simultaneously are required.
Waring et al. demonstrated that LogD and MW together
predict cell permeability better than LogD alone.** Similar
dependencies of BBB permeability on LogD and MW as well as
on the PSA and HBD and HBA counts have been reported by
other researchers.'*>™'*> To simplify the visualization of the
multivariate property space and facilitate applications in drug
design, there has been a growing interest in the development
of scoring functions that combine multiple parameters into
a single value. For example, ligand efficiency (LE = —1.4 log
(K; [M])/number of heavy atoms),"** lipophilic ligand
efficiency (LLE = —log (K; [M]) — cLogD),”* and Ii§and
efficiency-dependent lipophilicity (LELP = cLogP/LE)"*° are
recently introduced scoring functions that normalize the size
and lipophilicity contributions to drug potency. While all three
efficiency parameters demonstrated utility in hit and lead
optimization, only LELP, the multivariate scoring function that
combines potency, MW, and cLogP, was found to be able to
distinﬁuish marketed drugs from clinical candidates and
leads.””” Wager et al. reported no significant difference in LE
and LLE between 119 CNS drugs and a set of Pfizer’s 108 CNS
clinical candidates.** The authors reasoned that, given the
higher MW and cLogP values associated with the candidate set,
the average potency of the compounds in this set must be
higher than in the drug set. While the higher MW and cLogP
may have contributed to increased potency and favorable LE
and LLE values, these properties were also associated with less
favorable ADME profiles found in the candidate set. In contrast
to LE and LLE, the LELP analysis was able to distinguish drugs
from candidates, showing a statistical difference between
median LELP values of drugs (5.9) and candidates (7.0).**
Similarly, a comparative analysis of a wider range of compounds
at different stages of drug discovery, as well as marketed drugs,
showed that LELP outperformed LLE for risk assessments
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related to ADME and safety properties, further supporting the
greater predictive power of multivariate scoring functions."’

Wager and colleagues at Pfizer have recently reported an
extension of the multiparameter scoring approach into a method
designed specifically for CNS drug discovery, termed CNS
multiparameter optimization (MPO).** To assess probability of
success, the CNS MPO method utilizes six fundamental
molecular parameters: cLogP, cLogD, MW, TPSA, HBD count,
and pK, of the most basic center. Importantly, instead of hard
cutoffs, this algorithm constructs desirability scores (0—1) for
each of the six properties and composes an overall desirability
score using summation, ranging from 0 (undesirable) to 6 (highly
desirable). Indeed, an increasing CNS MPO desirability score was
shown to align with greater chance of identifying compounds
with the desired attributes such as increased passive permeability,
reduced P-gp-mediated efflux, and reduced intrinsic clearance of
the unbound drug. CNS MPO scores > 4, as calculated for the
majority of CNS active drugs (74%), can be used as a potential
reference point when evaluating design ideas.™

In order to further assess the general utility of the CNS MPO
algorithm, the author of this Perspective was interested in
investigating if the resulting desirability scores could be used
to enhance chances of identifying compounds that could
achieve high unbound concentrations in the brain (C,y,). This
is a particularly challenging test, since C,y, is one of the most
complex pharmacokinetic parameters, as it is influenced by a
multitude of in vivo variables, including fraction unbound in the
brain, passive permeability, active efflux, and metabolic stability.

For this purpose, the CNS MPO scores were calculated using
the published algorithm® for a diverse set of 616 compounds
from Lilly’s database with experimental C,}, data. The C,y, values
were generated from total brain concentrations measured in
the mouse (brain harvested S min after a single iv. dose of
2.17 pumol/kg) and f,}, obtained from the LC/MS analysis of
the brain homogenate, as previously reported®® The com-
pounds were classified, on the basis of their C,y, levels, as low
(Cyp < 10 nM; 44% of the total) and high (C,j;, > 10 nM; 56%).
This is an arbitrary classification cutoff used for the purpose
of this particular exercise, since the compounds in this set
originated from many different programs for which preferred
range of the C,, values would differ greatly. The analysis
showed that, at least for this set, the likelihood of finding
compounds with high C,}, values progressively increases as the
CNS MPO desirability score increases (Figure 4a). For example,
100% of compounds with low CNS MPO scores (<2) had low
C,p, values, whereas 81% of compounds with CNS MPO score
> 5 had C,, values classified as high. Although there is still room
for improvement, this is a remarkable result considering the
challenge presented by the intrinsic complexity of this important
pharmacokinetic end point. In contrast, an analysis of the same
data set using a single physicochemical parameter, such as
cLogD, showed no meaningful alignment, except to note that
86% of the most lipohilic compounds (cLogD > 5) were in the
low C,}, group (Figure 4b).

It is therefore not surprising that over recent years MPO
methods have been steadily gaining wider acceptance in drug
discovery,"*® with their application to the prospective design of
new compounds being particularly appealing. Machine learning
algorithms designed to differentiate CNS from non-CNS
penetrating compounds on the basis of their substructure finger-
prints have also been reported in recent years."* However,
these approaches are based on molecular descriptors and
fingerprint patterns that are less intuitive and difficult for
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Figure 4. Distribution of brain unbound concentrations (C,;,) in mouse for a diverse set of 616 compounds from Eli Lilly’s collection as a function
of: (a) CNS MPO score (1—6) and (b) cLogD (Chemaxon). Pie charts are colored according to C,y, levels: red, low (C,;, < 10 nM); green, high

(Cyp > 10 nM).

medicinal chemists to translate into optimization hypotheses
and desired structural modifications, which may limit their
application in prospective design. These algorithms may prove
to be more effective when used to select or prioritize structures,
for example, to prioritize design ideas for synthesis, to select
compounds for focused screening, to triage high-throughput
screening (HTS) hits, or to evaluate structures from the patent
literature. The MPO algorithms may also prove to be useful in
this context.

5. PERSPECTIVES

The existence of the blood—brain barrier presents a unique
and major challenge in CNS drug discovery.">'* This challenge
can be addressed effectively and successfully only with a good
understanding of structure—brain exposure built on reliable and
meaningful data. Therefore, it is important to note the large
body of evidence described in the literature indicates that total
brain concentration (C,), which is still commonly reported as a
measure of brain exposure, is actually a measure of nonspecific
binding to brain tissue rather than a pharmacologically relevant
concentration. The reliance on drug total brain levels is often
misleading, which inevitably and unnecessarily leads to large
and highly lipophilic molecules. It is now unambiguously clear
that the unbound brain concentration (C,y,) is a better measure
of drug concentration at the target site and, ultimately, in vivo
drug efficacy.

As discussed earlier, receptor occupancy (RO) is the most
direct measure of target engagement, but the time and cost
associated with the required ligand radiolabeling prevent
its wider and more impactful application in drug discovery.
However, the need for a radiolabeled ligand can be circum-
vented by a method recently described by scientists at Eli Lilly.
They used nonradiolabeled tracers in combination with high-
performance liquid chromatography and mass spectrometry
(LC/MS) to measure the ROs of several antipsychotics at
dopamine D, and serotonin 5-HT,, receptors.'** This method
has a potential for a major impact on CNS drug discovery.
By eliminating the need for radiolabeled ligands, it enables a
routine measurement of in vivo RO, which should result in a
better understanding of structure—brain exposure at early stages
in drug discovery and a more effective execution of hit and lead
optimization efforts toward successful drug candidates. Similarly,
PET ligand discovery efforts, which focus on radioligand
optimization, could also greatly benefit from the LC/MS method.
In addition, an elegant extension of the LC/MS detection
approach recently reported by Need and colleagues at Eli Lilly
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demonstrated the possibility of obtaining reliable RO data
simultaneously against multiple targets, thereby establishing
ligand selectivity in vivo within a single experiment.'*"

One of the emerging challenges in CNS drug discovery is
related to the increasing evidence that mechanisms leading to
a failing, more permeable BBB are at the core of the underlying
pathology of CNS diseases, such as Alzheimer’s disease, multiple
sclerosis, ischemic stroke, and injury due to brain trauma.'"'**
A better understanding of these mechanisms is required to help
design more relevant preclinical disease models and therapeutic
agents. There is also emerging evidence that the BBB can be
altered in certain preclinical models, which may present
considerable difficulties when establishing drug PK/PD relation-
ships. For example, a significant increase in P-gp expression has
been observed in carrageenan-induced inflammatory hyper-
algesia in the rat, resulting in decreased CNS penetration of
morphine and the consequent attenuation of morphine-induced
antinociception.143 Therefore, it is good research practice to use
tissues collected from in vivo PD experiments for PK studies
whenever possible, particularly for the key compounds on which
important program decisions are to be made.

One of the fundamental challenges for medicinal chemists
working on CNS targets is that the existence of the BBB
reduces the size of the CNS drug physicochemical property
space compared with the space available to oral drugs designed
for peripheral targets. Generally, CNS drugs are smaller, more
lipophilic, and have fewer hydrogen-bond donors and lower
PSA compared with those of non-CNS drugs.*’ The median
values derived from an analysis of marketed CNS drugs offer
useful guidance when defining the desirable CNS candidate
profile: cLogP = 2.8, cLogD = 1.7, HBD = 1, TPSA = 44.8 A2
pK, = 84, RB = 4.5, and MW = 305.3 Da.®? Obviously, these
numbers are median values, and there are many marketed drugs
with properties at either end of the range. Furthermore, the
current CNS pharmacopeia is heavily dominated by drugs that
modulate monoamine GPCRs, transporters, and ion channels,
many of which were developed for the treatment of psychiatric
disorders such as schizophrenia and depression, e.g, out of
118 drugs included in the analysis described above,** 34 are
aminergic GPCR ligands, 24 are ion channel blockers, and
11 are aminergic transporter inhibitors. This situation is
likely to change, as CNS drug discovery efforts across the
pharmaceutical industry have been rapidly refocusing toward
emerging CNS therapeutic areas, such as neurodegeneration
and oncology. Consequently, there are ever increasing numbers
of non-traditional CNS targets currently being evaluated in the
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clinic, many of which are characterized by larger and more polar
ligands, such as proteases, kinases, and phosphodiesterases.'*#'**
It will be interesting to see how the median values of CNS drug
properties change as these new approaches begin delivering
drugs to the market.

Regardless, lipophilicity is likely to continue to be seen as the
most critical physicochemical parameter and a robust predictor
of clinical success across all therapeutic areas.”* The essentially
unchanging overall lipophilicity distribution in oral drugs
over the past 40 years reflects the importance of balancing
the impact of this property on the potency, pharmacokinetic,
and safety profiles.’” It is well-documented that increased
lipophilicity is often accompanied not only by increased
potency but also increased probability of reduced solubility
and plasma free fraction as well as increased metabolic and
toxicity liabilities.”* For example, an analysis of the physico-
chemical properties and in vivo safety data relationships for
245 preclinical compounds at Pfizer showed a significantly
higher risk of safety events for basic nitro§en containing
compounds with PS < 75 A2 and cLogP > 3.'% The inferred
high-risk property profile significantly overlaps with the CNS
drug property space, as described above, which further
empbhasizes the challenges associated with CNS drug discovery.
With judicious selection of lead compounds and controlling
lipophilicity during optimization by an effective use of efficiency
parameters (LE, LLE, and LELP), medicinal chemists have
an opportunity and responsibility to improve success rates in
the clinic.”*

In contrast to lipophilicity, molecular descriptors related
to hydrogen bonding are often found to be the dominant
parameters impacting unbound drug brain concentrations. This
is most likely a consequence of an additive combination of the
two detrimental effects generally associated with hydrogen
bonding, namely, poor passive permeability and increased risk
of interactions with efflux transporters. An analysis of how oral
drug properties have changed over time showed that the mean
value of HBD count is constant, similar to cLogP and PSA,
suggesting that HBD is one of the most critical physicochemical
properties, i.e., more important than HBA count.”’” Indeed,
reducing the HBD count is one of the most frequently reported
strategies that was successfully used in the optimization of brain
exposure. An alternative strategy, which may be particularly
attractive when HBDs are required for target activity, is the
introduction of a suitably positioned HBA group to form an
intramolecular H-bond. When increasing the PSA is undesir-
able, one could consider the incorporation of a halogen atom
instead of HBA. Although considerably weaker than classical
O--H and N--H H-bonds, improved property profiles have
been reported in molecules that contain an intramolecular
halogen bond.'"”

Another important molecular property to consider in CNS
drug discovery is aqueous solubility, which is at least in part a
composite reflection of the physicochemical properties dis-
cussed earlier, as well as some of the more recently introduced
structural descriptors such as carbon sp® fraction (Fsp® = number
of sp>-hybridized carbons/total carbon count)'*” and aromatic
ring count."*® Alelyunas and colleagues at AstraZeneca reported
that only 7 out of 98 marketed CNS drugs displayed measured
solubility < 10 M in pH 7.4 buffer.'* Interestingly, most of
them were associated with significant safety issues for which
they were either withdrawn or given a black box warning. The
great majority of the CNS drugs in this set proved to be highly
soluble compounds, with 85% displaying solubility > 100 xM.
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The authors indicated that one could relate poor solubility with
higher safety risks on the basis of its strong correlation with
increased lipophilicity. It was suggested that compounds having
solubility < 1 uM are unlikely to become CNS drugs, while
advancing compounds with solubility < 10 #M would still bear
high developability risks. The authors also pointed out a high
risk of being outperformed by a competitor when advancing a
poorly soluble compound. Improving solubility is one of the
common objectives for fast follow-up programs. It is, therefore,
tempting to consider aqueous solubility as one of the potential
predictors of clinical success.

The majority of drugs bind to their targets by forming
reversible noncovalent interactions, e.g,, hydrogen bonds and
hydrophobic interactions. For such agents, PK/PD relationships
are usually well-understood in terms of equilibrium binding
affinities (Kj) for their primary target relative to steady-state
free plasma concentrations. However, in recent years, there has
been a renewed and 5growing interest in the design of covalently
bound inhibitors,">® even for targets outside oncology
indications that are historically associated with this approach,
including CNS-related indications such as schizophrenia™'
and pain."** Several covalent irreversible inhibitors for CNS
disorders have already been available on the market for many
years (e.g., vigabatrin, selegiline, disulfiram), suggesting that this
can be a safe and effective CNS drug discovery approach.
Potential advantages of covalent inhibition include high potency
and ligand efliciency, especially for less-druggable targets, which
may translate to reduced dose and the associated body burden
of the parent drug and its metabolites."** Due to nonequilibrium
binding kinetics, covalent inhibitors of protein targets that
regenerate slowly tend to display much longer pharmaco-
dynamic half-lives than their pharmacokinetic half-lives.">> For
irreversible binders, free drug concentrations at the target
coverage levels are generally needed only until the covalent
interaction takes glace, which often occurs relatively quickly
(30 min to 1 h).">* Consequently, this approach deemphasizes
the need for compounds with long half-lives and high,
prolonged systemic drug loads."*® However, this potentially
attractive aspect of the covalent binding approach may not be
fully realized in CNS drug discovery for compounds with poor
BBB penetration (e.g, K,,, < 1) that may require prolonged and
high systemic exposure in order to achieve optimal target
coverage in the brain. Hence, to minimize the risk of nonspecific
irreversible tissue binding when pursuing covalent binders for
CNS targets, while potentially compromising on drug half-life,
one would be well-advised to focus, just as in reversible ligand
programs, on designing compounds exhibiting physicochemical
parameters conducive to good brain penetration properties, e.g,,
high P,,, and no active efflux.

Many covalent inhibitors display high protein binding,">*
which, as discussed earlier,*>* is not a liability per se, especially
if most of the binding is reversible. The above-mentioned
advantages of covalent irreversible inhibitors are critically
balanced with the risk of idiosyncratic toxicity or immune-
mediated hypersensitivity that may arise from nonspecific
covalent bincling.153"154 In this context, it is important to focus
such drug discovery efforts on covalent binders with high
specificity for the desired target(s) and with minimum off target
nonspecific covalent tissue binding. To achieve this, one may
focus on designing molecules with high reversible binding
affinities, and containing chemically less reactive groups
(warheads) in which covalent binding is a secondary and final
interaction with the desired target, that occurs only when the
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warhead is in a close proximity to the nucleophilic residue in
the binding site. To potentially minimize the risks associated
with irreversible binders, one may consider alternative
approaches such as covalent reversible inhibition with slow
K g (e.g., rivastigmine) or ar%uably a more challenging prodrug
approach (e.g, selegiline).”>"*"">* In any case, a good
aspirational goal for all drug discovery efforts has been provided
by an observation that idiosyncratic toxicity is very rare among
drugs administered at doses below 10 mg, regardless of the
mode of action.'*%'%”

It is estimated that 98% of systemically administered small
molecules, as well as nearly all biological therapeutics, i.e.,
recombinant proteins or gene-based medicines, are unable to
cross the BBB.'® Enabling brain exposure for at least some
of these molecules is the ultimate goal of the brain delivery
systems.’* Great progress has been made in recent years,
particularly with some of the shuttle-mediated approaches that
have proved to be successful in improving the CNS exposure
of some of the small molecules synonymous with poor
brain permeability, such as taxol.">* However, further develop-
ments are needed for this approach to become a more robust
mainstream technology with a general applicability. Until then,
fine-tuning physicochemical properties for optimal brain
exposure will remain a staple of CNS drug discovery.
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efficiency-dependent lipophilicity; LAT1, L-type amino acid
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