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This book is dedicated to the development of new
therapies for treatment of Alzheimer’s disease

Mind’s underground moths
grow filmy wings

and take a farewell flight
in the sunset sky.

Leave out my name from the gift
if it be a burden
but keep my song.

April, like a child,
writes hieroglyphs on dust with flowers,
wipes them away and forgets.

Memory, the priestess,
kills the present
and offers its heart to the shrine of the dead past.

From Fireflies by Rabindranath Tagore
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PREFACE

Alzheimer’s disease (AD) now afflicts over 5.0 million people in the United States.
As the population ages, AD may become the most devastating disease of our time,
for which there is no effective therapy currently available. A recent Hollywood
movie, Away from Her, directed by Sarah Polley based on a true story, highlights
the steep decline in memory that occurs in AD that makes this disease so
devastating.

A number of targets have been identified for therapeutic intervention in the
treatment of AD of which the enzyme BACE (beta-site APP cleaving enzyme) is
considered a critical component. BACE is a rapidly evolving target for drug dis-
covery in the treatment of AD. Since its isolation and cloning in 1999, the under-
standing of BACE has advanced rapidly. Now both academic groups and
pharmaceutical companies are actively working to identify BACE inhibitors that
could advance into the clinic.

BACE has been shown to be the first step in the aberrant processing of neu-
ronal amyloid precursor protein (APP) leading to the formation of AP peptide found
in the amyloid plaques, which are hallmarks of the disease. BACE is an aspartyl
protease much like the HIV protease that is the target of a number of AIDS drugs.
As in AIDS where effective control of the disease first was achieved with HIV
protease inhibitors, it is hoped that potent BACE inhibitors would provide the way
to effectively treat AD. An advantage of BACE as a drug discovery target is that it
has been crystallized and its 3D structure has been solved, and this means that
medicinal chemists have a greater possibility of designing potent BACE inhibitors.
However, unlike HIV protease inhibitors, BACE inhibitors have the additional
hurdle of crossing the blood-brain barrier for treatment of AD.

This book discusses the development of BACE inhibitors as therapeutics for
AD and the research that led to the identification of BACE and new BACE inhibitors
that have advanced to the clinic — the work described here will be useful to all sci-
entists involved in this field. In addition, the book provides insights into new mecha-
nisms for the APP-based memory dysfunction in AD besides its role as a precursor
of AP. The detailed story of the discovery of BACE and its potential role in AD,
the biochemical assays used in the development of BACE inhibitors, the structural
biology work that resulted in greater insights into the enzyme activity and inhibitor
binding, and the use of X-ray fragment-based approaches in the development of new
BACE inhibitors are outlined in this book. The structure—activity relationships of
different series of BACE inhibitors along with the absorption, distribution, metabo-
lism, and excretion (ADME) characteristics of various BACE inhibitors and their
contribution to brain bioavailability and efficacy are also outlined. Various animal
models available for testing BACE inhibitors and the clinical testing pathway for a

Xi



Xii  PREFACE

first-in-man class BACE inhibitor that is currently in clinical trials are also described.
Finally, the last chapter of the book delves into alternative approaches to BACE
inhibition based on binding to precursor protein APP.

The intended audience for this book includes chemists, biologists, and clini-
cians involved in AD research. The book comprehensively covers various aspects
of the current drug discovery efforts for BACE inhibitors as potential therapeutics
for AD and is envisioned to also have utility as a supplemental text in a medicinal
chemistry course. Understanding the various aspects of the BACE drug-discovery
process hopefully will facilitate teamwork and enhance productivity among the
scientists already working in this area, and potentially could lead to new approaches
to treatment of AD. The book also would be informative to AD patients and their
families who are trying to understand the various treatment options that may become
available in the future. A list of current clinical trial enrollment options for AD is
included. The Afterword section of the book illustrates another aspect of the disease
that is not well-known but may be relevant to disease progression and therapy — the
changes in artistic ability of AD patients as a function of the disease progression.

The BACE story as described in this book — from isolation of the enzyme, to
inhibitor development, to structural biology, to in vivo testing and development in
the clinic, represents a unique drug discovery and development story for a central
nervous system (CNS) target. Despite the many research teams involved in the drug
discovery efforts, the number of BACE inhibitors reaching the clinic has been
scarce. Given that BACE is a key enzyme in APP processing and the production of
AP peptide in AD, the need for development of effective drugs that block this
enzyme is critical in development of new AD therapeutics. This book was written
to cover virtually all aspects of this rapidly developing field, both the successes and
failures, and to provide members of the diverse drug-discovery team with a global
understanding of key aspects of the field essential for productive and successful drug
discovery, as well as to offer researchers and clinicians an overview of the ground-
breaking progress that has been made to develop inhibitors of BACE for treatment
of AD.

Varghese John, PhD

Color figures can be accessed at ftp:/ftp.wiley.com/public/sci_tech_med/BACE
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CHAPTER 1

BACE, APP PROCESSING, AND
SIGNAL TRANSDUCTION IN
ALZHEIMER’S DISEASE

Dale E. Bredesen'? and Edward H. Koo’

'Buck Institute for Age Research, Novato, “Department of Neurology, University of
California, San Francisco, and *Department of Neurosciences, University of California
at San Diego, La Jolla, CA

1.1 INTRODUCTION

Alzheimer’s disease (AD) is a remarkably, and to date inexplicably, common
disease, affecting over five million Americans at a national cost of approximately
$150billion annually — a cost that does not begin to address the impact of the disease
on families, individuals, and society. With the graying of America, the prediction is
for approximately 13 million cases by 2050 and, given the late appearance of symp-
toms in the pathogenic process, many more pre-Alzheimer’s cases, including both
mild cognitive impairment (MCI) and pre-MCI conditions. Thus, AD is unfolding
as one of the most important global health concerns.

Since the first description of the disease just over 100years ago, extensive
clinical, pathological, genetic, and biochemical data have been accumulated, impli-
cating the amyloid-beta (AP) peptides, especially AB1-42, as key mediators in the
pathogenesis of this disorder, the so-called amyloid cascade hypothesis. However,
the physiological role of these peptides remains unknown, as does the mechanism(s)
of their neurodegenerative effect.

The AP peptides are derived proteolytically from the B-amyloid precursor
protein (APP) by B-site APP cleaving enzyme (BACE) (or B-secretase) cleavage of
the extracellular domain, followed by 7y-secretase cleavage of the transmembrane
domain. However, APP is also cleaved at other sites, for example, at the o-site by
o-secretase (with ADAMI10 being the most likely candidate) and at the cytosolic
caspase site by caspases (with caspase-8 and caspase-6 being the most likely candi-
dates, given their P4 preference along with co-immunoprecipitation and kinetic
data). With four major cleavage sites, theoretically 14 peptides could be produced,
and it is becoming more apparent that other APP-derived peptides beyond AP also

BACE: Lead Target for Orchestrated Therapy of Alzheimer’s Disease, Edited by Varghese John
Copyright © 2010 John Wiley & Sons, Inc.



2 BACE: LEAD TARGET FOR ORCHESTRATED THERAPY OF ALZHEIMER’S DISEASE

play critical roles in elements of the Alzheimer’s phenotype [1-3]. Therefore, AR
may turn out to be one part of a much larger pathogenetic scenario, and thus, BACE
may ultimately be one target of a cocktail of drugs that modulates APP processing
at more than one site, as well as affecting targets other than APP.

In neurodegenerative diseases such as AD, neurons in various nuclei are lost
in disease-specific distributions. However, the neuronal loss is a relatively late event,
typically following synaptic dysfunction, synaptic loss, neurite retraction, and the
appearance of other abnormalities such as axonal transport defects. This progression
argues that cell death programs may play at best only a secondary role in the neu-
rodegenerative process. However, emerging evidence from several laboratories has
suggested an alternative possibility: that although cell death itself occurs late in the
degenerative process, the pathways involved in cell death signaling do indeed play
critical roles in neurodegeneration, both in sub-apoptotic events such as synapse loss
and in the ultimate neuronal loss itself [3-6].

Although initial comparisons of the intrinsic suicide program in genetically
tractable organisms such as the nematode Caenorhabditis elegans failed to disclose
obvious relationships to genes associated with familial AD — for example, preseni-
lin-1 and the B-APP do not bear an obvious relationship to any of the major
C. elegans cell death genes (ced-3, ced-4, or ced-9) — more recent studies suggest a
fundamental relationship between developmental and degenerative processes [3, 4,
7-10]. For example, Nikolaev et al. recently found that in a culture model of trophic
factor withdrawal in developing neurons, one pathway involved in neurite retraction
is mediated by a cleavage product of sAPPP [3], the latter released after BACE
cleavage of APP. A detailed understanding of the interrelationship between funda-
mental cell death programs and neurodegenerative processes is still evolving, and it
promises to offer novel approaches to the treatment of these diseases. In this review,
we will discuss BACE cleavage of APP and how it might be involved in certain
aspects of Alzheimer’s pathology.

1.2 BACE CLEAVAGE OF APP AS A MOLECULAR
SWITCHING MECHANISM

Neurons, as well as other cells, depend for their survival on stimulation that is medi-
ated by various receptors and sensors, and programmed cell death may be induced
in response to the withdrawal of trophic factors, hormonal support, electrical activ-
ity, extracellular matrix support, or other trophic stimuli [11]. For years, it was
generally assumed that cells dying as a result of the withdrawal of required stimuli
did so because of the loss of a positive survival signal, for example, mediated by
receptor tyrosine kinases [12]. While such positive survival signals are clearly criti-
cal, data obtained over the past 15years argue for a complementary effect that is
pro-apoptotic, activated by trophic stimulus withdrawal, and mediated by specific
receptors dubbed “dependence receptors” [13, 14]. Over a dozen such receptors have
now been identified, and examples include DCC (deleted in colorectal cancer),
Unc5H2 (uncoordinated gene 5 homologue 2), neogenin, rearranged during transfec-
tion (RET), Ptc, and APP [14-24]. These receptors interact in their intracytoplasmic
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domains with caspases, including apical caspases such as caspase-9, and may there-
fore serve as sites of induced proximity and activation of these caspases. Caspase
activation leads in turn to receptor cleavage, producing pro-apoptotic fragments [15,
22]; however, caspase cleavage site mutation of dependence receptors suppresses
the cell death signals mediated by the receptors [13, 22]. A striking example of this
effect was obtained in studies of neural tube development: withdrawal of Sonic
hedgehog from the developing chick spinal cord led to apoptosis mediated by its
receptor, Patched, preventing spinal cord development; however, transfection of a
caspase-uncleavable mutant of Patched blocked apoptosis and restored significant
development, even in the absence of Sonic hedgehog [25].

Thus, cellular dependence on specific signals for survival is mediated, at least
in part, by specific dependence receptors that induce apoptosis in the absence of
the required stimulus — when unoccupied by a trophic ligand, or when bound by a
competing, anti-trophic ligand — but block apoptosis following binding to their
respective ligands [11, 14, 23]. Expression of these dependence receptors thus
creates cellular states of dependence on the associated trophic ligands. These
states of dependence are not absolute, since they can be blocked downstream
in some cases by the expression of anti-apoptotic genes such as bcl-2 or p35
[11, 20, 26]; however, they result in a shift of the apostat [27, 28] toward an
increased likelihood of triggering apoptosis. In the aggregate, these receptors may
serve as part of a molecular integration system for trophic signals, analogous to the
electrical integration system composed of the dendritic arbors within the nervous
system.

Although cellular dependence on trophic signals was originally described in
the developing nervous system, neurodegeneration may also utilize the same path-
ways, since APP exhibits several features characteristic of dependence receptors: an
intracytoplasmic caspase cleavage site (Asp664) [18, 29], co-immunoprecipitation
with an apical caspase (caspase-8), caspase activation, derivative pro-apoptotic
peptides (including the AP peptide; see below), and suppression of apoptosis induc-
tion by mutation of the caspase cleavage site [18, 30].

These findings raise several questions: first, does BACE cleavage of APP play
a role in APP’s putative dependence-related pro-apoptotic function? Second, does
the caspase cleavage of APP occur in human brain and, if so, is this increased in
patients with AD and coordinated with BACE cleavage? Third, if this cleavage is
prevented, is the Alzheimer’s phenotype affected? These questions are addressed
below.

1.3 AD: AN IMBALANCE IN CELLULAR DEPENDENCE?

Although cellular dependence on trophic signals was originally described in mole-
cules and pathways critical for the developing nervous system, degeneration in
neurons of the aged organism may also utilize the same pathways. For example,
APP, a molecule holding a central position in AD pathogenesis because of its inti-
mate relationship to AP peptides, exhibits several features characteristic of depen-
dence receptors: a caspase cleavage site (Asp664) [1, 29], interaction with an apical
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caspase (caspase-8), derivative pro-apoptotic peptides released after caspase activa-
tion, and suppression of apoptosis induction by mutation of the caspase cleavage
site [1, 30, 31]. Although APP demonstrates many of the characteristics of a depen-
dence receptor, what is unclear is whether there is a physiological ligand that main-
tains the balance of APP in favor of survival rather than neuronal death, as has been
seen with other trophic factor receptors.

In this context, BACE may hold a surprising central position. This is because
cleavage of APP by BACE generates not only the C-terminal fragment of APP that
is the direct precursor of AP, but this cleavage also releases sAPPJ, which can
interact with DR6 to effect neuronal damage (see below). What is unclear is whether
BACE cleavage of APP plays a role in APP’s putative dependence-related pro-
apoptotic function. And second, whether caspase cleavage of APP occurs in human
brain and, if so, is this increased in patients with AD and coordinated with BACE
cleavage? And lastly, if this cleavage is prevented, is the Alzheimer’s phenotype
affected? These questions are addressed below.

Extensive genetic and biochemical data have implicated the A peptide as a
central mediator of AD, but the mechanism(s) of action remains controversial: the
ability of AP to generate a sulfuranyl radical involving methionine 35 has been
implicated, and so have its direct effects on postsynaptic structures, the metal-
binding property of AP, as well as its aggregating property, and its ability to form
pore-like structures in membranes, just to list a few of the mechanisms proposed
[32]. These proposed mechanisms share a focus on the chemical and physical prop-
erties of the AP peptide. However, cellular signaling is emerging as a complemen-
tary mechanism by which AP exerts its critical effects, and multiple candidates have
surfaced as key downstream mediators, including APP itself, the insulin receptor,
and tau, among others [30, 33, 34]. These cellular signals may also mediate neuronal
dependence on trophic support, as described below.

1.4 BACE CLEAVAGE, CASPASE CLEAVAGE, AND
NEURONAL TROPHIC DEPENDENCE

Neoepitope antibodies directed against residues 657-664 of human APP disclosed
the presence of caspase-cleaved APP fragments in human brain, especially in the
hippocampal region [8], with an approximately fourfold increase in Alzheimer’s
patients over age-matched controls. However, in brains without Alzheimer’s pathol-
ogy, there was an inverse relationship between age and immunohistochemical detec-
tion of APPneo, with a different distribution from AD brains: in the Alzheimer
brains, the staining was primarily in neuronal somata and peri-neuronally, whereas
in the non-Alzheimer brains, the staining was observed predominantly in the pro-
cesses. These findings suggest that the caspase cleavage of APP occurs physiologi-
cally and is reduced with age, but that this process remains more active and perhaps
aberrant in cellular distribution in association with AD.

To test whether preventing the caspase cleavage of APP has any consequences
on the Alzheimer’s phenotype, a transgenic mouse model of age-associated amyloid
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pathology was generated in which APP containing the Swedish and Indiana familial
AD mutations were combined with a mutation of the caspase site (D664A) was
expressed under the control of the neuronal-specific platelet-derived growth factor-B
(PDGF-B) promoter. Although the caspase mutation (D664A) had no effect on
amyloid production or plaque formation, these animals did not exhibit any overt
synapse loss, early p2l-activated kinase (PAK) phosphorylation, dentate gyral
atrophy, electrophysiological abnormalities (including reductions in excitatory post-
synaptic potentials [EPSPs] and long-term potentiation [LTP]), neophobia, or
memory deficits that frequently characterize these APP overexpressing mice [4, 6,
35]. These findings indicate that key features of the Alzheimer’s associated pheno-
type in a standard transgenic mouse model depend on the presence of the caspase
cleavage site within APP. This finding, when combined with the extensive previous
work showing that the Alzheimer’s phenotype is critically dependent on AP, sug-
gests that the APP caspase site may lie downstream from the AP accumulation and
that cleavage of this site is one pathway that contributes to neuronal injury [30, 33].
This possibility has received support from studies showing that A interacts directly
with APP in the A region itself, leading to APP multimerization, caspase cleavage
at Asp664, and cell death signaling [30, 33].

1.5 BACE CLEAVAGE OF APP, DEPENDENCE
RECEPTORS, AND ALZHEIMER PATHOLOGY

The above model of caspase cleavage of APP focuses primarily on the cytosolic
region of APP where the caspase site is situated. Experimental evidence suggested
that AB-induced multimerization and subsequent caspase cleavage of APP can take
place with either APP or the BACE-cleaved C99 APP fragment. However, there did
not appear to be any preference between these two substrates. How, then, might
BACE cleavage of APP relate to the caspase cleavage of APP? Recent work from
the Tessier-Lavigne lab [3] provides surprising new insight into this question: fol-
lowing trophic factor withdrawal from developing neurons in culture, BACE was
apparently activated, resulting in the shedding of SAPPJ. Following further process-
ing near the amino-terminus of SAPPB by an unidentified protease, the resulting
amino-terminal peptide of the APP ectodomain was able to interact with death recep-
tor 6 (DR6). This binding led to caspase-6 activation and subsequent neurite retrac-
tion, which is of interest given previous studies showing that APP is cleavable by
caspase-6, and that its caspase site (VEVD) is indeed most compatible with a
caspase-6 site [1]. This is a surprising observation because the large sAPP ectodo-
main (mainly sAPPo) has traditionally been thought to play a neurotrophic rather
than toxic role. Nonetheless, increased BACE cleavage of APP should lead to the
production of more A peptide, and this in turn will result in more AB-C99 interac-
tion and potentially more caspase cleavage of APP. Thus, BACE cleavage of APP
results in two downstream pathways that damage neurons: through the sAPPf frag-
ment interacting with DR6 receptor (via N-APP production) and through AB-induced
caspase cleavage of APP C99 fragment.
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If APP does indeed function as a dependence receptor, AD may be considered
a “state of altered dependence.” What then is/are the trophic ligand/s for APP?
Several candidate APP interactors have been described, such as collagen (types I
and IV), heparan sulfate proteoglycan, glypican, laminin, and F-spondin [36-38].
F-spondin’s interaction with APP leads to a reduction in [-secretase activity.
Lourenco et al. have recently shown that netrin-1, a multifunctional axon guidance
and trophic factor, also binds APP [9]. Furthermore, netrin-1 also interacts with A}
itself, and AP is capable of interfering with netrin-1 binding to APP. The binding
of netrin-1 to APP results in enhanced interaction of APP with intracytoplasmic
mediators Fe65 and Dab, upregulation of KAIl, and a marked reduction of net A3
production [9].

These findings suggest a model in which the AP peptide functions as an “anti-
trophin,” first by blocking netrin’s guidance and trophic effects and then through
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Figure 1.1 Key cleavage sites of APP by proteases involved in normal and aberrant
processing. (See color insert.)
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binding to and facilitating APP oligomerization, recruiting and activating caspase-8
(and possibly caspase-6), engendering the processing of APP at Asp664, and induc-
ing neurite retraction, then, ultimately, neuronal cell death [4, 30, 33]. Whether the
D664 A mutation of APP exerts effects beyond the prevention of caspase cleavage
(e.g., an alteration of the intracytoplasmic structure of APP) is not yet known.
However, regardless of the mechanism, the results suggest that APP signal trans-
duction may be important in mediating AD [39], at least in the transgenic mouse
model, possibly downstream from AP oligomerization and binding of APP. The
results also suggest that BACE cleavage and caspase cleavage of APP may work in
concert to lead to neurite retraction, and potentially other aspects of the AD
phenotype.

The results obtained in the transgenic mouse model of AD also suggest an
alternative to the classic models of AD. As noted above, chemical and physical
properties of AP have been cited as the proximate cause of AD pathophysiology.
However, these theories do not explain why AP is produced ubiquitously and
constitutively, nor do they offer a physiological function for the AP peptide, or
account for the improvement in AD model mice that occurs with a reduction in tau
protein [34].

An alternative model, presented in Figs. 1.1-1.3, proposes that APP is indeed
a dependence receptor, and that it functions normally as a molecular switch in syn-
aptic element interdependence (Fig. 1.4): in this model, both the presynaptic element
and the postsynaptic element are dependent on trophic support, including soluble
factors such as netrin, substrate adherence molecules such as laminin, neurotransmit-
ters, and neuronal activity, as well as other factors. In the presence of adequate
trophic support, APP is cleaved at the o- and y-secretase sites, generating three
peptides — sAPPa., p3, and APP intracytoplasmic domain (AICD) — that support cell

C31 COOH c83 AICDs c100

Figure 1.2 Alternative cleavage patterns of APP generate distinct extracellular,
transmembrane, and intracytoplasmic fragments. (See color insert.)
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Figure 1.3  Alternative cleavage of APP to produce four peptides that mediate synaptic
loss, neurite retraction, and ultimately, programmed cell death (“the four horsemen”); or
three peptides that mediate synaptic maintenance and inhibit programmed cell death (“the
wholly trinity”’). Among the factors that mediate the decision between these two pathways
are included trophic effects such as netrin-1 and anti-trophic effects such as AP peptide.
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Figure 1.4 Synaptic element interdependence model of synaptic maintenance,
reorganization, and Alzheimer’s disease. The presynaptic and postsynaptic elements are
interdependent, and provide both trophic influences (e.g., neurotrophins, netrin-1, laminin,
collagen, and synaptic activity itself) and anti-trophic influences (e.g., amyloid-p peptide).
Trophic support leads to the processing of APP into three peptides that support synaptic
maintenance, whereas the withdrawal of trophic support leads to alternative processing,
to four peptides that mediate synaptic inhibition, synaptic loss, neurite retraction and,
ultimately, programmed cell death. In this model, the AP peptide functions as an
anti-trophin and, since it leads to APP processing that produces additional AP peptide,

it is “prionic,” that is, AP begets additional AP.
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survival and synaptic maintenance. However, a reduction in trophic support (e.g.,
due to head trauma) alters the processing of APP, thereby activating BACE cleavage
of APP to alter the ratio of o/f} cleavages, and leading to the production of four
peptides — sAPPP, AP, Jcasp, and C31 (Fig. 1.3) — that mediate a reduction in syn-
aptic transmission, synaptic loss, neurite retraction and, ultimately, programmed cell
death [1, 3, 4, 9, 35]. In this model, neuronal and synaptic injury in AD is suggested
to result from an imbalance in physiological signaling pathways that mediate syn-
aptic maintenance versus synaptic reorganization, mediated at least in part by APP,
functioning in synaptic element interdependence (Fig. 1.4), as part of a plasticity
module that includes other receptors such as the common neurotrophin receptor,
p75~™ and the axon guidance receptor DCC, among others [40].

1.6 KEY MUTATIONS PROXIMAL OF
APP PROCESSING TO AB

Mutations in APP that are associated with familial AD typically affect AR processing
and lead to an increase in the ratio of AB1-42 to AB1-40. These mutations may be
located in proximity to the B-cleavage site or the y-cleavage site. Mutations near the
o-secretase cleavage site affect the primary structure of the AP peptide, and are often
associated with cerebral hemorrhagic syndromes, but in at least some cases, such as
the Arctic mutation (see Table 1.1), also lead to AD.

TABLE 1.1 APP Mutations Around the Key Cleavage Sites Involved in APP Processing

Nearest References

cleavage site

Mutation Type

Beta-site Lys670 — Asn Swedish Mullan et al., 1992 [41]
Met671 — Leu Swedish
Alpha-site Ala692 — Gly Flemish Kumar-Singh et al., 2002 [42]
Glu693 — GlIn Dutch Van Broeckhoven et al., 1990
[43]
Glu693 — Gly Arctic Nilsbeth et al., 2001 [44]
Asp694 — Asn Towa Grabowski et al., 2001 [45]
Gamma-site Ala713 — Thr Austrian Carter et al. 1992 [46]
Thr714 — Ile/Ala Austrian/Iranian Kumar-Singh et al., 2000
[47]; Pasalar et al., 2002
[48]
Val715 — Met French Ancolio et al., 1999 [49]
Ile716 — Val Florida Eckman et al., 1997 [50]
Val717 — Phe/Gly/lle Indiana/ /London Murell et al., 1991 [51];
Chartier-Harlin et al.,
1991 [52]; Goate et al.,
1991 [53]
Epsilon-site Leu723 — Pro Australian Kwok et al., 2000 [54]
Lys724 — Asn Belgium Theuns et al., 2006 [55]
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1.7 FINAL REMARKS

BACE processing of APP represents an important therapeutic target in AD. However,
such processing may be part of a larger set of pathogenetic events in this disease,
featuring imbalanced signal transduction mediated by APP and potentially other
receptors.
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2.1 INTRODUCTION

Disease processes usually leave molecular clues as to the etiology, progression, or
terminal events in the pathology. A major effort in contemporary research is focused
on identifying causal relationships between these clues, or biomarkers, and disease
that might translate into discovery and development of novel drugs to improve
human health. For the most part, these biomarkers are protein in nature: peptides
derived from parent proteins by aberrant processing, or proteins themselves that
might be upregulated or downregulated in a particular pathology. Completion of the
human genome project has, of course, set the stage for these searches by providing
a vast database of protein sequences to facilitate identification of new biomarkers
and enable connecting the dots linking them to disease.

This chapter concerns the discovery and characterization of a new target in
the treatment of Alzheimer’s disease (AD), a dreaded unmet and growing medical
need. That target is B-site APP cleaving enzyme (BACE) or B-secretase, an enzyme
that carries out the first and obligate step in liberation of the beta-amyloid peptide
that is found in the brains of Alzheimer’s patients. The sequence of events leading
to the discovery of BACE parallels the process outlined in the paragraph above. In
1906, Alzheimer noted upon autopsy of the brain from a demented patient the exis-
tence of two structural abnormalities: neuritic plaques and neurofibrillary tangles.
The neuritic plaques are spherical, multicellular lesions in limbic structures and
association neocortices in the AD brain [1]. At that time, the technology for analysis
of the plaque components did not exist, but some eight decades later, when protein
sequencing had become a readily available method, Glenner and Wong [2] were
able to establish the sequence of the 24 NH,-terminal amino acids in a major peptide
component of cerebral blood vessel-associated amyloid, now known as the amyloid
(AP) peptide. Protein database searches led to the discovery that this AR peptide
was, in all likelihood, generated proteolytically from a larger membrane-bound
protein precursor, AB-precursor protein (APP). So, over the years the AP peptide
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and APP have been identified as biomarkers that correlate with generation and
deposition of neuritic plaque. These clues point, in turn, to the existence of at least
two proteinases that carve out the AP peptide from APP and that constitute poten-
tially important targets for inhibition in AD therapy.

2.1.1 APP

The amyloid precursor protein is a ubiquitously expressed Type I membrane protein
that exists in three major forms created by alternative splicing and posttranslational
modification (cf Reference 3). The smallest of the three is especially abundant in
neurons and contains 695 amino acid residues. The larger 751- and 770-residue
variants of APP are widely expressed in non-neuronal cells and contain a 56-residue
extracellular domain homologous to the well-known Kunitz-type inhibitors of serine
proteinases. In fact, from work going back to the late 1980s [4], these larger forms
of APP were known as protease nexin-II because of their identification as inhibitors
of this mechanistic set of proteolytic enzymes. The inference that the AP peptide
was derived from an APP precursor was made by a comparative sequence analysis
of the Glenner and Wong peptide [2] with protease nexin-II [5] and the deduced
sequences of APP [6]. All the wild-type (Wt) APP forms are identical in the region
of interest that encompasses AP, and this is the region of the protein extending from
just outside the membrane on the extracellular domain, and back C-terminally into
the membrane about 14 amino acids. This region of AP shows a great many muta-
tions that influence the course of processing of AB and its toxicity.

2.1.2 AP

The amyloid peptide is generally considered to be 40 or 42 amino acids in length
depending upon the site of C-terminal processing by the y-secretase. Figure 2.1
provides a schematic overview of APP processing by the o, B, and y-secretases [7].
For the purposes of this chapter, our focus will be on the B-site cleaving enzyme.
In Fig. 2.1, numbering of sites is based upon the APP””° variant having the Kunitz
protease inhibitor domain [8]. At the top of Fig. 2.1 is given the amino acid sequence
of APP in the region of interest. BACE, or B-secretase, cleaves the Met-Asp®”* bond
and also the Tyr-Glu®* bond [9, 10]. This latter processing site is predominant in
rat primary neuronal cultures [11]. When the Lys-Met residues at P2 and P1 are
mutated to Asn-Leu, such as happens in a cohort of individuals having the so-called
Swedish (Sw) mutation [11], processing at Leu-Asp®”? is enhanced about 10-fold,
and the result invariably leads to the early onset of AD. Processing at the C-terminus
of AP occurs in the membrane usually either at Val-Ile to give Ay, or at Ala-Thr
to give the more highly amyloidogenic A,,. Also shown in Fig. 2.1 is the site of
processing by the o-secretase, a predominant activity that yields fragments of AP
that are non-amyloidogenic (Panel A). In Panel B is shown the amyloidogenic
pathway in which the action of the B- and y-secretases give rise to AP,y or AP,
the major peptidic components of neuritic plaque.

Much research has gone into understanding the amyloidogenicity of the AP
peptides, their physical properties, and ways to prevent their formation that might
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Figure 2.1 Schematic overview of APP processing by the o, B-, and y-secretases. The
top panel shows the amino acid sequence of APP upstream of the transmembrane segment
(underlined, boldface), and encompassing the sequences of AR, and AP,y (D'-V* and
D'-A*, respectively). The extracellular portion of AP is indicated in italics. B-secretase
cleaves at D' and Y'; the o-secretase at K'¢, and the y-secretase at V** and/or A*. Below
the sequence is a representation of APP;;, emphasizing its membrane localization and the
residue numbers of interest in - and y-secretase processing. Panel A represents the
non-amyloidogenic o-secretase pathway in which sAPPo and C83 (CTF83) are generated.
Subsequent hydrolysis by the y-secretase produces a p3 peptide that does not form amyloid
deposits. Panel B represents the amyloidogenic pathway in which cleavage of APP by the
B-secretase to liberate SAPPP and C99 (CTF99) is followed by y-secretase processing to
release the B-amyloid peptides (AP, and AB,.4,) found in neuritic plaque. (Adapted from
Reference 7.)

provide new drugs for AD therapy. Such drugs might induce dissolution of the
amyloid aggregates in plaque, or prevent formation of AP by compounds that would
inhibit the action of the B- or y-secretases. Clearly, the work of Glenner and Wong
[2] and the recognition of APP as the precursor of the AP peptides [5, 6] set the
stage for an intense search to identify the B- and y-secretases responsible for produc-
tion of these amyloid peptides.

2.2 THE SEARCH FOR B-SECRETASE

Knowledge of the features of AP, its N- and C-termini, and surrounding amino acids
in APP immediately focused attention on what kind of proteolytic enzymes might
have been responsible for generating the amyloid peptides [12]. The B-cleavage
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clearly occurred in the extracellular portion of APP, a process that could have taken
place outside the cell thus shedding the major portion of APP, or at some time during
transit of APP through the secretory apparatus. The y-secretase cleavage sites occur
at positions predicted to be directly in the middle of the membrane (Fig. 2.1), a most
unusual circumstance, given common understanding of proteolytic processing at the
time. Now, it is believed that these y-site cleavages might be mediated by an unusual
protease activity that results from juxtaposition of two aspartyl residues in the trans-
membrane region of proteins called presenilins [13].

In the following narrative, efforts from five independent laboratories that led
to the identification of the B-secretase will be described. One approach used expres-
sion cloning to identify genes that modulate AP production [14]; another involved
isolation of the native enzyme from human brain [15]. Three other laboratories fol-
lowed a notion that the B-secretase might be a new aspartyl protease [16—18], an
inference supported by the fact that cathepsin D, a member of the aspartyl protease
mechanistic set, was known to mediate both - and y-site cleavages in peptide sub-
strates [19]. All of these individual approaches identified the same [-secretase, now
commonly known as BACE or BACE1 (which is the isoform of the enzyme that is
predominantly expressed in the brain).

Before discussing the discovery of BACE, it might be useful to give an over-
view of the protein. The amino acid sequence of BACE is shown in Fig. 2.2; the
numbering system used here is based upon proBACE, beginning at Thr'. The pre-
proprotein has 501 amino acids comprising a signal peptide of 21 residues, a 432-
residue catalytic proBACE unit, a 27-residue transmembrane region, and a 21-residue
cytoplasmic domain. BACE is a new member of the mechanistic set of proteinases
known as aspartyl proteinases, and it is unusual in being a Type I transmembrane
protein. BACE co-localizes with APP in the trans-Golgi/endoplasmic reticulum
compartment [14, 17]. Aspartyl proteases cleave peptide bonds by water activated
through its association with two aspartyl residues in the catalytic site [20, 21]. The
hallmark consensus sequence for the catalytic aspartyl residues is Asp-Thr/Ser-Gly,
and these signatures are seen at positions 72-74 and 268-270 in proBACE. The
existence of these sequences in the two halves of aspartyl enzymes and the internal
homology between the halves suggest that aspartyl proteases arose by gene duplica-
tion of an ancestral message, followed by divergence [22]. Indeed, one finds in
nature the retroviral proteases such as the HIV-protease [23] that correspond to only
one-half of a typical member of the class, and must dimerize to yield an active entity.
Comparison of the proBACE sequence with other zymogens of the aspartyl protein-
ase family suggests that the catalytic domain ought to begin somewhere around Gly”’
to Val*, but BACE isolated from human brain shows a single N-terminal sequence
beginning at Glu® [15]. Moreover, preproBACE expressed in mammalian cells is
present as a near-equimolar mixture of proBACE beginning at Thr' and protein
beginning at Glu* [24]. Precursor BACE forms are peculiar compared with the other
aspartyl proteinase zymogens in that removal of a prosegment has little effect on
activity [24] and forms beginning at Thr', Glu®, or Val*® all have nearly the same
specific catalytic activity. Although the Arg-Arg® sequence suggests a reasonable
site for removal of the prosegment based upon processing of related aspartyl prote-



CHAPTER 2 IDENTIFICATION OF BACE AS A TARGET IN ALZHEIMER’S DISEASE 19

M2 AQALPWLLLWMGAGVLPAHG T' QHGIRLPLRSGLGGAPLGLRLPRIEZSTDEEP3?
EEPGRR3°GSF { V40 EMVDNLRGKSGQGYYVEMTV% GSPPQTLNILV DTG SSNFAV8?
GAAPHPFLHRYYQRQLSSTY !9 RDLRKGVYVPYTQGKWEGEL'2 GTDLVSIPHGP NV

TVRANLA !0 AITESDKFFIN GSNWEGILG!% LAYAEIARPDDSLEPF FDSL!80 VKQTHVP

[ ]
NLFSLQLCGAGFP2%° LN QSEVLASVGGSMIIGGID?20 HSLYTGSLWYTPIRREWY YE240
&
VIIVRVEINGQDLKMDCKEY?2¢ NYDKSIVDSG TTNLRLPKK V280 FEAAVKSIKAASSTE

KFPDG3% FWLGEQLV C WQAGTTPWNIF32? PVISLYLMGEVTN QSFRITI3* LPQQYLRP
— °

VEDV ATSQDD (Y30 KFAISQSSTGTVMGAVIMEG?3? FYVVFDRARKRIGFAVSA CH#00
&

o

VHDEFRTAAVEGPFVTLDME*DC GYNIPQTDES*2 TLMTIAY V4% MAAICALFMLP

LCLMVCQWR*? CLRCLRQQHDDFADDIS*77 LLK4#80

Figure 2.2 The complete amino acid sequence of human preproBACE. The 21 amino acid
residue leader sequence is in italics, and the 24-aa prosegment is in bold. RUE®and FLV*
indicate furin and HIV-1 protease [20] cleavage sites, respectively. The two catalytic
aspartyl residues are indicated by the DTG and D**SG consensus sequences. Four
glycosylated asparagines 132, 151, 202, and 333 are in bold-italics, and the predicted
O-linked glycosylation site at Thr*® is depicted in bold. The 27-residue transmembrane
domain is underlined and the cytoplasmic domain extends from R*" to the C-terminal K*¥.
Six half-cystine residues are paired by disulfide bridges as indicated: (Cys'”> — Cys®”, «;
Cys™ — Cys*?, &; Cys®® — Cys™, 4). A phosphorylation site is at Ser*”’. Most studies
done with BACE have been with the catalytic, extracellular domain, terminating at or near
S$*2. Chain-terminating histidine tags to facilitate purification may be incorporated

following Ser**? without affecting catalytic activity. (Adapted from Reference 24).

ases, BACE initiating at Gly”” has not been observed from recombinant or natural
systems. Interestingly, the HIV protease cleaves proBACE very efficiently and
specifically at the Phe-{-Val* bond to give fully active enzyme [24]. To summarize,
the prosegment of BACE is generally referred to as residues Thr' to Arg®, and
BACE is thought to begin at Glu®. Nevertheless, the concept of the prosegment as
a modulator of catalytic activity is not well understood in BACE and may come into
play as it functions in its natural biological setting in the secretory pathway.
BACE contains consensus sequences for N-linked glycosylation at aspara-
gines 132, 151, 202, and 333, and an O-linked sugar is predicted at Thr*.
Glycosylation is not required for catalytic activity, and in fact, the highest resolution
X-ray structures [25] have been derived for the non-glycosylated BACE catalytic
domain produced in bacteria (cf Chapter 6). The enzyme has been expressed in
mammalian, insect, and bacterial host cells, both as the catalytic domain and as
precursor forms. Constructs of the catalytic domain generally terminate at or near
Ser*. This assures that all three disulfide bonds are included in the structure. More
will be said about production of recombinant BACE forms, crystallization, and
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modeling approaches for inhibitor design in Chapter 6 of this book, and the recent
papers of Emmons et al. [24] and Tomasselli et al. [25] provide sources of further
discussion and references. With this overall view of BACE and its precursor forms,
we turn to the story of how this unique membrane-bound aspartyl protease was
discovered independently by five laboratories at the close of the last century.

2.2.1 Amgen Approach: Expression Cloning [14]

A classic expression cloning approach was utilized by scientists at Amgen to identify
the enzyme that cleaves at the N-terminus of the AP} sequence. Human embryonic
kidney (HEK?293) cells had been widely used from 1988 onward to study all aspects
of APP expression and metabolism in cells [26], and AP and B-sAPP formation from
both Wt [27] and Sw APP [28] had already been previously described in these cells.
Therefore, the Amgen group reasoned that the enzymes that generate AR must, by
definition, also reside in such cells, and an expression library constructed from
HEK?293 cell cDNA would be expected to encode the cDNA for both - and -
secretases. As described in Vassar et al. [14], the primary screening strategy for
identifying such enzymes was (1) to transiently transfect the cDNA library, in pools
of ~100 clones, into HEK293 cells stably transfected with Sw APP, and (2) to
simultaneously monitor the conditioned medium from such transfections using two
separate sandwich enzyme linked immunosorbant assay (ELISA)-based assays for
AR, one that measured all forms of AP (cf Fig. 2.1) starting at position 1 (AB,.,) and
another that measured all forms of AP ending at position 42 (AB,.4,). Analysis of
sequences from cDNA pools that, when transfected, resulted in relative increases in
one or the other of these two measures of AP} production led to the identification of
a 2256 bp cDNA that encoded a novel protein sequence exhibiting significant homol-
ogy to the pepsin family of aspartyl proteases. Again, the novelty here was a
C-terminal extension with a predicted transmembrane domain. Transfection of this
cDNA into HEK293 cells overexpressing Wt APP led to increases in AP, as mea-
sured by either AP, or AB, 4, assays, and also led to a decrease in SAPPa, as might
be expected upon overexpression of a B-secretase enzyme. Transfection into HEK293
cells overexpressing Sw APP led to an increase in SAPPP and a decrease in sAPPa,
but no additional increase was detected in AP forms being secreted into the condi-
tioned medium of the doubly transfected cells. Analysis of cellular forms of APP
with antibodies directed to the C-terminal region of APP revealed that overexpres-
sion of the new cDNA along with Sw APP also greatly increased the C-99 fragment
that would result upon cleavage of APP by -secretase, as well as a second C-terminal
fragment that started at position 11 of the AP sequence, that has come to be known
as C-89. A portion of naturally occurring AP is known to start at Glu-11, and the
C-89 fragment would be the likely precursor of Glu'' AP. Since the overexpression
of the novel aspartyl protease resulted in increased levels of metabolites (A, sSAPPP,
C-99, C-83) that would be predicted to be generated by [-secretase activity from
both Wt and Sw APP (Fig. 2.1), these results indicated that the newly identified
enzyme possessed the properties of B-secretase, rather than a y-secretase. These
investigators went on to name this novel protein BACE, a name that has since been
widely adopted.
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2.2.2 Elan Approch: BACE Isolation from Human Brain [15]

An entirely different, biochemical approach was used by scientists at Elan
Pharmaceuticals to identify B-secretase. Knowing that primary neuronal cultures
generate larger amounts of AP from endogenous APP than do HEK293 cells trans-
fected with Wt APP, and that this is owing to larger amounts of B-secretase cleavage
as the APP transits through its maturation pathway, this group reasoned that higher
levels of enzyme activity are probably to be found in cells of neuronal origin than
in cells of peripheral origin (such as HEK293). The lack of AP production in cell
culture observed upon transfection of truncated forms of APP that lack the full
transmembrane domain of full-length (FL) APP [29] suggested that either stable
membrane association, or the entire transmembrane domain, may be required for
effective recognition of the APP substrate by [3-secretase.

The Elan group therefore devised fusion protein substrates, consisting of the
Escherichia coli maltose-binding protein (MBP) fused N-terminally to the C-terminal
125 amino acids of APP (MBP-C125) with which to probe for B-secretase enzymatic
activity in cells and tissues. Cleavage of this substrate at the B-secretase site gener-
ates a novel N-terminal fragment (MBP-C26) and C-99. Using neoepitope antibodies
specific to the C-terminal end of MBP-C26, ELISA assays were constructed that
could sensitively and specifically detect B-secretase cleavage of this substrate.
Although incubation of the fusion protein substrate in soluble extracts of either
HEK?293 cells or primary neuronal cultures at pH4-8 did not result in detectable
cleavage at the -secretase site, a B-secretase-like enzymatic activity was detected
when the membrane pellets from these cells were extracted with Triton X-100, and
the incubation was carried out in the presence of the detergent. This crude enzyme
preparation cleaved the Sw C125 substrate much more efficiently than the corre-
sponding Wt peptide, consistent with the much larger amounts of AP generated from
Sw APP than Wt APP in cell culture. The crude enzyme activity appeared most
robustly upon incubation at pH4.5-6, and was significantly attenuated at pH>7,
indicating a preference for acidic pH. This was consistent with cellular studies of
AP formation and B-secretase cleavage that suggested that they occurred within
intracellular acidic compartments, such as endosomes. Higher levels of enzymatic
activity were found in neuronal cultures than in the peripheral cells, and a survey of
various mouse organs indicated that the highest levels of enzymatic activity were
detected in the brain, with very little, if any, detected in peripheral organs. Strikingly,
the enzymatic activity was not inhibited by classical inhibitors of the four major
classes of proteases (serine, cysteine, metallo, and aspartyl). Although partial puri-
fication of the enzyme activity from postmortem human brain was quickly achieved
using lectin affinity chromatography, purification to homogeneity had to await the
understanding of the substrate preference of the enzyme, and the subsequent design
of a specific inhibitor affinity ligand, as described below.

Characterization of the substrate preference of the partially purified enzyme
activity revealed a greatly increased preference for Leu at P1 over Met at that posi-
tion, in accordance with the in vivo preference for the Sw over Wt APP substrate
(Fig. 2.1). The P1’ residue could be altered without significant consequence to cleav-
age efficiency, and substitution of Val for the native Asp at P1’ resulted in a peptide
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substrate that competed for cleavage of the MBPC125 substrate with an ICsy ~3 uM.
Replacement of the P1 Leu with statine (Sta) resulted in a noncleavable peptide
(P10-P4’ Stat-Val) that inhibited the activity of the enzyme with an ICs, ~0.03 uM.
The enzyme activity was subsequently purified 300,000-fold using a sequential four-
step procedure, incorporating an affinity purification step involving binding and
elution from an immobilized P10-P4” Stat-Val inhibitor.

The purified enzyme gave a single band migrating on sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) as a ~70kDa, single chain protein.
N-terminal sequence analysis of the human brain enzyme revealed a single new
peptide sequence beginning at Glu* (Fig. 2.2), which was utilized to obtain an FL
cDNA clone, encoding a polypeptide comprising 501 amino acids. Co-expression
of the new cDNA along with either Wt or Sw APP into HEK293 cells resulted in
increased B-secretase cleavage of both substrates, as well as increases in total A}
(AP« and AB,4,). Co-expression with the Sw APP resulted in almost complete
attenuation of o-secretase cleavage, indicating that a combination of the better Sw
APP substrate with overexpressed enzyme activity can direct almost all APP into
the -secretase pathway. In vitro, the purified enzyme cleaved FL, Wt, or Sw APP
at a single site each, generating the corresponding sAPPP and C-99 fragments.

2.2.3 Pharmacia Approach: Hypothesis and
Genome Searches [16]

In 1997, CNS scientists and protein chemists at Pharmacia brainstormed the question
as to what kind of protease might be responsible for processing at the B-site(s) in
APP. The company had a long tradition of experience with aspartyl protease targets,
including renin in the late 1980s [30, 31] and the HIV-protease in the early 1990s
[23, 32]. The question of specificity in this class of proteolytic enzymes is not as
easily understood as with the serine proteases, and they can hydrolyze peptide bonds
over an extended range of pH from pepsin at pH2 to renin at pH7-8. Moreover,
they vary widely in specificity. The aspartyl protease renin is among the most spe-
cific of proteases in having a single known substrate, angiotensinogen. In contrast,
the HIV and retroviral enzymes can, in principle, cleave almost any peptide bond,
given an appropriate array of amino acids at surrounding sites. Considerable effort
was spent at Pharmacia to define the specificity of the HIV protease [33, 34] to aid
in design of inhibitors for AIDS therapy [32].

The focus of attention was on regions encompassing the B-site cleavages
that take place in the following stretches of sequence as designated by arrows:
...Ile-Ser-Glu-Val-Lys-Met-l -Asp'-Ala-Glu-Phe-Arg-His’...., and again a few resi-
dues downstream, thus: ...Arg-His’-Asp-Ser-Gly-Tyr'*-|-Glu-Val-His-His-Gln... .
The hydrophobic Met and Tyr residues in P1 positions might signal a chymotrypsin-
type specificity; Glu or Asp at P1” are rarely, if ever, seen as signals for N-terminal
cleavage. Analysis of the specificity of the HIV protease showed that negatively
charged Asp and especially Glu residues in the vicinity of the substrate cleavage
site were favorable for hydrolysis, whereas a Lys in any position from P2 to P2’
prevented cleavage [32, 33]. It was of interest, therefore, to note the presence of Asp
and Glu residues in the region encompassing the Asp' and Glu'' processing sites,
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and also to know that replacement of the Lys residue by Asn in the S w KM—NL
mutation (Fig. 2.1), was part of an alteration in APP sequence that favored cleavage
at Asp' by 10-fold.

These observations led to the hypothesis that the B-secretase might be an
aspartyl protease, an inference supported by the fact that another prominent member
of this mechanistic set, cathepsin D, is able to process at both B- and y-sites [19]
in vitro. But it appeared that cathepsin D was not the B-secretase, since it had been
shown that APP processing to A peptides occurs normally in cathepsin-D-null mice
[35]. The most likely possibility was that if BACE was, in fact, an aspartyl protease,
it was one yet to be discovered.

Two things were needed to begin the effort to identify a new aspartyl protease:
a search algorithm and an appropriate genomic database. Given what has been said
above, it was clear that a generalized representation of a modern preproaspartyl
protease would be a chain of about 400 amino acids in which the consensus active
site sequences, Asp-Thr/Ser-Gly (DTG or DSG), would appear twice, once about
80 residues from the N-terminus, and again about 150-200 residues downstream in
the second half of the double-domain molecule. The database for the primary search
was that of the nematode, Caenorhabditis elegans, a small multicellular eukaryote
whose genomic sequence was near completion at that time. This nematode has about
19,000 genes, and it offered a resource for enumerating a complete set of aspartyl
proteases that could then be used as a bridge to human sequence databases. The
aspartyl protease search algorithm was used to interrogate the WormPep database
of predicted C. elegans proteins and 10 candidate aspartyl proteases were thus identi-
fied, together with their chromosomal locations [16]. A secondary search of human
expressed sequence tag (EST) databases with the 10 putative aspartyl proteases
identified 7 known and 4 new candidate enzymes that were numbered Asps1—4 based
upon their order of discovery. Although two of the nematode genes corresponded
to human cathepsin D, most of them had no clear vertebrate orthologues. One
(T18H9.2), however, bridged to two unusual sequences, Aspl and Asp2, that showed
a DTG sequence in the N-terminal half and DSG in the C-terminal domain [16].
The other two new candidates (Asp3 and Asp4) had been reported in the literature
as napsins A and B [36].

Complete sequences for Aspl and Asp2 identified by the nematode T18H9.2
locus were generated by a combination of EST sequencing, 5" rapid amplification
of cDNA ends by polymerase chain reaction (PCR), and library screening. Both had
a feature previously unseen in known aspartyl proteases in that they contained a
C-terminal extension with a predicted transmembrane domain [16]. Aspl mapped
to human chromosome 21q22 within the Down’s syndrome critical region, and Asp2
to chromosome 11q23-24. Both proteins were shown by Northern hybridization to
human tissue blots to be widely expressed, but at highest levels in pancreas. Asp2
also showed high expression in brain, somewhat higher than Aspl. Two Asp2 ESTs
were identified in a human astrocyte cDNA library, indicating that Asp2 may be
expressed in both neurons and glial cells.

With four new potential candidates for the - (or y-) secretase, a panel of anti-
sense oligomers was used to test their possible involvement in APP processing using
a stable clone of HEK293 cells engineered to process APP to AB peptides at high
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levels [16]. Transfection of this HEK293 clone, as well as IMR-32 (Institute for
Medical Research, Camden, NJ) neuroblastoma cells (expressing neuronal nicotinic
acetylcholine receptors) and an engineered mouse Neuro-2A cell line, both of which
release AP, and AP,y in easily measureable concentrations, with a panel of 16
antisense oligomers (four each targeting Asps1—4) showed that only those directed
toward Asp2 had a major effect on release of AP peptides into the medium. Reversed-
sequence oligomers had no effect. The magnitude of these effects ranged from 40%
to 80% reduction of both AB,_4 and AB,.4, in roughly equal amounts. These findings
in three different cell lines provided good support for the idea that Asp2 is involved,
directly or indirectly, in AP processing in cells of both somatic and neuronal origin.

Because of the intramembrane locale of the y-site cleavages (Fig. 2.1), it was
unlikely that Asp2 could have both B- and y-secretase activity. In fact, identification
of Asp2 as the -secretase was verified by analysis of the fragments of APP produced
in the various cell lines mentioned above. This study was made possible by the
availability of monoclonal antibodies to various discrete regions of APP. Residues
1-16 of AP (Asp'-Lys'®) contain the epitope to mAb 6E10 and that portion of APP
that is amino terminal to Asp' is recognized by mAb 22C11. In the antisense experi-
ments, knockdown of the Asp2 gene led to an increase of a soluble form of APP
(sAPPq) generated by the a-secretase that was recognized by both of these mono-
clonal antibodies. In cells not treated with the antisense oligonucleotide, there was
a relative increase in SAPPJ that was recognized only by 22C11. With respect to
the C-terminal parts of APP remaining after B- or o-secretase cleavage, these would
be expected to contain 99 and 83 amino acids (C-Terminal Fragments, CTF99 and
CTF83), respectively (Fig. 2.1). As would be expected, the amount of CTF99 was
reduced in cells treated with Asp2 antisense oligomers, and was increased in cells
transfected with Asp2. These and other cell biological experiments supported the
idea that Asp2 specifically facilitates PB-site cleavage of APP, an effect that is
enhanced in APP with the KM—NL Sw mutation. Asp2 is, therefore, the B-secretase
or BACE, and will be henceforth referred to by this generally accepted designation.
The amino acid sequence is shown in Fig. 2.2.

Aspl was also recognized as a unique member of the aspartyl proteinase
family by virtue of the fact that it also contains predicted C-terminal transmembrane
and cytoplasmic domains [16]. Studies of the purified recombinant Aspl (now com-
monly referred to as BACE2) indicate that this enzyme can also process APP, but
at a site just downstream of the o-secretase processing site at Lys'*-l-Leu'” (Fig.
2.1). The BACE2 cleavage sites [37, 38] are at the Phe'°-{-Phe?, and Phe®-{-Ala?'
bonds in the sequence: ... Leu'’-Val-Phe-Phe-Ala-Glu-Asp ... (Fig. 2.1). The exis-
tence of Glu and Asp residues in P’ sites adjacent to the BACE2 cleavages is another
interesting example of the enhancing effect of negatively charged residues adjacent
to bonds hydrolyzed by BACE and the HIV protease [34]. BACE2 processing,
therefore, would lead to non-amyloidogenic peptide products, similar to those pro-
duced via the activity of the a-secretase, and thus limit production of pathogenic
forms of AP. This highlights the concern that inhibitors of BACE developed for
treatment of AD not show inhibitory activity toward this very similar relative,
BACE2.
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2.2.4 SmithKlein Beecham (SKB): Hypothesis and
Genome Searches [17]

Scientists at SKB, like those at Pharmacia, also had extensive experience with
aspartyl protease targets, and many of the seminal publications on renin and the HIV
protease came from these laboratories. Not surprisingly, therefore, workers at SKB
were among the earliest to consider the possibility that the B-secretase might be an
aspartyl protease. They reported identification of a novel transmembrane aspartyl
protease designated, coincidentally with the term used by Pharmacia, Asp2, with
high levels of expression in the brain (European Patent Application EPO855444),
and later published evidence that Asp2 is the B-secretase [17]. Much of the narrative
presented above concerning the Pharmacia discovery pertains to this work as well
and need not be repeated here.

The SKB group identified Asp2 using a proprietary EST database screened
against a hallmark aspartyl protease structure and subsequently cloned the FL. cDNA
from a melanoma Marathon-Ready cDNA preparation from Clontech Laboratories,
Inc. The cDNA sequence encoded a sequence for their Asp2 that is identical to that
shown in Fig. 2.2 above so again, the SKB Asp2 is BACE. Hussain et al. [17] vali-
dated this conclusion by a number of cell biological studies similar to those noted
above in the other discovery laboratories. Transient transfection of SH-SYSY APPgos
cells with BACE gave a significant increase in secretion of sSAPPP, consistent with
[-site cleavage (Fig. 2.1). As a control for these studies, cells were transfected with
mutant Asp2 in which the catalytic Asp residues were changed to Asn; in these
studies there was no increase in SAPPP. Because of the known B-site activity of
cathepsin D [19], this enzyme was transfected into the SH-SYSY APPyys cells and,
in contrast to the result with Asp2, there was no increase in sAPPB. To look at
production of C-terminal fragments expected from B- and o-secretase, Asp2 was
transfected into COS-7 APP;s; cells and into the same cells stably transfected with
APP bearing the Sw mutation (KM®?>—NL), and the cells were probed with an
antibody that recognizes both CTF83 and CTF99, and one that recognizes only
CTF99. Cells transfected with Asp2 showed significant increases of CTF99 com-
pared with control cells not transfected with Asp2, and cells transfected with cathep-
sin D where both CTF83 and CTF99 were identified. Controls were also performed
using the active site mutants of Asp2 mentioned above, where there was no increase
in CTF99.

The SKB group also examined distribution of Asp2 in AD hippocampus using
a polyclonal antiserum raised against a peptide segment of Asp2. Clear staining of
neuronal tissue was observed, but no staining associated with astrocytes, microglia,
or oligodendrocytes. These same anti-peptide sera allowed detection of Asp2 in the
recombinant cell lines expressing APP4s and APP;5; mentioned above. As reported
by others [39, 40], APP localizes to the Golgi/endoplasmic reticulum of the secretory
apparatus, and based upon confocal analysis of myc-tagged Asp2 and APP in COS-7
APP5, cells, these workers were able to show a similar localization for Asp2. These
results suggest that APP and BACE may segregate as they are processed and trans-
ported within the cell. Hydrolysis of APP by BACE at the -site appears to be a
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process of heterogeneous catalysis where the susceptible B-cleavage in membrane
anchored APP is oriented in a favorable position for processing by the membrane-
bound BACE.

2.2.5 Oklahoma Medical Research Foundation (OMRF):
Hypothesis and Genome Searches [18]

Scientists at the OMRF have spearheaded advances in the field of aspartyl proteases,
from their pioneering work on the sequence analysis of pepsin, the prototype aspartyl
enzyme [41], identification of one of the two active site Asp residues [42], inference
of an internal duplication of structure in the two halves of these enzymes [22],
and extensions of these findings to a broad category of representatives of this mecha-
nistic set of proteases. Using human aspartyl protease motifs, their search of human
EST libraries for new human aspartyl proteases led to the identification of two
unique membrane anchored enzymes, named memapsin 2 and memapsin 1, corre-
sponding respectively, to BACE and BACE2. Again, much of the background
for this effort was already presented above for the discoveries at Pharmacia
and SKB.

The sequence for memapsin 2 is identical to that shown in Fig. 2.2 for the
-secretase. The cDNA sequence was derived from EST AA136368, EST AA207232,
and EST R55398 from the National Center for Biotechnology Information (NCBI)
EST database. Completed sequences from corresponding bacterial clones 947471,
214526, and 392689 assembled into ~80% of the preproBACE cDNA, and standard
methods of 5’-rapid amplification of cDNA ends and PCR were employed to give
the FL. cDNA sequence for memapsin 2 (BACE) shown in Fig. 2.2.

The OMREF group described expression of part of the memapsin 2 sequence
in E. coli. Their construct, said to correspond to the catalytic domain, began eight
residues upstream of Thr' (at Ala™®; Fig. 2.2) and extended to Ala**®. This form of
the protein would eliminate Cys*® and Cys*?, thereby preventing formation of two
disulfide bridges, now known to link Cys**-Cys'”® and Cys**-Cys®’. Although
proteolytic activity was claimed in preparations of this protein following refolding
from inclusion bodies and purification, BACE activity has been shown to require
the presence of all three disulfide bridges [43], so it is not clear how this C-terminally
truncated BACE could have shown proteolytic activity. Generally speaking, BACE
catalytic domain constructs terminate at, or near Ser*” (Fig. 2.2). In fact, subsequent
work from the OMREF laboratory, including the X-ray structural analysis [44], was
done with a longer BACE form extending to Thr*** and including all three disulfide
bridges.

As reported in the citations outlined above, tissue distribution of memapsin 2
showed high-level expression in pancreas and brain. The distance of the catalytic
apparatus in the globular catalytic domain from the membrane surface was estimated
to be about 20-30 amino acid residues. This fits well with the B-site in membrane-
anchored APP of 28 amino acids, and confocal microscopy of both APP and memap-
sin 2 revealed their co-localization in lysosomal/endosomal compartments. This
paper also provides data supporting memapsin 2 as the B-secretase, based upon cell
biology experiments analyzing APP product proteins and peptides resulting from
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overexpression of the enzyme that confirm findings of the other discovery
laboratories.

2.3 VALIDATION OF THE BACE TARGET

2.3.1 Summary of Evidence from Cell Biology

The five discovery efforts discussed above all arrived at essentially the same answers
via diverse approaches. Several points may be emphasized.

1. All agree that the B-secretase is a new member of the pepsin family of aspartyl
proteases with the same primary structure given in Fig. 2.2, and is unique in
having predicted transmembrane and cytoplasmic domains in its C-terminal
extension. Membrane association explains its intracellular localization in the
secretory apparatus.

2. Evidence based upon cell biological experiments supports the conclusion that
increased levels of BACE in a variety of cell systems are associated with
increased processing at the APP B-site and vice versa, and these effects are
BACE-specific.

3. The [-secretase is not involved with processing at the intramembrane
Y-sites.

4. There is general agreement with the proposal of Sinha and Lieberberg [45]
that B-site processing is rate limiting in AP production.

5. All groups also identified a second transmembrane protein, closely related to
BACE that is now commonly known as BACE2. This enzyme can also process
APP in the AP region but at sites that would produce non-amyloidogenic
peptides.

An important landmark in validating the BACE target came from observations
generated from BACE knockout mice.

2.3.2 Knockout Mice

The convergent identification by multiple independent research groups of the same
polypeptide as B-secretase was dramatically and quickly validated, as mice deficient
in the BACE gene became available and were analyzed for their APP-related phe-
notype [46—48]. The mouse BACE sequence is highly conserved to the human, and
as in humans, a murine BACE2 was also documented. Mice deficient in BACE were
found to be fertile, viable, and did not show any phenotypic differences from their
Wt littermates in normal tissue morphology and brain histochemistry, as well as in
blood and urine clinical chemistry measures. Primary neuronal cultures made from
such mice showed complete loss of all AP forms generated from endogenous mouse
APP, and primary cultures made from mice also expressing Sw APP did not show
any generation of the human A} forms either. Both AP and sAPPP were essentially
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undetectable in brain extracts of transgenic human Sw-APP mice deficient in BACE.
The exact same conclusion was thus reached by the three different BACE knockout
mice studies — this unique enzyme is solely responsible for AP generation from either
endogenous or transgenic APP in mice, and no other enzyme (including BACE2)
can compensate for its genetic deficiency.

Recently published studies [49] have revealed that PDAPP (PD-APP; platelet-
derived growth factor promoter) transgenic mice, which express a human familial
Alzheimer’s Disease (FAD)-APP transgene and normally develop robust AD-like
pathology with age, remained entirely free of amyloid deposits even at 13 months
of age in a BACE-deficient background. When crossed with heterozygous BACE
knockout animals, which exhibited ~50% of Wt BACE protein and enzymatic activ-
ity in their brain, the PDAPP transgenic mice showed greatly diminished amyloid
plaques as well as dystrophic neurites at both 13 months and 18 months of age, and
showed significant protection of the age-dependent loss of synaptophysin that is
seen in these animals even at the 18 months of age time point. Thus, even a partial
loss of BACE activity can afford significant protection against the development of
plaque pathology and synaptic loss in a well-characterized transgenic model of AD
pathology.

Although almost entirely normal by gross phenotypic measures, the BACE-
deficient mice have shown some behavioral deficits. BACE-deficient mice display
sensorimotor impairments and spatial memory deficits [50], both of which were more
pronounced on the PDAPP background (overexpressing human FAD APP). These
observations suggest that BACE-mediated processing of APP and perhaps other
substrates play a role in “normal” learning, memory, and sensorimotor processes.

In addition, there does turn out to be a morphologically quantifiable develop-
mental defect in BACE-deficient animals that appears to result from cleavage of a
substrate other than APP. BACE-null mice have a reduced thickness of myelin
sheaths around the axonal fibers [51, 52], which is maintained at the oldest ages
examined. The hypomyelination is evident in both the central nervous system (CNS)
(optic nerve) and the peripheral nervous system (PNS) (sciatic nerve), suggesting
that it is owing to interference with a common mechanism of myelination, even
though different cells mediate myelination in the CNS (oligodendrocytes) and the
PNS (Schwann cells). Phenotypically, the reduced myelination results in a reduced
nociception threshold in BACE-null animals. BACE appears to modulate develop-
mental myelination via its cleavage of neuregulin-1, a protein that is known to affect
myelination. Levels of neuregulin-1 are increased in BACE-deficient mice, and
levels of a cleaved N-terminal fragment of the protein are decreased [51], in line
with the expected loss of cleavage by BACE.

2.4 FINAL REMARKS

There was a good deal of excitement at the beginning of this century that a viable
target was in hand for the development of drugs to fight AD. Given the assumption
that AP in neuritic plaque from AD brain is causally linked to disease progression,
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it is obvious to focus on the B-secretase and the y-secretase that generate this toxic
B-amyloid peptide from APP precursors. Of the two, the B-secretase has many
advantages as a target. Perhaps most importantly, BACE is a single molecular entity
belonging to a large and well-characterized mechanistic set of proteolytic enzymes;
its structure and mechanism are well established. This opens the door to structure-
based drug design, an activity that has been underway for 20 years in the search for
inhibitors of related enzymes like renin for hypertension and the HIV-protease for
treatment of AIDS. The first renin inhibitor is now on the market [53], and protease
inhibitors as co-therapies have been of great benefit in prolonging the lives of AIDS
patients. Another argument in favor of the B-secretase target is that the y-secretase
cannot function without prior cleavage at the B-site [45] so that, in fact, a B-secretase
inhibitor would also silence y-secretase. Finally, results from the BACE knockout
mice are most encouraging in that these mice show absence of AP in the circulation,
and do not appear to show phenotypic liabilities of any kind. Knockouts of compo-
nents of the y-secretase complex are often lethal. Accordingly, the BACE target is
clearly defined in molecular and mechanistic terms, and the biology says that its
deletion is not only not lethal, but is also of no apparent consequence. In contrast,
the mechanism and details as to how the components of the complex identified as
the y-secretase work in intramembrane catalysis remain open to question. Moreover,
other important signaling systems require participation of similar type enzymes in
intramembrane hydrolysis, and building specificity into a y-secretase inhibitory drug
is a challenge. Interestingly, however, screening for inhibitors of AP production turn
up blockers of y-secretase more often than of B-secretase, and it could be that a lead
turned up by high-throughput screening will make it first to the finish line. Serendipity
generally rules the day in drug discovery!

Having said all this, it is important to mention that aspartyl proteases also pose
obstacles for development of inhibitors that will be effective drugs in clinical appli-
cation. They have extended active site pockets, and effective, potent inhibitors are
generally large, limiting oral uptake and greatly increasing cost of manufacture. A
long-acting parenterally administered drug may be tolerable for AD because there
exist few, if any, alternatives. But in producing a BACE inhibitor for AD, one must
also deal with the blood-brain barrier, even with an injectable drug; this poses yet
another challenge in the effort to produce an effective therapeutic [54]. Then there
is the question of blocking BACE?2, the closest relative to BACE, and an enzyme
believed to have a beneficial effect in producing non-amyloid peptides from APP.
It may be exceedingly difficult to design specificity into a BACE inhibitor such that
it will have little, or no inhibitory activity toward BACE2.

Despite these challenges, B-secretase inhibitors are under vigorous investiga-
tion, although at the time of this writing none have demonstrated efficacy in lowering
brain or cerebral spinal fluid (CSF) AP by the oral route in the absence of permeabil-
ity glycoprotein (P-gp) or Cyp3A4 inhibition [55]. At least one compound, CTS-
21166 (Comentis), has completed a small Phase I trial in healthy volunteers
administered via the intravenous route, and has been shown to reduce plasma A}
levels. Whether this or other compounds progress further into clinical development
for the treatment of AD remains to be seen.
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CHAPTER 3

BACE BIOLOGICAL ASSAYS

Alfredo G. Tomasselli and Michael J. Bienkowski
Pfizer Inc., St. Louis, MO

3.1 INTRODUCTION

Each step of drug discovery and development is strictly dependent on reliable bio-
chemical and biological assays. Assays are developed to identify compounds,
referred to as leads, capable of modulating a select target and/or a biological process,
and to allow optimization of these leads to drug candidates. Moreover, assays are
used both to monitor the fate of the drug candidate in vivo with respect to its absorp-
tion, distribution, metabolism, excretion (ADME), and to track biomarkers as a
means to assess or predict the course of the disease.

Striking advances over the past decade in genome and proteome research, in
molecular biology technologies, and in the understanding of biological pathways,
have brought about a myriad of opportunities to find and validate new targets to
treat diseases. To exploit this wealth of opportunities, pharmaceutical companies
have exponentially expanded their compound collections through efforts such as
parallel syntheses, natural products acquisition, and alliances with various institu-
tions all over the world. Yet, capitalization on the enormous investments in com-
pound libraries and drug target mining rests on the ability to develop sensitive and
accurate biochemical and/or biological assays capable of analyzing the millions of
compounds from these libraries and correctly identifying molecules that modulate
the selected target in the desired way. Correct identification of leads is a fundamen-
tal step that often sets the medicinal chemistry strategy for the drug discovery
process.

This chapter will review B-site APP cleaving enzyme (BACE) biological
assays set up both for high-throughput screening (HTS) and for screening of com-
pounds from medicinal chemists. Development of protein and cell assays for the
BACE discovery will be described. Basic enzyme kinetic terms and their relevance
to BACE inhibitor screening will be discussed along with the various substrates that
have been used in the development of BACE assays. This chapter will also briefly
discuss the screening flow scheme for discovery and development of BACE inhibi-
tors, including primary and secondary assays along with selectivity assays versus
other aspartyl proteases such as cathepsin D.

BACE: Lead Target for Orchestrated Therapy of Alzheimer’s Disease, Edited by Varghese John
Copyright © 2010 John Wiley & Sons, Inc.
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Figure 3.1 APP processing by secretases leading to the formation of APP fragments of
which AP, and A4, are toxic forms. (See color insert.)

3.2 CLINICAL AND PHYSIOLOGICAL HALLMARKS OF
ALZHEIMER’S DISEASE (AD)

AD, the most common form of senile dementia, is a progressive, devastating, neu-
rodegenerative illness of the central nervous system that affects over 40million
people worldwide. Clinically, AD patients develop symptoms consisting in a gradual
loss of memory which evolves into the more severe symptoms of mental confusion,
language disturbances, personality and behavioral changes, and diminished abilities
required for reasoning, orientation, and judgment. Physiologically, AD is character-
ized by the deposition of intracellular neurofibrillary tangles inside the neurons and
extracellular amyloid plaques in the brain parenchyma. Tangles are formed from
paired helical filaments containing hyperphosphorylated microtubule binding protein
tau. Plaques found in the brains of AD patients typically contain peptides, referred
to as the B-amyloid peptide (AP) that are generated from the amyloid precursor
protein (APP) by two sequential proteolytic steps carried out by two enzymes
referred to as B- and y-secretases, respectively (Fig. 3.1) [1]. According to the widely
accepted “amyloid hypothesis,” increased production in the brain and/or decreased
removal of AP peptides from it are the triggers of the series of pathogenic events,
including the tangle formation, leading to AD [2, 3].

3.3 APP PROCESSING

B-Secretase is the enzyme that catalyzes the first and prerequisite proteolytic step
that yields the N-terminus of AP by cleaving APP770 at two sites, at similar rates;
specifically, between residues Met®”' and Asp®’?, and between Tyr®** and Glu®® [4,
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5]. Asp®? will be referred to as Asp', and Glu®*? as Glu'"" to reflect their positions in
the AP sequence (Fig. 3.1). BACE cleavages generate a soluble ectodomain sAPPf,
that is released into vesicle lumina and the extracellular space and leaves behind
membrane-associated fragments of 99 and 89 amino acids, respectively. C99 and
C89 are further cleaved by the action of the y-secretase at various positions to gener-
ate AP peptides terminating after residues 37, 38, 39, 40, 42, and 43, that include
the very toxic forms AP, and AP,,4. The accumulation of these AP peptides is
counteracted by the action of cellular enzymes referred to as a-secretases. Indeed,
the most frequent cleavage of APP is an o-secretase cleavage occurring between
Lys® (K') and Leu®® (L") eliminating the region responsible for B-sheet formation.
The resulting o-secretase-generated membrane associated fragments are then con-
verted into non-amyloidogenic peptides by the y-secretase, and the soluble ectodo-
main (SAPPo).

Blocking or modulating the action of - and/or y-secretase and/or potentiating
the activity of the o-secretase represent important means of reducing the formation
of A} below the threshold concentrations required to trigger the onset and/or sustain
the progression of AD [6, 7]. Indeed, the inhibition of the two enzymes involved in
the generation of AP, namely the - and y-secretase, is being pursued by numerous
pharmaceutical companies [7] and clinical trials are underway, while o-secretase
activity potentiation has received much less attention [6]. Various proteases have
been proposed as potential o-secretases. They include neprilysin [8], insulin degrad-
ing enzyme [9], and at least three proteases of the ADAM (a disintegrin and metal-
loprotease) family: ADAM-9, ADAM-10, and ADAM-17 [6, 10]. y-secretase has
been identified by both biochemical and genetic studies to be formed by a complex
of at least four membrane-bound proteins: presenilin, nicastrin, Aphl, and Pen2 [11,
12]), with presenilin being the catalytic core of the complex [13—15]. B-secretase
was discovered as a membrane-anchored aspartyl protease by the independent efforts
of four groups and was also called BACE and Asp2 [16-19]. Soon after its discov-
ery, the BACE role as the 3-secretase was definitively validated by studies of BACE
(~/-) mice [20, 21]. BACE highly homologous enzyme, BACE-2, was discovered
along with BACE [16-19]. BACE-2 was shown to be able to process APP at Met®”!
and Asp® in cell culture under physiological conditions [22], but BACE-2 (-/-)
animal models showed that this was not the case in vivo and was excluded as being
a potential B-secretase [21]. BACE-2 predominant activity toward APP resides in
the cleavages between Phe'” and Phe®, and between Phe® and Ala®' [23] to produce,
like in the case of the o-secretase, non-amyloidogenic peptides. In fact, because of
this potential beneficial role, and other yet unknown functions, inhibitors directed
to BACE need to spare BACE-2. Additional molecular targets to be mindful of are
other members of the aspartyl protease family, including cathepsin D/E and renin.

3.4 ASPARTYL PROTEASE CLASSIFICATION

Aspartyl proteases have been classified in two clans, AA and AD [24]. The AA clan
contains two families (Al and A2). Both families are referred to as classical aspartic
proteases because they harbor the sequence D**S/TG ... D**S/TG (Fig. 3.2). Family
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Figure 3.2 The primary structure of BACE with features relevant to the enzyme cellular
trafficking and functions. (See color insert.)

Al comprises Pepsin-A/-C, cathepsin D/E, renin, napsin A, BACE, and BACE-2.
Family A2 comprises retroviral proteases, which the virus integrates in the human
genome, for example, HIV-1/HIV-2. On the other hand, intramembrane cleaving
aspartic proteases such as presenilin, (PS-1 and PS-2), signal peptide peptidase
(SPP), and SPP-like proteases (SPPL-2, -3, and -4), all of them harboring the
signature YD*’ and GxGD** (PS-1 numbering), comprise yet a third functional
family.

3.5 BACE STRUCTURE

BACE is a complex enzyme that undergoes proteolytic processing to yield the
mature form; the primary structure of the protein as synthesized in the endoplasmatic
reticulum is given in Fig. 3.2. It is composed of a 21-aa leader sequence (M™2' ...
G™) and a 24-aa prosegment (T'* ... R**?), which are both removed in the Golgi
apparatus [18, 25, 26] to yield what appears to be the mature enzyme (E** ... K*)
isolated from brain [17]. Though the prosegment ends at R***, the suffix P is used
next to the amino acid number for the segment T'* ... V** after which we adopt
the numbering E' MVD ... to follow the numbering of the majority of the reports
on BACE 3D structure and kinetics. The stretch of 408 aa E** ... S** harbors the
classic catalytic triad D**TG ... D*®SG, six cysteine residues paired to form three
disulfide bridges: Cys'>~Cys*’, Cys?'’-Cys*™, and Cys**—Cys*" [27] critical for
activity, and four glycosylated asparagines, 92, 111, 162, 293 [27]. Residue S**
precedes the BACE transmembrane domain of 27-aa (T** ... R*) that targets this
protein to the Golgi and anchors it to the membrane. The primary structure is com-
pleted by a cytoplasmic tail of 21 residues (R* ... K*°) containing posttranslational
modifications involved in BACE trafficking and localization; these are palmi-
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toylation at three cysteine residues and phosphorylation at Ser*’ [14, 26]. The
protein lacking C-terminal transmembrane and cytosolic domains folds in a bilobed
structure reminiscent of other aspartyl proteases such as cathepsin D, pepsin A, and
renin [28]. The two catalytic aspartyl residues, Asp** and Asp*®, are in proximity
and directly interact with the hydroxyl group of the statine moiety in the complex
of BACE with OM99-2 [28]. The catalytic site is protected from the solvent by a
hairpin loop, referred to as “the flap region.” Of relevance to both substrate
and inhibitor design is the nature of the active site pockets showing hydrophobic
character at S3, S1, S2’, and S3, while the S4, S2, and S3” are more hydrophilic.
While the truncated enzyme is a monomer in both the 3D structure and in aqueous
solution, Westmeyer et al. [29] reported that endogenous and overexpressed full-
length BACE is a homodimer under native conditions and showed both higher
affinity and turnover rate for substrates than monomeric-soluble BACE. In addition,
they showed that even the BACE ectodomain dimerized when attached to the
membrane [29]. Yet, Kopcho et al. [30] have reported that full-length BACE has
catalytic activity similar to its non-glycosylated, soluble catalytic domain. Most of
the kinetic and all the crystallographic studies have been done with the BACE-
soluble catalytic domain.

3.6 MECHANISM, KINETICS, INHIBITION,
AND SPECIFICITY

3.6.1 Catalytic Mechanism

Understanding the mechanism of reaction by which a protease catalyzes the irrevers-
ible cleavage of a substrate is very valuable, especially if one is able to catch catalytic
events that can be exploited in inhibitor design. Indeed, the design of a huge number
of aspartyl proteases inhibitors has used insights into these enzymes’ catalytic
mechanism. BACE, like other aspartyl proteases, performs catalysis by a general
acid—general base mechanism where the enzyme brings two aspartic acids in close
proximity to one another, one of which is protonated and the other is not (Fig. 3.3)
[31]. By this mechanism, the substrate is positioned between the two catalytic Asp
residues, and the protonated Asp uses its proton to form a hydrogen bond with the
carbonyl oxygen of the cleavage bond. The non-protonated Asp interacts with the
Iytic water and, by extracting a proton from it, produces a hydroxide ion and an
electrophilic acidic proton, which coordinately attacks the peptide bond via the
formation of a tetrahedral transition state. Collapse of the tetrahedral intermediate
results in the release of two peptide products and restores the enzyme for another
round of catalysis. The formation of catalytic hydroxyl and tetrahedral intermediate
has been an important finding in aspartyl proteases catalysis, which has been exten-
sively used to design inhibitors. In these inhibitors, the scissile P,-P,” peptide bond
of the substrate has been replaced by a non-hydrolyzable isostere with tetrahedral
geometry (Figs. 3.4 and 3.5); several inhibitors based on non-hydrolyzable isosteres
are approved drugs to treat AIDS, and also in development to treat AD.
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Figure 3.4 Application of the transition-state concept to design inhibitor.

3.6.2 Kinetic Analysis

Details of all the important concepts of enzyme kinetics and inhibition have been
extensively reported in enzymology textbooks. The Michaelis—Menten model is
described where an enzyme E and a single substrate S form the enzyme—substrate
(ES) complex that is subsequently converted to product(s), P, with release of the
enzyme:

ki ky
E+S2ES—>E+P (Eq. 3.1)
k.

Under the conditions in which BACE is assayed, [S] >> [E], a kinetic situation is
reached when the rate of formation of ES is balanced by the rate of its conversion
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Figure 3.5 Transition-state template commonly employed to design aspartyl proteases
inhibitors.

to E and P, leaving the concentration of ES constant. During this phase, the
Michaelis—Menten equation (Eq. 3.2 can be derived from Eq. 3.1). Equation 3.2
allows calculating the initial velocity of reaction (V) as a function of the substrate
concentration ([S]). V.. is the maximal velocity, attainable at substrate saturation,
and Ky; = (k,; + k,)/k; is the substrate concentration at which V = V_,./2, where k,
is the second-order rate constant of association, k; is the first-order rate constant of
dissociation, and k, = k., is the first-order rate constant representing the enzymatic
catalysis per second or turnover number:
Vmax = kcal X[E]

~ Vi [S] (Eqg. 3.2)
- Ky +[S]

3.6.3 Inhibition

With regard to enzyme inhibition, the equations relating kinetic and inhibition
parameters are given below for competitive (Eq. 3.3), uncompetitive (Eq. 3.4), and
noncompetitive/mixed (Eq. 3.5) inhibition.

Competitive inhibition is characterized by an inhibitor competing with the
substrate for the active site. Inhibition can be completely overcome by substrate
escalation. As [S] increases, V,.x does not change while the effective Ky, increases.
[I] is the inhibitor concentration, V; is the initial velocity of reaction in the presence
of inhibitor, and K, is the inhibition constant:

_ Vmax [S]
V= (ST Ky (14 (1K) (439
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Uncompetitive inhibition occurs when the inhibitor binds to the ES complex,
but not the free enzyme. As a consequence, the inhibitor decreases both the effective
Vo and the effective Ky in the same proportions:

V= Viax [S] (Eq. 3.4)

[S](1+[1]/0K; )+ Ky

In noncompetitive/mixed inhibition, the inhibitor binds to both the ES complex and
free enzyme. In noncompetitive inhibition, the inhibitor displays equal affinity for
both the free enzyme and the ES complex species (0. = 1), while in mixed inhibition,
the affinity for the two species is different (ot # 1). When o = 1, V,,,, changes, while
Ky does not. When o # 1, both V,,,, and Ky change, but not in equal proportions,
as is seen for uncompetitive inhibition:

V= Vinax [S] (Eq. 3.5)
[SI(L+[I)/aK;) + Ky (1+[1]/K;)

Very important to compound library screening is the determination of ICs,

which represents the concentration of inhibitor needed to accomplish 50%

inhibition:

1

Vi/[V=——— (Eq. 3.6)
N =T, 4

For competitive (Eq. 3.7), uncompetitive (Eq. 3.8), and noncompetitive/mixed (Eq.
3.9) inhibition, Cheng and Prusoff [32] have derived the following relationships

between and ICs, and K;:

ICso=K; (1+[S]/Kn) (Eq. 3.7)
ICs = 0K; (14 Ky /[S]) (Eq. 3.8)
1y = — I+ Ky (Eq. 3.9)

Ky /K; +[S]/oK;

Thus, in competitive inhibition, an increase in [S] increases ICsy, while in uncom-
petitive inhibition an increase in [S] decreases ICsy. In noncompetitive/mixed inhibi-
tion, an increase in [S] either leaves ICs, unchanged (o0 = 1), or causes less drastic
changes as seen in competitive or uncompetitive inhibitions (ot # 1).

3.6.4 Substrate Specificity

The coordinated action of two catalytic Asp residues and a nucleophilic H,O mol-
ecule to cleave a peptide bond is only the last of a series of steps in BACE catalysis.
In fact, this process starts with the recognition and binding of selected substrates
containing sequences several amino acids long. An in depth understanding of the
substrate specificity is very important for several reasons. First of all, it allows
designing a peptide that can be used to develop a sensitive and reliable assay.
Second, it can guide the designing of enzyme inhibitors. Third, it might help in the
identification of potential physiological substrates. Soon after its discovery, it
became evident that BACE was not specific for cleavage of a single peptide bond.
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BACE was able to cleave wild-type (Wt) APP at the ...Lys-MetlAsp-Ala ... and
... Gly-Tyr{Glu-Val ... bonds at very low rate. Moreover, an increase of about 50-
fold in the rate of cleavage of Swedish (Sw) mutant APP was observed. In spite of
the latter finding, it was initially estimated that even a substrate based on the Sw
mutant APP would require concentrations of enzyme so high that it would compro-
mise the potency determination of subnanomolar inhibitors and underscored once
more the need to find superior substrates. Yet, it turned out that a combination of
very sensitive fluorophores and detection equipment made the Sw mutant substrate
widely used as described in this narrative.

The 3D structure of BACE complexed to a peptide-derived inhibitor with the
hydroxyethylene transition-state isostere revealed that the substrate binding site
accommodates eight side chains [28]. Several groups have examined the P,-P/
residue preferences in the BACE subsites S,-S; with the goal of identifying best
substrates for assay and/or inhibitor development [33-35].

Turner et al. [33] assigned the amino acids preferences summarized in Table
3.1 based on a combinatorial library study. They concluded that the P, subsite is the
most stringent and P subsites are in general more specific than the P’ subsites. They
assembled the eight most favored residues to design a substrate, E-I-D-L{M-V-L-D
(Table 3.1, row 2), whose k.,/Ky = 20.8 uM"'min™" (0.35 uM™'s™) was 14-fold better
than that of a peptide harboring the Sw mutation at its cleavage site E-V-N-L{D-A-
E-F. With respect to peptidomimetic inhibitor design, these investigators selected
the peptidomimetic inhibitor EVNL*AAEF (Table 3.1, row 8, where the asterisk
represents the hydroxyethylene tansition-state isostere) and substituted the P, P,,
PJ, and P5 with random amino acids (less Cys) while they kept the L*A constant.
They found the amino acid preference specified in Table 3.1 and designed the inhibi-
tor, OM-003, E-L-D-L*A-V-E-F, with K; of 0.31nM. This is a good example of

TABLE 3.1 BACE Amino Acid Preferences at P,-P; Positions for Substrate (Rows 1-6) and
Inhibitor (Rows 8-11) According to Turner et al. [33]

1 P, P, P, P, P/ P; P, P;
2 Glu Ile Asp Leu Met Val Leu Asp
3 Gln Val Asn Phe Glu Ile Trp Glu
4 Asp Leu Met Met Gln Ala Val Trp
5 Tyr
6 Glu Ile Asp Leu Met Val Leu Asp
7
8 Glu Val Asn Leu* Ala Ala Glu Phe
9 Leu Asp Val Glu

10 Ile Glu Gln

11 Glu Leu Asp Leu* Ala Val Glu Phe

Note: Amino acids preference decreases from top to bottom of the Table, and was deduced from studying peptide
libraries. Optimal substrate from these studies is shown in bold in row 6. Inhibitor has been generated starting from
the inhibitor indicated in row 8 by changing amino acids in positions Ps-P, and P;-P; with every amino acid except
Cys. The asterisk represents the hydroxyethylene transition-state isostere.
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studies of the specificity of an enzyme that have generated a good substrate for assay
development and a powerful inhibitor.

Knowledge of substrate specificity is further expanded by discussing two
additional studies. The first study is based on combinatorial libraries [35], while the
other [34] is based on combining data obtained by protein cleavage such as oxidized
insulin B-chain, ubiquitin, and APP, and on cleavage of a series of peptides designed
starting from kinetic information gleaned from cleavage of these proteins.

The combinatorial library study of Griininger-Leitch et al. reported Glu > Asp
as the preferred amino acid (aa) for the P, site [35]. Surprisingly, substitution of Glu
with Gln, a preferred amino acid at P, according to Turner et al. [33] resulted in a
significant loss of activity, while Glu to Lys almost extinguished activity [35]. A
possible explanation is that those substitutions bring loss of a negative charge
between the P, side chain and two neighboring Arg residues [33]. However, we
found that replacement of P, Glu with Gly was essentially without loss of activity
[34]. With respect to the P; position, Tomasselli et al. [34] and others [33] have
shown that Ile is superior to Val in P;. Griininger-Leitch et al. [35] studied a library
in which Leu was kept constant at P;, and reported that Asn, Glu, and Asp were the
three amino acids with maximal occurrence at P,, while Ser and Thr were found at
position P, only in combination with Ser at P/. This finding was extended in our
studies that showed that Ser in P, in combination with Tyr or Leu in position P, is
a well-accepted amino acid when Glu or Asp are in position P{ [34]. At the most
stringent position, P;, the most abundant amino acids are Leu, Tyr, Phe, Nle, and
Met [(33-35]. The P’ side is less rigorous than the P side in its tolerance for amino
acids, but some combinations are better than others. For example, the triplets EVE,
or AVE, or DVE, or EVD are excellent motifs at the P/-P;, but a relatively mild
change to introduce Asp at both P/ and P; dramatically reduces enzymatic activity
[34].

Our studies led to the design of the substrate GLTNIKTEEISEISY!
EVEFRWKK and its shorter version SEISYJEVEFRWKK. As explained later,
these peptides were employed as such in high-pressure liquid chromatography
(HPLC) assays to determine ICs, and K; and were equipped with fluorescence-
quencher tags to screen compound libraries. Moreover, the ISYJLEV was inserted in
the APP sequence and was employed in cell assays [34].

3.6.5 Natural Proteins as BACE Substrates

The poor activity displayed by BACE with regard to APP cleavage and the broad
specificity displayed in studies of peptides cleavage would point to the existence of
BACE substrates other than APP. Cole and Vassar have discussed putative non-APP
BACE substrates reported in the literature, pointing out that all the substrates dis-
covered thus far are membrane proteins [36]. Identification of proteins of physiologi-
cal significance is important in designing strategies to inhibit BACE. Some of the
substrates are, like APP, cleaved by both BACE and 7y-secretase. They include the
APP homologous, amyloid precursor-like proteins, APLP1 and APLP2 of undefined
functions, the voltage-gated sodium channels (VGSC) responsible for the initiation
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and propagation of action potentials, and the lipoprotein receptor-related protein
(LRP) which is a multifunctional endocytic receptor which has signaling roles in
neurons. BACE cleaves neuregulin 1 (NRG1), a protein that influences the myelina-
tion of central and peripheral axons. BACE (—/-) mice, but not BACE (—/+), show
some impairment in normal learning and memory processes, and it has been sug-
gested they are related to lack of NRGI cleavage. Other BACE substrates are
also of interest because they involve inflammatory responses. They include the
modulator of leukocyte adhesion molecule P-selectin glycoprotein ligand 1 (PSGL-
1), a2, 6-sialyltransferase (ST6Gall), and the interleukin-1 receptor II (IL-R2).
Interestingly, NRG1 VGSC, LRP, PSGL-1, and ST6Gall seem to be cleaved by
BACE in vivo [36].

3.7 ASSAY STRATEGIES FOR INHIBITOR
FINDING AND DEVELOPMENT

Pharmaceutical companies routinely screen libraries composed of several hundred
thousands to several million compounds to come up with a small percentage of
compounds that produce the desired effect. These latter compounds are usually weak
modulators referred to as “hits” and they need to be validated as to whether they are
worth further optimization. Consequently, the assays need to be highly sensitive,
low in cost, amenable to HTS, and preferentially homogeneous with no wash steps
required. Animal testing is the ultimate assay which verifies that prerequisites such
as potency, specificity, bioavailability, lack of toxicity, and good pharmacokinetics
are met in order to proceed to clinical trials. A potential flow scheme for discovery
and development of BACE inhibitors is given (Scheme 3.1).

A cellular assay capable of determining the amount of AP produced in the
absence and in the presence of an inhibitor is, of course, of primary importance as
a prerequisite to animal model testing. However, using it as the sole assay for screen-
ing millions of compounds would not be satisfactory for at least two reasons. First
of all, those compounds that do not penetrate the cell or are metabolized inside the
cell would show up as negatives and therefore would be lost. It could be argued,
however, that such compounds might not be desirable leads for optimization. Second,
the positively identified leads would not be necessarily targeting BACE, as other
mechanisms of inhibition of AP production could be operative. In the latter case,
the subsequent lead optimization would necessitate a difficult trial and error approach
because the targets of those leads would not be known. The process of lead finding
is exemplified when the molecular target is known and can be obtained in relatively
large quantities such as BACE. Two approaches can be taken here. One is to express
and purify the target and/or its relevant domains, for example, catalytic domain, and
perform HTS. Hopefully, some leads can be identified and tested directly in cell
assays and/or subjected to the optimization process. In fact, if the enzyme can be
co-crystallized with the lead compounds, as is the case for BACE, crystallography
can be employed to provide important information to drive the medicinal chemistry
optimization process. Yet, while X-ray crystallography and its associated discipline,
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computational chemistry, are of great value in helping optimizing a lead [37], they
cannot tell whether optimization has occurred. In order to verify if optimization is
successful, there is a need for both a biochemical and a cell assay that determine
ICso and/or K; for the purified target and the ICs, for the target in its intracellular
environment. Another approach is to first start with a cell assay devised for HTS
wherein the target is overexpressed and/or its substrate is optimized and made spe-
cific for it to unambiguously generate a product that can be easily monitored. The
advantage here is that one screens against the target protein in a cellular environment
that is close to its natural environment. The disadvantage is that the cell assay would
not reveal the mechanistic behavior of the inhibitor; getting this information requires
a biochemical assay, but in this instance, the latter will be used as an assay for
optimization of selected leads. Irrespective of the approach, the optimization process
can take many cycles of compound crystallization, modeling, and chemical synthe-
sis. Biochemical and biological assays are both needed and ultimately determine the
compounds’ suitability for animal testing. In addition, because of the huge effort
involved in lead identification and optimization leading to animal tests, it is very
important to adapt a biochemical assay to a cell assay, and to establish consistency
between the two.

A common strategy is to start screening with a biochemical assay; fixed
concentrations of target protein, substrate, inhibitor, and assay medium are selected
in order to identify “hits.” Hit validation is carried out by testing at various con-
centrations in so-called secondary assays. Secondary assays can be performed
with the same assay that was used to find the hits and/or with different assays. In
the secondary assays, several questions are answered: for example, is a compound
that shows up positive in a fluorescence-based assay an inhibitor, or is it the result
of an artifact due to interference of the absorbance of the compound with the
fluorescence of the substrate? What are the values of its ICy, and K; and its mecha-
nistic behavior (time dependent, reversible, competitive, uncompetitive, and non-
competitive/mixed)? An HPLC assay that directly determines the initial and final
amounts of the substrate and products can be employed to overcome the issues of
interference with fluorescence determinations. Moreover, an indication of inhibitor
behavior can be simply attained by the effect of substrate concentration on ICs; for
example, competitive inhibition would show an increase in ICs, upon substrate
escalation.

While the K; is independent of substrate and enzyme concentration and
thus constitutes a solid criterion for inhibitor selection, the ICs, can be influenced
by these factors and does not necessarily reflect true inhibitor affinity. However,
the ICs is still an important determination of the inhibitor functional strength. It is
often the case that in cell assays, we do not know parameters such as substrate and
enzyme concentration, as well as the composition and conditions of the intracellular
medium where the reaction takes place. Under these circumstances, determining the
ICsy as a criterion for inhibitor selection is very valuable. In fact, an agreement
between the ICs, of the cell assay and the ICs, determined in the biochemical assay
(biochemical efficiency) is an indication that most of the inhibitor has reached its
target, while a disagreement will point to possible problems such as the inhibitor’s
inability to cross the membrane and/or being metabolized to ineffective forms.
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Various biochemical and cell assays and their application in BACE inhibitor dis-
covery are described.

3.8 COMMON ASSAYS USED TO IDENTIFY
AND STUDY INHIBITORS

3.8.1 Capture Assay (CA)

This assay is noncontinuous and nonhomogeneous. In the CA, a substrate carrying
a biotin molecule at one terminus and a fluorescent tag at the opposite terminus is
incubated with BACE in the absence (control) and in the presence of an inhibitor.
The enzyme is either preincubated with an inhibitor or added to the solution con-
taining an inhibitor and allowed to incubate for a determined amount of time; the
reaction is stopped by the addition of buffer at pH8.0 or higher. An aliquot of the
mixture is then transferred to a streptavidin (SA)-coated plate and washed in order
to remove unbound material. The plates are read to assess the extent of inhibition
by comparison with the control assay reaction without the inhibitor. The washing
step has an advantage because it removes light absorbing and fluorescent compounds
present in the reaction mixture, and a disadvantage because it introduces an
extra step.

3.8.2 Fluorescence Polarization (FP) Assay

Because small fluorescent molecules (fluorophores) rotate and tumble quickly, they
have low emission polarization values when they are excited by plane-polarized
light. If, however, they are bound to large molecules, the resulting complexes rotate
slowly and have high emission polarization values. When excited by vertically polar-
ized light, the intensity of the emitted light can be monitored in vertical (V) and
horizontal (H) planes and the equation:

P=(V-H)/(V+H) (Eq. 3.10)

relates the polarization (P), to both the vertical (V) and horizontal (H) components
of the emitted light. P has no dimensions and is not dependent on the intensity of
the emitted light or on the concentration of the fluorophore. The term “mP” (milliP)
is used in calculations, where 1 mP = one thousandth of a P. In the FP assay, like
in the CA, BACE is incubated with a substrate carrying a biotin molecule at one
terminus and a fluorescent tag at the opposite terminus. Enzyme reaction and inhibi-
tion are also carried out as in the CA. Upon reaction termination, the substrate is
captured with SA in solution. The inhibited reaction would show higher emission
polarization values than the non-inhibited reaction and the extent of inhibition is
assessed by comparison with the non-inhibited control. The FP assay is amenable
to HTS formats and, contrary to the CA, is a homogeneous assay that does not
require washing steps. In both CA and FP assays, enzyme inhibition at various
inhibitor concentrations allows determining K; and ICs, values. The drawback of FP
is poor sensitivity with P usually reaching values of 150-200mP compared with a
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background level of 50mP, a fact that makes it difficult to distinguish signal from
noise.

3.8.3 Fluorescence Resonance Transfer (FRET) and
Time Resolved (TR)-FRET Assay

Both FRET and TR-FRET assays are based on the energy transfer between a fluo-
rescent donor and acceptor provided that the emission spectrum of the donor has a
good overlap with the absorption spectrum of the acceptor, and they are positioned
within the Forster radius of each other (this is about 3—6nm and defined as the
distance at which half the excitation energy of the donor is transferred to the accep-
tor). In one application of this concept, the light emitted by the donor is absorbed
by the acceptor (quencher), but is not reemitted. For example, a BACE substrate
carrying a fluorescent tag, such as 5-[(2-aminoethyl)amino]naphthalene-1-sulfonic
acid (EDANS) or Lucifer Yellow at one terminus, and a fluorescent quencher, such
as 4-(4-dimethylaminophenylazo) benzoic acid (DABCYL) or 2,4-dinitrophenyl
(DNP) is located at the opposite C-terminus to foster fluorescence quenching. The
fluorophore emission occurs upon BACE cleavage as a consequence of FRET
interruption. FRET is a homogeneous and continuous assay, highly sensitive, and
easily adaptable to HTS. However, FRET assays have traditionally used pairs of
donor : acceptor, such as those indicated above, with small Stokes shifts and excita-
tion and emission in the wavelength ranges overlapping those of many compounds
contained in HTS libraries, and might produce large numbers of false results in HTS.
These negative aspects of FRET are overcome by the use of the TR-FRET technol-
ogy, which exploits the properties of caged lanthanides such as Eucryptate,
Eu**chelates, or terbium chelates. These lanthanides have a relatively large Stokes
shifts and emission lifetime much longer than those of compounds contained in HT'S
libraries. For example, Eu**cryptate/chelate in the examples given below have exci-
tation maximum at ~337nm, main emission at ~620nm, and lifetime in the range
of 320-2,200 ps. Introducing a time delay of 50-200 s between the excitation and
fluorescence measurement allows avoiding overlap with the short-lived signals of a
variety of compounds used in the HTS. TR-FRET is, like FRET, a homogeneous
and continuous assay where a fluorophore like Eu**cryptate/chelate is placed at one
extremity of the substrate and an energy acceptor at the other extremity. In TR-
FRET, the donor (fluorophore) is excited at one wavelength and emits fluorescence
at a longer wavelength. The emitted light is absorbed by an acceptor (another fluo-
rophore) and is reemitted at longer wavelength; alternatively, the emitted light is
absorbed by an acceptor (a quencher) and not reemitted.

3.8.4 Chemiluminescence (CL) and
Electrochemiluminescence (ECL) Assays

In CL, light is emitted as a consequence of a chemical reaction. The enzyme alkaline
phosphatase (AP) cleaves phosphate moieties from a variety of different molecules.
Various substrates have been reported that allow direct measurement of the product
formed by CL and fluorescent methods. A classical and widely used chemilumines-
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cent substrate is p-nitrophenyl phosphate (PNPP) whose hydrolysis results in the
formation of a colored compound with maximal absorbance at 405nm. The Great
EscAPe SEAP System from Clontech (Mountain View, CA), for example, offers
the fluorescent substrate 4-methylumbelliferyl phosphate (MUP), which allows
monitoring of SEAP expression through excitation at 360 nm and fluorescence emis-
sion at 449nm, and the chemiluminescent substrate CSPD (Invitrogen Corp.,
Carlsbad, CA) whose hydrolysis can be monitored by a luminometer or X-ray film.

ECL is a phenomenon by which molecules such as Ru(bpy):" (bpy
is2,2’-bipyridine) emit light through a process consisting of oxidation—reduction
cycles fostered by application of a voltage from an electrode. In biochemical/biologi-
cal assays, ECL molecules are incorporated in an antibody and are used to monitor
a specific process. This technology offers the advantage of low background, and the
reaction can be controlled because it depends on electricity as a means to start the
reaction. Quantitatively, the emission intensity, I, is related to the rate of reaction
under observation, dC/dt (molecules reacting per second), according to the
equation:

I, = ®L(dC/dt) (Eq. 3.11)

The proportionality constant ®L is the CL or ECL quantum yield or efficiency, in
photons emitted per molecule reacting.

3.8.5 HPLC Assay

HPLC is widely used for hits validation, to evaluate and/or confirm the mechanistic
mode of inhibition, and to determine and/or confirm kinetic parameters such as K;
and ICs, determined by other assays. The advantage of an HPLC assay is that of
being a technique that uses column chromatography to separate unreacted substrate
from formed products during an enzymatic reaction. It thus accounts for substrate
disappearance and product formation, and fluorescent or absorbing inhibitors do not
interfere with the background signal observed with other fluorogenic and chromo-
genic assays. The disadvantage of the technique is that it has low throughput afford-
ing about 200-250 samples/day and cannot be used for HTS of large libraries.

3.9 BACE ASSAYS

3.9.1 Inhibitor Screening Assays for
BACE Activity In Vitro and In Vivo

The substrate GLTNIKTEEISEISYJEVEFRWKK and its shorter version
SEISYJEVEFRWKK developed as a result of our efforts to study BACE specificity,
were employed as such in 96- and 384-well format HPLC assays to determine ICs
and K;. The assay is simple as it consists of incubating BACE substrate with and
without inhibitor for a specific amount of time. The products of the reaction are
separated by a reverse phase column, and the formation of a tryptophan-containing
product is followed by fluorimetry consisting of excitation at 280 nm and monitoring
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emission at 348nm. These studies allowed to determine a k. /Ky = 70.4uM™'s™,
and = 4.5uM™'s™ for the former and latter substrates, respectively [34].

The peptides Biotin-KVEANYJEVEGERC][cys-oregongreen]KK and Biotin-
GLTNIKTEEISEISYVEVEFR [cys-oregon green]KK were used in our laboratory
for the CA and the FP assay, respectively. The progress of the reaction was moni-
tored at a determined time by reading on an LJL Analyst (Ex 485 nm/Em 530nm),
and on an LJL Acquest (Ex 485nm/Em 530nm) for the CA and FP, respectively
(LJL Biosystems, Inc., Sunnyvale, CA).

Moreover, the sequence ISYLEV was inserted in the APP at B-site (Aspl) or
’-site (Glull) and proved that it is a cellular substrate superior to APPs,. The
APPisygy substrate was very specific for measuring BACE activity in cells; in fact,
BACE-2 poorly cleaved APPjsygy. This optimized APP substrate is useful to eluci-
date the cellular enzymatic actions of BACE and to monitor the cellular efficacy of
inhibitors that might be of therapeutic benefit in AD.

Pietrak et al. [38] screened a peptide library against recombinant BACE and
identified the octapeptide sequence EVNFLEVEF as a lead substrate for assay devel-
opment. They converted that substrate into the coumarin-labeled 10-mer peptide for
adaptation to an HPLC assay in a 96-well format requiring 5min per sample. The
Coumarin-REVNFELEVEFR had a k.,/Ky = 34 uM™'s™" that they estimated to be 1000
times better than a Wt APP-based substrate. This assay afforded them using concen-
trations of BACE as low as 100pM thus permitting the determination of K; in the
nanomolar and subnanomolar range. They tested several inhibitors; one of these
inhibitors, referred to as Compound 2, gave an ICs,~ 15nM. These investigators also
found that this substrate was cleaved by BACE-2 (k. /Ky = 0.017uM™'s™" at pH4.5)
and cathepsin D (k. /Ky = 0.043uM™'s™ at pH3.3), and used it to find IC5,~230nM
and 7620nM for BACE-2 and cathepsin D, respectively.

Compound 2 was tested in a homogeneous cell assay based on ECL [37]. The
investigators stably transfected HEK293T cells with APPyrey and 1day after plating
treated the cells with a medium containing a compound or 1% dimethylsulfoxide
(DMSO) (v/v) for 20-24h. They derivatized the antibodies to EV40 residues 5-11
(6E10) and residues 3440 (G2-10) with biotin and ruthenium molecules, respec-
tively, and used them to treat the conditioned medium from the HEK293T cells.
After overnight incubation, they treated the solution with SA-coated magnetic beads
and subjected it to ECL analysis, and 1Csy~33.0nM was found.

Oh et al. [39] used AP to develop a cell assay to monitor site-specific prote-
olysis of BACE in Drosophila. They fused AP lacking its own signal sequence to
the truncated luminal domain of a Drosophila Golgi integral membrane protein,
GMII, via dodecameric PB-sites peptides. They expressed the resulting constructs,
GMII-B-sites-AP, in Drosophila S2 cells under the control of the Drosophila hsp70
or metallothionein promoter. These constructs contain a Golgi membrane protein,
which allow their retention inside this organelle. BACE cleavage of the B-sites
fosters the release of AP into the culture medium where its activity was determined
by the reaction with PNPP and measurement of absorbance at 405 nm with a micro-
plate reader (Molecular Devices). Among the constructs selected, cleavage was
observed only in the one containing the Sw mutation. Three peptidomimetic com-
pounds identified as LB83190, LB83192, and LB83202, and whose ICs,’s in a
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biochemical assay were 0.715uM, 0.714uM, and 0.127uM, respectively, were
tested in the Drosophila cell assay. While LB83202 was not cell penetrable, ICs,
values of 12.5uM and 7.8 uM were found for LB83190, LB83192, respectively, also
pointing to the poor penetration of these two peptidomimetic inhibitors. This is a
simple method that allows to determine compound inhibition, cell penetrability, and
toxicity; it is easier to use and less expensive than other techniques measuring AP
secretion into the media.

More recently, Coppola et al. [40] applied the same principle of fusing a Golgi
retention signal to a peptide containing BACE cleavage followed by AP. Secretion
of AP upon BACE cleavage was monitored by the SEAP activity using the Great
EscAPe SEAP chemiluminescent detection kit. They used this assay to test non-
steroidal anti-inflammatory drugs (NSAIDs) as inhibitors of BACE and concluded
that aspirin and sulindac sulfide directly inhibit BACE activity.

There are various applications of the FRET assay for BACE. Griininger-
Leitch et al. reported the BACE substrate Lys(DABCYL)-SEVXX{DAEFR-
Glu(Gly-PEGA)-Lucifer Yellow (XX variable aa) with fluorescence excitation
at 430nm and emission at 520nm [35], and Ermolieff et al. [41] reported the sub-
strate Arg-Glu(EDANS)-Glu-Val-Asn-Leul Asp-Ala-Glu-Phe-Lys(DABCYL)-Arg
and (7-methoxycoumarin-4-yl) acetyl (MCA))-Ser-Glu-Val-Asn-LeudAsp-Ala-
Glu-Phe-Lys(DNP) [41] in the study of enzyme specificity and inhibitor profiling;
kinetic and inhibition parameters have been mentioned earlier in this chapter.

Porcari et al. [42] reported an application of the TR-FRET assay to identify
BACE inhibitors and described both kinetic and end-point measurements. Porcari
et al. [42] used Eu**chelate coupled to the N-terminus and a quenching organic
fluorophore (QSY 7) to the C-terminus of the peptide CEVNLIDAEFK. When the
peptide is uncleaved, fluorescence is quenched but is interrupted when the peptide
is cleaved. They followed BACE enzymatic activity by excitation at 330nm and
fluorescence emission monitoring at 615 nm by continuous TR-FRET measurements
and determined a K,, = 290nM that was useful to select a substrate concentration
of 200nM to identify both competitive and noncompetitive inhibitors. Moreover,
the assay was validated by reproducing the ICs, values of various literature inhibi-
tors, including two Stat-Val peptides for one of which further inhibition studies allow
to determine a noncompetitive mode of action and a K; = 40nM.

Kennedy et al. [43] compared the activity of autoprocessed mature BACE to
the activity of pro-BACE and their inhibition profiles toward selected inhibitors.
They used the TR-FRET technology in which the light emitted by the donor is
absorbed by the acceptor and reemitted at a higher wavelength. Specifically, the
substrate Eu**cryptate-K TEEISEVNLIDAEFRHDC-Biotin-(SA-XL665) where the
energy acceptor cross-linked allophycocyanin protein (SA-XL665) complexed to
SA was used. The Eu**cryptate-XL665 pair allows the simultaneous monitoring of
620nm (Eu*"chelate emission maximum) and 665 nm (XL665 emission maximum).
The FRET occurs between the Eu*chelate and the SA-XL665 moieties, leading to
quenching of the 620 nm emission and increase of the 665 nm emission. The technol-
ogy allows monitoring the cleavage reaction progress by simultaneously monitoring
the reaction at 620nm, or at 665 nm, or the 665/620 ratio. These investigators [43]
evaluated ICs, for the non-hydrolyzable statine inhibitor KTEEISEVN-(Statine)-
VAEEF, and the homostatine EVNL(WHET)AAEF and ELDL(yHET)AVEEF for both
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pro-BACE and auto-cleaved BACE to conclude that these two enzymatic species
behave very similarly toward these inhibitors.

Hussain et al. [44] used the fluorescent substrate FAM-[SEVNLDAEFK]-
TAMRA for a FRET assay to identify inhibitors from a rational drug design approach.
Also, this assay was suitable to monitor the activity of BACE, BACE-2, and cathep-
sin D. Quantification of substrate cleavage was assessed using an LJL analyst spec-
trophotometer (485 nm excitation, 535 nm emission). They identified a competitive
inhibitor, GSK188909, for which they determined an ICs,~5nM, 170nM, 2600nM,
and 1490nM for BACE, BACE-2, cathepsin D, and renin (assayed with Dabcyl-y-
Abu-IHPFHLVIHT-Edans), respectively. Testing GSK188909 in human neuroblas-
toma cells, expressing APPy, or APPg, was carried out. Inhibition was quantitated
by assaying cell lysates for A, or APy, using a BioVeris (BV)™ immunoassay
employing AB-specific antibodies. They used antibodies to A, residues 5-11
(6E10) and residues 34-40 (G2-10) derivatized with biotin and BV Ruthenium NHS
ester tag, respectively, and antibodies to Ay, residues 5-11 (6E10) and C-terminal
residues MVGGV VIA derivatized with biotin and BV Ruthenium NHS ester tag,
respectively. After incubation, antibody—Ap complexes were captured with SA-
coated Dynabeads® and were subjected to ECL analysis in a BV M384 analyzer.
They observed an inhibitor concentration-dependent decrease in A, and AP,
secretion into the media with an approximately ICs, of 5nM in SHSYS5Y-APPy,
cells and 30nM in SHSY5Y-APP;,, cells.

The Ruthenium-based assay was also employed to investigate the A} lowering
activity of GSK188909 in vivo by using TASTPM mice that express both human
APPg, OPNMIL and PS-1M%Y transgenes in the brain and exhibit age-associated AP
accumulation and deposition. Though they observed bioavailability in mice, this
inhibitor’s brain penetration was low and required permeability glycoprotein (P-gp)
inhibitor GF120918 that they administered at 250 mg/kg orally (po) 5h prior to the
administration of GSK188909 po also at 250 mg/kg. They achieved a brain exposure
of 5.43 + 3.504uM (median 6.25uM) GSK188909, which fostered a decrease in
both guanidine soluble AR,y (68%, p < 0.0001, n = 18) and guanidine soluble Ap,,
(55%, p < 0.0001, n = 18) in the brain 9h post dose.

3.9.2 BACE Assays Used in Expression and
Purification of the Enzyme

An accurate determination of the purified enzyme specific activity is regarded,
together with its purity and authenticity, as its certificate of quality. Sensitive sub-
strates to monitor recombinant expression and purification of BACE from insect,
mammalian, and Escherichia coli cell lines have been described [45-48], In many
instances, the recombinant enzyme is refolded from inclusion bodies and the extent
of refolding is not known [47, 48]. In these situations, a tight binding competitive
inhibitor is designed, when possible, to mimic the substrate, and is used to titrate
the enzyme to assess which percentage is properly refolded. It is also common to
hook this inhibitor to a resin to separate the refolded and active enzyme from the
inactive form; this practice has been reported for both native and recombinant
enzyme [17, 46, 47].
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3.9.3 Assays for BACE Protein Levels and
Activity in AD Patients

In order to test the idea that BACE protein and activity are increased in regions of the
brain of AD patients that develop amyloid plaques, Fukumoto et al. [49] developed
an antibody CA capable of measuring BACE protein level and BACE-specific activity
in frontal, temporal, and cerebellar brain homogenates from 61 brains with AD and
33 control brains. The BACE protein assay consists of a sandwich enzyme-linked
immunosorbent assay (ELISA) employing the antibody MAB5308 (mouse monoclo-
nal anti-BACE, C-terminus), which captures BACE from brain homogenates. BACE
detection is carried out by the anti-BACE N-terminal antibody PA1-756 followed by
horseradish peroxidase (HRP)-linked anti-rabbit IgG (HRP-o-rb) and activation of
the QuantaBlu fluorescent substrate. Fluorimetric measurements of the HRP chemi-
luminescent reaction were carried out at 320nm excitation and 400nm emission. For
the BACE-specific activity assay, BACE is also captured by MABS5308, and the
quenched fluorescentsubstrate (7-methoxycoumarin-4-yl)acety[ MOCA]-Ser-Glu-Val-
Asn-Leul Asp-Ala-Glu-Phe-Arg-N-(2,4-dinitrophenyl)[DNP]-Lys-Arg-Arg-NH2  or
Arg-Glu(5-[aminoethyl] aminonaphthalene sulfonate[EDANS])-Glu-Val-Asn-Leud
Asp-Ala-Glu-Phe-Lys(4’-dimethylaminoazo-benzene-4-carboxylate[ DABCYL])-Arg
is added. BACE cleavage of the substrate removes the quenching and allows quantita-
tion of the fluorescence as indicated earlier. These investigators found that enzymatic
activity increased by 63% in the temporal neocortex and 13% in the frontal neocortex
in brains with AD, but not in the cerebellar cortex. BACE protein level in the brains
with AD increased by 14% in the frontal cortex and by 15% in the temporal cortex,
but no difference in the cerebellar cortex.

Zetterberg et al. [50] developed an assay based on the BACE-specific substrate
biotin-KTEEISEVNFEVEFR whose shorter version was used earlier by Pietrak
et al. [38] to determine BACE activity in the cerebrospinal fluid (CSF) of AD
patients. The product generated by BACE cleavage was measured with rabbit poly-
clonal NF neoepitope-specific antibody in combination with AP-conjugated goat
anti-rabbit IgG. This turned out to be a very sensitive assay as it was able to detect
1.0pM of recombinant BACE as assessed versus recombinant BACE standards.

They concluded that patients affected by AD had higher CSF BACE activity
(median, 30pM [range, 11-96pM]) than controls (median, 23 pM [range, 8—-43pM])
(p = 0.02). Patients with mild cognitive impairment (MCI) who subsequently pro-
gressed to AD had higher baseline BACE activity (median, 35pM [range, 18-71pM])
than patients with MCI who remained stable (median, 29pM [range, 14-83pM])
(p <0.001) and subjects with MCI who developed other forms of dementia (median,
20pM [range, 10-56 pM]) (p < 0.001). They also found positive BACE activity correla-
tion with CSF levels of secreted APP isoforms and A, in the AD and control groups
and in all MCI subgroups (p < 0.05) except the MCI subgroup that developed AD.

3.10 FINAL REMARKS

This chapter reviews biochemical and cell assays regarding B-secretase, also referred
to as B-site converting enzyme (BACE), an appealing target for developing drugs
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to treat AD. A brief introduction is presented regarding the clinical and physiological
hallmarks of AD along with the role of B- and y-secretase in generating AP peptides,
which are believed to be critical to the onset and progression of AD. The importance
of the biochemical and biological assays as primary assays for HTS to identify
modulators from large collections of compounds is discussed along with the role of
these assays in secondary screenings to confirm which compounds are worthy of
medicinal chemistry optimization and to monitor the optimization process. The cell
assay is described as a tool verifying that optimized inhibitors are effective in the
cellular environment as a prerequisite to animal model testing. The development of
sensitive and reliable BACE assays stems from an understanding of the specificity
of this enzyme for substrates; the latter is discussed along with some key aspects of
the catalytic mechanism of aspartyl proteases. Indeed, the catalytic mechanism and
enzyme specificity are highlighted as important to both assay development and to
inhibitor design. In addition, basic enzyme kinetic concepts such as k., and K, are
examined. The importance of accurately determining the inhibition parameters ICs
and K; for BACE and related aspartyl proteases from both the screening and opti-
mization processes is discussed along with the concepts of mechanism of inhibition,
for example, competitive, uncompetitive, and noncompetitive/mixed. Finally, a flow
scheme from library screening to drug candidate selection is given to emphasize
points of go/no-go decisions for compound advancement in the inhibitor develop-
ment process.
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CHAPTER 1

PEPTIDIC, PEPTIDOMIMETIC,
AND HTS-DERIVED BACE
INHIBITORS

James P. Beck and Dustin J. Mergott

Lilly Research Laboratories, Eli Lilly and Company, Indianapolis, IN

4.1 INTRODUCTION

Substantial effort has been expended on attempts to develop peptidic and peptido-
mimetic BACE-1 inhibitors via mostly traditional substrate-based design or occa-
sionally high-throughput screening (HTS)-based medicinal chemistry approaches.
Several exceptional reviews have been published that treat various aspects of these
drug discovery efforts spanning nearly the last decade [1]. Most reviews have been
organized by inhibitor class of the transition-state isostere (TSI) mimic. In contrast,
the examples presented in this chapter are organized first by company, research
institution, or collaboration, and then further by TST. The goal of this compilation
is to review and summarize the most impactful contributions from key organizations
contributing to BACE-1 inhibitor design.

4.2 ELAN/PHARMACIA (PFIZER)

Peptidic and peptidomimetic substrate-based inhibitors of BACE were designed
using the knowledge of the specificity and kinetics of BACE-1. The Elan team
published on the development of the first statine-based [2] cell-permeable [3] BACE-
1 inhibitors that demonstrated dose-dependent and mechanism-specific reduction of
AP in human embryonic kidney (HEK) cells (Fig. 4.1, 1-3). The evolution of the
Elan BACE-1 inhibitors began with the definition of the P, and P/ in a BACE sub-
strate spanning Pys-P5 with replacement of the P, residue with a noncleavable statine
residue and replacement of the P/ Asp with valine. The conversion of peptidic
inhibitors into cell-permeable peptidomimetic inhibitors was done in a sequence of
steps, initiating with a conceptual division of the peptide into three regions: an
N-terminal portion (non-prime side), a central statine-containing isostere, and a
C-terminal portion (prime side). Individually targeted for modification, the amino
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acid residues of these sections were replaced with functionalities exhibiting less
peptide character, while retaining BACE-1 enzyme activity. The most potent
N-terminal replacements were o-hydroxyarylacetic acids while the C-terminal
“AEF” region was transformed into cyclohexyl dicarboxylate derivative which
served as an effectively constrained surrogate. The resultant inhibitor (1, BACE-1
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ICsy = 3uM) was further modified at the central P; by replacing leucine with
3,5-difluorophenylalanine — a feature that would continue in all future Elan (and
later Elan/Pharmacia) structure-activity relationships (SAR) on BACE-1 inhibitors
(vide infra) [4]. The combination of these optimal features led to the potent inhibitor
2; the corresponding dimethylester (not shown) was found to also be cell permeable
(BACE-1 ICsy = 0.12uM, Cell ICsy = 4 uM) and inhibited B-sAPP (amyloid precur-
sor protein) formation upon immunoprecipitation analysis, confirming the mecha-
nism-specific BACE-1 inhibition. Another key SAR discovery came when Elan
researchers incorporated the known isophthalamide asparagine replacement [5]
bridging P,-P; in the inhibitor, therein affording statine 3 with a cell/enzyme ratio
of 1000. An order of magnitude improvement in the cell/enzyme ratio was obtained
when the statine TSI was replaced with hydroxyethylene [6] (Fig. 4.1, 4) and with
a further truncation of the C-terminal substitution. Although excellent enzyme activ-
ity could be obtained through further SAR in the hydroxyethylene series [7], the
cell/enzyme ratio could not be improved upon, and therefore, attention turned to the
hydroxyethylamine (HEA) isostere where the perceived advantage of the more basic
amine was anticipated to facilitate cell transport and improve overall blood—brain
barrier penetration of these peptidomimetic inhibitors.

In August of 2000, Elan and Pharmacia announced they had entered into a
research and development partnership to discover and commercialize BACE-1
inhibitors. Shortly thereafter, this team published a series of patents on HEA BACE-
1 peptidomimetic inhibitors (Fig. 4.2) [8]. These HEA inhibitors exhibited a strong
preference for the (R) stereochemistry at the transition state secondary hydroxyl
compared with statine and HE inhibitors, which preferred the (S) stereochemistry.
Comparing hydroxyethylene inhibitor 4 with HEA inhibitor § (Fig. 4.2), the cell to
enzyme ratio was improved from 100-fold to 1.8-fold. Another order of magnitude
improvement to both the enzyme and cell activity was then achieved by (1) adding
a methyl group to the isophthalamide phenyl to better fill S,; (2) replacing the P/-P;
substitution with benzyl; and then (3) adding the substitution at the meta-position
of the benzyl to better occupy S3; the result of these combinations afforded HEA
inhibitor 8 (Fig. 4.2) [9, 10]. Closely related to this work, Petukhov and colleagues
at the University of Illinois at Chicago have very recently published on P, biaryl
and fused-ring HEAs building off the isopthalamide (not shown) [11]. The 1st gen-
eration of HEA inhibitors to come from Elan/Pharmacia team also includes acyclic
substitution (non-isophthalamide) at P, (Fig. 4.3, 9-13) with either phenylalanine
[12] or 3,5-difluorophenylalanine [13] occupying the S; pocket. One hypothesis in
the design of these analogs was that selectivity over cathepsin D (Cat-D) would be
improved relative to the isophthalamides occupying S,. This hypothesis was based
on the presence of the two methionine residues in Cat-D (Met307 and Met 309) that
helps to form the S, pocket in contrast to Arg235 found in BACE-1. This data sup-
ported the hypothesis — whereas HEA inhibitor 8 afforded a Cat-D/BACE-1 selectiv-
ity of 13-fold, the corresponding selectivities for acyclic HEAs 9-11 were 250-,
186-, and 235-fold, respectively [13]. In vivo effects for these acyclic HEAs were
not disclosed [14]. The macrocyclic inhibitors 14 and 15 (Fig. 4.3) further contribute
to the Ist-generation HEAs from Elan/Pharmacia [15]. Although no enzyme data
was disclosed for these inhibitors, the conserved optimal substitution from earlier
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HEAs in the 1st-generation SAR almost certainly lends a substantial degree of activ-

ity to these macrocycles.

Prodrugs of HEA BACE inhibitors have been reported in two patent applica-
tions from the Elan/Pharmacia team. First described were ester and carbamate
derivatives of the central secondary hydroxyl group [16]. The second, and more
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detailed, prodrug disclosure was based on the proven concept of O- to N-acyl migra-
tion [17], a strategy for improving delivery described previously for renin [18]
and HIV aspartyl proteases [19]. The facile O- to N-acyl migration that is shown
(Fig. 4.4, 16,17) to occur results in part from the high aqueous solubility of the
amines (16). In fact, depending on the nature of the substitution, prodrug 16
(R = cyclopropyl, R, = ethyl or acetylene) rearranges to BACE-1 inhibitor 17 in
as short as 1.0-1.5h in pH 7.0 at 40°C (’F-NMR used to follow the progress of
the reactions).

In 2003, a “2nd generation” of Elan/Pharmacia HEAs began appearing in the
patent literature. Focused exclusively on the P;-P; SAR of the HEA peptidomimet-
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Figure 4.4 Elan/Pharmacia BACE inhibitors.

ics, the goal of this work was to attenuate the significant P-glycoprotein (P-gp) efflux
observed in the Ist-generation HEAs. A diverse range of non-prime side functional-
ity was explored in these inhibitors (Fig. 4.5, 18-25) as evidenced by the reported
aminopyridyl (18) [20], dihydrobenzoxazine and dihydrobenzothiazine (19,21) [20],
indole (20) [20], phenyl- and oxazolesulfonamide (22,23) [20], keto-piperazine (24)
[21], phenacyl (25) [20], and ureas and carbamates [22].

In 2004, Maillard et al. published a key significant breakthrough in BACE-1
aspartyl protease inhibitor design with a series of N-acetyl-2-hydroxy-1,3-
diaminoalkanes (Fig. 4.6, 26-28), termed the “3rd-generation HEAs” [23]. Key to
this accomplishment was the designed removal of the P, and P; inhibitor groups
(N-terminal truncated) with focus paid on optimizing the P; and P; substituents.
The result of these efforts were to identify BACE-1 inhibitors with dramatically
lowered molecular weight, lowered lipophilicity, lowered atomic polar surface area,
and improved solubility. For example, inhibitor 8 contains 41 heavy atoms with a
molecular weight of 678 compared with inhibitor 27 with just 30 heavy atoms and
a molecular weight of 417; despite the weaker BACE-1 activity, inhibitor 27 actually
has the better ligand efficiency [24] when compared to inhibitor 8. In support of
the improved druggability profile of these 3rd-generation HEA BACE-1 inhibitors,
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Figure 4.5 Elan/Pharmacia BACE inhibitors.

Elan/Pharmacia disclosed [25] efficacy and oral bioavailability on a number of
inhibitors. For example, inhibitor 27 afforded a 35% significant reduction of brain
AP in the cortex of PDAPP mice when dosed orally at 100 mg/kg. Through extensive
SAR [26], it was found that the P; group was very tolerant of diverse substitution
and functionality, including heteroaryl (Fig. 4.6, 29), oximes (Fig. 4.6, 30), P,
spirocycles with a P, benzyl (26) or amide linker (Fig. 4.6, 31), and a pyrrolidine
(Fig. 4.6, 32). Furthermore, SAR (Fig. 4.7) in this genre of HEAs yielded N-acetyl
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Figure 4.7 Elan/Pharmacia BACE inhibitors.

(N-terminal truncated) P,-P; bridging HEAs [27] (Fig. 4.7, 33), and with optimized
P, functionality from the 3rd generation, a reexploration of P, with aryl and alkyl
aryl/heteroaryl [28] (Fig. 4.7, 34,35) and with ureas and carbamates (Fig. 4.7, 36)
[29]. Evidence of the impact of this work from Elan/Pharmacia’s 3rd-generation
HEA BACE-1 inhibitors is the influence on inhibitor design in subsequent disclo-
sures from the field (vide infra).

Retaining the P;-P; isophthalamide or thiazolesulfonamide groups, aza-
hydroxyethylamines (Fig. 4.8) have been disclosed in the Elan/Pharmacia patent
literature (eg., 37-39); from the stereochemistry shown, it suggests the secondary
hydroxyl functionality could be (S)- or (R)- for acceptable BACE-1 activity [30]. A
series of 1,2- and 1,3-diols (Fig. 4.9) are also described (e.g., 40-42), albeit without
reported activity [31]. And finally, the Elan/Pharmacia BACE team also published
patent applications on numerous additional peptidomimetic scaffolds (Fig. 4.10)
throughout the course of their collaboration, including, but not limited to: P;-shifted
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HEAs (Fig. 4.10, 43) [32], aminomethyl ethers (Fig. 4.10, 44) [33], reduced amides
(Fig. 4.10, 45) [34], hydroxypropyl amines (Fig. 4.10, 46) [35], hydroxypropyl
sulfonamides (Fig. 4.10, 47) [36], hydroxypropyl heteroaryl (Fig. 4.10, 48) [37], and
N-terminal truncated hydroxyethylene (Fig. 4.10, 49) inhibitors [38]. Specific details
of BACE-1 activity for these diverse scaffolds were not disclosed.
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4.3 OKLAHOMA MEDICAL RESEARCH FOUNDATION

(OMRF)/MULTIPLE COLLABORATORS

Tang and colleagues at the Oklahoma Medical Research Foundation (OMRF) — in
an ongoing and highly productive collaboration with Ghosh and coworkers — reported
on the design and synthesis of inhibitor OM-99-2 (Fig. 4.11, 50) [39]. An octapep-
tide with a BACE-1 ICs, = 2nM, OM-99-2 was based on the cleavage site of
Swedish-mutant APP (EVNL/DAEF); OM-99-2 incorporates the Leu-based
hydroxyethylene (HE) peptide isostere and an Asp to Ala mutation at P{. Along with
the milestone of publishing the first crystal structures of BACE-1 inhibitors bound
to enzyme [40], combinatorial libraries and additional SAR were initiated to afford
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Figure 4.11 Oklahoma Medical Research Foundation/University of Oklahoma Health

Science Center/University of Illinois at Chicago/Purdue University/Zapac Inc.
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the N-terminal oxazole containing inhibitor 51 (Fig. 4.11) [41-43]. One realized
advantage of truncating the peptidic character of OM-99-2 was the demonstration
of cellular activity for 51 (Fig. 4.11) (ICso = 1.4 uM). The cellular activity was further
improved by 35-fold when P;-P; was modified by incorporation of the previously
demonstrated (vide supra) isophthalamide functionality to give 52 (Fig. 4.11) [44].
A significant evolution in the design of the Tang/Ghosh peptidomimetics came with
replacement of the hydroxyethylene with HEA transition-state isostere. As was
previously demonstrated in the Elan/Pharmacia HEAs, cellular potency was imme-
diately improved; inhibitor GRL-8234 (Fig. 4.12, 53) was published on in 2008
with a BACE-1 ICs, = 1.8nM and with a cellular ICsy = 1.0nM [45]. Importantly,
when GRL-8234 was dosed by intraperitoneal administration (8 mg/kg) to Tg2576
mice, a 65% reduction of plasma AP40 production was observed 3h post dosing.
As evidenced by recently published patent applications, Tang, Ghosh et al. continue
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Figure 4.12 Oklahoma Medical Research Foundation/University of Oklahoma Health
Science Center/University of Illinois at Chicago/Purdue University/Zapac, Inc.
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to optimize HEA inhibitors (e.g., Fig. 4.12, 54,55) [46]. Recently, the biotech
company CoMentis has announced the entry of the first BACE-1 inhibitor CTS-
21166 (structure unpublished) into early human clinical trials for disease-modifying
treatment for Alzheimer’s disease [47]. CoMentis is codeveloping CTS-21166 with
Astellas Pharma. Pharmacodynamic proof of activity in humans (sustained, dose-
dependent reductions in plasma A levels in both AUC reduction and peak reduction
over 72h) has been described upon IV dosing with excellent pharmacokinetic prop-
erties consistent with once a day dosing.

4.4 ELILILLY

Eli Lilly and Company has published efforts toward the development of several
TSI classes of BACE inhibitors, including statines, hydroxyethylenes, hydroxye-
thylene-containing macrocycles, and HEAs. In 2003, Hu et al. reported on a series
of inhibitors designed based on the statine TSI [48]. Lilly researchers started from
a heptapeptide scaffold and systematically removed amino acid residues to deter-
mine how large the scaffold needed to be to remain a potent BACE-1 inhibitor.
These efforts ultimately resulted in a new scaffold with four peptide components.
Further optimization of this scaffold was aided by computational docking studies
and resin-bound peptide synthesis. Various Ps;, P,, and P; groups were explored
resulting in potent BACE-1 inhibitors exemplified by 56 (Fig. 4.13), BACE
IG5, =86 nM). X-ray co-crystal structures for several related inhibitors were obtained
and were to be used for subsequent structure-based improvement on molecules such
as 56 (Fig. 4.13).

In 2003 and 2004 Lilly disclosed its efforts toward the design of BACE-1
inhibitors containing the HE TSI [49]. The stated goal of these studies was the
generation of BACE-1 inhibitors that displayed better whole cell activity. The Lilly
group hypothesized that improving the aqueous solubility of HE BACE-1 inhibitors

Statine

BACE ICsp Cell IC5,
CHs CHs

s
W "I HQ\ 86 nM NA
HSCTNJHJ;NMH g o
o h 0 ‘\rCH3 o
CH,

56
Figure 4.13  Eli Lilly & Company BACE inhibitors.
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would result in improved cellular potency. Initial work was focused on modifications
to the C-terminus of inhibitors such as 57 (Fig. 4.14). Ultimately, it was found that
replacement of the C-terminal phenyl group with a pyridine moiety led to inhibitor
58 (Fig. 4.14), which displayed improved cellular potency. Subsequent inhibitors
were then prepared based on 58 (Fig. 4.14), and this included a series of pentapep-
tides in which variations were made in the P, and P; groups. These efforts culminated
in the discovery of inhibitor 59 (Fig. 4.14), in which the P,-P; combination of Val-
Met had been replaced with Ile-Ala. Inhibitor 59 displayed increased enzyme activ-
ity and an improved ratio of whole cell to enzyme activity (10-fold for 59 [Fig. 4.14]
vs. 25-fold for 58 [Fig. 4.14]). Furthermore, structural analysis of a structurally
related inhibitor indicated that the C-terminal pyridine moiety could be further modi-
fied without a detrimental impact on potency. Additional SAR on the N-terminal
moiety of related molecules has also been disclosed [50].

More recently, Lilly has described efforts toward macrocyclic variants of HE
TSI inhibitors of BACE-1 [51]. The goal was to further optimize a potent BACE-1
inhibitor 60 (Fig. 4.15) through intramolecular attachment of appropriate residues.
Lilly scientists surmised that a macrocyclic variant of 60 (Fig. 4.15) would achieve
increased potency through stabilization of the bound conformation, have improved
absorption properties, and be more resistant to gastric degradation. Based on analysis
of X-ray data, P,;-P; and P;-N, were identified as suitable points for cyclization. A
series of P;-P; macrocycles displayed reduced BACE-1 enzyme inhibition. However,
a P;-N, macrocycle 61 (Fig. 4.15) containing a P;-Ile group exhibited potency
both enzymatic potency (65nM) and whole cell activity (880nM). BACE X-ray

o R o
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57: X=H 28 nM 22 uM

0
H H
BooHN._ L NMNQLN S
: : : | 58 X=N  70nM 17 uM
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/_\ (o] )/_ (0] /_\ P
O CH, OH CHs o
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oA I I I 450M 0.40 uM
\l/ PN =z

59
Figure 4.14 Eli Lilly & Company BACE inhibitors.
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co-crystallization of 61 (Fig. 4.15) indicated that the molecule bound with the main
chain peptide groups adopting a very similar conformation to acyclic analogs, sug-
gesting that the macrocycle present in 61 (Fig. 4.15) had helped to stabilize the
bound conformation. Furthermore, the data suggest that the N,-H in the monocyclic
peptide may not be a required for potency.

Lilly has also published several HEA BACE inhibitors in the patent literature
[52, 53]. These include pyrrolidine, piperidine, and morpholine derivatives (Fig.
4.16). Disclosed data for these compounds span a wide range of enzyme activity.
For example, pyrrolidine 62 (Fig. 4.16) is a potent BACE-1 inhibitor and displays
excellent cellular activity. Morpholine inhibitor 63 (Fig. 4.16) is also quite potent
against BACE-1 and in cells. Encouragingly, 63 (Fig. 4.16) has also demonstrated
in vivo efficacy. In the transgenic PDAPP mouse in vivo efficacy experiment, in
which 63 (Fig. 4.16) was dosed subcutaneously at 100mg/kg, 39%, 40%, and 25%
reductions of AP levels were observed in plasma, cerebrospinal fluid (CSF), and
cortex, respectively [1f, 53].

4.5 MERCK

Merck has also published extensively on the development of BACE-1 inhibitors. In
2004, Merck published efforts toward development of their own hydroxylethylene
(HE) inhibitor that was selective for BACE-1 over other aspartyl proteases such as
Cat-D and renin [54]. The initial SAR screening efforts focused on replacement of
typical hydrophobic P/ groups with polar groups. These efforts led to potent HE
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BACE inhibitor 64 (Fig. 4.17), which displayed 47-fold selectivity against Cat-D
and 44-fold selectivity against renin. These structural modifications did not improve
selectivity over BACE-2 and cellular activity was not reported.

Attempts across the pharmaceutical industry to identify BACE-1 inhibitors
through conventional high throughput screening campaigns have met with signifi-
cant challenge. In 2004, Merck published their results of an extensive screening
effort toward BACE-1. Merck employed the Automated Ligand Identification
System technology, developed by NeoGenesis, to screen a multimillion compound
library against BACE-1 [55]. A single compound, 65 (Fig. 4.18), was identified from
this screening effort. Follow-up studies supported active site inhibition as the mecha-
nism of action for 65 (Fig. 4.18). SAR optimization of 65 (Fig. 4.18) then led to
inhibitor 66 (Fig. 4.18). Interestingly, X-ray co-crystallization of 66 (Fig. 4.18) with
a BACE-1 variant suggested that 66 (Fig. 4.18) does not directly interact with the
two catalytic aspartic acid residues but rather binds to a water molecule situated
between these aspartic acids. Inhibitor 66 (Fig. 4.18) also displays good selectivity
against Cat-D and renin (>500 M) as well as BACE-2 (137 uM) A similar trisub-
stituted aromatic core seems to be retained in many of the BACE-1 inhibitors sub-
sequently reported by Merck and independently identified by others.
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Merck has reported on their development of HEA BACE-1 inhibitors [56].
These inhibitors were designed based on 65 (Fig. 4.18) and thus contained an
N-terminal isophthalamide moiety. By incorporating the HEA TSI into this new
inhibitor scaffold, Merck scientists hoped to improve the potency through direct
interaction with the catalytic aspartic acids. This resulted in compound 67 (Fig.
4.19), which was considerably more potent both against the BACE-1 enzyme and
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in a cellular assay. Furthermore, this compound showed selectivity against renin
(>50uM), Cat-D (7.6 uM), and BACE-2 (230nM). The authors attributed the selec-
tivity to the P, sulfonamide groups.

Reduced amide inhibitors in combination with the structural motif (N-terminal
isophthalamide) exemplified by screen hit 65 (Fig. 4.18) have been reported by
Merck [57]. SAR focused on the P/ and P, substituents, with the combination
of P/=Me and P, =i-Bu providing potent BACE-1 inhibitor 68 (Fig. 4.20).
In addition to displaying both enzyme and cellular potency, 68 (Fig. 4.20) was
selective against BACE-2 (5- to 10-fold) and renin (>20 uM). X-ray analysis of 68
bound to BACE-1 indicated that the reduced amide interacted with only one of the
catalytic aspartic acid units (Asp228). Macrocyclic variants of these reduced amide
BACE-1 inhibitors, such as 69 (Fig. 4.20), displayed both enzyme and functional
activity against BACE-1 [58]. Furthermore, when transgenic APP-YAC mice were
given an intravenous bolus of 100 mg/kg of 69 (Fig. 4.20), AB40 levels were reduced
by 25% after 1h.

Merck has also used a primary amine to bind to the catalytic aspartates in
conjunction with either an isophthalimide core (in collaboration with Sunesis) or an
isonicotinamide core [59]. Compound 70 (Fig. 4.21) emerged from these studies as
a suitable candidate for in vivo study. Upon treatment of APP-YAC mice with 70
(intravenous bolus, 50 mg/kg) in a time-course study, statistically significant reduc-
tion of AP40 (34%) was observed out to 3h. A dose response study with 70 (Fig.
4.21) (APP-YAC mice) was also performed, and 34% reduction of AB40 was
observed after administration of an intravenous bolus of 50 mg/kg. Lower doses did
not appear to produce statistically significant effects on AB40. While the authors
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were encouraged by the in vivo performance of 70 (Fig. 4.21), they also commented
that 70 (Fig. 4.21) suffered from high clearance and volume of distribution in rat as
well as poor bioavailability (%F = 13). An additional primary amine-based inhibitor
(tertiary carbamine) containing the isonicotinamide core is inhibitor 71 (Fig. 4.21)
[60]. Compound 71 (Fig. 4.21) is a potent inhibitor against isolated BACE enzyme
and in a cellular environment. Furthermore, 71 (Fig. 4.21) is selective against Cat-D
and renin (ICs, > 100 uM). The authors also comment that 71 (Fig. 4.21) possesses
excellent membrane permeability and does not suffer from p-glycoprotein (P-gp)
transport. When APP-YAC mice were administered an intraperitoneal dose of
100mg/kg of 71 (Fig. 4.21), brain AB40 was reduced by 26% at 2h and 29% at 4 h.
The pharmacodynamic effects of compound 71 (Fig. 4.21) were also investigated in
Rhesus monkeys. The authors comment that 71 (Fig. 4.21) is both poorly bioavail-
able and highly metabolized in monkey. Consequently, monkeys were dosed with
ritanovir 2h prior to being dosed with 71 (Fig. 4.21). This protocol enabled sufficient
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plasma exposure to be achieved. When monkeys were dosed orally with 15mg/kg
twice daily following the above protocol, an average plasma AB40 reduction of 61%
was observed. Additionally, CSF APB40, AB42 and sAPPP were reduced by 42%,
43%, and 41% respectively. The authors state that this is the first example of a
BACE-1 inhibitor demonstrating significant reduction of both CSF and plasma A}
levels in a nonhuman primate [60].

Merck has very recently disclosed several BACE-1 inhibitor classes that have
emerged from their most recent high-throughput screening (HTS) efforts (Fig. 4.22).
In 2008, Merck published that they identified a weak iminohydantoin BACE-1
inhibitor (Fig. 4.22, 72; IC5y = 22uM) from a high throughput screening at a com-
pound test concentration of 100uM [61]. Inhibitor 72 (Fig. 4.22) was optimized to
inhibitor 73 (Fig. 4.22) resulting in a 200-fold improvement in BACE-1 activity.
Unfortunately, 73 (Fig. 4.22) suffered from a 47-fold rightward shift in cellular
activity and did not demonstrate statistically significant brain AB40 reductions in a
transgenic mouse expressing hAPP. Efforts continue to improve upon the cellular
activity, brain penetration, and in vivo performance of these HTS-derived BACE-1
inhibitors [62]. Most recently, Merck has also published on both small-molecule
pyrimidines (Fig. 4.22, 74,75) that appear to bind to BACE-1 without catalytic
aspartate interaction [63] and on aminothiazoles (Fig. 4.22, 76,77) and aminoinda-
zoles (Fig. 4.22, 78) that display a pH dependent effect on binding affinity [64]. For
example, aminothiazole 76 (Fig. 4.22) was derived from high throughput screening
at BACE enzyme assay at pH 4.5 and then optimized to aminoindazole 78 (Fig.
4.22) with a BACE-1 ICs5y = 0.47uM at pH 6.5. Gratifyingly, 78 (Fig. 4.22) also
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Figure 4.22 Merck HTS-based BACE inhibitors.

exhibited a cellular ICsy = 1.8 UM. In vivo efficacy was not disclosed for inhibitors
74-78 (Fig. 4.22).

4.6 GLAXOSMITHKLINE

GlaxoSmithKline began work toward developing a BACE-1 inhibitor by first explor-
ing the hydroxyethylene series (Fig. 4.23, 79,80) [65]; due to the same druggability
challenges faced by their predecessors, they too switched to the HEA TSI. In 2008,
GSK published their findings in a series of papers describing their own “1st-gener-
ation” HEA inhibitors. Beginning with a P/-P; C-terminal amide HEA inhibitor (Fig.
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4.24, 81) [66], GSK first elected to replace the amide through SAR as it was felt
this strategy offered the higher probability to improve cell/enzyme ratios and improve
oral bioavailability and brain penetration. Unfortunately, this SAR of 150 newly
synthesized compounds afforded only four with acceptable in vitro activity (BACE-1
ICsy’s < 200nM) [67] and best among the four was the previously known [9] Py
occupying meta-substituted (in this case, CF;) benzyl (Fig. 4.24, 82). From this
point, GSK’s 1st-generation HEA SAR investigation turned to the non-prime side
where it proved possible to replace the lactam with other H-bond acceptors (HBA),
for example, a sultam group [68]. One such fluoro-substituted sultam derivative (Fig.
4.24, 83, GSK188909) was found to be a nanomolar inhibitor in cells with a suf-
ficient pharmacokinetic profile to demonstrate an in vivo pharmacodynamic effect.
Oral administration (250 mg/kg twice daily for 5 days) of GSK188909 to TASTPM
mice reduced brain AB40 (18%) and AP42 (23%) [69]. Not surprisingly, greater
pharmacodynamic effects were seen upon coadministration with a P-gp inhibitor.
Further optimization by GSK researchers led to their “2nd-generation” HEA inhibi-
tors incorporating a tricyclic non-prime side with a benzyl (Fig. 4.24, 84) or a
truncated cyclopropyl (Fig. 4.24, 85) prime-side [70]; a full account of these findings
have not yet been reported. The patent literature also describes GSKs work toward
HEA [71] and related ketone-based [72] inhibitors of BACE-1.
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Figure 4.24 Glaxo-Smith Kline BACE inhibitors.

4.7 SCHERING PLOUGH

Cell |C50

360 nM

200 nM

18 nM

8 nM

17 nM

Schering Plough Corporation has now published their efforts to develop HEA
BACE-1 inhibitors. In 2008, Schering published back-to-back reports on the devel-
opment of conformationally constrained pyrrolidine and piperidine BACE-1 inhibi-
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Figure 4.25 Schering Plough BACE inhibitors.

tors. The first paper described optimization of pyrrolidine and piperidine substituents
intended to bind in the S5 pocket, which led to compounds such as 86 (Fig. 4.25),
in which the phenoxy substituent occupied the S5 pocket as indicated by X-ray co-
crystallization [73]. While 86 (Fig. 4.25) displayed potency both against the BACE-1
enzyme and in a cellular environment, it also possessed potent activity against Cat-D
(291 nM) and Cat-E (24nM). In a subsequent article, Schering described their efforts
to optimize both the activity and pharmacokinetic profile of the pyrrolidine HEA
BACE-1 inhibitors, which resulted in the discovery of inhibitor 87 (Fig. 4.25) [74].
In addition to being a potent BACE-1 inhibitor, 87 (Fig. 4.25) demonstrated improved
selectivity against Cat-D (2.5 uM), Cat-E (170nM), and renin (500 nM). Furthermore,
the authors were encouraged that 87 (Fig. 4.25) did not inhibit CYP2D6, 3A4, and
2C9 up to 30uM and demonstrated only 12% inhibition in a rubidium-efflux hERG
assay at Spg/mL. When transgenic CRNDS8 mice were dosed orally with 87 (Fig.
4.25) at 10, 30, and 100 mg/kg, plasma AB40 levels were dose-dependently reduced
by 4%, 25%, and 70%, respectively. Subcutaneous dosing at 10, 30, and 100 mg/kg
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resulted in greater levels of AB40 reduction (58%, 77%, and 88%, respectively).
However, the authors state that no effect on cortical AB40 levels were observed in
spite of the fact that 87 (Fig. 4.25) achieved brain exposure in excess of 50-fold the
cellular ICsy. The authors note that compound 87 (Fig. 4.25) had a high efflux ratio
in the Caco-2 P-gp assay.

Schering Plough has also reported on a series of piperizinone and imidazolidi-
none HEA inhibitors [75]. Using X-ray crystallography, the authors designed com-
pounds containing a carbonyl group on the prime side-binding group to hydrogen
bond with Thr72 and improve potency. These efforts led to piperazinone 88 (Fig.
4.26) and imidazolidinone 89 (Fig. 4.26), both of which were potent inhibitors
of the BACE enzyme. However, both compounds were less potent in the BACE
cellular assay. The authors reported on a variety of structural changes that could be
made to improve cellular potency. Both 88 and 89 (Fig. 4.26) were tested in CRNDS
mice (subcutaneous, 100 mg/kg) and showed modest reduction of AB40. However,
the authors note that neither compound had an affect on brain AB40 levels owing
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HN\/\/N 3nM 300 nM
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o
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Per\N/CYO OH
o HN\/?\/N7 5nM 1100 nM
F © N
F
89

Figure 4.26  Schering Plough BACE inhibitors.
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to low brain penetration. Also, both 88 and 89 (Fig. 4.26) showed only 1-15-fold

selectivity against Cat-D, Cat-E, and pepsin. Schering has also disclosed macrocy-
clic variants of piperazinone inhibitors [76].

4.8 BRISTOL-MYERS SQUIBB

Bristol-Myers Squibb (BMS) has reported extensive studies on various TSIs as
BACE inhibitors. Many of these disclosures have been via patent. For example, in
2004 BMS claimed a series of gamma-lactam HEA BACE inhibitors [77]. Several
compounds were specified, with 90 (Fig. 4.27) serving as a representative example.

Hydroxyethylamine

F
90

F

BACE ICsp Cell ICsp
o
HsC
i A OH
HN H K CcH <100 nM NA
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Figure 4.27 Bristol-Myer Squibb BACE inhibitors.
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Only BACE-1 enzyme inhibition data was reported for these compounds. Pyrrolidines
such as 91 (Fig. 4.27) [78] and 92 (Fig. 4.28) [79] have also been reported. Compound
91 (Fig. 4.27) was potent both against the BACE-1 enzyme and in a cellular assay.
Furthermore, 91 (Fig. 4.27) caused dose-dependent reduction of plasma AB40 in
both wild-type and P-gp knockout mice as well as dose-dependent reduction of brain
AB40 in P-gp knockout mice. However, 91 (Fig. 4.27) failed to reduce brain AB40
in wild-type mice. Compound 91 (Fig. 4.27) showed low selectivity against other
aspartyl proteases (ICsy, = 130nM for Cat-D, 29nM for Cat-E, and 140nM for
pepsin). BMS has published additional studies on isophthalimides without confor-
mational constraint imposed by the pyrrolidine ring system [80]. Compounds such
as 93 (Fig. 4.28) are active both against the BACE-1 enzyme and in cells, while
other compounds show varying intrinsic and cellular activity. The authors comment
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that additional studies are ongoing to address the P-gp and pharmacokinetic liabili-
ties of these molecules. BMS has also disclosed macrocyclic HEA BACE inhibitors
such as 94 (Fig. 4.29) [78]. Compound 94 (Fig. 4.29) was a potent BACE-1 inhibitor
and displayed dose-dependent reduction of plasma AB40 in wild-type mice and brain
AB40 in P-gp knockout mice. However, similarly to compound 91 (Fig. 4.27),
macrocycle 94 (Fig. 4.29) failed to reduce brain AB40 in wild-type mice.

4.9 NOVARTIS

Novartis has also made contributions to the field of BACE-1 inhibitor design.
Hydroxyethylene transition state mimetics were first explored to afford pyrrolidine
spirocycles (Fig. 4.30, 95) [81], macrocycles (Fig. 4.30, 96) [82, 83], and non-prime
side tricyclic hetereocycles (not shown) [84]. Modest enzyme activity and poor cel-
lular activity was addressed by the common switch from the hydroxyethylene to
HEA TSI to provide two macrocycles (Fig. 4.31, 97, NB-544 and Fig. 4.31, 98,
NB-533) with published in vivo efficacy data [85]. Specifically, NB-544 was tested
in APP51/16 transgenic mice expressing wild-type hAPP under a brain promoter
[86]; upon intravenous administration (2 X 30umol/kg, ~15mg/kg) a modest but
statistically significant reduction (20%) of AB42 in forebrain extracts was demon-
strated. Testing of NB-533 in APP51/16 mice upon oral administration (1 X 100 pmol/
kg or 2 x 100umol/kg) did not produce a statistically significant AB reduction in
brain extracts, despite a slightly lower P-gp efflux liability for NB-533 compared
with NB-544 (BA/AB =9.4 and 15, respectively). Novartis also continues to explore
a wide diversity within the HEA framework, including examples of additional



88  BACE: LEAD TARGET FOR ORCHESTRATED THERAPY OF ALZHEIMER’S DISEASE

H OH
\er

O R e}
Hydroxyethylene

BACE ICsg Cell IC5g

Q - % <20 uM Not reported
©/ 95

0.15 uM 8.7 uM

Figure 4.30 Novartis BACE inhibitors.

macrocycles (Fig. 4.31, 99) [87], cyclohexyl carboxamides (Fig. 4.31, 100) [88],
N-terminal truncated P,-P; (Fig. 4.31, 101) [89], and the very unique HEA contained
in the backbone of an amino-benzyl substituted cyclic sulfone (Fig. 4.31, 102) [90].

4.10 AMGEN

Focused on HEAs exclusively, Amgen has recently forged ahead with their own
BACE-1 inhititor project. Combining unique and diverse prime and non-prime-side
SAR, Amgen has disclosed examples of substituted prime-side chromane-containing
inhibitors (Fig. 4.32, 103-107) including pyridyl substituted benzamides (103) [91],
pyridones (104) [92], acetamides (105) [93] and (106) [94], and oxiranes (107) [95]
on the non-prime side. While these previously published examples report general
ICs50 < 5 UM activity in both BACE FRET and cell assay systems, a very recent report
of HEA inhibitors with non-prime side pyrimidinyl and [1,2,4]-triazolo[4,3-
a]pyrazinyl functionality describes activity down to ICsy < 0.10uM [96].

4.10.1 Kyoto Pharmaceutical University/University of Tokyo

Researchers at the Kyoto Pharmaceutical University, in collaboration with the
University of Tokyo, have previously and recently continued to publish on their
work to develop BACE-1 inhibitors containing the hydroxymethylcarbonyl (HMC)
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isostere as a substrate transition-state mimic (Fig. 4.33) [97]. As a prototypical
example, KMI-429 (Fig. 4.33, 108) has also reportedly shown significant reduction
of AP production in vivo by direct administration into the hippocampus of APP
transgenic and wild-type mice [98]. Most recently, this work has resulted in the
optimization of the P/ functionality with nonacidic moieties (Fig. 4.33, 109, KMI-
758) [99], and continued focus on the P, pyridine scaffold (Fig. 4.33, 110, KMI-
1283) to optimize interactions with S, and S; of BACE-1 [100].
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4.11 WYETH

Another noteworthy exception to the limited success of identifying BACE-1 inhibi-
tors from HTS is from researchers at Wyeth who did identify N-[2-(2,5-diphenyl-
pyrrol-1-yl)-acetyl]guanidine (Fig. 4.34, 111, WY-25105) as an inhibitor of BACE-1
[101]. Using a fluorescence resonance energy (FRET) assay, WY-25105 displayed
a BACE-1 ICs, = 3.7uM and inhibited AP formation in a cellular assay with an
ICs, = 8.9 uM. Dose-dependent reduction in BCTF and AP levels in a radiolabeled
immunoprecipitation cellular assay confirmed BACE-1 mediated inhibition (no
effect on a-sAPP). Initial SAR efforts to fill the lipophilic S; pocket led to modest
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improvements in BACE-1 activity (Fig. 4.34, 112, ICs, = 1.3 uM). Further optimiza-
tion incorporated guanidine nitrogen substituents terminating in polar functionalities
to access the S{ pocket with concomitant decrease in size (phenyl to propyl) of the
P, substitution [102]. Acylguanidine 113 (Fig. 4.34) was identified to have a BACE
IC5y=0.12uM and a cellular ICs, = 1.2 uM. Wyeth has also reported on the substitu-
tion with a thiophene ring for the key pyrrole nucleus (Fig. 4.34, 114). Further
reports from Wyeth are anticipated describing the optimization of these inhibitors
[103] and related masked amino-pyrimidines [104].

Also originating from HTS at Wyeth was WY-24454 (Fig. 4.35, 115) with
a BACE FRET ICs, = 38uM. Removal of the solvent-exposed tetrahydropyri-
midine ring gave 2-amino-3,5-dihydro-4H-imidazol-4-one (Fig. 4.35, 116) having
a 10-fold improvement in activity (ICs, = 3.6uM) [105]. Later developments
included optimizing to a 2-fluoro-3-pyridyl group to occupy the S; pocket which
was then conserved in an exploration of the P/ where it was found that a wide
diversity of substitution at P; was tolerated. For example, suitable P; substitution
included keto-piperidines (117) [106], pyrroles (118) [107], pyrrazoles (not
shown) [108], thiophenes (not shown) [109], piperidines (not shown) [110], and
pyridines (119) [111]. In the aminohydantoin series, Wyeth has shown that a
single enantiomer (e.g., (S)-119) is preferred. It has also been shown that the two
phenyl rings may be tethered via an ethylene bridge with retention of BACE enzyme
activity [112].
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Highlighting the progress of the Wyeth aminohydantoin SAR was the disclo-
sure of potent inhibitor WY-258131, (R)-120 (Fig. 4.35) [105b]. WY-258131 dem-
onstrates good enzyme and cell activity (BACE IC;, = 10nM, cellular ED5, = 20nM)
with both a BACE-2/BACE-1 and Cat-D/BACE-1 ratio equal to 82. In Tg2576 mice,
WY-258131 dose dependently decreased AB40 in plasma with 10 and 30mg/kg
showing significant decreases upon oral administration (BID, 7 days). Brain AB40
and AB42 were also dose dependently decreased upon oral administration (BID, 14
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days) in Tg2576 mice (3, 10 mg/kg), however a plateauing of effect was seen at the
highest dose (30 mg/kg), and the maximal decrease was approximately 30%. Finally,
WY-258131 was shown to produce a significant and dose dependent increase in
contextual memory (reversal of cognitive deficits) in the transgenic animals and the
inhibitor did not have a significant effect on wild-type performance. Wyeth has
published several patent applications covering their progress in the aminohydantoin
SAR [113], and also covering indolylalkylpyrimin-2-amines as BACE-1 inhibitors
[114].



94  BACE: LEAD TARGET FOR ORCHESTRATED THERAPY OF ALZHEIMER’S DISEASE

4.12 FINAL REMARKS

The substantial resources and effort that have been applied to development of
peptide, peptidomimetic, and HTS-derived BACE-1 inhibitors have resulted in sig-
nificant advances to aspartyl protease design over the past several years. The field
has progressed from initial substrate mimics to a variety of smaller and truncated
(C- or N-terminus) peptidomimetics that have demonstrated in vivo efficacy in mul-
tiple preclinical species. CoMentis has even advanced a BACE inhibitor into clinical
trials with positive reports of pharmacodynamic effect. But, challenges still remain
for these efforts to deliver a first-in-class, best-in-class BACE-1 inhibitor for disease
modification of Alzheimer’s disease. These challenges still include cell permeability,
blood-brain barrier penetration, oral bioavailability, and sustained duration of action.
Between 2004 up to the present (~5.5 years), more than 550 BACE-1 patent citations
appear in SciFinder, indicative of the extraordinary effort being applied to overcome
these challenges. In the coming years, it will be interesting to see how researchers
in the field of BACE-1 inhibitor design will attempt to address these challenges with
unique and creative strategies.
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5.1 INTRODUCTION

Fragment screening methods have been developed to complement established tech-
nologies for the generation of information to inspire medicinal chemistry efforts for
a particular target [1-4]. In contrast to screening methods of random compound
libraries like high-throughput screening (HTS), fragment screening uses a compound
library that contains substances which are selected to follow three basic rules — a
molecular weight of less than about 300 Da, no more than three hydrogen bonding
donors or acceptors, and clogP less than three [4]. Additional properties like no more
than three rotatable bonds and a polar surface of less than 60 A> may be added. The
small size of the fragments leads to a great diversity of potential binding modes to
the target of pharmacological interest. Consequently, compared to HTS, a much
smaller number of compounds is required to explore the chemical space of a binding
site. This limits the screening effort to hundreds or a few thousand compounds. The
advantage of fragments for the start of optimization toward a drug molecule is their
favorable physicochemical properties and low chemical complexity. Also, the ligand
efficiency (LE) as defined by binding energy per non-hydrogen atom [5, 6] is typi-
cally higher for fragments than for HTS hits. The disadvantage is the psychological
and technological hurdle to work with ligand affinities in the micromolar (UM) to
millimolar (mM) range. The advances in biophysical methods like surface plasmon
resonance (SPR), nuclear magnetic resonance (NMR) spectroscopy, X-ray crystal-
lography, and others have diminished the technological challenge regarding screen-
ing for low affinity ligand binding. A key element of all fragment-screening efforts
is the visualization of the ligand to protein interaction by X-ray crystallography as
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this information enables a directed medicinal chemistry effort to gain binding affinity
while keeping the favorable physicochemical properties.

Exploration of fragments for drug discovery has been applied to many drug
targets across the pharmaceutical industry. There appears to be a tendency to apply
fragment screening methods to drug targets of low anticipated druggability or in
discovery projects that suffer of limited chemical space. Along this line, the lack of
good leads for the discovery of potent yet drug-like lead molecules favored applica-
tion of fragment screening for B-site APP cleaving enzyme (BACE), and reports
from at least three companies have been published.

5.2 BIOPHYSICAL METHODS APPLIED TO
BACE FRAGMENT SCREENS

Besides the availability of a fragment library and screening technologies, purified
protein of quality and quantity suitable for biophysical methods is a prerequisite for
a successful fragment screen. Two main routes for protein production have been
published for human BACE: (1) expression of the ectodomain in inclusion bodies
of Escherichia coli with subsequent refolding [7] and (2) expression of the ectodo-
main or full length sequence in mammalian expression systems like human embry-
onic kidney (HEK)-293 [8] or insect cells [9]. Comparison of the published fragment
screening procedures shows a remarkable diversity (Table 5.1). Roche used surface
plasmon resonance (Biacore) for primary screening of 300 fragments, hit confirma-
tion, and affinity measurement. Subsequently, X-ray structure determination facili-
tated exploration of the discovered tyramine by structure-guided chemistry [10].
Astex screened a library of 347 compounds complemented by 65 substances derived
from virtual screening by soaking of BACE crystals with cocktails of six com-
pounds. In a second step, the identified hits were characterized by IC50 measure-
ments in two distinct biochemical assays to reduce false positive readout due to
autofluorescence of compounds [11, 12]. AstraZeneca applied 1D NMR to evaluate
competitive binding of 2000 compounds against the peptide OM99-2 [7] (Fig. 5.1)
which binds to the BACE active site (Fig. 5.2). After hit confirmation by SPR,
crystals of the aspartic acid protease endothiapepsin were soaked with fragments.
This surrogate X-ray system was used to avoid great discrepancies in the experi-
mental conditions in screening and crystallography, especially with regard to the
pH values of the buffer that could lead to differences in the protonation state,
with implications for the binding properties as well as solubility of the molecules
[13,14].

Beside the great differences in the methods used for BACE fragment screening
and follow-up activities, all approaches delivered new hits that were characterized
with binding affinity or enzyme inhibition data, and the binding mode of a few frag-
ments could be visualized by X-ray crystallography. It is interesting to note that the
number of BACE X-ray structures with compounds identified in hit expansion
efforts was much higher than the number of crystal structures with compounds
identified in the primary fragment screens. This demonstrates both the feasibility
and the high value of hit expansion in a fragment-to-lead workflow. The high uncer-
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TABLE 5.1 Overview of Conditions Applied to Fragment Screening of BACE

Company

Roche [10]

Astex [11, 12]

AstraZeneca [13, 14]

Protein for screening
(expression host)

Primary screening
method and buffer

No. of compounds
screened

Secondary screening
method

X-ray crystallography
system (soaking
conditions)

No. of reported X-ray
structures
Initial fragment
screen
Fragment hit
expansion
Compound class with
further chemistry
exploration

BACE-1, full-length
protein (SF9)

Surface plasmon
resonance (Biacore)

50mM acetate pH 4.6,
150 mM NaCl,
3mM EDTA, 4%
DMSO

300

Surface plasmon
resonance (Biacore)

BACE-1 ectodomain,
K246A mutant

(100mM acetate pH
4.5, 2.5M formate,
10% DMSO),

P6122,a=b =103 A;
c=169A

Tyramines

BACE-1, residues
14-453 (E. coli)

X-ray
crystallography

347 & 65 (virtual
screening
library)

Biochemical assay
(FRET)

BACE-1, residues
14-453 (citrate
pH 6.6, 220mM
ammonium
iodide, 33%
PEG 5000
MME)

P6122,
a=b=103A;
c=169A

Aminoquinolines

BACE-1, residues
1-400 (HEK-293)

1D-NMR, 50 mM
acetate pH 4.6,
1.2-1.8% DMSO

2000

Surface plasmon
resonance
(Biacore) & NMR

Endothiapepsin,
100mM acetate
pH 4.6, 27.5%
PEG 4000,
200mM NH,Ac,
15% glycerol,
P21,a=455A;
b=73.6A;
c=5344,

B =110.3°

Isocytosines

tainty of computational methods to predict fragment binding modes in combination
with the high experimental error of affinity data at the low affinity range typical for
fragments usually results in weak structure—activity relationship. This emphasizes
the importance of structural information, which provides guidance on exit vectors
for the exploration of neighboring binding sites. In all three examples where crystal
structures of BACE-fragment complexes were determined, medicinal chemists suc-
cessfully established a more detailed structure—activity relationship and achieved
increased activity for the inhibition of BACE.
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Figure 5.1 Structure formula of the peptidic inhibitor OM99-2.
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Figure 5.2 X-ray crystal structure of BACE protease domain in complex with OM99-2
(PDB accession number 1FKN). OM99-2 and its molecular surface are indicated in green.
BACE flap residues are drawn in yellow, all other residues in the proximity of the ligand
are drawn in grey. (See color insert.)

5.3 BACE INHIBITORS IDENTIFIED BY
FRAGMENT SCREENING

In this paragraph, we summarize the optimization efforts for different series of
BACE inhibitors that have been discovered based on fragment screening approaches.
First, the discovery of inhibitor series that resulted from computational fragment
screens is outlined. Then, inhibitor series based on experimental screens and backed
by X-ray crystal structures are discussed. The order in which compounds are pre-
sented in this Chapter has been chosen to provide clarity of the structure—activity
relationship and does therefore not necessarily reflect the order in which the com-
pounds were synthesized according to the original publications.
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Figure 5.3 Fragment-based BACE inhibitors reported by the Caflisch group.

5.3.1 Phenylureas

Phenylurea derivatives like compounds 1 and 2 (Fig. 5.3) were identified as BACE
inhibitors by in-silico high-throughput docking of generic and focused fragment
libraries into the BACE active site followed by continuum electrostatic calculations
[15]. Even though the BACE enzyme IC50 of compound 1 in a fluorescence reso-
nance energy transfer (FRET) assay was >25 UM, it showed an EC50 of 2.6 + 0.9 uM
in a cell-based assay measuring AP peptide secretion. Compound 2 inhibits BACE
activity in the enzyme assay with IC50 = 97 £ 21 uM and in the cellular assay with
IC50 =2.6 £ 1.1uM [15].

Two alternative binding modes to BACE were suggested for the phenylurea
derivative 1 based on minimization in a flexible binding site [15]. In the first binding
mode, both urea NH groups form hydrogen bonds to the side chain of the catalytic
residue Asp32 (Fig. 5.4a). The compound 1 phenyl ring is occupying the S1 pocket
and its 3-acetyl substituent is reaching into the adjacent S3 pocket. In this binding
mode, the thiadiazole ring of compound 1 serves as a linker to position the 3-ethyl-
sulfanyl moiety in the S2’ pocket of the BACE active site. In the alternative binding
mode, both urea NH groups of compound 1 are in hydrogen bonding distance to the
side chain of Asp228, the second catalytic residue (Fig. 5.4b). The entire ligand is
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(a) (b)

Figure 5.4 Binding modes of compounds 1 and 3 as derived by molecular docking. Two
preferred docking modes have been reported for compound 1 (a, b) and one for compound
2 (c). (See color insert.)

flipped end-to-end compared with the first binding mode so that the phenyl ring is
placed in the BACE S1’ pocket and the 3-acetyl substituent is pointing toward the
solvent exposed S3” area. The thiadiazole moiety is occupying the S1 pocket and its
3-ethyl-sulfanyl substituent is partially filling the S3 pocket.

Given the low molecular weight of the phenylureas 1 (322 Da) and 2 (419 Da),
these compounds could serve as starting point for the discovery of novel therapeuti-
cally active BACE inhibitors. An X-ray crystal structure of BACE complexed with
a phenylurea derivative would likely accelerate this process.

5.3.2 (1,3,5-Triazin-2-yl)Hydrazones

A series of (1,3,5-triazin-2-yl)hydrazone BACE inhibitors was discovered by
docking over 300,000 small molecules in the 200700 Da molecular weight rage
into the BACE active site followed by ligand conformational searches and binding
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energy evaluation [16]. One representative, compound 3 (Fig. 5.3), inhibits the
BACE enzyme with IC50 = 28 + 4. Its cellular potency, EC50 = 17 £ 2uM, was
determined in an A} secretion assay.

The predicted binding mode of compound 3 [16] is shown in Fig. 5.4c. The
(1,3,5-triazin-2-yl) hydrazone and furan moieties of the ligand are overlaying with
the central part of the peptidic backbone of OM-99 (Fig. 5.2). The hydrazone NH
group is within about 4.5 A and 5.0 A of carboxy oxygen atoms of the catalytic resi-
dues Asp228 and Asp32, respectively. It has been suggested that the ligand hydra-
zone NH is forming water-mediated hydrogen bonds with both protein side chains
[16]. The ligand 2-hydroxy-benzoic acid, piperidine, and 4-fluoro-phenyl moieties
are occupying the BACE S2, S2’, and S3’ pockets, respectively.

The molecular weight of the (1,3,5-triazin-2-yl)hydrazones identified in this
study is in the 460—650 range and therefore on the high end of what is generally
considered fragment-like. Perhaps replacing the central hydrazonomethyl moiety
with a group that interacts more closely with the catalytic Asp side chains will result
in BACE inhibitors with higher ligand efficiency.

5.3.3 From Aminoquinolines to Aminopyridines

High-throughput X-ray crystallography was used to screen a library of 347 frag-
ments for binding to the BACE protease domain [12]. The identified hits, amino-
quinolines 4 and 5§ (Fig. 5.5), are of very low molecular weight (144 Da) and
therefore represented ideal starting points for further optimization irrespective of
their low reported potency (IC50 = 2mM) as determined in FRET assay. The frag-
ment screening hits 4 and S bind to the catalytic center of BACE essentially in the
same way [12]. The amino group is located between and forming hydrogen bonds
to the two carboxy side chains of the catalytic residues Asp32 and Asp228 (Fig.
5.6a,b). The pyridine ring is most likely protonated, which allows it to form another
hydrogen bond to the Asp32 side chain. The fused benzyl ring of 4 is pointing toward
the S3 pocket, while the fused benzyl ring of 5 is stacking edge-to-face with the
aromatic side chain of the flap residue Tyr71.

The 6-substituted 2-aminopyridines 6 (Fig. 5.5) was designed based on the
fragment screening hits 4 and 5 with the goal to gain additional binding energy in
the lipophilic S1 pocket [11]. While this modification alone was not sufficient to
increase BACE inhibition potency (IC50 > 2mM), it allowed the structure-based
design of compound 7 which inhibits BACE with IC50 = 25 uM. The central phenyl-
ethyl moiety of compound 7 is filling the S1 pocket of the BACE active site effec-
tively and its terminal 3-methoxy-phenyl group is penetrating deep into the adjacent
S3 pocket (Fig. 5.6¢). Further optimization of this lead is likely to focus on substitu-
tion of the biaryl moiety as well as exploration of additional vectors for further
potency improvement.

The fragment hits 4 and 5 identified by X-ray crystallography screening were
not only used for direct optimization but also to generate focused libraries for virtual
fragment screening [12]. This approach resulted in the identification of the 3-sub-
stituted 2-aminopyridine BACE inhibitor 8 (IC50 = 310uM). Compared to com-
pounds 4-7, the binding mode of the virtual screening hit 8 is flipped. Its primary
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Figure 5.5 Fragments and fragment-derived BACE inhibitors reported by Astex.

amine is still positioned between the side chain of the catalytic residues Asp32 and
Asp228, but the protonated pyridine nitrogen is now forming a hydrogen bond with
the carboxy side chain of Asp228 (Fig. 5.6d). The 3-amino group of 8 is donating
an additional hydrogen bond to the Asp32 side chain. Similar as observed for the
6-substituted 2-aminopyridine 7, the benzyl group of the 3-substituted 2-aminopyri-
dine 8 is occupying the S1 pocket.

The significantly higher ligand efficiency of the 3-substituted 2-aminopyridine
8 (LE = 0.32) over its 6-substituted 2-aminopyridine analog 6 made it a promising
starting point for further optimization. Addition of a 6-indolyl to 8 resulted in com-
pound 9 which inhibits BACE with IC50 = 9.1 uM. The indole ring of the 3-substi-
tuted 2-aminopyridine 9 is penetrating the S3 pocket in a similar fashion as observed
for the 6-substituted 2-aminopyridine 7. This modification leads to an ~1.5 A shift
of almost the entire ligand toward the prime side of the substrate binding pocket
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Figure 5.6 X-ray crystal structures of BACE protease domain in complex with the
compounds (a) 4, PDB accession number 20HK, (b) 5, 20HL, (c) 7, 20HQ, (d) 8, 20HM,
(e) 9, 20HT, and (f) 10, 20HU. (See color insert.)
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while keeping its primary amino group in place between the side chains of the cata-
lytic residues Asp32 and Asp228 (Fig. 5.6e). The indole NH of 9 is forming a
hydrogen bond with the backbone carbonyl of Gly230. To further increase ligand
potency, aryl-ethyl substituents were inserted at the 2-position of the central benzyl
ring. The pyridin-2-ylmethoxy analog 10 inhibits BACE with IC50 = 4.2uM. Its
additional pyridine ring is occupying the S2” pocket (Fig. 5.6f). Finally, the benzy-
loxy analog 11 was the first sub-micromolecular fragment-based BACE inhibitor
reported in the literature with IC50 = 0.69 uM. This was a remarkable achievement
considering the low chemical tractability of this enzyme.

5.3.4 Tyramines

Tyramine analogs have been discovered to bind to the BACE active site by a frag-
ment screening approach that included surface plasmon resonance measurements
with immobilized BACE, computational chemistry, and X-ray crystallography [10].
One of the hits that were identified from a library of fragments with molecular weight
100-150Da and confirmed with a BACE crystal structure was the tyrosine metabo-
lite tyramine 12 (Fig. 5.7). It binds to the S1 pocket of the BACE active site (Fig.
5.8a) with KD = 2mM. Unlike most other BACE inhibitors reported so far, tyramine
12 does not displace the catalytic water molecule, which in the apo structure is
positioned between the two carboxy side chains of Asp32 and Asp228 [17]. Instead,
the protonated primary amine of tyramine 12 form a hydrogen bond with the cata-
lytic water molecule [10]. In addition, the tyramine 12 amine is forming a direct
hydrogen bond with a carboxylate oxygen of Asp32 and a water-mediated one with
the side chain of the flap residue Tyr71. The hydroxyl group of tyramine 12 is
forming a hydrogen bond with the backbone carbonyl of Phel08.

Hit expansion was performed by soaking of tyramine 12 analogs from the
Roche compound collection into BACE crystals and subsequent structure determina-
tion by X-ray crystallography. Two ortho-substituted tyramine derivatives were
identified to bind to BACE with increased binding affinity: the ethyl analog 13
(KD = 660uM) and the cyclohexyl analog 14 (KD = 220uM). The additional ethyl

(0] (0]
12 /\/©/
N 14
KD = 2000 uM, LE = 0.37

KD =220 uM, LE = 0.31

0
N
15 N O
KD = 660 uM, LE = 0.36

KD =60 uM, LE = 0.35
Figure 5.7 Fragments and fragment-derived BACE inhibitors reported by Roche.
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Figure 5.8 X-ray crystal structures of BACE protease domain in complex with the
compounds (a) 12, PDB accession number 2BRA, (b) 13, 3BUG, and (c) 14, 3BUH.
(See color insert.)

moiety of compound 13 is pointing into the adjacent S3 pocket (Fig. 5.8b), and the
cyclohexyl moiety of compound 14 is filling this pocket even further (Fig. 5.8c).
Finally, the tyramine derivative 15 was synthesized with a goal to further optimize
interactions with the BACE S3 pocket, resulting in a compound with a dissociation
constant of 60 LLM.

The identified tyramine analogs are of low molecular weight and high ligand
efficiency, which makes them a suitable starting point for optimization of BACE
inhibitors with central nervous system (CNS) pharmacological activity.

5.3.5 From Isocytosines to Dihydroisocysteines

A 2000-compound fragment library was screened for binding to the BACE active
site with 1D NMR, and the identified hits were subsequently analyzed and character-
ized by surface plasmon resonance competition measurements using an immobilized
substrate peptide analog [14]. One of the discovered fragments was the 6-substituted
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Figure 5.9 Fragments and fragment-derived BACE inhibitors reported by AstraZeneca.

IC50 =0.08 uM, LE = 0.37

isocytosine 16 (Fig. 5.9) which binds to BACE with KD = 4.5mM as determined
by surface plasmon resonance.

Hit expansion, the search for potent analogs of screening hits in proprietary
and public compound libraries, showed that the isocytosine derivative 17 binds to
BACE with KD = 0.66 mM. Compound 17 binds to endothiapepsin, used as a struc-
tural surrogate for BACE, in a way similar to the 6-substituted 2-aminopyridine 7
(Fig. 5.6¢). The primary amine of 17 is positioned in between the side chains of the
catalytic residues Asp35 and Asp219 of endothiapepsin forming hydrogen bonds to
both carboxy groups (Fig. 5.10a). The nitrogen at the isocytosine 1-position of
compound 17 is accepting a hydrogen bond from the presumably protonated Asp35
side chain, and the isocytosine carbonyl group is accepting a hydrogen bond from
the backbone NH of Asp81. The phenylethyl moiety of 17 is occupying the S1
pocket of the endothiapepsin substrate binding site.

The fragment-based isocytosines served then as a starting point for further
optimization [13]. N-methylation at the isocytosine 3-position resulted in more
potent BACE inhibitors like compound 18 (IC50 = 220 uM). Further improvement
of the ligand potency to IC50 = 5.9uM was achieved with the isocytosine analog
19 where the benzyl ring is replaced with a 3-methoxy-biphenyl group. The critical
breakthrough was achieved by replacing the isocytosine with dihydroisocytosine,
resulting in compound 20 which inhibits BACE not only in an enzyme assay with
IC50 = 0.08 UM but also in a cell-based assay with IC50 = 0.47 uM. Examination
of the crystal structure of BACE complexed with compound 20 (Fig. 5.10b) shows
that compared to the isocytosine, the dihydroisocytosine core is rotated toward the
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Figure 5.10 X-ray crystal structures of BACE protease domain in complex with the
compounds (a) 17, PDB accession number 2V00 and (b) 20, 2VA7. (See color insert.)

prime side of the substrate binding site while maintaining critical interaction with
the catalytic residues Asp32 and Asp228. The 3-methoxy-biphenyl moiety of 20 is
filling the joint S1-S3 subpocket region in essentially the same way as observed for
the 6-substituted 2-aminopyridine 7 (Fig. 5.6¢).

To our knowledge, the dihydroisocytosine 20 is the only fragment-derived
BACE inhibitor with submicromolar cellular potency reported so far.

5.4 FINAL REMARKS

In the early days of fragment-based drug discovery, organic solvent molecules
were screened by X-ray crystallography for binding to the surface of a target protein
with the goal to identify potential small molecule binding sites [18]. In the same
way, analyzing the binding modes of a diverse set of fragment molecules on a target
protein can indicate which sections of a binding pocket are more tractable and what
interactions a small molecule can or should make with the protein to maximize the
free energy of binding. For BACE, the identified fragments with experimentally
confirmed binding modes clearly indicate two binding hot spots in the substrate
binding site: the side chains of the catalytic residues Asp32 and Asp228, and the
S1 pocket (Fig. 5.11a). The Asp carboxy groups seem to prefer to interact with a
basic or primary amino group. The S1 pocket is consistently filled with a benzyl
ring, even though the exact position and orientation varies. In addition, lipophilic
extensions of the ligand from the S1 pocket directly into the adjacent S3 pocket
are a recurring theme for potency improvement while maintaining ligand efficiency
(Fig. 5.11b). Interestingly, vectors that explore the prime side of the peptide-
binding pocket appear to be less frequently explored or reported. The common
amine-aryl-hydrophobic pharmacophore derived from the published crystal struc-
tures of BACE complexed with fragment molecules can serve as guidance for the
design of BACE inhibitors with novel chemotypes. Overall, the fragment screening
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(b) ?

Figure 5.11 Composite volumes filled by experimentally identified fragments and
fragment-derived BACE inhibitors. The volume filled by (a) the originally identified
fragments 4, 5, and 12 compared with (b) the fragment-derived inhibitors 10, 14, and 20.
Ligands and composite molecular surfaces are drawn in green. The molecular surface of
BACE protease is colored by atom types. Flap residues 70-75 have been omitted for
clarity. (See color insert.)

efforts have been remarkably successful in identifying truly novel chemotypes for
BACE inhibitors, a target that is generally considered to be of low chemical tracta-
bility. The future will show how these molecules are further optimized to fulfill all
the requirements for a clinical candidate aiming for the inhibition of amyloid cleav-
age in patients. Several molecules that are in clinical research today claim its origin
from fragment-based drug discovery [19-22]. However, BACE would provide the
first example for a success in targeting the CNS with this approach. Given the urgent
need for a treatment of Alzheimer’s disease, such a breakthrough would be more
than welcome.
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6.1 INTRODUCTION

According to the widely accepted “amyloid hypothesis,” the increased production
of toxic amyloid beta (AP) peptides in the brain and/or decreased removal from it
are the triggers of the series of pathogenic events leading to Alzheimer’s disease
(AD) [1]. AB peptides are generated from the amyloid precursor protein (APP) by
the action of two enzymes referred to as - and y-secretase, a fact that makes them
attractive targets for AD treatment [2, 3]. B-secretase is a Type I membrane anchored
aspartyl protease that catalyzes the first mandatory step in APP processing [4-7],
while y-secretase, which catalyzes the second step, is a complex of at least four
membrane-bound proteins [8]: presenilin, nicastrin, Aphl, and Pen2. Presenilin, also
an aspartyl protease, constitutes the catalytic core of the complex [9, 10]. Aspartic
proteases (AP) are the smallest class of proteases in the human genome with only
15 members. B-secretase, also named BACE (B-site APP Cleaving Enzyme), Asp-2,
and memapsin 2, is a so-called classical AP because it has the catalytic triads D*?S/
TG ... D**S/TG (BACE-1 numbering, Fig. 6.1) typical of renin, cathepsin D, pepsin,
and HIV protease. In contrast, presenilin is a membrane AP with the catalytic
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MLAQALPWLLLWMGAGVLPAHGT'™QHGIRLPLRSG
LGGAPLGLRLPR*"|E2'TDEEP¥’EEPGRRGSFV4OPE!
MVDNLRGKSGQGYYVEMTV2GSPPQTLNILVDTGSS
NFAV#GAAPHPFLHRY YQRQLSSTY®RDLRKGVY VP
YTQGKWEGEL®GTDLVSIPHGP V' VTVRANIAAITES
DKFFINGSNWEGILG'2’LAY AEIARPDDSLEPFFDSL!4
VKQTHVPCNLFSLQLCGAGFP'L \QSEVLASVGGSM
IIGGID'"HSLYTGSLWYTPIRREWY YE2*VIIVRVEING
QDLKMDCKEY?*NYDKSIVDSGTTNLRLPKKV2FEA
AVKSIKAASSTEKFPDG*FWLGEQLVCWQAGTTPW
NIF2PVISLYLMGEVT VQSFRITE®LPQQYLRPVEDVA
TSQDDCY32KFAISQSSTGTVMGAVIMEG*'FYVVFDR
ARKRIGFAVSACH***VHDEFRTAAVEGPFVTLDME3
DCGYNIPQTDESTI,MTIAY\{"WM AAICALFMLPLCLM
VCQWR*CLRCLRQQHDDFADDISLLK*®

Figure 6.1 The primary structure of BACE. Prominent features of BACE amino acid
sequence are highlighted: a 21-aa leader sequence (M ... G™'") and a 24-aa prosegment
(T'™ ... R*") precedes the mature enzyme sequence starting at the E" and extending to
K*" (according to the sequence of the enzyme isolated from human brain). BACE contains
the classic catalytic triad D**TG ... D**SG, six cysteine residues paired to form three
disulfide bridges: Cys'*-Cys*”, Cys?'’-Cys**?, and Cys**~Cys’", and four glycosylated
asparagines, 92, 111, 162, and 293. Residue S*? precedes the BACE transmembrane
domain of 27-aa (T** ... R*"), and a cytoplasmic tail of 21 residues (R*" ... K**)
completes the primary structure. (See color insert.)

signature YD’ ... GxGD** (presenilin 1 numbering) typical of peptidyl peptidases
[11].

6.1.1 B- and y-Secretase as AD Targets

Aspartyl proteases have generated successful drugs. Prominent examples are inhibi-
tors of the HIV protease and renin to treat AIDS and high blood pressure, respec-
tively [12]. With regard to AD therapies, targeting BACE might offer some
advantages over y-secretase inhibition or modulation due to the fact that y-secretase
cleaves a myriad of substrates [13] including Notch, a protein involved in animal
development and in immune system processes, such as B- and T-cell differentiation
[14, 15]. In addition, a presenilin —/— genotype is lethal in mice, supporting a
mechanism-based toxicity. In fact, the most advanced y-secretase inhibitor, LY-
450139 now in Phase 3, has shown gastrointestinal problems in clinical tests [2].
The y-secretase modulation approach has recently suffered some setbacks since R-
Flurbiprofen, a compound that apparently spares Notch, has failed in Phase 3 clinical
trials because of a lack of efficacy [16]. On the other hand, there are compelling
reasons to target BACE in AD [3]; for example, because of its role as the first
obligatory step in AP formation and its elevated level in AD, BACE inhibition would
dampen A production and its associated toxic effects on neuron and role in plaques
formation. In addition, the BACE knockout mouse has demonstrated the validity of
BACE as a therapeutic target in AD and, together with its relatively clean phenotype,
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would suggest BACE inhibition is a safer strategy than y-secretase inhibition.
Contrary to y-secretase, BACE can be prepared in highly purified forms and, as
described in the following narrative, dozens of three-dimensional (3D) structures in
complexation with a variety of inhibitors have been solved to support vigorous
efforts in rational drug design.

6.1.2 Challenges in Drug Design: The Role of
Crystallography and Computational Chemistry

It is now well appreciated that compounds that are effective in a patient generally
possess certain physical characteristics, often referred to as drug-like properties.
Among these properties are low molecular weight, a balance between polarity and
lipophilicity, and a reasonable number of hydrogen bond donors and acceptors.
Often referred to as the “rule of five,” owing to the observation by Lipinski et al.
that these properties are typically exemplified in marketed drugs as multiples of the
number five (i.e., MW < 500, ClogP < 5, sum of hydrogen bond donors < 5, sum
of hydrogen bond acceptors < 10) [17], these are not hard and fast rules, but rather
serve as general rubrics to guide the drug discovery process. Consequently, although
it is necessary to have an inhibitor with potency in the low nanomolar to picomolar
range, this is not sufficient. In view of chronic use, specificity for the intended
molecular target is of paramount importance, as even a modest inhibition of other
biological targets might lead to some level of toxicity. The drug has to reach thera-
peutic levels in the areas where it needs to exercise its effect, and to be bioavailable
to fulfill its task. The drug may need to show synergy with other drugs, and must
not interfere with other medicines that the patient is taking. Considering the length
of the treatment in the case of AD, the drug must also be inexpensive.

To inhibit BACE in the brain, then, it is mandatory that the inhibitor be suf-
ficiently small in order to cross the blood—brain barrier (BBB); in addition, the
inhibitor must not be ejected from the brain by the P-glycoprotein (P-gp) drug efflux
pump expressed in the luminal surface of cerebral endothelial cells forming the
BBB [18]. In addition, a BACE inhibitor must also be permeable to cell membranes,
as there is good evidence that BACE performs most of its APP cleavage intracel-
lularly, in acidic compartments such as the endosome and the trans-golgi network
(TGN) [19].

Hence the need of an effective alliance of disparate yet synergistic disciplines
encompassing molecular biology, protein chemistry, high-throughput screening
(HTS), enzymology, medicinal chemistry, crystallography, computational chemis-
try, drug delivery, pharmacokinetics, and drug safety to endow a BACE inhibitor
with the desirable properties of an AD drug. Modern drug design strives to exploit
crystallography and the closely related discipline of computational chemistry in the
earlier stages of lead discovery to offer the medicinal chemist a wide chemistry space
at the beginning of the lead optimization process. Over the last several decades in
the pharmaceutical and biotherapeutic industries, this process, known as structure-
based drug design (SBDD), has emerged as its own subdiscipline of drug discovery.
Once dominated by physicists and enzymologists, X-ray crystallography has now
become a vital tool for medicinal and computational chemists, and the ability to map
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structure—activity relationships (SAR) and binding interactions directly to protein
structure has informed and accelerated the process of lead development. Although
still requiring sophisticated technical training, the end result of the experiment (a set
of validated 3D coordinates describing the relative placement of each non-hydrogen
atom in a protein—ligand complex) has been made much more accessible through
the use of sophisticated interactive modeling and visualization software, often at the
chemist’s desktop.

The challenge is to obtain 3D structures of lead inhibitors complexed to the
enzyme and start the iterative process of lead optimization. Leads are obtained from
various sources, which include HTS, fragment screening, de novo design, from
inhibitors of enzymes homologous to the target of interest, or from other activities.
A thorough understanding of the network of interactions between the subsites of the
enzyme and the various parts of the lead compound allow us to make informed
predictions on the moieties that have the best possibilities to maximize the contact
at that site and produce important opportunities for further optimization. It is impor-
tant to remember that this optimization is not limited solely to increasing the potency
of the inhibitor for BACE. Rather, all of the above-mentioned properties must be
balanced in order to increase the probability of successful modulation of BACE
activity in a clinical setting.

6.2 PREPARATION OF BACE FOR
STRUCTURAL STUDIES

Protein expression, purification, and crystallization are fundamental steps in X-ray
crystallography, a discipline that normally requires large quantities of proteins, and
demands certain high standards regarding protein purity, activity, and refolding
status. Membrane proteins and multiple domain proteins have been proven rather
difficult to express, purify, and crystallize. These difficulties increase when hetereo-
geneity are present because of posttranslational modifications such as glycosylation
and phosphorylation. When dealing with such complex proteins, multiple options
are explored to obtain products suitable for crystallography and other activities, for
example, HTS and inhibitor validation, needed for drug development. Of course, it
is always desirable to express and purify the authentic full-length protein; mam-
malian cells are the systems of choice when production of a protein close to the
human form is desirable, and insect cell systems are the reasonable next choices.
Both systems yield proteins that are refolded and active, but are in general relatively
low producers, and the culture media are expensive to support the gram amounts of
protein often needed. When the protein from these systems is not crystallizable,
enzymatic removal of posttranslational modifications are performed along with
proteolytic excision of protein fragments that might be fastidious to crystallization.
To facilitate the latter task, proteolytically cleavable sequences can be inserted at
specific sites in the protein sequence. Alternatively, various differently truncated
constructs can be engineered, and/or glycosylation sites can be mutated to prevent
them from being glycosylated. In many cases, posttranslational modifications are
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dispensable for both proper protein refolding and functionality. In these cases,
Escherichia coli expression offers many advantages since these bacteria are easy
to grow, are relatively inexpensive, and do not carry out posttranslational
modifications.

BACE is a rather complex enzyme; the primary structure of the protein as
synthesized in the endoplasmatic reticulum is given in Fig. 6.1. We would like to
point out that given the literature inconsistency with regard to BACE amino acid
numbering, we have numbered, in this and in Chapter 3 [20], BACE leader sequence
M2 G, its prosegment T'F ... V% though the prosegment ends at R** in the
mature form isolated from brain [6]. The residue V** is followed by E' to agree
with the majority of the reports on BACE 3D structure and kinetics. A more detailed
description of BACE primary structure is given in Chapter 3 [20]. Many of the
previously mentioned options have been used to obtain diffraction quality crystals
of BACE. In fact, in the beginning, it was not possible to predict whether removal
of any domains and/or posttranslational modifications would still preserve sound
catalytic and structural features. It was likewise unpredictable which constructs and
expression systems would yield reasonable expression and a facile purification.
These uncertainties fostered a multipronged expression approach for both construct
design and cell system selection.

The general approach for BACE expression and purification for crystallogra-
phy has been consistently to make constructs lacking BACE membrane and cytosolic
domains; these constructs were then further truncated at various points in the
N-terminal portion of the enzyme.

Various groups have reported the expression and purification of glycosylated
BACE from mammalian [21-24] and insect [25-28] cells. Notwithstanding, only
two groups have published the accomplishment of diffracting crystals for glycosyl-
ated enzyme from these sources: specifically, Emmons et al. [24] from mammalian
cells, and Wang et al. [28] from insect cells. Two other groups have published the
expression and purification of crystallizable recombinant BACE from insect [25]
and mammalian cells [21], respectively, but in both instances, the glycosylation sites
were modified to avoid glycosylation. Yet, both the most successful preparations
and the highest resolution structures of BACE have been obtained for the enzyme
expressed in E. coli cells [29-33].

6.2.1 Preparation of Soluble BACE Derivatives
in Insect and Mammalian Cells

Wang et al. [28] successfully expressed BACE-M™'" ... Leu™*-c-myc-His, (this
chapter’s nomenclature, Fig. 6.1) in High Five cells and purified it by a two-step
procedure on Ni-NTA and Superdex 200 columns. This procedure allowed the
obtainment of about 2.5mg enzyme, containing its prosegment T"QHGIR ... , per
liter of cell culture. Single orthorhombic crystals with two BACE molecules in the
asymmetric unit were obtained in the absence of a bound inhibitor, and a complete
3.4 A data set was collected. Interestingly, characterization of the crystalline enzyme
showed equal mixtures of two sequences P*YRETD ... and E**TDEEP ... lacking
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both c-myc and hexa-His tags; the authors ascribed the processing of the tags to
autocleavage.

Bruinzeel et al. [25] also reported the purification of crystallizable BACE
expressed in High Five insect cells, but in this instance, the glycosylation sites were
mutated. In addition, these investigators designed their construct to replace the leader
sequence (21 aa) by the viral gp67 signal sequence to increase expression level; also,
they inserted a FLAG tag between the gp67 signal and the prodomain sequences,
and a (His)s tag at the enzyme C-terminus. They co-expressed BACE with Furin
and obtained properly processed enzyme to the extent of 0.5mg/L cell culture. A
four-step purification resulted in pure enzyme to the extent of 0.1 mg/L cell culture
that produced crystal structures in the presence of inhibitors.

Clarke et al. [21] engineered the mutation asparagine to glutamine at the posi-
tions 92, 111, 162, 293 fused to Fc and introduced a thrombin cleavage site after
residues R24P and L.439. This construct, referred to as pro/thr/Asp2-QQQQ/thr/Fc,
was expressed in a Chinese hamster ovary (CHO) secretion system. After capturing
by ProSep-A High Capacity resin and elution, the Pro/thr/Asp2-QQQQ/thr/Fc was
neutralized and dialyzed into 25mM Hepes, 0.25M NaCl, pH 7.4. Bovine alpha
thrombin was used to cleave the BACE construct and liberate Asp2-QQQQ. The
thrombin digest that did not bind to ProSep A was further cleaved by pepsin to yield
V*P_EH! form of Asp2-QQQQ, which was then purified by MonoQ at pH 7.4. The
enzyme yielded high-resolution crystals, which aided in the discovery of potent
inhibitors.

Our general strategy for recombinant expression was to express BACE con-
structs such as Met™'" ... Ser**’(His),, in insect and mammalian cell lines, such as
CHO-K1, human embryonic kidney (HEK), and CHO-Lec-1 [24] that would yield
catalytically active enzyme and would possess different patterns of N-linked glyco-
sylation. The goal was to be able to select among these expression systems the one
with both the best crystallographic and kinetic properties for inhibitor identification
and development. Although we were able to obtain reasonable expressions in all
these systems, preliminary crystallography experiments led to the selection of
CHO-K1 cells as the expression system to carry forward.

BACE was expressed in stable CHO-K1 cells to the extent of 4.5mg/L of
conditioned media and was about 40% pure at this stage. It was further purified by
a two-step procedure: the first step consisted of a Ni**NTA resin from which BACE
was highly purified by elution with an imidazole gradient. The second step utilized
a BACE inhibitor bound to matrix to ensure that only protein that was properly
folded was captured and eluted. A total of 293 mg of BACE of more than 99% final
purity was obtained from 150L of conditioned media. This heavily glycosylated
enzyme yielded crystals that allowed 3.2 A resolution 3D structures in the presence
of inhibitors, but was a mixture of pro-BACE T'*QHGIRLPL ... and processed
BACE E*’TDEEPEEP. ... Treatment of this BACE mixture with HIV protease
allowed us to produce a catalytically competent enzyme V**E'MV ... Ser**(His),
that was purified by affinity column on a peptido-mimetic inhibitor. Crystals typi-
cally diffracted between 2.8 to 2.6 A resolution and allowed to solve structures with
a variety of inhibitors. This is an example that demonstrates improvement of crystal
diffraction by proteolytic cleavage of a protein.
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6.2.2 Preparation of Soluble BACE Derivatives in E. coli

The first purification procedure leading to crystal structure was reported by Lin
et al. [29, 30]. These investigators expressed a BACE construct containing residues
A (Leader) to A* in E. coli as inclusion bodies (IB). They dissolved the IB in
0.1 M Tris, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM glycine, 8 M urea,
and 0.1M PB-mercaptoethanol, and then refolded by rapid dilution in buffer.
Purification was accomplished in a two-step procedure by gel filtration on Sepharose
S-300 and fast protein liquid chromatography (FPLC) on Resource-Q column.
Subsequently, Hong et al. [29] reported the expression and purification of BACE
(A8 ... T%). The final product had Leu®” with a minor component starting at Leu®”®
as its N-terminus generated by the removal of 28 and 30 residues, respectively, from
their original construct in the course of refolding and purification. Good activity and
purity was obtained, and crystals yielding a 1.9 A resolution were generated.

Patel et al. [31] used the same construct (from Ala™® to T*?, our numbering)
used by Hong et al. [29]. In the attempt to remove the prosegment with clostripain,
they observed cleavages after R** and R*" and were not able to generate crystals
from these samples. They mutated the two Arg residues to Lys to obtain a protein
that gave a robust expression and that was subjected to refolding. IBs were dissolved
in 8M urea, 50mM Tris, 0.1 M B-mercaptoethanol, 10mM dithiothreitol (DTT) to
the extent of 22.5 mL of buffer per gram of inclusion body preparation. They diluted
the supernatant 10-fold with 8 M urea, 0.2 mM oxidized glutathione, 1.0 mM reduced
glutathione, and refolded by a 20-fold dilution into 20 mM Tris, 10 mM 3-(benzyldi-
methylammonio)propanesulfonate (NDSB256). After a step consisting of overnight
incubation at 4°C, they adjusted the pH to 9.0 and left the mixture at 4°C for 2 to
3 weeks. The refolding mixture was then concentrated by ultrafiltration, and the
concentrated and refolded BACE was subjected to purification by Sephacryl 300
column equilibrated in 0.4 M urea, 20 mM Tris (pH 8.2). Refolded BACE was treated
with clostripain to remove the prosegment portion preceeding Leu®?, and the sample
was loaded onto a Mono Q HR5-5 column equilibrated in 0.4 M urea, 20mM Tris
(pH 8.2), followed by washing and elution with a NaCl gradient. Yields of the final
purified product were up to 10mg/L cell culture; this protein started at residue L*
and yielded crystals with apoenzyme that allowed soaking of a hydroxyethylamine
(HEA) inhibitor to produce a 1.75 A structure.

Sardana et al. expressed a series of BACE constructs with various N-terminal
truncations in E. coli IB [32]. IB solubilization was carried out in 50 mM Tris—HCI,
pH 9.0, 8M urea, and 10mM B-mercaptoethanol to a concentration of ~1.5 mg/mL.
Refolding was initiated by a 20-fold dilution at ambient temperature in a refolding
buffer composed of 20mM Tris—HCI, pH 9.0, 0.5mM oxidized glutathione, and
1.25mM reduced glutathione. After storage of the refolding solution at 4°C for 4 h,
its pH was then lowered to 8.0. The sample was de-gassed, and B-mercaptoethanol
and reduced and oxidized glutathione were added. After about 48h, the pH was
lowered to 6.8 and was left at 4°C for another 48 h. A Q-Sepharose fast flow column
in 20mM Tris—HCI buffer, pH 7.5, 0.4 M urea served to concentrate the protein and
remove the majority of aggregated forms of BACE. The refolded BACE bound to
the column was eluted with the same buffer indicated above in the presence of 0.5M
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NaCl. After concentration, a HiPrep Sephacryl 26/60 S-300 sizing column was used
to separate residual aggregates from monomers. Purification was completed by using
a HiTrap Q-Sepharose HP column.

Final yields depended on the construct used and ranged from 0.4-0.6 mg/mL
for BACE 35-433 to 2.5-3.5mg/mL for BACE 22-433. Crystals yielding 3D struc-
ture to 1.8 A resolutions were obtained.

BACE refolding and purification of constructs expressed in E. coli as IBs by
a procedure developed in our group [33] were even simpler than those reported
above. Major steps in our process were: (a) the ability to reproducibly express
large quantities of several BACE constructs, for example, (1) pET11a-T7.Tag-
GSM-(A™GV...... QTDES™), (2) pQE80L-Met-RGS-(His)s-GSIETD-(T'"QH...
QTDES™?), and (3) pQE70-Met-BACE (R**GSFVEMG....PQTDES**(His), as IBs
using E. coli strain such as BL21 CodonPlus (DE3) and BL21 (pREP4); (b) a simple,
and robust refolding method; and (c) a two-step purification procedure.

Our refolding process is preceded by dissolution of washed IBs in 7.5M urea,
100mM AMPSO buffer, and 100mM BME, to have a pH = 10.8. This solution is
further diluted with the same buffer, not including BME, to obtain an Ay, = 1.5,
and the BME concentration is adjusted to 10 mM. Refolding is started by diluting
20-fold with cold water (4-8°C) and allowing the resulting solution to rest in the
cold room. Usually, constructs including the prodomain, (1) and (2), take 3—4 days
to reach maximal activity, while the construct missing the prodomain, (3), takes
about 21 days. It has been shown that the prosegment is not needed for refolding
[33]. Our studies confirm this finding; in addition, they show that under the condi-
tions used, the prosegment accelerates refolding. Once the sample has reached the
desirable activity, it is brought to pH 8.5 and delivered to a Q-Sepharose column.
After elution with a salt gradient, the BACE activity containing fractions are dia-
lyzed against 20mM Hepes buffer pH 8.0, which allows removing urea and salt.
The pH of the sample is dropped to 5.0, and this acidic solution is delivered to
the affinity column with attached the BACE inhibitor used to prepare CHO cell
expressed BACE [24]. A highly purified and properly refolded sample is eluted
from this column with a yield of 7-10mg (depending on the construct) of BACE/
liter cell culture. This process is scalable up to at least to 60-L cell culture with
yields of up to 500mg and provides large quantities of enzyme that can be easily
stored and employed for consistently reproducible crystallographic studies. Both
apoenzyme and enzyme complexed to inhibitor yield crystals diffracting up to 1.4 A
resolution [33].

6.3 CRYSTALLOGRAPHIC STUDIES OF BACE

Crystallization of macromolecules is an inexact science, often requiring large
amounts of exquisitely pure and homogeneous protein at high concentration. Since
it is not possible to predict a priori the solution conditions that will promote crystal-
lization (as opposed to random precipitation), a battery of solution conditions (hun-
dreds to thousands) are typically screened in order to find a lead condition which
can then be further optimized to yield reproducible, single, and well-diffracting
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crystals of the target protein. Generally, crystallization solutions contain a precipi-
tant (polyalcohols, chaotropic salts), a buffer, and may include one or more salts to
act as counterions. Following the identification of a lead condition, the various
components may be systematically varied, as well as the concentrations (of both the
components and the protein itself) and temperature. A typical experimental setup
involves the incubation of a mixture of protein and crystallization solution in a 1:1
ratio, with a larger volume of the undiluted crystallization solution in a sealed vessel.
This setup, known as a vapor diffusion experiment, allows for the rapid and parallel
evaluation of many crystallization conditions. Once the optimal crystallization con-
ditions have been identified, crystals may be harvested into a solution closely mim-
icking the solution from which they are grown (the “mother liquor”), and soaked
with inhibitor compounds prior to data collection. It should be noted that in some
cases, the inhibitor induces a conformation of the protein which is more amenable
to crystallization, and in these cases the protein—inhibitor complex itself must be
crystallized. As protein crystals are typically 30—70% solvent, they accurately reca-
pitulate the solution structure of the component protein; consequently, the active site
of the protein is typically in its bioactive form, and is capable of forming most, if
not all, of the relevant protein—ligand interactions. X-ray diffraction data may then
be collected on the resultant protein—ligand complex, and through the use of algo-
rithms ultimately converted to a 3D crystal structure that reveals the exact interac-
tions between the protein active site and the bound inhibitor (for an excellent review
of the technical and applied aspects of X-ray crystallography in SBDD, the reader
is referred to Qiu et al. [34]). At the time this chapter was being written, a total of
79 BACE crystal structures were available from the Research Collaboratory for
Structural Bioinformatics [35]. It should be noted that while there are many exam-
ples of BACE-ligand complexes that have been disclosed in the patent literature,
we have elected to omit these examples due to the non-refereed nature of patent
applications as well as the difficulty of analysis in their current form. BACE lends
itself to many different crystallization strategies, and this is reflected in the wide
variety of well-diffracting crystal forms crystallized from many different precipitant
mixtures (Table 6.1). The 79 publicly available crystal structures of BACE represent
11 unique crystal forms. Most of these protein data bank (PDB) entries report high-
resolution data (d;, < 2.50 A). The vast majority utilizes refolded BACE protein
produced in E. coli, although three groups have produced BACE crystal structures
utilizing protein expressed in a native form from CHO and insect cells. Specifically,
Clarke et al. (Glaxo-SmithKline [GSK]) [21] and Emmons et al. (Pfizer [PFE]) [24]
used CHO-cell expressed protein, while Baxter et al. (Johnson & Johnson [J&J])
[36] employed protein from insect cells. The crystal forms include two face-centered
monoclinic (C2_A and C2_B, Table 6.1), a face-centered orthorhombic (C222,),
four primitive monoclinic (P2; A-D), two primitive orthorhombic (P2,2,2,_A and
_B), hexagonal (P6,22), and trigonal (H3) lattices. While some forms are associated
with a single crystallography group (e.g., P2,2,2, with the GSK effort) several seem
to have been independently discovered by multiple groups (e.g., P6,22 by research-
ers from Astex, J&J, Roche, and Riken).

Despite the wide variety of sources, crystallization protocols, and structures,
the overall fold and topology of BACE is extremely well preserved in each of these
structures. BACE possesses a now familiar aspartyl protease fold [12, 29, 37, 38],
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with N-terminal and C-terminal domains which each follow the same topology
identified early on as a common supersecondary structure of all aspartic acid pro-
teinases [38]. This similar topology generates a pseudo two-fold symmetry in the
enzyme, analogous to the exact symmetry observed for the retroviral HIV protease,
which is an exact dimer of a monomeric subunit. This close similarity between the
N- and C-terminal domains suggests a common evolutionary origin in a gene dupli-
cation event [39]. The two domains can be described as highly twisted, eight-
stranded beta sheet structures that are anchored to a six-stranded beta sheet platform
(Fig. 6.2). The primary feature of the BACE active site is the disposition of two
catalytic aspartic acid residues (Asp32/Asp228), which are in turn contributed by
each lobe of the protease. These two aspartic acids are directed symmetrically at
each other with an extremely well-ordered catalytic water molecule coordinated
between them. At the pH maximum of 4.5-5.0, a proton is abstracted from this water
by one of the catalytic Asp residues, thereby generating the nucleophile which
attacks the scissile peptide bond in a substrate polypeptide [12, 20, 40]. As do all
sequence-specific proteases [41-43], BACE achieves sequence-specific proteolysis
of substrate peptides via specificity pockets which are situated N-terminal (denoted
Sn, where n is the number of residues N-terminal to the site of cleavage) and
C-terminal (denoted similarly by Sn’, where n is the number of residues removed
from the scissile bond). BACE appears to have at least eight specificity pockets
(S4-S1 and S1’-S4’) that are required for reasonable binding of substrate to the active
site [29]. In addition, three additional N-terminal specificity pockets (S5, S6, and
S7) have been identified [44], although the contribution of these sites to the high

Figure 6.2 Ribbon diagram of BACE. (See color insert.)
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affinity binding of inhibitors is probably less than the central eight specificity
pockets. In general, the active site of BACE is dominated by hydrophobic residues
(S1, S3, S1’, and S2’) matching the preference at these respective positions in sub-
strate sequences for hydrophobic residues [45]. S4, S2, and S3” are notably more
hydrophilic and solvent exposed, and furthermore, S2 differs from the corresponding
specificity pocket in the related human protease cat-D, suggesting that this may offer
a potential route for gaining selectivity in inhibitor design [29].

All of the crystal forms described in Table 6.1 appear to be compatible with
various ligands, suggesting that crystal packing plays a minor role in affecting
protein—ligand interactions. Among the published structures, two key areas exhibit
dramatic conformational changes depending on the ligand that is bound. The first,
a beta hairpin structure known simply as the “flap” region, spans residues 70-76 in
BACE (Fig. 6.3). This structure exhibits typically high B-factors (thermal factors)
and consequently is sometimes disordered. Upon binding a substrate or peptidomi-
metic inhibitor the flap closes down, covering the catalytic machinery and sequester-
ing the enzyme substrate complex from solvent. In their discussion of the apo forms
of BACE, Hong and Tang [46] observed that a key residue in the flap, Tyr71, adopts
an alternate rotamer, forming a hydrogen bond with the carbonyl oxygen of Lys107.
They also observed two additional interactions that are unique to free BACE: a
hydrogen bond between the backbone atoms of Tyr71 (O) and Gly74 (N), as well
as a salt bridge between the side chains of Lys75 (NZ) and Glu77 (OE2). Together,
these three interactions may serve to lock the enzyme active site in an “open” con-
figuration to allow substrate access. The authors note, however, that a similar con-
formation for a conserved tyrosine residue in the eukaryotic aspartyl proteases
chymosin and proteinase A serve to lock the flap in those enzymes in a closed, or

Figure 6.3 Close-up view of flap region (residues 70-75) of BACE, showing open (apo)
form in cyan, and the closed (ligand bound) form in green. Note the alternate rotamer for
Tyr71. (See color insert.)
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autoinhibited, conformation. The open form observed by these authors suggests a
role for substrate selection on the surface of the cell membrane, as opposed to an
autoinhibited form. In contrast, Shimizu et al. [47] observed no altered conformation
of Tyr71 in several structures of apo BACE; instead they argue that the flap under-
goes a pH-dependent closing, resulting in a fully “closed” inactive structure at pH
7.0. Conversely, at lower pH, the flap opens up, allowing substrate access to the
catalytic machinery. Since both of these structures were determined from crystals
grown under similar conditions (1SG7 : 13—15% PEGS8000, 0.1 M Na Cacodylate
pH 6.2-7.4,2ZHV, 1W50: 10-18.5% PEGS5000, 200 mM sodium citrate pH 7.0, 6.6,
0.2M ammonium iodide), the primary difference may be due to the crystal packing
environment. 1SGZ is a P2, crystal form with four molecules of BACE per asym-
metric unit, while 2ZHV and 1W50 are a P6,22 crystal form with one molecule of
BACE per asymmetric unit. On the basis of these two structures, the biological
relevance of the altered side chain rotamer seen for Tyr71 in 1SGZ is unclear.

The second region in BACE that undergoes significant conformational change
is a deep cleft immediately adjacent to the S3 specificity pocket, often termed the
S3 subpocket. This region, bordered on one side by residues 10-20 (the “tens’ loop)
and on the other by the 230’s loop, can adopt an open and closed configuration
depending on the nature of the ligand that is bound. Several groups have indepen-
dently discovered the propensity of this region to collapse in response to ligand
binding [29, 48, 49]. In the “open” or “up” conformation, the main chain carbonyl
oxygen (O) atom of Serl0 is 10A from the side chain hydroxyl (OH) of Thr232,
creating the large hydrophobic S3 subpocket. In contrast, the “closed” or “down”
conformation places the Ser10 carbonyl O atom 2.7 A from Thr232 OH, forcing a
collapse of the S3 subpocket around the ligand R group at this site (Fig. 6.4). This
collapse appears to be facilitated by the introduction of a lipophilic group (methyl-
cyclopropyl, methoxyphenyl, valine) at the S3 position. However, McGaughey et
al. [50] have shown that a key prerequisite lies in the nature of the interaction with
the side chain OH of Thr232. In the case of a small P3 substituent, the preferred
configuration would be for the S3 subpocket to close down to sequester the lipophilic
component. However, in the case where a hydrogen bond acceptor on the ligand is
in close proximity to the sidechain OH of Thr232, an alternate interaction is estab-
lished between these two atoms, precluding the preferred hydrogen bond between
Thr232 (OH) and Ser10 (O) [50]. The remainder of the BACE active site is remark-
ably well conserved among all of these structures. Certain residues do appear to
undergo modest rearrangement in response to specific inhibitor interactions (e.g.,
Arg228, Leu30), but these rearrangements are relatively minor in light of the preced-
ing discussion.

6.4 STRUCTURAL STUDIES WITH BACE INHIBITORS:
PEPTIDOMIMETICS AND NONPEPTIDOMIMETICS

We now turn our attention to the interactions between specific classes of inhibitors
and the BACE active site.
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(b)

Figure 6.4 Surface representations of the S3 subpocket and 10s loop interactions: (a) the
open form of the S3sp and (b) the closed form of the S3sp, with the H-bond formed
between Ser10 and Thr232. (See color insert.)

6.4.1 Peptidomimetic BACE Inhibitors

The first of these, the peptidomimetics, are essentially short peptides in which the
(usually central) scissile peptide bond is replaced with a non-cleavable transition-
state isostere (TSI). Typical TSIs for peptidomimetics are the hydroxyethylene (HE),
HEA, statine, and aminoethylenes (Fig. 6.5). The choice of TSI is often dictated by
the desired pharmacokinetic properties, as certain TSIs are more brain- and/or cell-
penetrant than others. In the HE and HEA class of inhibitors, the TSI hydroxyl
mimics the gem-diol transition state of the activated peptide bond [20]. In the case
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of a peptide bond, the amino terminal half of the substrate serves as a leaving group,
resulting in cleavage of the scissile bond. However, in the case of the HE and HEA
inhibitors, the ethylene moiety cannot function as a leaving group, resulting in a
competitive inhibitor. The HEAs possess a distinct advantage over the HEs in that
they are much more cell-penetrant, resulting in higher whole cell and in vivo efficacy
[51]. Structurally, the additional hydrogen bond donor in the HEAs adds some
potency due to a hydrogen bond established between the NH and the carbonyl
oxygen of Gly34, as well as to the catalytic aspartic acid, Asp228. Perhaps because
of this additional interaction, the stereochemical preference at the HEA hydroxyl is

opposite from that seen for the HE TSI [51].
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Figure 6.6 BACE S1 specificity pocket, shown bound to a hydroxyethylene
peptidomimetic inhibitor OM99-2 (PDB entry 1FKN [29]). (See color insert.)

6.4.2 The S1 Specificity Pocket

Outside the TSI interactions with the catalytic aspartic acid dyad, the S1 specificity
pocket is probably the most important contributor to both potency and specificity.
The “normal” APP sequence that is recognized by BACE (SEVKM{DAEFR, where
the arrow indicates the cleavage site), with a Met as the P1 residue, is poorly hydro-
lyzed (k. /K, = 40 s"M™), while the equivalent sequence from a mutated form of
APP (SEVNLiDAEFR), with an Asn and Leu as the P2 and P1 residues, respec-
tively (the so-called “Swedish mutation,” APPswe), is a robust substrate for BACE
(ke Kin = 2450 s7'M™) [52]. S1 is a large hydrophobic cleft formed by the side chains
of Tyr71, Phel08, Trpl15, Ile118, and Leu30 (Fig. 6.6). The presence of the aro-
matic residues Tyr71 and Phel08, as well as the continuity with S3, suggests that a
significant boost in potency may be achieved through engineering a series of aro-
matic stacking interactions [51]. Not surprisingly, most inhibitors in this class
contain some sort of aromatic residue at P1 [21, 51, 53-65]. The large size of S1
clearly accommodates the added bulk of the aromatic moiety, and additional potency
appears to come from the addition of highly electronegative fluorine (F) atoms at
the 3- and 5-positions [51, 58-61, 63].

6.4.3 The S3 Specificity Pocket

Like S1, S3 is largely hydrophobic, being formed by side chain atoms from Leu30,
Trpll5, and Ilel10, as well as main chain atoms from GInl2, Glyll, Gly230,
Thr231, and Thr232 (Fig. 6.7). As mentioned previously, the S3 pocket extends into
a deep cleft, the conformationally variable S3 subpocket. Impressive potency gains
have been achieved by exploiting this region of the BACE active site, and a similar
approach has also been utilized in the design of inhibitors to renin [66]. However,
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Figure 6.7 BACE S3 specificity pocket, shown bound to OM99-2 (PDB entry 1FK [29]).
(See color insert.)

the potency to be gained in this pocket must be balanced against the physical proper-
ties in the resulting molecule. Most of the SAR in this area has focused on simple
aliphatic chains (which exploit the hydrophobic character of S3) although Osterman
and colleagues at Novartis recently published the crystal structure (PDB entry
2EWY) of a HEA inhibitor bound to the peripherally expressed BACE2 enzyme
(43% sequence identity to BACE1), which places an intriguing tricyclic aromatic
group in S3, suggesting that this pocket may be receptive to aromatics as well [67].

6.4.4 The S2 and S4 Binding Pockets

Unlike the S1/S3 cleft, both S2 and S4 are more polar and solvent exposed. Besides
residues Tyr71, Thr72, and Glu73 from the flap, which fold over in the flap-“closed”
conformation to interact with this pocket, the key feature of the S2 pocket is the side
chain of Arg235, which provides much of the polar character (Fig. 6.8). Consequently,
much of the SAR in this region has revealed a preference for negatively charged
groups, which complement the positive charge of Arg235. Examples of P2 groups
that have been exemplified in the literature are benzyl carbamates (2HIZ), pyridyl
(2HM1), isophthalate (2IQG), sulfones (2VIY), pyrrolidinones (2VIZ), sultams
(2V1)), and aromatics (2EWY). While this pocket has been suggested to be a poten-
tial area to gain selectivity against other cellular aspartyl proteases such as pepsin
gastricsin, and cathepsins D and E, which do not share this hydrophilic character
[29], the requirement for a BACE inhibitor to be brain-penetrant places limits on
the polarity that may be introduced here.

The S4 specificity pocket, likewise, is highly polar and is solvent exposed, but
in the structure of the OM99-2 HE inhibitor, the P4 Glu residue is observed to be
interacting primarily with the P2 Asn residue, along with Arg235 and Arg307. While
gains in potency with peptidomimetics by introducing interactions at the S4 site have
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Figure 6.8 BACE S2 and S4 specificity pockets, showing the hydrogen bond between the
polar P2 Asn side chain and the BACE specific Arg235. In OM99-2 (shown), there is an
additional intramolecular interaction between the P2 (Asn) and P4 (Glu) side chains. (See
color insert.)

been reported, the need to minimize molecular weight in order to improve physical
properties has resulted in this position usually being left unoccupied.

6.4.5 The Prime Side - S1’, S2’, S3’, and S4’

The prime side of the BACE active site constitutes the S1” S4” specificity pockets,
which interact with the four-substrate residues on the C-terminal side of the scissile
peptide bond (Fig6.9). Turner et al. [45] have shown that the prime side specificity
pockets are far less stringent than the non-prime pockets. The S1” pocket, while
being large enough to accommodate a cyclohexyl group, as in 2VJ9 [55], is often
unoccupied, or at best is occupied by a small substituent such as a methyl group, as
in 1FKN [29]. Hong and Tang [46] have postulated that the preference for small
groups at the P1” position in substrates may be the result of a bottleneck created
in part by closure of the flap, especially Thr72. Although molecules with small
P1’ substituents may not be able to fully capitalize on the range of interactions avail-
able in S1’, the influence of the bottleneck residues on the kinetics of binding may
allow for an overall enhancement in potency. This model is called into question,
however, given the clear preference for large side chain residues in their earlier
work [45].

In contrast to S1°, the S2” pocket has been extensively explored by several
independent groups. The preferred amino acid at this position is clearly Val, with
Ile a close second. However, like all of the prime-side specificity pockets, the strin-
gency at S2’ is fairly poor, and a wide array of large, mostly hydrophobic side chains
is accommodated here [45]. Clarke et al. have explored this pocket in the context
of an HEA TSI, with large bulky ring structures ranging in size from cyclopentyl to
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Figure 6.9 BACE prime side specificity pockets (S1’-S4”), shown bound to
hydroxyethylene inhibitor OM-003 (PDB entry 1M4H [68]). (See color insert.)

azepine as well as branched aliphatics effectively filling the pocket [21, 55]. They
also showed that meta-substituted aromatic groups provide reasonable potency
despite lacking both interactions with S1” and the H-bonding capacity of an amide
linker between P1” and P2’. Ostermann et al. [67] have also used a meta-substituated
phenyl substituent at S2” in their studies of inhibitors of the closely related BACE2
enzyme. Similarly, Iserloh et al. [60, 61] and later Cumming et al. [S7] have devel-
oped constrained peptidomimetics (pyrrolidine, piperidine, and piperazinone/imid-
azodinone) that exploit the S2” pocket via a naked phenyl ring. It will be interesting
to observe whether the SAR in this region of the BACE active site is modular, which
may allow for grafting of optimized substituents from one series to another.

The remainder of the prime side (S3” and S4”) does not show much of a prefer-
ence for specific interactions [45]. Early work by Hong et al. [68] suggested that
occupation of these sites formed by Pro70, Tyr71, Argl28, and Tyr198 (S3’), and
Gly125, Tlel126, Trpl197, and Tyr198 (S4’) is crucial to achieving high potency
inhibitors. However, the resulting compounds tend to be very large (e.g., 917 Da for
inhibitor OM-003), a property not likely to be beneficial for brain penetration.
Perhaps due to this, most inhibitors with cellular and in vivo potency tend to not rely
on these sites.

6.4.6 Nonpeptidomimetic BACE Inhibitors

Owing to their typically large size, large numbers of hydrogen bonding groups, and
dependence on lipophilicity to derive potency, peptidomimetics are notoriously dif-
ficult to optimize into safe and effective drugs. Consequently, many groups are now
pursuing nonpeptidomimetic molecules. For BACE, which has at the center of its
enzymatic mechanism a pair of catalytic aspartates, most of the disclosed nonpep-
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tidomimetic inhibitors utilize a charged amino group, which may present other
difficulties in optimization late in development. A distinctive feature of all of these
compounds is the fact that since they do not explicitly mimic a substrate peptide,
they are not limited to a linear set of interactions with the BACE active site.
Consequently, a variety of binding modes have been observed, including indirect
(water-mediated) interactions with the catalytic aspartates and dramatic conforma-
tional changes, especially in the flap residues. At the time of this writing, there were
three examples of nonpeptidomimetic BACE inhibitors reported in the scholarly
literature: the carbenimines (Merck), acylguanadines (Wyeth), and dihydroquino-
lines (J&IJ).

6.4.7 The Carbenimines

One of the first nonpeptidomimetics to be described in the literature is the carbeni-
mine series (PDB entry 1TQF) [69]. Intriguingly, the lead compound, an aminopen-
tyl oxyacetamide, was identified using a solution phase binding assay, and later was
confirmed as a bona fide BACE inhibitor (BACE ICs, = 25uM). This compound
occupies sites from S4 to S1, making no prime side interactions, and interacts only
indirectly with the catalytic machinery via a hydrogen bond between the oxyacet-
amide NH and the catalytic water, a heretofore unprecedented binding mode (Fig.
6.10). Besides this unusual water-mediated interaction, this structure revealed several
novel interactions. The S3 pocket, which normally prefers small hydrophobic resi-
dues [45], opens up dramatically to accommodate the aromatic fluorophenyl of the
inhibitor. S2 is occupied, as expected, by a polar benzyl-sulfonate, which also par-
tially occupies S4. Finally, the amino pentyl side chain coils back into the S1 pocket,
reminiscent of aliphatic side chains such as the Leu residue present in this position
in IFKN [29]. Following on this initial work, McGaughey et al. went on to further

Figure 6.10 Nonpeptidomimetic carbenimine BACE inhibitor (PDB entry 1TQF [69]).
(See color insert.)
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elucidate the mechanism by which the ligand interactions modulate the conformation
of S3, as discussed earlier [50]. The absence of a hydrogen bond donor proximal to
Thr232 allows for a productive hydrogen bond between Thr232 and Ser10, thereby
closing the S3 pocket down, and restricting the access of this pocket only to small,
usually aliphatic, substituents [50]. Indeed, Stauffer et al. showed that the amide
usually present at this position could be replaced with a highly constrained cis-
olefin linker, constraining a small cyclopropyl P3 substituent within the S3 pocket,
while allowing for a 10s loop “down” conformation via a productive Thr232-
Ser10 hydrogen bond [49]. During the course of optimizing this series of inhibitors,
the original oxyacetamide, which forms a water-mediated interaction with the cata-
Iytic aspartates, was replaced with a primary amine, which displaces the catalytic
water and forms a direct interaction with the catalytic machinery [49, 50, 70].
Recognition of the close spatial relationship between the P1 and P3 substituents
within this series led to the design of macrocyclic derivatives, with an aliphatic linker
stabilizing the bioactive conformation of the inhibitor [71, 72], with a concomitant
enhancement of potency. However, further exploration will be required to balance
the usual requirements for inhibitor potency with brain penetration and Pgp-efflux
properties [72].

6.4.8 The Acylguanidines

The acylguanidine class of BACE inhibitors was first disclosed by researchers at
Wyeth [73, 74], and was discovered via a traditional HTS strategy. An X-ray crystal
structure of the complex between BACE and the symmetric tri-substituted pyrrole
(PDB entry 2QU2) led to the discovery that, while the charged guanidinium
“warhead” interacted as predicted with the catalytic aspartic dyad, the substituted
pyrrole was directed upward toward the flap, resulting in a disposition of Tyr71 in
which the side chain of Tyr71 is rotated by 120 degrees and forms a hydrogen bond
between the side chain hydroxyl and the main chain carbonyl of Aspl105 (Asp168
according the authors’ numbering scheme) [73] (Fig. 6.11). This interaction is remi-
niscent of the altered apo structure (PDB entry 1SGZ) [46] in which the correspond-
ing interaction is between Tyr71 and the carbonyl O of Lys107. This placed the
pendant aryl groups symmetrically in S1 and S2’, with the authors quickly recogniz-
ing the potential for further potency gains by engineering a halogen bond [74]
between an ortho Cl P2” aryl group and the indole NH of Trp76 [74]. This is an
exquisite example of an induced pocket interaction, which has not been demon-
strated in the peptidomimetic inhibitors. Elaboration on the non-prime side aryl
group has led to a modest (six-fold) improvement in potency over the original lead
compound, with both aryl and small alkyl groups directed toward the S3 pocket
giving similar results [73]. While these results suggest that modification of these
inhibitors in this region may be leading to modulation of the S3 pocket, as seen in
the carbenimines, the available structural data (PDB entries 2QU2, 2QU3, 2ZDZ,
27E1) involve only aryl P3 substituents, with the S3 pocket in a unique conforma-
tion which does not fully recapitulate the features of the carbenimine 10s loop model
[50]. Whether this discrepancy reflects inaccuracies in the model or is the result of
different crystal forms remains to be seen.
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Figure 6.11 Nonpeptidomimetic acylguanidine BACE inhibitor (PDB entry 2QU2 [73]).
(See color insert.)

6.4.9 The Dihydroaminoquinazolines

A third class of nonpeptidomimetic BACE inhibitor has recently been disclosed that
exemplifies yet another novel, induced fit binding mode: the dihydroaminoquinazo-
lines. This chemotype utilizes a charged amino group as the primary warhead to
engage the catalytic aspartic acids as seen in the acylguanidines, but in this series,
the NH, group is fused to a novel dihydroquinazoline scaffold [36] (Fig. 6.12). This
series was discovered as part of a traditional inhibitor screen by J&J, with subsequent
X-ray crystallographic analysis conducted in collaboration with Astex Therapeutics
[36]. The quinazoline 2-amino group engages the cataylic aspartates, while the N1
atom is well positioned to accept a hydrogen bond from the outer side chain oxygen
atom of Asp32, contradicting the computational result, which suggested that the
monoprotonated form of the BACE catalytic aspartates prefers to place the proton
on the inner oxygen of Asp228 [75]. It is not clear if this result is due to perturbed
electrostatics in the active site as a result of ligand binding, or due to the fact that
the aminoheterocycle TSI does not recapitulate the features of the tetrahedral transi-
tion state of the intermediate formed during proteolysis. As in the acylguanidines,
the flap residues of BACE adopt an open structure, and the side chain of Tyr71
adopts yet a third rotamer conformation, now oriented outward with the side chain
hydroxyl directed toward the S1” pocket, but failing to form a productive hydrogen
bond with either inhibitor or protein atoms. The quinazoline 6 position bears an aryl
substituent, which fills the void left by Tyr71, making what appear to be predomi-
nantly hydrophobic interactions with the flap. The S1 pocket is filled by a cyclohexyl
moiety, consistent with the broad specificity in this region for large aromatic or
branched alkyl groups. The original lead compound exhibited reasonable potency
(0.9uM Ki), presumably from the extensive network of hydrogen bonds, as well as
from the hydrophobic interactions conferred by the quinazoline and 6-aryl groups.
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A

Figure 6.12 Nonpeptidomimetic dihydroquinazoline BACE inhibitor (PDB entry 2Q11
[36]). (See color insert.)

It is not clear whether this scaffold will allow for a better balance of central nervous
system (CNS) properties and enzyme potency.

6.5 COMPUTATIONAL APPROACHES

The advantages of using computational methods include their high-throughput
nature, the ability to work with large amounts of virtual structures and virtual testing
of hypotheses before carrying out experiments in the lab, thereby reducing both
design cycle times and costs in drug discovery. Computational methods continue to
play a critical role in drug discovery research, and this is certainly the case in the
discovery and development of novel BACE inhibitors.

6.5.1 Protein Flexibility

As discussed earlier, several BACE crystal structures solved to date provide infor-
mation on the flexibility of BACE. Both the flap and 10s loop are present in both
open/closed and up/down conformational states, respectively, depending on the
ligands that bind to the enzyme. As is expected for a protein of flexible nature, there
is significant variation in the location of crystallographic waters among various
crystal structures. Furthermore, the flap and 10s loop can change up to 10 A in ori-
entation. Three molecular dynamic studies with BACE have been reported thus far.
Gorfe and Caflisch [76] ran molecular dynamic simulations of BACE in explicit
water bath for a long simulation time (0.3 ts). During this simulation they noted
motions of the flap as well as orientations of two conserved water molecules — one
that interacts with Ser35 and Asp32 that is hypothesized to be involved in proton
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transfer and a second one that is located between Tyr71, the flap and the catalytic
residues. In a shorter simulation study (1200 ps), Park and Lee [77] found that the
hydrogen bonding interactions between inhibitor OM99-2 and Asp228 can only exist
when Asp32 is protonated and Asp228 is negatively charged. Xiong et al. [78] ran
simulations in explicit water (1.2—4.5ns) using unliganded BACE and observed that
motions corresponded to low-frequency and large-amplitude fluctuations of the
enzyme.

6.5.2 Binding Affinity Predictions

One of the most challenging and difficult problems in computational chemistry is
the accurate computation of absolute free energies of binding. Current computational
methods use several approximations to model the underlying physics of protein—
ligand interactions to varying degrees of accuracy and speed. Absolute and relative
ligand-binding free energies are best computed using rigorous statistical mechanics
methods. These include the free-energy perturbation (FEP) and thermodynamic
integration (TI) in conjunction with molecular dynamics (MD) or Monte Carlo (MC)
simulations using a thermodynamic cycle. The computational demand of adequately
sampling the intermediate states of the ligand along the pathway makes the absolute
calculations very expensive and sometimes difficult to converge. The linear interac-
tion energy (LIE) approximation is a way of combining molecular mechanics cal-
culations with experimental data to build a model scoring function for evaluation of
protein—ligand binding energies. In contrast to FEP, where a large number of inter-
mediate windows must be evaluated, the LIE method only requires simulations of
the two ending windows. Tounge and Reynolds [79] derived a LIE model for BACE.
Rajamani and Reynolds [80] reported an improved model using a slightly different
functional form of the computed interaction energies and predicted binding affinities
of a series of HE-based BACE inhibitors. This model was in good agreement with
experimental results and was used to study subsite specificity (P,-P,) and relative
inhibitor activities of a series of C-terminal analogs. Scoring functions are the most
widely used methods in evaluating protein—ligand interaction energies as they are
very fast and are easy to compute. But in terms of accuracy of predicting rank order-
ing of compounds (relative free energies of binding), scoring function performance
varies greatly from system to system. In a recent publication [81], Holloway et al.
examined several simple scoring methods for two series of substrate-based BACE
inhibitors to identify a docking/scoring protocol that could be used to design BACE
inhibitors. They observed that both PLP1 score and Merck molecular force field
(MMFF) interaction energy (E;,.,) performed as well or better than other methods
and recommended the use of MMFF E,, for rank ordering potential inhibitors in a
high-throughput mode prior to synthesis.

6.5.3 Selectivity Assessment

BACE selectivity is important since the target is localized in the brain where other
related aspartyl proteases such as cathepsin D (cat-D) and renin are also present.
Inhibitors of BACE that have poor selectivity against these enzymes are likely to
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cause undesirable side effects. Most of the selectivity design for BACE inhibitors
involves a structure-based approach, as crystal structures of both cat-D and renin
are also available. Through a systematic analysis of the several crystal structures
and binding sites, it has been noted that significant differences in both the length
and sequence of loop defining the S1°/S3’ subsites between BACE, renin, and cat-D
can be differentially utilized to engender selectivity toward BACE. BACE is primar-
ily hydrophilic whereas renin and cat-D are hydrophobic. In addition, there is a
specific residue Arg235 in BACE that is distinctly different in cat-D (Val233) and
renin (Ser222).

6.5.4 Brain Penetration Modeling

The human BBB consists of an intricate network of capillaries estimated to be
~600km in length and ~ 12m? in surface area [82, 83]. These capillaries are lined
with endothelial cells that are distinguished by a number of important features — (1)
paracellular transport is highly restricted, (2) active transport, both uptake and efflux,
is prevalent, (3) metabolizing enzymes are also prevalent, and (4) the efflux trans-
porters lining the BBB recognize a wide variety of substrates. In combination, these
present a formidable and complex biological barrier to both large and small molecule
entry into the brain. Computational models for predicting brain penetration can be
divided into three categories [84—86]: (1) “rules-of-thumb” based on favorable
physicochemical property space; (2) classification models that categorize com-
pounds into CNS-penetrant or CNS-non-penetrant; and (3) continuous models that
predict the extent of BBB permeability over a range of values. The benefits of pre-
dictive models include their high-throughput nature and the ability to work with
virtual structures. The limitations include the amount of in vivo data that is typically
available to generate hypotheses and construct models. Therefore, extensive use of
in vitro permeability data is necessary to derive large data sets for computational
modeling. However, in many cases, these large in vitro data sets are not entirely
predictive of in vivo permeability [87]. In designing potent BACE inhibitors, optimal
placement of hydrogen bond donors and acceptors are generally required for tight
binding to the active site of the aspartyl protease. In addition, there appears to be a
general requirement to span at least three to four subsites for effective inhibition.
BACE inhibitors often possess a combination of high molecular weight, large polar
surface area (PSA), and several freely rotatable bonds, relative to well-established
CNS drugs that act on other target classes such as G protein-coupled receptors
(GPCRs) and ion channels. This creates significant challenges in developing CNS-
active BACE inhibitors due to the BBB, specifically P-gp susceptibility (vide supra).
Several reports in the literature have implicitly either utilized either “rules of thumb”
or in-silico BBB model to take into account the design principles necessary to effec-
tively develop a CNS-active BACE inhibitor [88]. However, explicit use of in-silico
BBB model to effectively design BACE inhibitors has not yet been heavily reported
in the literature perhaps because this remains to be a hot area of research. Rishton
et al. have recently taken a set of BACE inhibitors from literature and computed
logBB using the ACD/Labs BBB permeability model [89]. All logBB values were
<0, indicating that these inhibitors will not be CNS permeable. The ACD/Labs BBB
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model was developed from a training set gathered from examining literature data.
This model is a linear QSAR model that contains a hydrophobicity term (logP) and
a PSA term. Other parameters such as molecular weight, rotatable bonds, and pKa
were not strong predictors of the training set logBB.

6.5.5 Protonation States and Impact on
Structure-Based Virtual Screening

There are several possible conformational states of the catalytic residues, Asp32
and Asp228, resulting in at least eight different hydrogen bonding patterns based
on four protonation states and three overall net charge (-2, —1, or 0). The two aspar-
tic acid residues exist in a variety of configurations from coplanar to conformations
that are orthogonal to each other in a variety of reported X-ray crystal structures.
Based on a full linear-scaling quantum mechanical study, Rajamani and Reynolds
[75] have suggested that in the presence of a ligand, a monoprotonated state is pre-
ferred where the inner oxygen of Asp228 is protonated. A more recent study by Yu
et al. [90] suggests that the inner oxygen of Asp32 is protonated in the presence of
a ligand. It appears that the absence of a correction for solubility is the reason for
the different conclusions drawn by these two studies. The protonated state of Asp32
is in alignment with an experimental work performed on HIV-1 protease and a
molecular dynamics study of BACE [77]). It is important that the protonation states
of the active site residues are accurately represented during lead identification as
demonstrated by Polgar and Keserue [91]. This can have a significant effect on the
retrieval of actives in a virtual screening study. In a comparative study with OM99-2
crystal structure and docking with FlexX and FlexX-Pharm (BioSolvelT GmbH,
Sankt Augustin, Germany) and scoring using Dock, Gold, Chem, PMF, and FlexX,
they observed that the enrichment factor can vary anywhere from 0 to 36 depending
on the protonation state of the aspartic acids. Adding pharmacophoric constraints to
docking, as one would expect, further increased the enrichment factor to 41. It was
noted that Dock and Gold performed better than other scoring functions as they
explicitly use polar interaction terms. The choice of the crystal structure and/or the
conformational state of the protein used to dock ligands will also have a significant
effect on the virtual screening results. Cross-docking studies with ligands on differ-
ent conformational protein states have given varying results depending on the nature
of the docking protocol — rigid versus induced fit.

6.5.6 Ligand-Based Virtual Screening

A 3D pharmacophore model has sometimes been used in combination with a struc-
ture-based virtual screening approach either as a pre-filtering or a post-processing
tool to reduce the massive amount of culling or selection work that needs to be
performed in identifying virtual hit-lists. The FlexX-Pharm pharmacophore con-
straints used in the study by Polgar and Keserue [92] (vide supra) were retrieved
from a Vertex patent [93] in which a congeneric series of BACE inhibitors were
presented. The Vertex pharmacophore is a seven-point pharmacophore that contains
four hydrophobic features and three hydrogen-bonding features. Specifically, a
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hydrogen bonding feature that interacts with one or both catalytic aspartic acids, two
hydrogen bond donors with G34 and/or G230, hydrophobic groups in flap/S1 pocket,
S2, and/or S2’ sites, and stacking interactions with Trp71, Phe108, and/or Trp76. In
another approach [94], a set of most active and selective compounds for each class
of BACE inhibitors was selected and subjected to an ensemble molecular docking
process into five BACE X-ray structures. The superimposition of the calculated
bioactive conformations of these inhibitors was then used to generate a common
feature pharmacophore. The differences found between this pharmacophore and the
Vertex pharmacophore model can be assigned to the different compounds used in
the model generation. The Vertex pharmacophore was derived from a congeneric
series based on a piperazine scaffold that was thought to stabilize the flap in an open
conformation. Consequently, in that pharmacophoric model, an additional hydro-
phobic point is involved in the interactions with the flap pocket (Trp76, Phel08,
Phel09, Trpl15, and Ile102). In the Limongelli model, with the flap in a closed
conformation, this hydrophobic pocket is no longer present [94]. In this nine-point
pharmacophore model, five points are essential features for ligand recognition, and
the remaining four points are accessory points of interaction.

6.5.7 Fragment-Based Virtual Screening

Screening campaigns against novel protein families are often disappointing due to
the lack of quality chemical leads possessing overall characteristics of a compound
class that make them an attractive starting point for lead optimization. This is par-
ticularly the case with BACE where not only does one have to identify potent
compounds that bind and inhibit a large binding site but the compounds have to
provide avenues for developing brain-penetrant molecules. Large molecule hits are
often difficult to optimize for affinity and pharmacological properties without further
increasing the molecular weight to a point that is unfavorable for pharmacological
properties. Fragment-hits, on the other hand, provide good ligand-efficient starting
points, exhibit a higher probability of making sufficient interactions with proteins
through better complementarity of shapes and electrostatic properties, further
increasing the likelihood of finding chemical leads and improving the value of
fragment screens. Based on Astex Therapeutics Library of Available Substances
(ATLAS), Murray and colleagues, using a proprietary version of the GOLD docking
algorithm and a scoring protocol using GoldScore & ChemScore identified frag-
ment-hits that were later optimized to increase potency using fragment-bound BACE
crystal structure. Please refer to Chapter 5 for more details on this topic and other
successful fragment-based virtual screening campaigns.

6.5.8 Combination Virtual Screening Approaches

In virtual screening (VS) approaches, due to the approximations used in the methods
and the inherent orthogonal nature/bias of each VS methodology, there are severe
shortcomings in both rank ordering the individual virtual screening hit-lists and/or
combining hit-lists that arrive from different VS methods. It is now well-known that
nearest neighbor relationships will not be preserved in different chemistry spaces
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[95]. This leads to different chemistry-space representations, leading to different
distributions of compounds that will significantly violate the similarity principle.
Several researchers in the field have, hence, developed and applied a variety of novel
computational tools to mitigate some of these representation-dependent and similar-
ity-biased views of chemistry space [96-99]. Data-fusion approaches are used to
provide the highest enrichment factor in a given system [100]. Successful data fusion
approaches could reduce the uncertainty involved in selecting the appropriate VS
method. The rationale behind this is to perform better than the worst individual VS
method in the chosen subset of methods. Similarly, one can combine several diverse
and alike VS approaches in selecting the final list. These types of data-aggregation
approaches could potentially result in a merged result that is superior to any of the
individual input method results and thus is able to extract useful information from
all input lists, including inferior methods [98, 101]. In BACE, although we can be
quite sure that a variety of combination approaches have been attempted within the
research community, the challenges in developing efficacious BACE inhibitors have
perhaps obviated any public announcement of successful VS campaigns. In a
sequential VS workflow reported recently [102], a large database of compounds was
screened for potential inhibitors of BACE using a sequential workflow approach that
contained a substructural searching (2D Unity pharmacophore using a hydroxyl
functionality and a benzene ring), structure-based coarse docking using HTVS-Glide
(High-Throughput Virtual Screen setup) against four BACE crystal structures to
approximate protein flexibility, refined Standard Precision-Glide docking and
molecular mechanics Poisson-Boltzmann surface area (MM/PBSA) binding free-
energy calculation to score the top hits, and finally a partial interaction energy
analysis using a computational alanine scanning study to further cull down the VS
hit-lists. By using this VS workflow, the authors reported identifying five compounds
as VS hits (two of which were known BACE inhibitors) from a database of 3.5
million compounds.

6.6 FINAL REMARKS

The prevalence of AD in modern society presents a health-care challenge of enor-
mous magnitude. According to the Alzheimer’s Association, over 5 million
Americans suffer from this debilitating disorder, with nearly 10 million more
expected to develop AD over the coming decades [103]. Since its identification
as one of the primary enzymes involved in the formation of beta amyloid, BACE
has been the subject of an intense drug discovery effort by many different groups.
An enormous amount of work over the last decade resulted in the rapid identi-
fication, cloning, expression, and structural characterization of BACE. Despite
the breadth of technologies brought to bear on this enzyme, BACE remains a par-
ticularly difficult drug target. Brain penetration and P-gp efflux continue to be critical
issues for most of the BACE inhibitors that have been disclosed in the literature,
especially the peptidomimetic inhibitors. Safety and selectivity risks will continue
to be major concerns, owing to the existence of important, closely related aspartyl
proteases. The relatively recent evolution of more chemically tractable nonpeptido-
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mimetic inhibitors suggests that the pharmaceutical industry is moving beyond
substrate mimetics into more novel modes of enzyme inhibition. This shift in inhibi-
tor design, combined with the wealth of enzymological, structural, and computa-
tional data offers hope that a safe, efficacious BACE inhibitor may soon be
forthcoming.
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7.1 INTRODUCTION

Postmortem studies of the brains of patients with Alzheimer’s disease (AD) dem-
onstrate a progressive accumulation of senile plaques and neurofibrillary tangles,
and a significant loss of synapses and neurons [1, 2]. Convincing evidence suggests
that there is a strong mechanistic link between the accumulation of a protein found
in senile plaques, beta-amyloid (AP), and altered processing of its precursor protein,
amyloid precursor protein (APP) in AD [3]. AP protein is produced from the larger
APP molecule through B- and y-secretase cleavage, two sequential enzymatic activi-
ties. APP is an integral membrane protein containing a single transmembrane domain
and first undergoes cleavage by -secretase APP-cleaving enzyme 1 (BACE is also
known as BACEI — the isoform that is predominately localized in the brain), result-
ing in production of an N-terminal secreted fragment of APP and a membrane
anchored C-terminal fragment (C99) [4]. The C99 fragment is cleaved by y-secretase
within a small but variable region of its transmembrane domain, resulting in the
production of AP peptides of varying lengths. The majority of AP species produced
is 40 amino acids long (AB,), but a small proportion (<10%) is slightly longer (AB.,)
[5]. The minor A,, species is extremely amyloidogenic, and accumulation of aggre-
gated APy, results in the formation of senile plaques [6]. In familial forms of AD,
mutations in APP favor production of the longest forms of the protein, enhancing
the production of aggregation-prone and neurotoxic Af,, peptides. APP can also be
alternatively processed through the non-amyloidogenic a-secretase pathway, result-
ing in a shorter P3 peptide fragment and a longer form of the secreted peptide
(sAPPo) [5].
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The steady accumulation of A,, peptide fosters the assembly of AP into
progressively higher-order structures, from dimers all the way up to the insoluble
plaques that accumulate in the brain. Soluble assembled forms of the peptide are
also directly toxic, and as the amount of A} increases, neurons start to suffer delete-
rious consequences. Affected neurons develop neurofibrillary tangles composed of
the cytoskeletal protein tau, ultimately leading to widespread neuronal dysfunction
and loss [7]. It is the loss of neurons that causes the severe memory deficit that
eventually leads to the inability of patients to sustain normal daily cognitive function.
Thus, a steady accumulation of AP levels results in downstream pathological events
in the brain and researchers have developed the amyloid cascade hypothesis, which
posits that AP is an initial causative factor in the development of AD [6].

Although the range of data supporting the amyloid cascade hypothesis is
compelling, the strongest evidence for the amyloid cascade is genetic. Autosomal
dominant mutations that cause familial AD are predominantly within two proteins:
APP, the substrate from which AP originates, and in presenilins, part of the y-
secretase enzyme complex in the pathway that produces AB. Many familial muta-
tions have now been identified (an up to date list is maintained at http:/
www.alzforum.org/res/com/mut/). Mutations in the presenilins lead to a shift in the
production of AP toward the long, more amyloidogenic forms, generally seen as an
increase in the ratio of AP, :AP,e; although there is some debate on the issue. This
phenomenon is usually thought to reflect a loss rather than a gain of function [8, 9].
Disease causing mutations in APP are clustered either within the A region or in
close proximity to the - or y-secretase cleavage sites (outlined in Chapter 1).

Given the well-defined enzymatic pathways that have been identified in human
AD, both y-secretase and B-secretase have been targeted for lowering AP production
in vivo. Early efforts to target y-secretase were successful with the development of
extremely potent, selective, blood—brain permeable compounds. Unfortunately,
extended preclinical dosing studies with y-secretase inhibitors demonstrated these
compounds had adverse effects in mouse models and were unsuitable for clinical
use. Although these compounds displayed excellent AP} lowering ability, it became
clear that y-secretase enzyme is an important but promiscuous enzyme that cleaves
multiple substrates. In addition to blocking AP production, the inhibition of -
secretase also inhibited the production of other key molecules, such as Notch, an
important regulatory component of the immune system function, leading to signifi-
cant adverse side effects [10-12].

BACEI is also considered to be a very promising target for the lowering of
AR, as this enzyme activity is also an essential step in the generation of the poten-
tially neurotoxic A, peptides in AD. In preclinical studies of BACEI inhibitors,
transgenic mouse models of AD demonstrated brain AP lowering after inhibition
of the enzyme. The development of a robust, potent, and active BACE]1 inhibitor
in vivo has been quite difficult because of the open catalytic structure of this enzyme,
coupled with the presence of numerous charged residues. BACEI is an aspartic
protease with a wide catalytic cleft, similar to HIV protease and renin [13], requiring
multiple binding sites in order to achieve adequate affinities. As a consequence,
inhibitors of these enzymes tend to be quite large in size [14]. Small molecules are
typically favored in blood—brain barrier permeability; however, the development of
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potent BACEI inhibitors that can cross the blood—brain barrier with acceptable
pharmacokinetic properties has proven to be challenging.

Since the structure of aspartic protease inhibitors predisposes them to undergo
rapid metabolism, resulting to poor systemic exposure, the early development of
BACEI inhibitors that were active in vivo was problematic. Additionally, the struc-
tural requirements for inhibitors that bind and inhibit aspartic proteases typically
impart strong susceptibility to p-glycoprotein transporters associated with the blood—
brain barrier, additionally reducing the concentrations of compounds such as BACEI
inhibitors in vivo. To overcome these challenges, much of the early work on BACEI
inhibitors in vivo used intracranial administration of compounds [15-17], or peri-
pheral administration of very high doses of compound in mouse models of AD
[18-21], but it became evident that the use of these compounds would be difficult
to translate beyond the initial preclinical evaluation for these reasons. The lack
of potent inhibitors also possessing acceptable pharmacokinetics and brain penetra-
tion properties has prevented the further validation of BACEI inhibitors in other
animals such as canines and nonhuman primates, which naturally develop similar
types of human cognitive decline and neuropathology. In contrast, recent BACEI
inhibitors that have been used in vivo utilize non-hydroxyethylamine and tertiary
carbinamine backbones similar to that of HIV protease inhibitors [21-25]. These
compounds have shown promise in overcoming many of the previous problems and
display generally good passive membrane permeability and limited p-glycoprotein
susceptibility.

7.2 BACE1 AND MOUSE MODELS OF AD

Transgenic mouse models of AD have been critically important in developing
BACEI inhibitors. Indeed, it was research using mouse model systems that led to
the discovery that BACEI may be considered to be one of the most promising
enzymatic targets for slowing AD. Much of the early momentum for the develop-
ment of BACEI inhibitors came from observations that few phenotypic abnormali-
ties have been identified in BACE1 knockout mice (Bacel™) [26, 27], and these
lines also have very low AP levels in brain tissue, a lack of amyloid plaques, and
increased o-secretase processing of APP [28-30].

To address the role of BACE1 in AD, Bacel™ mice have been crossed with
transgenic mouse models that recapitulate the key features of human AD pathology.
Over the past decade, a large number of transgenic mouse models that develop
amyloid plaque pathology have been developed, typically by overexpressing human
APP containing mutations associated with early onset AD [31]. Commonly used
lines include PDAPP mice, containing a minigene construct encoding APPV717F[32],
the Tg 2576 mouse model, expressing a human APP cDNA transgene with the
K670M/N671NL double mutation (APPswe) [33], and mouse crosses of mutant APP
mice with mice expressing mutant presenilin transgenes (APP/PS1) [34-36] (Fig.
7.1). The pathology of the vast majority of APP mice includes diffuse amyloid
deposits and dense cored amyloid plaques resembling the senile plaques in AD; the
cored plaques in transgenic mice are typically surrounded by dystrophic neurites
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3 months 12 months 24 months

Figure 7.1 Neuropathology in a transgenic mouse with age. Cortical and hippocampal
immunostaining for AP, in the APP/PS1 transgenic mouse shows that at 3 months of age,
AP can be seen within neurons in the hippocampus (arrow) although no plaques are
present. As animals age (12 months and 24 months), the extent of A increases
dramatically with plaques becoming more compact with time (arrow). Brain tissue kindly
provided by Dr. Karen Duff (Columbia University Medical Center, NY, NY). (See color
insert.)

associated with increased amyloid deposits. However, it should be emphasized that
despite the robust amyloid accumulation observed in these mouse models, they do
not fully recapitulate the AD phenotype; none of these models develop widespread
neuronal loss or the intracellular neuronal tangles found in AD [37-39].

Using transgenic mouse models, BACE1 was unequivocally shown to be
essential for amyloid formation on the AD phenotype, and this enzyme was shown
to be the primary B-secretase that is responsible for AR generation in the brain. In
one experiment, Tg2576 were crossed with Bacel™ line. In comparison with
Bacel"Tg2576 or Bacel**Tg2576 mice, bigenic Bacel”~Tg2576 lacked brain
AP, APPsf, and C99 fragments, and failed to develop amyloid plaques [29]. Similar
findings were reported in another APP overexpressing BACE1-deficient mouse line
[40]. Manipulation of BACE1 has also been used to test the impact of AP expression
on memory function. Although reports varied by the degree of impairment, the
Tg2576 and APP/PS1 crosses develop robust memory defects. In studies of young,
pre-plaque Tg2576 mice with high levels of soluble AP, they were shown to have
significant memory dysfunction compared with their wild-type counterparts. When
the Tg2576 line was crossed with Bacel™", memory deficits failed to develop in the
Bacel™Tg2576 bigenic line [30]. Similarly, ablation of BACE1 in APP/PS1 rescues
both the aggressive AP} accumulation and AB-associated memory deficits normally
observed in these animals [40-43]. These results showed that the accumulation of
AP peptides was responsible, at least in part, for age-associated cognitive impair-
ments that develop in these transgenic mouse lines.
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While the loss of BACEI does not appear to have gross phenotypic effects,
the loss of this enzymatic activity is not inconsequential. Although the initial reports
of Bacel™™ mice showed these animals to be relatively normal [26, 27], follow-up
reports of Bacel™ lines have demonstrated enhanced early lethality [44], increased
evidence of cognitive deficits [40], and effects upon early developmental processes
[45, 46]. Recent studies have identified neuregulin-1 and the sodium channel [3-
subunit as BACEI substrates, implicating this enzyme in myelination and neuronal
activity, two pathways that are implicated in cognitive function. BACE] is required
for specific hippocampal memory processes, and complete Bacel suppression results
in mechanism-based toxicities [30, 40, 42], and these Bacel™ animals also exhibit
hyperactivity and enhanced locomotion [40, 44]. The studies suggest that complete
inhibition of BACEI is likely to be therapeutically undesirable, but a further under-
standing of partial BACEI inactivation is critically important. From a clinical view-
point, partial suppression of BACEI is likely to have little effect on normal learning
or memory processes, but may be sufficient to target AB-associated pathology and
cognitive deficits.

Although the methods of administration vary widely, pharmacological studies
of BACEI inhibitors in mouse models of AD have shown potent effects on the
production of AP. The majority of previously reported BACEI inhibitors have used
peptidomimetic compounds, notably peptidic transition-state isosteres and derivative
compounds. The compounds efficiently inhibit BACE, when injected by direct
cranial administration [15—-17], parenteral dosing [18-21], or orally in combination
with p-glycoprotein inhibitors [18-21]. Although these compounds can lower AP
production, their inability to efficiently cross the blood—brain barrier has been prob-
lematic for clinical translation. More recent reports have introduced peripherally
administered compounds that can penetrate the blood-brain barrier with greater
efficiency. These early preclinical successes have strengthened the support for the
eventual use of BACEI inhibitors in human clinical trials.

The relatively low cost of transgenic mice has led to the widespread adoption
of these animals for AD preclinical studies. While the use of these mouse models
has proven to be convenient for basic pharmacokinetic studies, and has imparted
significant scientific knowledge concerning AD pathology, the differences in bio-
chemistry of rodent models to those of human patients has made it difficult to predict
the effectiveness of these therapies when they are extended into human clinical trials
[47]. As we will discuss in the next section, although the canine model of aging has
not been widely employed for AD preclinical trials, the extensive cognitive reper-
toire of these animals, exquisite sensitivity to age-related impairments, and a unique
biochemistry with age-related degeneration that is surprisingly similar to human
patients suggests that the use of dog models is strongly appropriate for advanced
preclinical evaluation of BACEI inhibitors.

7.3 TESTING BACE INHIBITORS IN THE CANINE
MODEL OF HUMAN AGING AND AD

Despite successful modeling of numerous aspects of aging and AD, no single animal
model has fully replicated all aspects of human aging and AD. Thus, it is necessary



(*319SUT J0[0D 9S)

‘[26 L1]1 paywrT Io1A9s[q woly uolssturdd yIm pagrpour 1o paonpoidal pue ueaw 9y JO SIOLD PIepue)s Juasaidar sieq JOLd pue ‘sueaw juasardar (q)
pue (e) ur sieq "(speaymoure) ¢y Jo 291) 9q AW [9SSOA WES dY) JO SUOIFAI IAYIO SLAIYM (SMOLIR — Fulurejsounwul 7 'gy — umolq) gy aje[nunooe
OS[e S[asSAA PO0[q JO s1asqns ‘sanberd asnyjip ur ¢y 01 uonippe uf *(9) "(39[OIA [ASAIO YIIM PAUILRISIdIUNOD) UTRIq duIuRd page ay) ul (Sururejsounurwt
9lgy — umoiq) ¢y asnyJIp jo spnopd £q papunodins 9q Aew (moie) suonau joejul 1ey) suimoys ydeiojoyd uoneoyiusew 1oysy v *(p) s194e|
[€O11102 [[B SSOIO® 2JB[NWUNOJL UBD PUB S0P Pase Jo x91100 [ejuodjald oyl ur Ansruaydolsiyjounuiwl pue 2igy jsurede sarpoqnue uisn paAIdsSqo

9q ued A3ojoyredonau ¢y JueoyIudis “(9) “(s1eak /—9) o8 o[pprw ul readde 151y syogop pue sSop ul Juapuadop-o3e st yse) Alowaw [eneds e Jo
uonismboy *(q) Yse1 ays Jo 1doouod oY) ures] s3op Funok searoym A[[enprarpur wo[qold JAISSa0NS OB 9A[0S STop pagde Jey) 1s933ns worqoid Arppo
[OBJ JOJ SAI00S JOLID Ul S9SBAIOUT dAISSaIZ01d ‘uonippe uf ‘sfewiue 3unok 03 9A1e[1 SuIpuodsal JO S[OAJ] UOLIAILID SUIYOBAT UM SIOLIQ QIOW JIUWOD
s3op pade ‘woqord uoneuIWLIOSIP AJIPPo oY) se) Surured] xo[dwod e uQ () ‘se[Seaq ur Jurde [o130[01qOINAU PUB JANIUT0D JO SAINELd,] 7'/ AINTI

ol .
e WK
(s1eah) dnoub aby 3sel
LL—0L 6-8 /9 v—€ 2} |> 7-AIppPO €-AUpPO 2-AuppPO L-AlPPO
r0 .O
02
rog £ =
2 oy 8
.oo_lu_w L 09 m
= S
rOSH ¢ ro8 ¢
g 00l g
10022, 2
o) - r02L
r0G2 2 sbop plo= S
> sBop Bunox mm|[ OV} >
00<(9) 09! (®)

164



CHAPTER 7 PHARMACOLOGICAL MODELS FOR PRECLINICAL TESTING 165

to continue to develop additional models, to take advantage of unique aspects of
each model, and to combine information from convergent studies. Aging research
with canines suggests that this model complements existing models but with distinc-
tive characteristics that support unique research opportunities. Indeed, testing BACE
inhibitors in the canine model may provide strong support for specific formulations
that can be taken to human clinical trials as dogs capture many of the key features
of AD, including cognitive decline and neuropathology.

7.3.1 Cogpnitive Decline in Aging in Canines

Canines are highly trainable animals that are capable of mastering complex learning
tasks, making them an excellent model for studying the effects of aging on learning
and memory. Age-dependent cognitive deficits in canines can be observed on many
different measures of learning and memory. Deficits in complex learning tasks such
as size concept learning [48, 49], oddity discrimination learning [50, 51] (Fig. 7.2a),
size discrimination learning [52, 53], and spatial learning [54] with age in dogs has
been demonstrated. Tasks sensitive to prefrontal cortex function, including reversal
learning and visuospatial working memory, also deteriorate with age [52, 53, 55].
Furthermore, egocentric spatial learning and reversal, measuring the ability of
animals to select a correct object based on their own body orientation, is age-sensi-
tive [54]. In canines, a measure of spatial attention that was originally developed in
nonhuman primates was also vulnerable to aging [56, 57]. Interestingly, on simple
learning tasks and procedural learning measures, aged dogs performed equally as
well as younger animals [58], suggesting that a subset of cognitive functions remains
intact with age as it does in aging humans.

Memory also declines with age in dogs both for information about objects
and location in space (spatial) [S8—60]. The spatial memory task, in particular, will
be useful for preclinical studies of BACE inhibitors as it can be used repeatedly
with minimal practice effects in longitudinal studies to determine if memory
improvements can occur in response to treatment [61]. Furthermore, studies of
the time course of the development of cognitive decline demonstrate that deteriora-
tion in spatial ability occurs early in the aging process in canines, between 6 and 7
years of age [55] (Fig. 7.2b), and provides researchers with guidelines for ages at
which to start a treatment study. For example, using BACE inhibitors to prevent
cognitive decline might be best implemented when animals are younger than 6 years.
Studies that are intended to test the hypothesis that BACE inhibitors can be used
as treatments for AD might be best administered in animals that are over 8 years
of age.

Another key feature of canines that is similar to that observed in humans is
that cognitive dysfunction is not an inevitable consequence of aging in humans [62];
recent research has focused on the distinction between those who retain function
and those who show decline such as mild cognitive impairment (MCI) [63, 64].
Using a battery of cognitive tests, aged canines are clearly separable into three
groups, categorized as (1) successful agers, (2) impaired canines, whose scores fell
two standard deviations above the mean of the young animals, and (3) severely
impaired canines, who failed to learn [65]. This clustering of aged canines on the
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basis of cognitive ability is consistent with cognitive aging in rats, nonhuman pri-
mates [66—70], and humans [71]. In terms of the pattern and severity of cognitive
decline, the canine may parallel normal aging, MCI, and potentially mild AD in
humans, which will be very useful for preclinical studies of BACE inhibition.

7.3.2 AP and Aging in Canines

Aged canines are an excellent model for testing therapeutics that target A} as aging
dogs naturally accumulate AP without requiring the overexpression of mutant human
genes. Extracellular deposits of human-type AB [72, 73] develop during the aging
process. Both BACEI and canine B-APP are virtually identical to human APP
(~98% homology), as established from the sequence published online for the canine
genome (http://www.ensembl.org/Canis_familiaris/). The typical levels of canine
AP that can be detected in the brain biochemically, are similar to reports in human
brain [61]. Most of the AP deposits in the canine brain are of the diffuse subtype at
the immunohistochemical level (Fig. 7.2c,d), but are fibrillar at the ultrastructural
level and at an advanced stage, modeling early plaque formation in humans [74-76].
Similar to human AD, intracellular A is also detectible with immunohistochemistry
[77].

Paralleling the aged human brain, specific brain regions show differential
vulnerabilities to AP [73, 78-85]. When A plaques are characterized in different
areas of the brain, each region shows a different age of onset [81]. Initial AP deposits
occur in a 3- to 4-year time window that starts between the ages of 8 and 9 years in
canines, suggesting that longitudinal studies for evaluating interventions to slow or
halt AP are feasible. Thus, as with information gained from cognitive testing pro-
cedures, it is possible to target BACE inhibition either using preventative approaches
(i.e., before dogs are 8§ years of age) or treatment approaches (dogs over 9 years of
age) to test for reductions in AP.

Age and cognitive status can predict AP pathology in discrete brain structures
in canines. For example, canines with prefrontal cortex-dependent reversal learning
deficits show significantly higher amounts of AP in this brain region [52]. On the
other hand, canines deficient on a size discrimination learning task, thought to be
sensitive to temporal lobe function, show large amounts of AP} deposition in the
entorhinal cortex [52]. Thus, cognitive decline in aged canines is associated with
the accumulation of AP, similar to observations in human patients with AD [52,
86-93]. Thus, if BACE inhibition leads to decreases in AP deposition, cognitive
outcomes might also be expected to improve if these two events are linked.

A common type of amyloidogenic pathology observed in both normal human
brain aging and particularly in AD is the accumulation of cerebrovascular amyloid
angiopathy (CAA) [94-96]. CAA may compromise the blood—brain barrier, impair
vascular function (constriction and dilation) [97], and cause microhemorrhages [98].
Vascular and perivascular abnormalities and cerebrovascular AB pathology are fre-
quently found in aged dogs [82, 99-105] (Fig. 7.2e). Vascular AP is primarily the
shorter 1-40 species, which is identical in dogs and humans [106]. Overall, canines
are thought to be a good natural model for examining CAA and treatments for CAA
[107]. Thus, if BACE inhibitors are hypothesized to reduce AP, then the dog model
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might be very useful to determine whether the cerebrovasculature might also benefit
from reduced pathology.

In summary, aged dogs may be a very useful preclinical testing system in
which to determine if BACE inhibitors may be efficacious and safe for use in human
clinical trials. Due to similarities between the dog and humans in terms of respon-
siveness and in drug handling and metabolism, the dog can be considered to be a
useful model for chronic BACE treatment in humans. Indeed, dogs are unique in
that they were used to establish efficacy and safety in the majority of several drugs
commonly used in humans. For example, most statins currently on the market were
developed in canines and have been used in chronic studies of over 2 years in length
at doses relevant for humans [108, 109]. There is sufficient model development
currently such that appropriately aged animals can be selected to measure outcomes
on cognitive function and AP neuropathology either in prevention or treatment
studies. Furthermore, longitudinal studies that can last many years, as is required in
human clinical trials, can also be completed successfully in aged dogs as they are a
long-lived species, and there are cognitive tasks that can be used repeatedly. Last,
there have been several treatment studies completed using the canine model system
and illustrate that it is possible to not only measure cognitive improvements [50, 57]
but also to detect maintenance of cognitive function [61, 110] as well as reductions
of AP [61] with the appropriate interventions.

7.4 BACE INHIBITORS AND NONHUMAN PRIMATES

Nonhuman primates are the closest to humans evolutionarily in brain organization
and possibly function, and as such are an essential animal model system for the
development of interventions to promote successful aging in humans. A variety of
monkeys, including chimpanzees and rhesus monkeys, progressively accumulate
amyloid and develop senile plaques, similar to that of aging humans [111-113].
However, subsequent studies now show that nonhuman primates accumulate the
shorter, less toxic species of APy, which contrasts with the deposition of the longer,
more toxic species AP, in humans and canines [114]. The latter AP type has been
implicated in familial and sporadic forms of AD [115]. Furthermore, several newly
identified compounds that reduce A selectively reduce AP, but not AP0, which
is important when considering testing potential clinical therapeutics in nonhuman
primates [116]. In humans, several studies show a link between the extent of AP
deposition and dementia severity in AD [117]. Although a similar association has
been observed in the canine model [118], there is a lack of evidence for a similar
link in nonhuman primates [119].

However, there are significant biochemical and genetic similarities between
humans and other primates, and thus there is a rationale for preclinical evaluation
of BACEI inhibitors in these animals, since the results of these studies may predict
treatment in human patients. Until recently, the poor pharmacokinetic properties and
lack of blood-brain barrier permeablity of BACEI inhibitors precluded testing in
primates. A new class of BACEI tertiary carbinamine inhibitors, developed from
previous isonicotinamide and isophthalate oxadiazole inhibitors, was recently
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reported as the first class of compounds capable of inhibiting BACE in higher animal
species. One compound from this class, called TC-1, was demonstrated to be a
selective and potent BACELI inhibitor, with good membrane permeability and a lack
of p-glycoprotein substrate. In rhesus monkey models, oral administration of TC-1,
when coupled with ritonavir, an inhibitor of the TC-1 metabolizing enzyme CYP3A4,
effectively lowered AP production in these animals [120]. Although this study rep-
resents the first publication of successful BACELI inhibition in higher mammals, this
area is under active investigation. A variety of new BACE inhibitors is likely to be
on the horizon with improvements in metabolic stability and brain penetration.

7.5 FINAL REMARKS

AD is a devastating neurodegenerative disorder that is characterized by the develop-
ment of extracellular senile plaques and intracellular neurofibrillary tangles in the
brain. Generation of the amyloid beta peptide (A), following proteolytic processing
of the APP by [-secretase and y-secretase, is thought to be central to the etiology
of AD, and inhibition of these enzymes has become a focus of drug development
efforts. In comparison to y-secretase inhibition, the loss of B-secretase, a rate-limit-
ing enzyme in the production of AP, appears to have few reported side effects
in vivo. Consequently, this protein has become an attractive drug target for the treat-
ment of AD, but the development of potent and selective B-secretase inhibitors with
good brain permeability has been a challenge. A critical next step in the development
of B-secretase inhibitors is testing in appropriate animal model systems. This chapter
reviews several in vivo animal models, both genetically manipulated and spontane-
ous, which are suitable for testing [3-secretase inhibitors in preclinical studies.

BACEI, also known as Asp2 and Memapsin2, is highly expressed in the
neurons of the brain and is responsible for the production of B-secretase cleavage
products sAPPP, CTFf, and AP; mice, canines, and nonhuman primates express
highly conserved orthologs of human BACEIL. The development of potent and
highly penetrant BACEI inhibitors has proven to be challenging in preclinical
testing with animal models because of the unusually large active site within the
enzyme. While a large variety of BACEI inhibitors have excellent activity in vitro,
in the past, they have typically displayed poor in vivo activity because of limited
membrane permeability and inhibition by p-glycoprotein transport. In order to over-
come some of these barriers, the administration of BACE]1 inhibitors can be coad-
ministered with selective metabolic inhibitors to enhance their availability and
uptake [120].

Based upon data in mouse and nonhuman primates, there are several potent
and selective families of BACEI inhibitors that may be able to effectively lower
CSF AP levels in human patients in clinical trials. The future preclinical develop-
ment of BACEI inhibitors in mouse, canines, and nonhuman primate models should
focus on maintaining the potency of these compounds while improving overall
metabolic stability and increasing properties of brain penetration. Although there are
multiple anti-amyloid therapies that have been tested in preclinical trials, including
v-secretase inhibitors and immunization strategies to eliminate accumulation of AP
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protein, there is a strong hope that small molecule BACE1 inhibitors will soon be
on the horizon for the treatment of human AD.
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ADSORPTION, DISTRIBUTION,
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Hertfordshire, United Kingdom

8.1 INTRODUCTION

Alzheimer’s disease (AD) is a devastating neurodegenerative disorder characterized
pathologically by the presence of extracellular senile plaques and intracellular neu-
rofibrillary tangles [1, 2]. Although currently marketed drugs for the treatment of
AD provide some symptomatic relief from the neurotransmission deficits observed
in these patients, they fail to halt disease progression. Consequently, there is a large
unmet clinical need for disease-modifying therapies.

The identification of BACE (B-site APP cleaving enzyme) as the elusive [3-
secretase, a key enzyme in the production of AP peptides, was a major advance in
the field of AD [3-6]. Due to the potential for disease modification, many pharma-
ceutical companies and academic institutions have been actively developing BACE
inhibitors for the treatment of AD. An ideal BACE inhibitor would exhibit selectivity
against other aspartic proteases, potently and effectively lower AP in preclinical
models, cross the blood-brain barrier, and exhibit a good pharmacokinetic (PK)
profile. The PK characteristics of a drug encompass its absorption, distribution,
metabolism, excretion (ADME) and its toxicological properties which are all critical
as they influence the drug levels achieved in target tissues and thereby influence the
pharmacological activity of compounds. Despite intense efforts, nearly a decade
since the discovery of BACE, only one BACE inhibitor has reportedly entered clini-
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Figure 8.1 Structure of Aliskiren.

cal trials. This exemplifies the challenges in the development of drug-like brain-
penetrant BACE inhibitors.

BACE is a transmembrane aspartic protease with a large open active site
containing numerous charged residues [7]. Prior to its discovery, only two other
aspartic proteases had been the focus of medicinal chemistry programs [8]: renin,
for the treatment of hypertension, and HIV protease, as part of the treatment of
AIDS. Only one renin inhibitor, Aliskiren (Novartis) [9] (Fig. 8.1), has been launched
so far, in 2008, despite over 900 patents published in this area. In the case of HIV
protease inhibitors, due to the life-threatening condition of the disease, nine inhibi-
tors have reached the market [10], but none of these are devoid of side effects and
ADME liabilities.

The ADME profile of marketed HIV protease inhibitors highlights the diffi-
culty of aspartic proteases as a target class and also clearly illustrates the challenges
researchers have faced in the development of drug-like BACE inhibitors. In general,
HIV protease inhibitors are lipophilic molecules of high molecular weight (Fig. 8.2;
Table 8.1). All of them, with the notable exception of Lopinavir (Abbott Laboratories),
are based on a transition-state mimetic scaffold and bear many functionalities,
leading to a high polar surface area (PSA) (Table 8.1). Poor aqueous solubility, low
membrane permeability, and rapid metabolism by liver cytochrome P450 (CYP)
enzymes (in most cases CYP3A4) all contribute to the low oral bioavailability of
these compounds. Most HIV protease inhibitors have also been shown to be sub-
strates for the drug transporter, P-glycoprotein (P-gp), which significantly impacts
their distribution in vivo [11].

Akin to the HIV protease inhibitor field, the majority of BACE inhibitors are
also based on a transition-state mimetic approach. Consequently, it is not totally
unexpected that the development of drug-like BACE inhibitors has been plagued by
similar ADME problems as those faced by HIV protease inhibitors. Coadministration
of a subtherapeutic dose of Ritonavir (Abbott Laboratories) has been adopted to
circumvent some of the ADME issues faced by HIV protease inhibitors. Ritonavir
improves the oral bioavailability and prolongs the half-life of HIV protease inhibi-
tors, primarily via inhibition of CYP3A4 [12]. This drug—drug interaction is benefi-
cial as it reduces both the dose and frequency of administration required to achieve
clinical efficacy. Such an approach to boost the ADME properties of BACE inhibi-
tors would be less attractive for the target AD population who is elderly and most
likely on polypharmacy. Since BACE is the first aspartic protease identified as a
central nervous system target for drug discovery and given the fact that Ap produc-
tion and deposition in AD occurs in the brain, BACE inhibitors need to effectively
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TABLE 8.1 Calculated Physiochemical Properties of HIV Protease Inhibitors

Drug MW HBA HBD PSA CMR ACD LogP
Ritonavir 721.03 6 4 145.78 20.118 2.3
Atazanavir 690.98 7 5 154.15 19.65 44
Saquinavir 670.94 6 5 166.75 19.046 5.1
Lopinavir 628.89 4 4 120 18.234 5.4
Indinavir 613.88 5 4 118.03 17.81 34
Tipranavir 602.73 5 1 105.6 15.496 6.9
Nelfinavir 567.86 4 4 101.9 16.328 7.3
Darunavir 547.73 6 3 140.42 14.346 32
Amprenavir 505.69 5 3 131.19 13.525 2.7

MW, molecular weight; HBA, hydrogen bond acceptors; HBD, hydrogen bond donors; PSA, polar surface area;
CMR, calculated molar refractivity; ACD LogP, lipophilicity

cross the blood-brain barrier if they are to demonstrate efficacy. This represents
another major challenge for BACE inhibitor development as the majority of aspartic
protease inhibitors exhibit P-gp liabilities that render them non-brain penetrant.

In this chapter we will review published ADME characteristics of BACE
inhibitors, and we will highlight how these compounds bear the same ADME issues
as those observed in the development of HIV protease inhibitors. In addition, we
will discuss bioavailability and brain uptake of known BACE inhibitors in relation
to their reported efficacy in preclinical models. We will focus primarily on com-
pounds that have demonstrated central AP lowering as these are the most clinically
relevant.

8.2 DEVELOPMENT OF BACE INHIBITORS WITH
OPTIMIZED ADME PROPERTIES

In general, high-throughput screens failed to identify tractable hits for BACE inhibi-
tor development. Consequently, the first generation of BACE inhibitors were devel-
oped using a “rational drug design” approach. These compounds were based upon
the amyloid precursor protein (APP) substrate sequence in which residues at the
cleavage site were replaced with a non-hydrolyzable group such as a hydroxyethyl-
ene (HE), hydroxyethylamine (HEA) or a statine group [13, 14]. The resulting
peptidomimetic BACE inhibitors such as OM99-2 [7] potently inhibited BACE
activity in vitro. However, these compounds were large in size with molecular
weights ranging from 700 to >1000 Da and they lacked activity in cells. To overcome
some of these issues, structure—activity relationship (SAR) focused on the generation
of BACE inhibitors with lower molecular weight, reduced PSA, and more optimal
physiochemical properties. This approach did result in the generation of compounds
that were weakly active in cells [15, 16]. However, the resulting compounds were
still peptidomimetic and lacked the required drug-like properties.
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Significant efforts focused on the identification and generation of potent small
molecule non-peptidic BACE inhibitors with more desirable ADME characteristics.
To illustrate progress in this area and highlight the common challenges faced by all
groups who were actively trying to develop drug-like BACE inhibitors, we have
chosen to focus our review on the ADME properties of BACE inhibitors developed
by researchers at Merck and GlaxoSmithKline.

8.2.1 Progress at Merck

Rather than using a substrate-based polypeptide bearing a non-cleavable transition-
state isosteres as an entry point, researchers at Merck managed to identify compound
1 (Fig. 8.3), as a reversible “low” molecular weight (MW = 506) BACE-1 inhibitor
(ICso = 25uM) from their high-throughput screening campaign [17]. The potency
of this hit was further increased to generate compound 2. Subsequent modifications,
including the incorporation of a HEA transition-state mimetic led to compound 3
with nanomolar potency in an enzyme and cell-based assay [18]. Unfortunately, this
compound exhibited significant PK liabilities. Its membrane permeability (apparent
permeability coefficient; Papp) was poor (Papp = 0.6 X 10°cm/s). In addition, it
was found to be a strong substrate of P-gp transport, which would preclude any
chance of significant brain penetration [19]. These properties were most likely asso-
ciated with the high number of hydrogen bond acceptors/donors in compound 3 and
so efforts were directed toward removal of the o-methyl benzamide functionality.
This led to the synthesis of compound 4, with significantly improved membrane
permeability (Papp = 14 x 10°cm/s). However, this compound was still a moderate
P-gp substrate (B/A — A/Bmdrla = 8), probably due to the presence of the remaining
HEA moiety, amide bond, and sulfonamide [19].

Attempts to improve the physiochemical properties of compounds were further
exemplified with the use of reduced amide isosteres in a series analogous to com-
pound 3 [20]. In this series, analogues with polar warheads were as potent against
BACE enzyme as their more lipophylic analogues. However, they failed to show
significant cell activity, probably due to their poor membrane permeability. In con-
trast, removal of an amide functionality lead to increased membrane permeability
(Papp = 24 x 10°cm/s). Unfortunately, all of these compounds remained P-gp
substrates.

As blood—brain barrier permeability was one of the key properties required
for a candidate BACE inhibitor, interactions with P-gp needed to be minimized. This
was achieved to some extent by the formation of macrocycles [21]. This effort
resulted in the generation of a potent BACE inhibitor (Fig. 8.4) with reasonable cell
potency (ICso = 76 nM) and reduced P-gp susceptibility (B/A — A/B = 5.5mdrla).

This series of modifications, however, were not sufficient to deliver an orally
efficacious BACE inhibitor and further modifications were conducted in order to
improve both permeability and in vivo stability, as well as lowering affinity for P-gp.
It was first possible to modify very significantly the nature of the functionality
binding not only to the active site but to the loop as well [22]. Inhibitor 6 proved
more potent against BACE than inhibitor 5§ (Fig. 8.5) and showed good activity in
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Figure 8.4 Macrocyclic BACE inhibitor.
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Figure 8.5 Discovery of isonicotinamide and tertiary carbamine BACE inhibitors.

a cell-based assay (ICs, = 65nM). As it was still a P-gp substrate, replacement of
the left-hand side benzamide was undertaken to yield compound 7 [23]. Subsequent
replacement of the disubstituted styrene present in 7 with an isonicotinamide moiety
[24] led to compound 8 (TC-1) [25]. This tertiary carbinamine derivative showed
good enzyme and cell potencies (ICsos = 0.4 and 40nM, respectively) as well good
permeability (Papp = 22 X 10™°cm/s). Importantly, it also exhibited minimal interac-
tions with P-gp in various species (B-A/A-B ratio = 2.3 [mouse], 1.9 [human], 2.5
[monkey]), which would favor good brain penetration. Unfortunately, this com-
pound exhibited very poor oral bioavailability [25].

SAR in the isonicotinamide series also led to BACE inhibitors with improved
potency in cells, increased permeability and a decreased affinity for P-gp efflux [26].
However, PK studies in the rat demonstrated these compounds displayed high clear-
ance, high volumes of distribution, moderate half-lives and, with the notable excep-
tion of one compound 9a, poor oral bioavailability (Table 8.2). Unfortunately, the
cell potency of this compound was not good enough to justify further progression
to an animal model.
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TABLE 8.2 In Vivo Pharamacokinetic Properties of Isonicotinamide BACE Inhibitors
0. .0

R1'S\N/
NT
s, | 4 H
(VY
R (0]

NH,
A
9a-c \©

Cmpd R! R? R? CI* (mg/ vd* t¥4" (h) Cmax” %F
min/kg) (L/kg) (UM)

9a CH; CH; CH,0OCH; 42.6 5.3 2.7 2.7 69

9b CH(CH;), CH; CH,F 59.1 4.2 1.6 0.2 8

9¢ CH(CH;), H CH,F 45.8 3.9 1.6 0.3 13

“2mg/kg iv dose (solution in 25%DMSO/75%H,0). * 10mg/kg oral dose (solution in 1% methyl cellulose).

Overall, the studies published by Merck clearly demonstrated the challenges
in generating BACE inhibitors with optimal ADME properties.

8.2.2 Progress at GlaxoSmithKline

Researchers at GlaxoSmithKline faced similar challenges in the development of
drug-like BACE inhibitors. The micromolar hit 10 (Fig. 8.6) was obtained from a
focused library [27] based on a transition-state HEA mimetic and was further opti-
mized to deliver compounds of nanomolar potency in enzyme assays [28]. These
inhibitors were active in cell-based assays but exhibited cytochrome P450 liabilities,
mainly at CYP3A4, high in vitro clearance, and high PSA (Table 8.3). It proved
possible to overcome the CYP and in vitro clearance liability by decreasing lipophi-
licity (LogD) as exemplified by compound 14. However, the high PSA and low
membrane permeability of this compound resulted in poor oral bioavailability (Fpo).
Typically, compound 14 exhibited Fpo of 0.2% at 100 mg/kg po in rat despite mod-
erate blood clearance (64 mL/min/kg).

In general, most of these BACE inhibitors demonstrated rapid clearance in
vivo, with a few exceptions such as compound 13 (Table 8.4). Following intravenous
administration via the hepatic portal vein, compound 13 was moderately cleared and
well distributed but with suboptimal bioavailability, implying some first-pass elimi-
nation. The oral bioavailability of compound 13 at 3mg/kg dose was identical to
what was observed with intravenous administration suggesting complete absorption
(probably related to a “low” PSA and appropriate formulation). Oral bioavailability
was much higher at the 10mg/kg dose and the nonlinear kinetics was most likely
due to saturation of liver clearance at this dose. Like many other BACE inhibitors
in this series, the brain penetration of this compound was low (Bl: Br = 0.1:1) due
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TABLE 8.3 In Vitro Profile of Representative BACE Inhibitors

Cmpd BACE APB40 ICs, CYP IC5, (UM)* Cli (m,r,h) CHI  PSA
IC5p (UM) (UM) LogD

11 9 35 14, 70, 61, 17, 3.0, 9.4 nd 1.93 100

12 2 5 >100, 9, 10, 6.2, 04, 1.6 46, 17, 18 2.82 111

13 9 35 75, 60, 15, 11,75, 6.3 37,87, 15 2.39 94

14 10 75 All > 89 (3A4 DEF) 5.4,1.7,42 136 129

“1A2, 2C9, 2C19, 2D6, 3A4 (DEF, PPR); “ml/min/g liver. nd, not determined.

TABLE 8.4 In Vivo PK Parameters of BACE Inhibitors

Dose Route Parameter 13 12

Intravenous® (n = 3/4) CLb (mL/min/kg) 51+9 83+5
Vss (L/kg) 45+0.7 5.5%0.6
tY2 (iv) (h) 1.9+0.3 1.5+0.3
Fipv (%) 38+ 11 nd

Oral’ @ 3mg/kg (n = 4) Fpo (%) 35+15 nd
t¥2 (po) (h) 2.1, nd, 1.8, nd nd
AUC/Dose (min.kg/L) 69+29 nd

Oral’” @ 10mg/kg (n = 3/4) Fpo (%) 67 £ 45 7+2
tY2 (po) (h) 1.8, 3.1, nd, nd nd
AUC/Dose (min.kg/L) 173+ 14.8 0.86 £ 0.24

“For 13: 1 mg/kg/h infusion in hepatic portal vein for 1h then in femoral vein for 1h (solution in 2% DMSO, 0.9%

(w/v) saline containing 10% (w/v) Kleptose. For 12: 1 mg/kg/h infusion in femoral vein for 1h (solution 0.9% (w/v)
saline containing 10% (w/v) Kleptose). ”For 13: solution in 5% (v/v) Ethanol, Capmul MCM C8 and solutol HS 15
(20:80); For 12: solution 1% (v/v) Tween 80 and 1% (w/v) methylcellulose aq. nd, not determined.

to efficient efflux by the P-gp transporter. A related BACE inhibitor, compound 12
(GSK188909) [29] exhibited lower oral bioavailability than compound 13 and was
also a strong P-gp substrate. However, its increased cell potency favored its selection
for proof of mechanism studies in vivo.

In an attempt to increase the metabolic stability of this series, qualitative
studies performed on GSK188909 (compound 12) revealed that the main route of
metabolism was de-alkylation of the left-hand side aniline and oxidation of the
benzylic position [30]. Initial attempts to block these positions failed to improve
metabolic stability. Moreover, a predictive model of absorption based on calculated
molar refractivity (CMR) and lipophilicity (Fig. 8.7) suggested that most of the
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Figure 8.7 Scatter plot of predicted permeability of BACE inhibitors.
TABLE 8.5 In Vivo Pharmacokinetics of Compound 15
o |/ 0
_2_N A
0=Ss N N
H H
L o
N
Species Clyjooa” (mL/min/kg) VA (L/kg) t¥2* (h) Cmax” (UM) 9%F
Rat (n = 2/3) 72,62 11, 8 3,28 0.184 £0.082 17,22
Dog (n = 3) 23+5 49+£09 42£02 2.969 £0.787 79 £ 50
Monkey (n = 3) 29+7 38£09 20+£0l12 2.127£0.095 73+£20

“1mg/kg/h iv dose (solution of mesylate salt in 0.9 w/v saline containing 10% w/v Kleptose); * 10 mg/kg dose
(solubtion of mesylate salt in 1% v/v Tween-80 and 1% w/v methylcellulose aqueous).

inhibitors in this series were predicted to be poorly absorbed. A novel series was
needed and further SAR led to the discovery of a novel tricyclic non-prime side
[30]. In particular, compound 15 was identified and shown to display good cellular
activity and good PK properties in multiple species (Table 8.5). Encouragingly, this
compound also exhibited increased brain penetration compared with the first genera-
tion of HEA inhibitors (Br: Bl ratio: ~0.37:1).

Overall, the work published by researchers at Merck, GlaxoSmithKline, and
other groups [31] demonstrated that as in the case of HIV protease inhibitors, sur-
mounting the combination of PK issues displayed by BACE inhibitors was extremely
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difficult. However, these efforts did lead to the identification of tool compounds that
were shown to be efficacious in animal models.

8.3 IN VIVO EFFICACY OF BACE INHIBITORS

It is imperative that a BACE inhibitor demonstrates significant AP lowering in the
brain of a preclinical disease-relevant model prior to its selection as a candidate
compound. In addition, as oral administration is the preferred route for delivery of
BACE inhibitors to AD patients, a pharmacological effect on AP needs to be estab-
lished following oral administration of compound. In general, transgenic mice over-
expressing an APP transgene, which results in the overproduction of A peptides in
the brain and their subsequent accumulation and deposition as plaques, are utilized
for these pharmacodynamic studies [32]. More recently, in vivo models of endog-
enous A production and clearance such as the mouse and rat have been developed
and used for efficacy studies [33, 34]. Ideally, potential clinical candidates would
also be evaluated in higher species such as a primate model to investigate the dynam-
ics of AP lowering before progressing to clinical studies.

The first demonstration that a BACE inhibitor could lower brain AB in vivo
was reported for a potent transition-state HE isostere inhibitor, OMO00-3 [35]. This
tool compound exhibited no drug-like properties and due to its large size (MW =936)
was not predicted to cross the blood-brain barrier. Consequently, it was conjugated
to a poly D-arginine carrier peptide to increase its membrane permeability and
facilitate brain penetration. Intraperitoneal administration of conjugated OMO00-3 led
to a reduction in plasma and brain APB40, thereby providing proof of mechanism for
a BACE inhibitor. In subsequent reports, AR lowering was reported for a number
of other tool BACE inhibitors that also exhibited inadequate PK properties. In these
studies, compounds with poor oral bioavailability were administered via nonoptimal
peripheral dose routes such as intravenous injection [21, 26] whereas direct delivery
into the brain was required for compounds that were non-brain penetrant [33, 34,
36]. The requirement for brain penetration was clearly illustrated with Merck-3, a
HEA isostere. If delivered peripherally via intravenous injection, this compound
failed to lower brain AB due to its poor membrane permeability and its interactions
with the P-gp transporter [36]. However, direct delivery into the brain by intracere-
broventricular administration circumvented this problem, allowing adequate com-
pound exposure at the target site to lower brain AP. Other groups used plasma AP
as a readout to the assess efficacy of BACE inhibitors with limited brain penetration
[31, 37, 38]. Although a decrease in plasma A} was consistent with inhibition of
BACE in the periphery, it gave no indication of the central efficacy of these
compounds.

The first orally bioavailable BACE inhibitor shown to reduce brain AP was
GSK188909 (compound 12) [39]. Oral administration of GSK188909 (250 mg/kg
twice daily for 5 days) significantly decreased brain AB40 (18%) and AB42 (23%)
in mutant APP, PS-1 transgenic (TASTPM) mice with a brain exposure of
0.17 £ 0.09 uM (Fig. 8.8). Although this compound had a PK profile providing good
oral exposure at high oral doses, it was found to exhibit low brain penetration
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Figure 8.8 Subchronic dosing of GSK188909 lowers brain AP in TASTPM mice. Brain
AP levels in TASTPM mice dosed with GSK188909 (250 mg/kg po bid) for 5 days. A
significant decrease in AB40 and AP42 was observed in mice treated with GSK188909
(*p < 0.01 vs. vehicle). Reproduced from Hussain et al. 2007 [39] with permission of the
International Society for Neurochemistry.

(blood : brain ratio <1:0.06) due to a strong interaction with the P-gp transporter.
Increasing the brain exposure of GSKI188909 by employing a P-gp inhibitor,
GF120918 significantly enhanced brain AP lowering. Oral administration of
GSK188909 (250mg/kg) following a pre-dose of GF120918 (250 mg/kg) resulted
in an approximate nine-fold increase in brain concentration of GSKI188909
(blood: brain ratio 1:0.44; brain exposure 5.43 £+ 3.5uM), and this led to a greater
reduction in brain AB40 (68%) and AB42 (55%) (Fig. 8.9). Unfortunately, the low
brain penetration of GSK188909, its predicted high plasma protein binding, and the
high dose required for efficacy significantly limited the development of this com-
pound. A significant interaction with the P-gp transporter was subsequently reported
to reduce the in vivo efficacy of other BACE inhibitors [40].
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Figure 8.9 P-gp inhibitor enhances brain AP lowering activity of GSK188909 in
TASTPM mice. Brain AP levels in TASTPM mice 9h after acute oral dosing with vehicle
(V) or 250mg/kg GSK188909 (909) in the absence or presence of an oral pre-dose of
250 mg/kg GF120918 (GF). A significant decrease in AB40 and AB42 was observed in
mice treated with GF120918 and GSK188909 (***p < 0.000001 vs. vehicle). Reproduced
from Hussain et al. 2007 [39] with permission of the International Society for
Neurochemistry.

The AP lowering activity of a potent and selective tertiary carbinamine BACE
inhibitor TC-1 (compound 8, Fig. 8.5) in APP transgenic mice and the rhesus
monkey was recently published [25]. With regard to its ADME properties, this
compound had an MW of 563, exhibited good passive membrane permeability, and
was shown to be less susceptible to P-gp transport, suggesting good brain penetration
should be achieved. However, when assessed in an acute brain penetration model,
this compound was found to be only marginally brain penetrant with a brain: plasma
ratio of 9% in rats [41]. In addition, TC-1 demonstrated high protein binding (>98%)
in mouse, human, and rhesus monkey plasma, and was found to be rapidly metabo-
lized by the liver cytochrome P450 enzymes CYP3A4, both resulting in poor oral
bioavailability and low free drug concentrations. Consequently, intraperitoneal
administration at a relatively high dose or intravenous infusion was required to
demonstrate efficacy in APP transgenic mice or in rhesus monkeys, respectively.
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TABLE 8.6 Effect of Ritonavir on the In Vivo PK Profile of TC-1

Cmpd CI* (mg/min/kg) tY2* (h) AUC’ (uM/h) %F"
TC-1 24 =1 0.1 <1
TC-1 + Ritonavir 7 =3 39 =83

“1mg/kg TC-1 iv bolus; " 10mg/kg TC-1 po; “ 10 mg/kg.
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Figure 8.10 Ritonavir enhances the the AP lowering activity of TC-1 in primates. Time
course of plasma and CSF AB40 levels over 3.5 days in primates co-dosed with ritonavir/
vehicle (black filled squares) and ritonavir/TC-1 (red filled circles). Significant plasma
(p <0.001) and CSF (p < 0.001) AB40 lowering was observed relative to ritonavir/vehicle
group. Reproduced from Sankaranarayanan et al. 2008 [25] with permission of the
American Society for Pharmacology and Experimental Therapeutics.

To circumvent the PK issues with this compound and allow oral dosing studies in
rhesus monkeys, the effect of Ritonavir, an HIV protease inhibitor that inhibits
CYP3A4 metabolism, was investigated. Co-dosing with Ritonavir increased the
oral bioavailability of TC-1 from <1% to 80%, decreased plasma clearance of com-
pound more than three-fold, and increased both the plasma half-life of compound
and plasma exposures (Table 8.6). In a subsequent efficacy study, oral administration
of Ritonavir (10mg/kg) followed by TC-1 (15mg/kg) twice daily for 3.5 days
resulted in a sustained reduction in plasma AB40 (61%) and encouragingly, CSF
AB40 (42%) and AP42 (43%) were also reduced (Fig. 8.10). These AP reductions
were associated with average plasma and CSF concentrations of TC-1 0f 2.7 £ 0.6 uM
and 25 + 4nM, respectively, with a calculated free plasma concentration of approxi-
mately 27 nM.

Studies with Ritonavir and GF120918 demonstrated the utility of these drugs
in augmenting the ADME properties of BACE inhibitors, thereby allowing the
in vivo efficacy of BACE inhibitors to be explored in preclinical models. However,
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this coadministration approach may not be a viable option for the treatment of AD
patients due to the potential for adverse events associated with drug—drug interac-
tions, particularly while treating an elderly patient population on polypharmacy.

CTS-21166, a small molecule transition-state BACE inhibitor from Co-Mentis,
recently entered clinical trials [42]. Intraperitoneal administration of CTS-21166
(4mg/kg) for 6 weeks in APP transgenic mice resulted in a decrease in brain AB40
(38%) and AP42 (35%) and reduced plaque load in the hippocampus and cortex.
PK measurements in rats and mice indicated that CTS-21166 displayed good brain
penetration (blood:brain ratio 1:0.44) and did not exhibit high plasma protein
binding [42]. Based on this positive preclinical efficacy data, Co-Mentis progressed
to a Phase I clinical trial in healthy volunteers. The compound was well tolerated
and was shown to decrease plasma A levels following a single intravenous injection
[42]. Although these are encouraging preliminary findings, evidence of central AP
lowering following oral administration of CTS-21166 remains to be demonstrated.

The identification of non-transition-state mimetic BACE inhibitors suitable for
evaluation in preclinical models has proven to be more challenging. WAY-258131
(Fig. 8.11), a small molecule BACE inhibitor developed by researchers at Wyeth,
reportedly lowered brain AP in a dose-dependant manner in Tg2576 mice [43].
Details of these studies along with the PK profile of this compound have yet to be
published.

The numerous in vivo studies clearly illustrate how the inadequate PK pro-
perties of BACE inhibitors have significantly limited their efficacy in animal
models.

8.4 TOXICOLOGY OF BACE INHIBITORS

Following selection of a BACE inhibitor candidate and prior to its testing in clinical
trials, the toxicological properties of a compound are investigated in one or more
preclinical species (rat, dog) at high doses to establish the maximum tolerated
dose and identify any adverse effects. One BACE inhibitor, CTS-21166, has
entered Phase I clinical trials, and although its toxicological profile is not publically
available, it must be acceptable to allow dosing in humans up to a dose of
225mg.
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8.5 FINAL REMARKS

In this chapter we have reviewed the ADME properties of BACE inhibitors and
highlighted the major hurdles scientists have faced in the development of compounds
suitable for clinical evaluation. The generation of potent and selective BACE inhibi-
tors was relatively straightforward. However, like the HIV protease inhibitor field,
incorporating drug-like properties into these compounds has been more challenging
and resource-intensive. Despite tremendous efforts and several alterations to BACE
inhibitor chemotypes, the generation of a brain-penetrant molecule devoid of CYP
interactions and with an optimal in vivo ADME profile has proven a near impossible
hurdle to overcome. Encouragingly, one BACE inhibitor has overcome some of
these challenges and entered clinical trials, thereby, giving hope for the future devel-
opment of BACE therapeutics.
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CHAPTER 9

CLINICAL TRIALS FOR DISEASE-
MODIFYING DRUGS SUCH AS
BACE INHIBITORS

Henry H. Hsu

CoMentis, Inc., South San Francisco, CA

9.1 INTRODUCTION

More than 5 million Americans are estimated to have Alzheimer’s disease (AD),
and it is the fifth leading cause of death in those older than 65 years [1]. By 2050,
the incidence of AD is expected to approach a million people per year, with a preva-
lence of 11-15 million persons. Fourteen percent of all people aged 71 and older
have dementia, with the majority having AD. These statistics point to the huge unmet
need for more effective therapies to treat this increasingly common disease.

The development of new drugs to treat AD has evolved substantially as our
understanding of the pathogenesis of AD has shifted from approaches targeting the
“cholinergic hypothesis” to the “amyloid hypothesis™ [2]. Currently approved treat-
ments have targeted modulation of neurotransmitters, particularly acetylcholine, via
inhibition of the activity of cholinesterases, as well as the glutamatergic system by
blocking N-methyl-D-aspartic acid (NMDA) glutamate receptors [3]. As such, the
clinical development of these drugs has focused on demonstration of cognitive
benefit over a relatively short time period (from 3 to 6 months), and these drugs
have not been demonstrated to alter the underlying course of AD [4]. These thera-
pies, which include donepazil, galantamine, rivastigmine, and memantine, were all
approved based upon demonstration of meaningful clinical benefit compared with
placebo in AD patients as assessed by a combination of patient-administered cogni-
tive tests, such as the Alzheimer’s Disease Assessment Scale (ADAS)-cog, and a
clinician-based assessment of change, such as the Clinician’s Interview Based
Impression of Change (CIBIC)-plus. These tests were administered during random-
ized placebo-controlled clinical trials over the course of up to 6 months and showed
an early improvement in cognition among active treatment recipients followed by a
gradual decline that generally paralleled the decline in placebo recipients. Hence,
these agents have been categorized as providing “symptomatic” benefits. While
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clinically relevant benefits were demonstrated, most clinicians have considered the
degree of symptomatic improvement to be modest.

The amyloid hypothesis has greatly expanded our understanding of the patho-
genesis of AD and a wide range of new drug targets have emerged as our under-
standing of the cascade of underlying events associated with AD have been enlarged.
The drugs generating the most excitement are those that seek to alter the course of
AD by rationally targeting key aspects of this cascade considered critical for progres-
sion of the disease [5]. The clinical development of these new drugs requires modi-
fied approaches from that of symptomatic therapies as they may or may not show
early short-term beneficial effects but would be expected to alter the underlying
trajectory of the disease over longer-term treatment. As a result, the concept of
“disease modification” has emerged as a goal in the clinical development of new
therapeutics for AD [6]. While this concept is a very rational extension of our
understanding of the basic science of AD, the practical implementation and demon-
stration of disease modification poses significant challenges at the operational and
regulatory levels, which will be described in this chapter. In addition, these next-
generation therapies are associated with substantial drug development challenges
during early-phase human clinical testing, particularly in Phase 2 testing, where it
is desirable to demonstrate sufficient “proof-of-concept” to justify the large time and
financial investment required for conducting pivotal clinical studies.

9.2 UPDATE ON BETA-AMYLOID THERAPIES IN
CLINICAL DEVELOPMENT

The number of compounds being evaluated in for treatment of AD has grown sub-
stantially and now includes more than 60 different compounds [5], with more than
30 of these currently in clinical testing. Most of these agents can be categorized into
two general approaches: anti-amyloid approaches and neuroprotective/neurorestor-
ative approaches (Table 9.1). Anti-amyloid approaches include vaccination (both
passive and active), beta-secretase inhibitors, gamma-secretase inhibitors or modula-
tors, anti-fibrillization agents, and anti-aggregation agents such as metal chelators.
Neuroprotective approaches include antioxidants, anti-inflammatory agents, excit-
atory neurotransmitter antagonists (e.g., NMDA- and alpha-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA)-receptor antagonists), anti-apoptotic
agents, and tau-related agents such as GSK3beta inhibitors. A detailed summary of
these approaches may be found in a recent review (Salloway). In addition, a number
of naturally derived compounds are being tested. Drugs targeting beta-secretase are
relative newcomers with most in preclinical evaluation and none having progressed
into Phase 3 testing. Later-stage clinical trial results have recently been reported for
a number of other agents, and their results from a safety, activity, and efficacy
standpoint provide a background and context for considering the design and imple-
mentation of clinical trials of B-site APP cleaving enzyme (BACE) inhibitors in the
future. In addition, much can be learned from differences in the design and imple-
mentation of these studies.
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TABLE 9.1 Anti-Amyloid and Neuroprotective Approaches for Treatment of AD
(with Selected Examples)

Anti-Amyloid Approaches
Immunization or passive antibodies (AN1792, bepineuzimab, IV immunoglobulin)
Gamma-secretase inhibitors/modulators (LY450139, terenfurbil)
Beta-secretase inhibitors (CTS21166, KMI-429)
Anti-fibrillization agents (Tramiprosate)
Statins (atorvastatin, simvastatin)
PPAR-gamma agonists (rosiglitazone)
Metal chelating agents (DP-109)
RAGE-related effects (PF-04494700)
Oligomer neutralizing agents (AZD-103)
Other anti-amyloid approaches (DHA, resveratrol)
Neuroprotective approaches (including tau-targeted approaches)
Nerve growth factors and related therapies (cerebrolysin)
Antioxidants (vitamins C and E)
Tau-related approaches (GSK3beta inhibitors, lithium, valproate, methylene blue)
Anti-inflammatory agents (prednisone, diclofenac, naproxen)
AMPA -related agents (CX516, LY404187)

PPAR, peroxisome proliferator-activated receptor; RAGE, receptor for advanced glycation end products.

9.2.1 Vaccination Approaches

In preclinical transgenic animal models of AD, both active vaccination with beta-
amyloid and passive administration of anti-amyloid antibodies such a bepineuzimab
to animals overexpressing human beta-amyloid have shown consistent reduction in
brain amyloid, for both soluble and plaque forms [7—11]. These effects on amyloid
have been associated with beneficial effects on measures of cognition and memory
in animals (such as improved performance in the Morris water maze). Active vac-
cination with the synthetic beta-amyloid peptide AN1792 (Elan) in patients with AD
demonstrated promising clinical effects on rate of decline and decrease in plaque
burden [12, 13]. Unfortunately, clinical studies of active immunization with AN1792
were terminated after a subset of AN1792-treated patients developed meningoen-
cephalitis [12]. It has been surmised that such vaccination induces cellular and or
humoral immunity against beta-amyloid in the brain that may also be associated
with a deleterious proinflammatory response in a subset of susceptible individuals.
A recent study examining the long-term effects of immunization found that, while
immunization resulted in clearance of amyloid plaques in patients with AD, it did
not prevent progressive neurodeneration [14]. These results point out the potential
for unexpected safety and efficacy findings as novel approaches are evaluated in the
clinic and require that scientists incorporate these findings into theories of AD
pathogenesis.

As a consequence of these adverse findings, the focus for a vaccination strat-
egy has shifted toward direct administration of anti-beta-amyloid antibody. Results
were reported in 2008 on a Phase 2 study evaluating the safety and preliminary
efficacy of a humanized monoclonal antibody against amyloid beta (bepineuzimab,
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Elan) [15]. This randomized placebo-controlled multiple ascending dose study was
conducted in 234 patients with mild to moderate AD. Four cohorts (plus placebo),
received 6 infusions every 3 months over an 18-month period. A number of efficacy
and activity measures were assessed throughout treatment, including cognitive and
memory tests (ADAS-cog, Neuropsychological Test Battery [NTB], Disability
Assessment for Dementia [DAD] Scale, Clinical Dementia Rating Sum of the Boxes
[CDR-SB] Scale, Mini-Mental Status Exam [MMSE]), and biomarkers (cerebrospi-
nal fluid [CSF] abeta and tau) and imaging (magnetic resonance imaging [MRI]
volumetrics). Patients had a mean age of approximately 70 years, with a baseline
MMSE score of 21. Approximately two-thirds were ApoE4 carriers, and over 90%
were receiving cholinesterase inhibitors or memantine. While adverse events among
bepineuzumab recipients were generally mild to moderate, transient, and not dose-
related, 12 (10%) of patients receiving bepineuzumab had vasogenic edema, most
detected by MRI, with few or no clinical symptoms. The occurrence of vasogenic
edema was dose-related with eight cases occurring at the highest dose (2.0 mg). One
patient was treated with steroids for lethargy and confusion. The study did not
achieve significance in the primary efficacy end points (ADAS-cog and DAD).
However, in post hoc efficacy analyses with adjustment for ApoE4 carrier status,
non-dose-related treatment effects were seen in noncarriers on both clinical and MRI
measures. Noncarriers showed significantly less brain volume decline than placebo,
and phospho-tau levels trended lower in bapineuzumab-treated patients versus pla-
cebo-treated patients.

These results were viewed as sufficiently promising by the sponsors to prog-
ress to a Phase 3 program in which separate studies are being conducted in ApoE4
carriers and noncarriers. However, there remains significant uncertainty as to whether
this passive immunization approach will ultimately prove to be efficacious. From a
mechanism standpoint, because immunization approaches target removal of beta-
amyloid, and BACE inhibitors target the production of beta-amyloid, results from
vaccination approaches may not necessarily apply to BACE inhibitors. Nevertheless,
success with the vaccination approach would provide convincing evidence for
the validity of the amyloid hypothesis and other approaches targeting amyloid
reduction.

9.2.2 Gamma-Secretase Inhibitors/Modulators

Gamma-secretase has been a prominent target for inhibition as an approach toward
reducing the production of beta-amyloid, due to its critical role (along with beta-
secretase) in the conversion of amyloid precursor protein (APP) into beta-amyloid
[16, 17]. Both direct inhibitors and modulators of gamma-secretase activity have
been actively pursued. A safety concern related to direct gamma-secretase inhibitors
are potential effects on Notch cleavage by gamma-secretase [18, 19]. Notch cleavage
is integral to cell differentiation pathways in many organ systems, including the
gastrointestinal and lymphoid organs, and genetic knockout of Notch function is
lethal in mice. Among the direct inhibitors, most clinical data have published on
LY450139 (Eli Lilly), for which Phase 1 data in healthy volunteers and Phase 2 data
in AD patients have been published [20-22]. LY450139 is a functional gamma-
secretase inhibitor that reduces the rate of formation of beta-amyloid in transgenic
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mice overexpressing beta-amyloid. In a multicenter, randomized, placebo-controlled
trial in 51 patients with mild to moderate AD, patients were randomized to receive
LY450139 for a total of 14 weeks in a dose-escalating fashion [22]. The drug
appeared to be generally well tolerated; however, there was an excess of adverse
events affecting the skin and gastrointestinal (GI) systems among drug recipients,
as well as a higher incidence of general symptoms, including somnolence, fatigue,
and asthenia. The drug was well absorbed following oral dosing, and drug was
detected in CSF. Similar to findings in healthy volunteers, after dosing, a transient
decrease over 6h in plasma beta-amyloid levels of 65% from baseline followed by
an increase in levels to greater than baseline over the next 18h. This biphasic
response accompanied by a “rebound” effect has been noted with other gamma-
secretase compounds and appears to be due to an increase in gamma-secretase
activity when drug levels have declined below a threshold. The significance of these
fluctuations in plasma beta-amyloid for changes in CNS levels of beta-amyloid is
unclear. No significant reductions were seen in CSF beta-amyloid 1-40 levels;
however, there were trends seen in these levels in association with higher drug levels.
No significant differences were seen in clinical cognitive measures (ADAS-cog and
Alzheimer’s Disease Cooperative Study [ADCS]-Activities of Daily Living [ADL]
scores), which is not unexpected, given the short trial duration and small numbers
of subjects.

The question of whether LY450139 does indeed have an effect on CNS beta-
amyloid has recently been addressed using a novel approach measuring the rate of
synthesis of beta-amyloid rather than the change in absolute levels in CSF [23].
Bateman et al. have presented results of a method in which nonradioactive C13-
labeled leucine is administered in conjunction with study medication, followed by
careful and frequent measurement of the ratio of newly labeled beta-amyloid to total
beta-amyloid in the CSF to derive a measure of the fractional production rate of
newly synthesized beta-amyloid [24]. One potential advantage of this “pulse-chase”
approach appears to be a greater ability to detect an inhibition of beta-amyloid in
CSF compared with measurement of the total level of beta-amyloid as it shows less
intra- and intersubject variability compared with total beta-amyloid levels [25].
Using this approach, they demonstrated that a significant decrease in production of
new beta-amyloid in the CSF could be demonstrated following a single oral dose in
healthy volunteers [23]. As predicted, there was no significant difference in clear-
ance. There was also a significant correlation between drug levels and decrease in
beta-amyloid synthesis. These significant effects were demonstrated with only five
subjects per cohort. While this pulse-chase approach remains experimental and has
not been extensively evaluated with other beta-amyloid reducing compounds, it
provides an appealing option as a potentially useful biomarker to evaluate the CNS
pharmacodynamic effects of these compounds.

9.2.3 Beta-Secretase Inhibitors

Although beta-secretase has been identified as a promising drug target, it has proven
to be a significant challenge for medicinal chemists to develop potent, selective,
nonpeptidic inhibitors of the enzyme capable of crossing both the gut and blood—
brain barriers. Thus, limited data have been disclosed on compounds that have
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entered into clinical testing, and no data have been presented on testing of candidate
drugs in AD patients.

CTS21166 (ASP1702) (CoMentis/Astellas) is a potent and selective prototype
BACEI inhibitor for which early human data have been presented in abstract form
(International Conference on Alzheimer’s Disease, Chicago, 2008). It was developed
using structure-based design and showed single-digit nanomolar potency against
soluble and cellular BACEI. In mice, rats, and dogs, it showed good oral bioavail-
ability and, in hAPP AD transgenic and wild-type mice, it penetrated the brain and
reduced soluble Ab and amyloid plaque. In intravenous and oral toxicological
studies in rats and dogs, the compound displayed a good safety profile to support
clinical development.

Based upon these promising nonclinical studies, healthy young males were
evaluated in two Phase 1 studies. In the first, subjects received single ascending
doses of CTS-21166 (up to 225 mg) or vehicle by continuous intravenous infusion.
In the second study, subjects received CTS-21166 (200 mg) liquid by oral adminis-
tration. CTS-21166 was well tolerated up to the maximum intravenous (225mg)
and oral dose (200mg). Following intravenous infusion, CTS-21166 showed dose-
proportional increases in the area under the curve (AUC). Pharmacokinetic profiles
across doses showed low intersubject variability. Following oral dosing of CTS-
21166 (200mg) liquid, the bioavailability was 40.5%. A dose-related reduction of
plasma beta-amyloid,, levels was seen with the maximal reduction of plasma beta-
amyloid being greater than 80% of predose basal levels noted 4-8h after dosing.
The reduction was sustained over 72h with plasma levels slowly returning to base-
line. No evidence of plasma rebound in abeta was observed. The ECs, for plasma
beta-amyoid,, reduction based on PK/PD analysis was 21.2 £ 5.9ng/mL.

In view of the high degree of interest in beta-secretase as a drug development
target and the progress reported by many groups with preclinical data, it can be
anticipated that the next few years will yield additional potential drug candidates
moving into clinical trials.

9.2.4 Other Drugs Targeting Beta-Amyloid Pathway

Large Phase 3 studies were recently completed with two compounds targeting the
amyloidogenic pathway. Unfortunately, both failed to demonstrate statistically sig-
nificant effects on clinical end points.

Tramiprosate (Alzhemed™, Neurochem), is an oral small molecule modifica-
tion of the amino acid taurine. Its mechanism of action is thought to involve inhibi-
tion of fibrillar amyloid production and deposition under the assumption that this
would decrease amyloid plaque formation [26]. The drug would not be expected to
inhibit production of beta-amyloid. The results of the North American Phase 3 trial
in 1,052 AD patients were inconclusive. Apparently, a number of clinical trial
conduct issues affected interpretability, including significant variability among the
67 clinical sites. In particular, changes in patients’ concomitant treatment with
cognitive-enhancing drugs such as cholinesterase inhibitors, memantine, and anti-
depressants affected the results for the primary cognitive end points based on neu-
ropsychological testing. Unexpected problems in the control group confounded the
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interpretation of efficacy. Thirty percent of the control group did not decline in
cognition over the 18-month trial period, and a portion of the control group unex-
pectedly demonstrated a significant improvement in cognition. While the full data
from this study has not been published, the results disclosed highlight the challenges
in carrying out a large long-term efficacy study in a population as complex as AD.

Tarenflurbil (Flurizan, Myriad) is an oral y-secretase-modulating agent that
showed possible clinical efficacy for the highest dose in patients with mild AD in a
Phase 2 trial [27]. The compound belongs to a class of y-secretase-modulating agents
thought to reduce the production of beta-amyloid 1-42, considered by researchers
to be the most toxic form of beta-amyloid. A large Phase 3 trial of tarenflurbil with
an 18-month treatment period was recently completed [28]. The study enrolled
almost 1700 patients across 133 centers in the United States and was the largest such
study conducted to date of a disease-modifying approach. On both primary efficacy
end points, the ADAS-cog and the ACDS activities of daily living scales, the treat-
ment and placebo showed no significant differences. Importantly, the placebo group
declined as predicted, and the trial was adequately powered to detect a meaningful
treatment effect. Dropout rates were 33% for placebo and 39% for Flurizan, and the
investigators followed the prespecified analysis plan. Thus, the study would have
been able to detect a treatment difference if terenflurbil was active and the absence
of a treatment effect could not be attributed to inadequate sample size or methodo-
logic issues.

Tarenflurbil may not have been an optimal compound to test this class of drugs.
While the compound had shown effects in vitro and in vivo in mice, data suggest
that levels in the human brain may have been inadequate and, in a Phase 1 trial, no
significant reductions in plasma and CSF AB42 levels of healthy volunteers treated
with the highest dose of Flurizan that was then used in the Phase 3 trial [29-31].

These recent results not only highlight the high-risk nature of clinical develop-
ment of next-generation drugs for AD but also show that it is feasible to conduct
large multicenter clinical trials of long duration with low intercenter variability,
acceptably low dropout rates, and predictable rates of cognitive decline in a placebo
group, allowing for comparisons with active treatment.

9.3 CLINICAL DEVELOPMENT OF BACE INHIBITORS
AND OTHER DISEASE-MODIFYING DRUGS

There are a number of challenges that need to be carefully addressed in the clinical
development of potential disease-modifying therapies for AD. For companies
engaged in research and drug development, whose goals are to develop new drugs
in a rapid and cost-efficient manner, the drug development challenge lies in accu-
rately assessing the chances of success at each stage of development, in order to
drop drugs unlikely to make it to the marketplace, and to allocate resources and
funding for drugs with an increased likelihood of success. An additional challenge,
particularly during later stages of development, is the need to address the concerns
of regulatory bodies in demonstrating that a novel agent is safe and effective in
providing more than symptomatic benefit.
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In view of the rapid progress being made in our understanding of the patho-
genesis of AD, together with the evolution of thinking on trial designs and use of
surrogate biomarkers of activity, and the plethora of drugs now in various stages of
development, it is critical that industry, academics, and regulators work closely and
collaboratively to define the path forward so that it is clear from the earliest stages
of drug development what will be required to get a drug to market that will provide
a substantial benefit to patients. A consensus is emerging among opinion leaders and
regulators on the major requirements to be met for next-generation treatments
for AD.

9.3.1 Early-Phase Clinical Development

The prerequisites for selecting and advancing a potential BACE inhibitor into clini-
cal studies have been focused in three areas: (1) demonstrating safety in a broad
toxicology program including multiple-dose toxicity studies; (2) demonstrating pen-
etration of a drug candidate across the blood-brain barrier into the central nervous
compartment (CSF and/or brain) in a relevant animal species; and (3) demonstrating
effects on brain and CSF levels of beta-amyloid. With respect to safety toxicology,
it may be important to evaluate safety following longer dosing periods (e.g., 12 or
24 weeks or longer) prior to initiating human studies in order to obtain early toxicity
information that longer dosing periods is not associated with unexpected adverse
effects, since it is anticipated that these drugs will be chronically dosed for many
years in patients. BACE or its cleavage product, beta-amyloid, is widely distributed
in tissues, including platelets, muscle, blood vessels, pancreas, skin, and subcutane-
ous tissues [32-35]. A potent, systemically administered BACE inhibitor could be
expected to inhibit BACE activity throughout the body, and it is unclear whether
long-term inhibition may be associated with subtle toxicity as an extension of its
pharmacologic activity. In addition, novel small molecule inhibitors need to be care-
fully screened for potential off-target effects.

It has been challenging to develop BACE inhibitors capable of effectively
penetrating into the central nervous compartment [36]. This is partly due to the
generally higher molecular weights of specific inhibitors, their physical chemical
properties, both of which tend to limit movement across endothelium, as well as the
activity of endothelial transporters, such a p-glycoprotein, that very efficiently back-
transport compounds out of the central compartment. While these issues can be
partly addressed during preclinical studies, clinical data is necessary to confirm
penetration into the central nervous system. Unlike assessment of plasma pharma-
cokinetics, which is straightforward, assessment of drug penetration into the CSF is
hampered by the need to perform lumbar punctures with potentially the use of
indwelling catheters to provide drug levels at multiple time points. In addition, drug
concentrations in the lumbar CSF may not accurately reflect levels in the interstitial
fluid in the brain. Since BACE is an intracellular enzyme, levels in the interstitial
fluid may not be as relevant as levels intracellularly within neurons.

With these considerations in mind, much can be learned during Phase 1 testing
in healthy human subjects. Broadly, the goals during Phase 1 are to: (1) provide an
initial assessment of tolerability and safety across a broad range of dose levels and
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to determine dose-limiting tolerability if feasible; (2) determine basic pharmacoki-
netic parameters to better understand drug behavior in the blood and body; and (3)
utilize this information to narrow down doses for later clinical studies and establish
potential dosing regimens. For BACE inhibitors, initial assessment of biologic
effects may be made by measuring drug effects on reducing plasma beta-amyloid
levels. While changes in plasma beta-amyloid levels suggest the drug is capable of
engaging the relevant enzymatic target, and therefore, provides a marker of biologic
activity, it does not provide clear-cut indication of activity in the compartment of
interest, that is, the brain. Although there can be bidirectional flow of beta-amyloid
across the blood-brain barrier, and the concentration of beta-amyloid in the CSF is
significantly higher than in blood, the relative contribution of brain/CSF beta-amy-
loid to overall levels in blood has not been determined [37, 38]. Thus, some indica-
tion of activity in the CNS is desirable as a marker of relevant pharmacologic
activity.

Such an assessment is feasible during early clinical studies, either in healthy
volunteers or AD patients in settings where capabilities are in place to sample CSF.
Measurement of changes in levels of CSF beta-amyloid should take into account
inter- and intrasubject variability, which can be substantial and requires careful
consideration of the number of subjects required to detect a relevant treatment effect.
An alternative approach that appears to be more sensitive and less variable is to
measure the rate of production of beta-amyloid using essentially a pulse-chase
method in which heavy C13-labeled leucine (nonradioactive) is administered intra-
venously and timed with drug dosing [24]. Samples of CSF taken hourly via in
indwelling lumbar catheter are then analyzed for the rate of production (and elimina-
tion) of newly C-13 labeled beta-amyloid as a proportion of the total beta-amyloid
present. By comparing rates of synthesis from treated and untreated subjects, it is
possible to measure the effect of a drug that is expected to inhibit the production of
beta-amyloid. This has been used with a gamma-secretase inhibitor, where it has
been demonstrated in a small number of healthy subjects that, following single oral
doses of LY450139, there is a dose-related reduction in the proportion of newly
synthesized beta-amyloid present in the CSF. Similarly, for BACE inhibitors, the
pulse-chase approach is also expected to be applicable and relevant. This approach,
while very promising, is experimental, and its use has been described with only a
single compound to date. In addition, it requires a clinical unit capable of working
with indwelling lumbar catheters, as well as specific bioanalytical methods to
measure beta-amyloid, and therefore, it is limited to small numbers of subjects and
is quite expensive. A further limitation for the use of changes in beta-amyloid levels
is the lack of information on how changes in these levels might predict ultimate
clinical effects.

9.3.2 Phase 2 Clinical Development

The goals during Phase 2 clinical development are to expand the safety evaluation
into the patient population in order to narrow the range of dose levels and regimens
that will be tested in Phase 3 pivotal trials, and to obtain safety and activity data
sufficient to make a decision as to whether Phase 3 pivotal studies are warranted.
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Ideally, this would entail generating efficacy data during Phase 2 that is predictive
of clinical efficacy end points required in Phase 3. Data derived from Phase 2 testing
are used to determine a number of critical variables in the design of pivotal studies,
including selection of the specific patient population (such as stage of disease,
genetic status [e.g., APO E4 status]), dose—response relationship and the therapeutic
index, and key efficacy end points. In particular, some form of proof-of-concept data
is highly desirable to inform decisions regarding continuing development into pivotal
studies. In the case of AD, this is particularly a challenge for a number of reasons
[39]. Since the next-generation compounds are intended as disease-modifying
agents, treatment effects on slowing of disease progression require potentially
lengthy (>12-18 months) treatment periods capable of showing a separation in the
natural history curves. This entails essentially running a trial resembling a Phase 3
pivotal trial, except it is likely to be underpowered and therefore, runs the significant
risk of yielding trends in efficacy that may not reduce uncertainty regarding efficacy.
This is the approach taken in the development of bepineuzimab. In such Phase 2
studies, information derived from subset analyses based upon preplanned analyses
or post hoc analyses are often used to generate hypotheses that are then incorporated
into the pivotal studies. Statistically, this entails making multiple comparisons using
small data sets and runs the risk of reaching false-positive conclusions.

Because of these challenges, there is great interest in developing and validating
intermediate biomarker measures that might ultimately serve as surrogate markers
for clinical efficacy (Table 9.2) [39]. A number of these have been proposed as
biomarkers that measure an aspect of the disease considered central to the disease
process. These fall into two broad approaches: imaging markers, such as quantitative
volumetric MRI and CT scans, functional brain imaging, and amyloid plaque
imaging techniques, and biochemical markers, such as CSF beta-amyloid levels and
CSF tau levels.

It has been well established that brain size is progressively reduced as demen-
tia progresses in AD, and neuropathological changes first occur in the medial tem-

TABLE 9.2 Outcome Measures for AD Trials

Biomarkers
Plasma beta-amyloid
CSF beta-amyloid42¢
Volumetric MRI¢
FDG PET
Amyloid PET"
CSF tau/phospho tau®
Clinical measures
ADAS-cog
ADCS-ADL
MMSE
NPI
Staggered start/stop or slope analysis with cognitive measures*

“May provide evidence of disease modification.
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poral lobes [40]. From a diagnostic standpoint, structural neuroimaging in AD is
focused on detection of medial temporal lobe atrophy, particularly of the hippocam-
pus, parahippocampal gyrus (including the entorhinal cortex) and amygdale [41-—43].
Both MR and CT can sensitively measure these parameters, and imaging findings
correlate with AD pathology at postmortem. There has been significant progress
recently in establishing reliable, reproducible, and sensitive parameters quantifying
such changes on MRI and CT that can be potentially implemented across clinical
centers for longitudinal studies and clinical trials [44, 45]. Natural history studies
have correlated changes in brain volume with clinical progression (rate of medical
temporal lobe atrophy in typical aging and AD [46], baseline and longitudinal pat-
terns of brain atrophy in mild cognitive impairment [MCI[ patients [47-49], and
their use in prediction of short-term conversion of AD (results from Alzheimer’s
Disease Neuroimaging Initiative [ADNI]). These studies are valuable to determine
the natural variability in these quantitative measures and make it possible to predict
the expected rate of change in volume over time for a particular population. Changes
in brain size assessed with imaging can be closely linked to disease progression and
rate of cognitive decline. The eventual establishment of neuroimaging as a validated
surrogate marker capable of substituting for measurement of clinical outcomes will
require its demonstration in the context of one or more successful treatment trials
in which there is a tight link between change on imaging and clinical outcomes fol-
lowing treatment compared with placebo. A reasonable hypothesis could be made
that a reduction in the rate of brain shrinkage in a treatment group receiving a BACE
inhibitor means that inhibition of the enzyme has beneficially affected secondary
downstream important pathogenic events such that the end result is a slowing of
neuronal loss. Irrespective of whether volumetric imaging can serve as a validated
surrogate biomarker, these data are extremely useful as evidence of meaningful drug
activity.

Similarly, changes in other imaging modalities, such as evidence of reductioin
in plaque load over time measured by amyloid plaque imaging, would also provide
strong biologic evidence for drug activity. Positron emission tomography (PET)
imaging studies of amyloid deposition in human subjects with several AP imaging
agents are currently underway. PET studies of the carbon-11-labeled thioflavin-T
derivative Pittsburgh Compound B ([''C]PiB) has been extended to include a variety
of subject groups including AD, MCI, and healthy controls [50]. The ability to
quantify regional AP plaque load in the brains of living human subjects has provided
a means to begin to apply this technology as a diagnostic agent to detect regional
concentrations of AP plaques and as a surrogate marker of therapeutic efficacy in
anti-amyloid drug trials. A variety of other compounds, including 3’[(18)F]FPIB,
[(18)F]FDDNP, [(11)C]SB-13 and [(18)F]F-SB-13 have been developed which have
been shown to possess a selective uptake in the brain regions known to have a high
beta-amyloid content [51].

Functional magnetic resonance imaging (fMRI) is a noninvasive neuroimag-
ing technique that can be used to study the neural correlates of complex cognitive
processes, and the alterations in these processes that occur in the course of neuro-
degenerative disease [52]. fMRI studies have consistently demonstrated that, com-
pared with cognitively intact older subjects, patients with clinical AD have decreased
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fMRI activation in the hippocampus and related structures within the medial tem-
poral lobe during the encoding of new memories. More recently, fMRI studies of
subjects at risk for AD, by virtue of their genetics or evidence of MCI, have yielded
variable results. Some of these studies suggest that there may be a phase of paradoxi-
cally increased activation early in the course of prodromal AD. Further studies to
validate fMRI in these populations are needed, particularly longitudinal studies to
investigate the pattern of alterations in functional activity and the relationship to AD
pathology. Compared with volumetric structural imaging and plaque imaging, there
is limited data on whether fMRI can be usefully applied as a biomarker for disease-
modifying drugs.

While beta-amyloid, total tau (t-tau), and phosporylated tau (p-tau) protein
analysis, as assessed in CSF and plasma, have been intensively studied as diagnostic
biomarkers for dementia, they have not been as extensively studied as biomarkers
of disease severity. Among biochemical markers, CSF t-tau and p-tau, as well as
the ratio of these two proteins, are the most widely studied for use as diagnostic aids
as well as tracking disease progression [53-56]. Tau binds to microtubules in axons
and helps to regulate their assembly and transport. Tau protein undergoes complex
regulation, controlled in part by phosphorylation by kinases. Insoluble tau protein
is a major component of neurofibrillary tangles in AD and is highly phosphorylated
at amino acids at specific sites in the tau sequence. Tau and phosphorylated tau in
particular, have emerged as important molecules directly implicated in the patho-
genic cascade.

A combination of Abeta42 and t-tau in CSF can discriminate between patients
with stable MCI and patients with progressive MCI into AD or other types of
dementia with a sufficient sensitivity and specificity [57-59]. Regression analyses
demonstrated that pathological CSF (with decreased Abeta42 and and increased tau
levels) is a very strong predictor for the progression of MCI into AD.

For compounds expected to affect beta-amyloid, changes in amyloid levels or
production are expected as part of its pharmacologic profile. However, it would
be potentially very significant if administration of a BACE inhibitor also resulted
in changes in tau or phosphor-tau. This could be interpreted as a demonstration of
an effect on a downstream parameter considered to be an important marker of AD
pathogenesis.

Thus, during Phase 2 evaluation, it is worthwhile to incorporate multiple
biomarker end points in addition to clinical cognitive end points. Positive trends
across a number of these end points strengthen the data package supporting advance-
ment into Phase 3. Demonstration of effects of a new drug on biomarkers together
with clinical effects also support the case that the drug has benefits beyond symptom
relief, and an argument can begin to be constructed that the drug is disease
modifying.

9.3.3 Phase 3 Clinical Development

The decision to advance a compound from Phase 2 into Phase 3 pivotal trials is a
key one from a resource utilization standpoint. From an industry perspective, a Phase
3 clinical trial can be expected to take 3—4 years to carry out, and costs can be
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expected to range from $100 million to over $200 million dollars per trial depending
upon the numbers of patients per arm, duration of treatment, number of dose levels,
and extent of end points to be evaluated. At issue also is the fact that access to
patients can be potentially limiting, even for trials run internationally, due to the
large numbers of drugs moving through the pipeline competing for qualified sites
with appropriate patients, and, in the case of BACE inhibitors and other potentially
disease-modifying drugs, the likely requirement for limiting enrollment to patients
with mild to moderate AD. The long treatment duration of these trials (18 months
or more) also means that a patient may only be able to participate in a single trial
during the course of their disease, and there may be the need for frequent clinical
visits during the trial period that will require a committed caretaker who understands
the importance of completing trial participation. Additionally, selection of well-
qualified sites with clinical trials experience that have access to adequate numbers
of patients can also be limiting. AD trials require significant and dedicated commit-
ment on the part of trial centers, with experienced physicians, study coordinators,
neuropsychologists, and ancillary services such as neuroimaging, all working
together as a single unit. Clinical sites will need to be selective in which trials they
participate in and part of the decision-making process will involve assessing the
strength of the data supporting the conduct of Phase 3 trials.

A number of issues need to be carefully considered in the design of Phase 3
trials for BACE inhibitors, including patient population, trial design, duration of
therapy, and end points. The selection of the appropriate patient population should
take into consideration what has been learned in subset analyses during Phase 2
testing, as well as who will benefit from treatment when the drug is approved and
on the market. One important parameter is the stage or severity of disease. For BACE
inhibitors and other drugs targeting some aspect of beta-amyloid biology, there is
an increasing consensus that the sooner treatment is initiated, the greater the potential
benefit. Indeed, some have suggested that once dementia is evident, downstream
pathogenic events such as formation of tau-associated tangles and neuronal cell
death, as well as inflammatory or oxidative damage may have already been put into
play that are no longer responsive to alterations in upstream alterations in beta-
amyloid processing. However, this remains speculative. Ideally, it may be desirable
to initiate treatment before clinical symptoms are evident or when such symptoms
are mild, such as patients with MCI. However, the traditional definition of MCI,
which is based largely on cognitive assessment, has been problematic from the
standpoint of accurately identifying the pre-dementia patient with underlying
Alzheimer’s pathology.

Given the significant advances in our understanding of Alzheimer’s pathogen-
esis, a proposal has been made to modify our diagnostic criteria for Alzheimer’s
type pathology to include findings from relevant biomarkers that are sensitive and
specific for AD in addition to cognitive assessment [60]. The National Institute of
Neurological and Communicative Diseases and Stroke/Alzheimer’s Disease and
Related Disorders Association (NINCDS-ADRDA) and the Diagnostic and
Statistical Manual, Fourth Edition, Text Revision (DSM-IV-TR) criteria for AD are
the prevailing diagnostic standards in research; however, they have not been updated
to incorporate the tremendous growth of scientific knowledge. As discussed above,
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a range of reliable biomarkers of AD are now available through structural MRI,
molecular neuroimaging with PET, and cerebrospinal fluid analyses. An attempt has
been made to incorporate these biomarkers to capture both the earliest stages, before
full-blown dementia, as well as the full spectrum of the illness [60]. These new
criteria are centered on a clinical core of early and significant episodic memory
impairment. They stipulate that there must also be at least one or more abnormal
biomarkers among structural neuroimaging with MRI, molecular neuroimaging with
PET, and cerebrospinal fluid analysis of amyloid beta or tau proteins. The timeliness
of these criteria is highlighted by the many drugs in development that are directed
at changing pathogenesis, particularly at the production and clearance of amyloid
beta as well as at the hyperphosphorylation state of tau. Validation studies in existing
and prospective cohorts are needed to advance these criteria and optimize their
sensitivity, specificity, and accuracy. If this revised approach is widely embraced
and adopted by clinicians and regulatory bodies, the revised diagnosis of AD will
incorporate the tremendous advances in our understanding of the biological bases
of the disease. It will also broaden the spectrum of disease to encompass pre-
dementia as part of a continuous spectrum of the disease extending into dementia
and allow the inclusion of early pre-demented AD (i.e., MCI) into clinical trials.

Information obtained during Phase 2 may suggest that other patient subsets
may show different responses to therapy. An unexpected finding seen from the Phase
2 study of passive antibody was the difference in response, both from a safety and
efficacy standpoint, among patients who were APOe4 positive or negative.

In terms of trial design, several issues emerge. While the simplest design is a
randomized placebo-controlled, parallel arm study, there is interest in incorporating
modifications to demonstrate an effect on the underlying disease process, manifested
as a change in the rate of decline [61]. In principle, a staggered start or stop design
offers the ability to distinguish between symptomatic-only benefits versus disease-
modifying benefit by demonstrating that patients treated with an effective disease-
modifying drug continue to show a difference in clinical end points against placebo
after stopping therapy [62]. An alternative approach is a slope-based analysis, in
which frequent end-point assessments taken during treatment show a widening gap
between treatment and placebo with longer periods of treatment, indicating that
the underlying rate of deterioration has been altered. The practical implementation
and analyses from data incorporating these designs are challenging for a number
of reasons, including: (1) increasing dropout rates over longer treatment periods,
requiring the appropriate statistical handling of missing data; (2) variability in end-
point measures with the potential for significant fluctuations in individual perfor-
mance over time requiring larger cohort sizes to detect significant mean differences;
and (3) drug treatment benefits that may be relatively modest over a 1-2-year period,
making it difficult to clearly distinguish differences in slopes on treatment or differ-
ences versus placebo off therapy.

The question of duration of treatment is an important one and is determined
by competing needs. From the standpoint of maximizing the opportunity to demon-
strate a disease-modifying treatment benefit, longer treatment periods can be expected
to increase the differences between active and placebo groups. In addition, for a
drug that is expected to slow deterioration rather than reverse it, progression in the
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placebo arm will increase with longer trial duration. However, favoring shorter
treatment periods are practical considerations of trial fatigue, increased dropout
rates, and the need to keep placebo patients on placebo. Based upon these param-
eters, current trials for disease-modifying therapies incorporate treatment periods of
12-24 months, with an 18-month treatment period being a reasonable practical
compromise.

The selection of appropriate primary and secondary efficacy end points is
predicted upon regulatory precedent and requires careful discussion with relevant
regulatory bodies. A detailed discussion of the specifics of neuropsychological
testing is beyond the scope of this chapter. In general, a new drug for AD must
demonstrate clinical benefit on cognitive function, as assessed by two methods: (1)
direct evaluation of cognitive function, using a validated instrument, such as the
ADAS-cog battery; and (2) clinician/caretaker assessment of overall benefit, such
as the CIBIC-plus. The ADAS-cog is a multi-item instrument that has been exten-
sively validated in longitudinal cohorts of AD patients. The ADAS-cog examines
selected aspects of cognitive performance, including elements of memory, orienta-
tion, attention, reasoning, language, and praxis [63]. The ADAS-cog scoring range
is from O to 70, with higher scores indicating greater cognitive impairment. Elderly
normal adults may score as low as O or 1, but it is not unusual for nondemented
adults to score slightly higher. Some drawbacks of the ADAS-cog are ceiling and
floor effects, limiting its utility in mild and severe patients, and the lack of testing
for executive function. As a result, other instruments such as the NTB have been
developed and may be incorporated into trials [64].

The CIBIC plus is not a single instrument and is not a standardized instrument
like the ADAS-cog [65-67]. Clinical trials for investigational drugs have used a
variety of CIBIC formats, each different in terms of depth and structure. In general,
the CIBIC plus used is a semi-structured instrument designed to examine four major
areas of patient function: general, cognitive, behavioral and activities of daily living.
It represents the assessment of a skilled clinician based upon his/her observations at
an interview with the patient, in combination with information supplied by a care-
giver familiar with the behavior of the patient over the interval rated. The CIBIC
plus is scored as a seven-point categorical rating, ranging from a score of 1, indicat-
ing “markedly improved,” to a score of 4, indicating “no change” to a score of 7,
indicating “markedly worse.”

These instruments are applicable for either symptomatic only or disease-
modifying treatments and may be applied periodically throughout the treatment and
follow-up period to monitor for clinical benefit.

9.3.4 Regulatory Considerations

An important regulatory concern among drug developers is the specific claims that
will be incorporated into the label for a new AD drug with improved characteristics.
There have been efforts to arrive at a regulatory definition of disease modification
that can be practically implemented. In the European Union, guidelines have been
published focusing on slope analyses as an approach to obtain a disease modification
label. In the United States, the FDA has not clearly indicated what approaches could
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be used. It is possible that some combination of clinical design together with com-
pelling biomarker data could be used to make a case that a therapy is disease
modifying.

Some clinical experts have suggested that obtaining disease modification in a
regulatory label may not be critical, either from a patient care or commercial per-
spective [68]. Their view is that the focus instead should be on demonstrating a
reasonable, robust, and long-lasting treatment benefit, and patients and doctors
will embrace any new therapy with persistent and substantial benefits. However, it
seems that formal recognition by regulatory agencies that a new drug provides
disease modification would substantially enhance its commercial value by allowing
dissemination of information related to it and differentiating it from other
compounds.

9.4 FINAL REMARKS

In view of the rapid advances taking place in our scientific understanding of the
pathogenesis of AD, together with the tremendous resources being applied by the
pharmaceutical industry toward new drugs, as well as the huge unmet need for more
effective therapies, there is the need for scientists, drug developers, clinicians, and
regulators to find ways to share data, standardize measurements, and conduct mul-
tisite biomarker research in such a way that results can be compared side by side.
This is particularly important given the number of clinical trials for AD therapies
occurring in different parts of the world (Fig. 9.1). Two notable initiatives are laying
the groundwork in this direction. One is the ADCS, which has done much to help
clinical sites of large multicenter trials standardize appropriate methods and proce-
dures to minimize site variability in addition to supporting the infrastructure of many
high-quality clinical research centers [69]. The other is the ADNI, a multi-center

= Least

Most

Figure 9.1 Number of clinical trials currently occurring worldwide, adapted from
information available at Clinicaltrials.gov.
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TABLE 9.3 Online Sites with Up-to-Date Resources on AD and
Clinical Trials

http://www.nia.nih.gov/Alzheimers/ResearchInformation/Clinical Trials
http://clinicaltrials.gov

http://www.alz.org/index.asp

http://www.alzforum.org/

http://www.centerwatch.com/clinical-trials
http://www.alzfdn.org/Clinical Trials/findatrial.html
http://www.alzresearch.org/index.cfm

http://www.adc.ucla.edu/

http://www.alzdiscovery.org/

5-year natural history study run by a public-private consortium [70]. ADNI has
focused on areas of common ground to all drug developers in which cooperation
and data sharing benefit all participants. In this case, ADNI aims to enable both
companies and publicly funded drug developers to define useful neuroimaging bio-
markers and methods that will help them as they each subsequently test their pro-
prietary compounds individually.

Finally, it is critically important that patients, their caregivers, and their health-
care providers, are fully informed about the wide range of new potentially ground-
breaking therapies that are currently in clinical trials. A number of online sites
provide up-to-date information on advances in AD research as well as ongoing clini-
cal studies seeking to recruit qualified patients (Table 9.3).
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10.1 INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegeneration and is the most
common form of dementia in the elderly. The disease is characterized by a massive
cell loss of mainly cholinergic neurons, deposition of fibrillar amyloid-B (AB) pep-
tides as senile plaques, and intracellular accumulation of hyperphosphorylated tau
as neurofibrillary tangles [1].

Although AD pathogenesis is complex and remains unclear, the accumulation
of AP is considered to be the earliest event in a complex cascade, which eventually
leads to neurodegeneration, as seen in compelling genetic and biochemical evidence
[2]. The amyloid cascade hypothesis [2-5] states that overproduction of AP, or
failure to clear this peptide, leads to AD primarily through amyloid deposition,
which is presumed to be involved in neurofibrillary tangles formation, neuronal
dysfunction, and microglia activation, all of which characterize AD affected brain
tissues [6-9].
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Considering the causative role of AP in AD etiology, novel therapeutic strate-
gies that lower AP levels or prevent the formation of the neurotoxic AP species
are predicted to stop or slow down the progression of neurodegeneration in AD.
Indeed, the major focus over the last decade has been to inhibit brain AB production
and aggregation, to increase parenchymal AP clearance, and to interfere with Af-
induced cell death. Research clarifying the metabolic pathways that regulate A}
production from its precursor protein amyloid precursor protein (APP) has revealed
that the secretases that produce AP may be good therapeutic targets since inhibition
of either B- or y-secretase limits AP production. The fact that B-secretase initiates
APP processing, and thus serves as the rate-limiting step in production of A}, have
attracted efforts from many research groups aimed at the enzyme inhibition. The
discovery of B-site APP cleaving enzyme (BACEI), which has been discussed in
detail in Chapter 2, has prompted it as a main target for AD drug development.
Indeed, over the last 7 years, several inhibitors were reported to reduce AP levels
in plasma and/or brain of AD transgenic mice models (for review, see Reference
10), one of which has recently completed Phase I clinical trials (for more details,
see Chapter 9).

Along with the development of BACEI inhibitors and the generation of its
knockout mice, accumulating data raise some concerns regarding a total inhibition
of the enzyme, as it shares the processing of other substrates with immunological
and neurological functions. Additionally, other enzymes, including cathepsin B,
were shown to serve as B-secretase, cleaving APP at the same [-site [11].

In order to overcome some of the drawbacks that may arise from BACEI1
inhibition, we developed a novel approach to inhibit A production via antibodies
against the B-secretase cleavage site of APP. These antibodies bind both wild-type
and Swedish mutated APP expressed in transgenic mice brain tissues and do not
bind any form of AP peptides. Administration of these antibodies to the cells condi-
tion media [12] and to a transgenic (Tg) mice model of AD resulted in a considerable
decrease in intracellular AP levels (Arbel et al., manuscript in preparation). The
relevance of intraneuronal accumulation of mainly AB42 as an early event in AD
pathogenesis suggests that this approach may be applicable as a novel therapeutic
strategy in AD treatment.

Here we review several aspects of BACEI as a candidate for drug discovery,
the subcellular trafficking of AP production, and performance of anti 3-site antibod-
ies in cellular and animal models of AD. We also briefly review the status of devel-
oping APP binding molecules as an approach to inhibition of cleavage of -site of
APP.

10.2 B-SECRETASE: DISCOVERY, FUNCTION,
AND INHIBITORS

After more than 10 years of intense investigation, four independent teams of research-
ers have each identified the same protein, considered to be B-secretase, BACE
[13-16]. Although BACEI acts on APP as [B-secretase to generate AP peptides
[13-16], it is not clear whether this is its normal physiological task.
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BACEI is a 501 amino acid transmembrane aspartyl protease consisting of
two active site motives at amino acids 93-96 and 289-292 in the lumenal domain,
each containing the highly conserved sequence of aspartic proteases DT/SGT/S
(reviewed in Reference 17). At the amino acid level, BACE shows <30% sequence
identity with human pepsin family members. BACE was also shown to exhibit all
the known properties of B-secretase [13]. Tissue culture and animal studies indicated
that B-secretase is expressed in all tissues but is expressed at highest levels in the
brain. BACE cleaves APP mainly at the amino terminus of the AP peptide domain
and is widely expressed in different organs, including the brain and in various cell
types [18]. A second human homolog, identified shortly after BACEI identification,
sharing 64% similarity at the amino acid sequence, termed BACE?2, is expressed in
the heart, kidney, and placenta, but less in the brain, making BACE1 the major [3-
secretase in the brain [19]. To date, the physiological role of BACE2 remains
unknown, but it seems that the enzyme does not have a pivotal role in APP process-
ing and thus is not considered a target for AD therapeutics.

The discovered structural and physiological characteristics of BACEI have
rapidly promoted it as a prime target for drug discovery in AD [11]. This strategy
was further supported by studies showing that AP levels of BACEI-deficient mice
were reduced by more than 90% [18, 20, 21]. Moreover, initial behavioral analysis
of BACEI-deficient mice showed no obvious deficits in neurological and physio-
logical functions [21].

Developing specific BACE1 inhibitors and evaluating their efficacy in vivo
has been difficult, partly because there appears to be a nonlinear relationship between
decreased BACEI activity in vivo and reduction of AP levels in the brain. Studies
using heterozygous BACEI knockout animals have shown that a 50% decrease in
BACEI activity leads to a much smaller decrease (~15%) of brain A levels [22].

A further difficulty is the low brain penetration of most inhibitors due to the
fact that many are substrates for P-glycoprotein, a plasma membrane protein that
actively extrudes a wide range of amphiphilic and hydrophobic drugs from cells,
which is important in preventing the accumulation of several drugs in the brain.
Moreover, as peptidomimetics of the B-cleavage site, BACELI inhibitors are, there-
fore, as large as predicted by the crystal structure of the BACEI active site. Moreover,
APP is poorly cleaved by BACEI because its amino acid sequence around the
BACEI cleavage site does not fit with the substrate specificity of BACEI determined
by in vitro experiments (reviewed in Reference 23). In the Madin-Darby canine
kidney (MDCK) cell line, a system to study polarized sorting mechanisms of pro-
teins, most of BACEI is sorted to the apical surface where very little APP is
observed [24]. Instead, APP undergoes sorting to the opposite, basolateral side, sug-
gesting that APP is not the major physiological substrate of BACE].

In addition, BACEI inhibitors will have to be highly selective for BACEI to
minimize interference with other aspartic protease, namely pepsin, cathepsin D,
cathepsin E, napsin A, and renin. Potential BACEI inhibitors will also need to spare
BACE2, which shares high homology levels with BACEI and is expressed in the
peripheral organs rather than in the brain because of their antagonistic functions.

Emerging data have showed the involvement of BACEI in the proteolytic
processing of other proteins, two of which share distinct importance with immuno-
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logical function: the P-selectin glycoprotein ligand-1 [25], which mediates leukocyte
adhesion and the sialyl-transferase ST6Gal I [26], an enzyme that is secreted after
cleavage and is involved in regulating immune responses. The interaction of a sialyl-
alpha2,6 galactose residue, which is synthesized solely by ST6Gal I, with a B cell-
specific lectin, CD22/Siglec-2, is important for B cell function [26]. It is notable that
mice deficient in some glycosylation enzymes that appear to grow normally show
subtle neurological abnormalities with increasing age; glycosphingolipid-deficient
mice show lethal audiogenic seizures induced by a sound stimulus. In this regard,
it is important to note that a possible immunological phenotype in BACE1 knockout
mice might have been overlooked, since these animals have not yet been challenged
immunologically. BACEI was also shown to be involved in processing of APP
homologue, APLP2. The levels of APLP2 proteolytic products were decreased in
BACEI-deficient mice and were increased in BACE1-overexpressing mice [27]. A
study utilizing BACE! knockout mice suggested type III neuregulinl (NRG1), an
axonally expressed factor that is required for glial cells development and myelina-
tion, as a novel substrate for BACEI cleavage. The authors thus postulated that
BACEI is required for peripheral nerve myelination, probably via processing of type
III NRG1 [28].

Findings that 4-month-old BACEI knockout mice had mild deficits in a task
that assesses spatial memory [29] suggest that chronic reduction in BACE] activity
could impact learning and memory. Moreover, utilizing APP/PS1 double transgenic
mice, as well as BACE1-deficient mice, suggests that BACEI and APP processing
are critical for cognitive, emotional, and synaptic function [30].

Importantly, cathepsin B inhibitors were recently shown to improve mice
performance in Morris Water Maze paradigm and to lower cerebral A levels in-
vivo. AP reduction was associated with decrease in SAPPJ levels, suggesting that
these inhibitors could modulate B-secretase activity. AB-mediated reduction via
cathepsin B inhibitors was restricted to transgenic models expressing wild-type APP
[31]. These results demonstrate that other protease inhibitors could also modulate
the B-secretase activity.

The findings reviewed above, describing other native substrates of BACEI1
besides APP and other proteases that could modulate APP processing in a similar
manner, suggest that strategies using anti B-site antibodies or small molecules that
bind to APP and interfere with 3-secretase activity are therapeutically very attractive
and with potential for enhanced safety profile.

10.3 GENERATION OF A PEPTIDES VIA
THE ENDOCYTIC PATHWAY

Over the past few years, cell biological studies support the view that AP is generated
intracellularly from the endoplasmic reticulum (ER) [32] to the trans-Golgi network
(TGN) and the endosomal-lysosomal system [33]. In neurons, APP metabolism
releasing the AP peptide occurs at all sorting stations. Regarding the AP species
generated in the different neuronal compartments, the long form of AP (AB42) is
produced in the ER/cisGolgi and at or near the cell surface, and the short form of
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AR (AB40) is produced in the TGN/endosomal compartment and also at or near the
cell surface (reviewed in Reference 34).

The generation of both AB40 and AB42 in endosomes is well established [32,
35-37]. Antibody uptake and biotinylation studies showed that most of the cell
surface-located APP is reinternalized into early endosomal compartments from
where it can be recycled back to the cell surface, or can be retrieved later to endo-
somal/lysosomal compartments and/or to the TGN [38, 39]. Mutagenesis of the
internalization signal of APP reduced both AB40 and AB42 secretion [33], and
expression of the dominant negative dynamin mutant that prevents endocytosis in
the transfected cell lines decreased ratios of secreted AP42/AB40 for these APP
constructs [35]. Within the secretory and endocytic pathways, BACEI shares major
trafficking routes with its protein substrate APP. Cell models using chimeric forms
of APP that retain APP in the ER, or direct APP trafficking to the lysosome or cell
surface, indicate that production of AB40 occurs mainly in the endocytic pathway,
while AB42 is produced both in the ER/cis-Golgi apparatus and in the endocytic
pathway [37]. Production of AP in Chinese hamster ovary (CHO) cells involves
internalization of APP from the cell surface [40], as deletion of the cytoplasmatic
tail of APP significantly decreases cleavage by P-secretase. These experiments
confirmed that AP could be derived through processing of APP endocytosed from
the cell surface in addition to the secretory pathway [40]. Full-length APP can be
internalized from the cell surface and targeted to endosomes and lysosomes, where
COOH-terminal fragments containing the entire A sequence have been detected.

Recent morphological evidence from living cells reinforces the hypothesis that
APP-BACE] interactions occur at the cell surface and early endosomes. There is a
strong and previously unemphasized interaction at the cell surface where APP and
BACEI dramatically co-localize and then appear to be internalized together into
early endosomes [41]. The majority of cell surface APP and BACE!I were internal-
ized after 15min, but they remained strongly co-localized in the early endosomal
compartment where fluorescence resonance transfer (FRET) analysis demonstrated
continued close interaction [41]. By contrast, at later time points, almost no co-
localization or FRET were observed in lysosomal compartments. To determine
whether the APP-BACEI interaction on cell surface and endosomes contributed to
AP synthesis, the labeled cell surface APP demonstrated detectable levels of labeled
AP within 30 min. Taken together, these data confirm close APP-BACEI interaction
at the early endosomes, and highlight the cell surface as an additional potential site
for APP-BACEI] interaction.

Here we propose a new approach to limit BACEI activity, which exploits the
interaction of APP and BACEI] at the cell surface prior to their internalization into
the early endosomes [41]. This new approach is based on B-secretase cleavage of
APP itself rather than inhibiting the entire enzyme activity (Fig. 10.1).

10.4 GENERATION OF ANTI-APP B-SITE ANTIBODIES

The B-secretase cleavage site, which resides between amino acids 666-673 of
APP770 (corresponding to the amino acid sequence ISEVKMDA), is highly con-
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Figure 10.1 Tllustration of anti B-site antibody mediating the inhibition of AP production
via the endocytic pathway. (a) AR peptides are generated by two pathways: the secretory
and the endocytic pathways, after which the generated peptides are either secreted or
degraded in the cell. For simplicity purposes, only the endocytic pathway of AP production
is illustrated. Accordingly, cell surface APP molecules, which are in close interaction with
BACEI molecules, are internalized into the early endosomes where the acidic pH favors
BACEI] cleavage. The immediate product of BACEI cleavage, C99, is further cleaved by
y-secretase to release AP peptides, which in turn can be either secreted or degraded in the
cell. (b) The addition of BBS1, anti-APP B-site antibody, results in APP binding on the
surface, flowing co-internalization of both APP and the antibody into the early endosomes.
Within the endosomes, antibody binding is speculated to interfere with BACEI cleavage
and thus restrict AP production. In such a scenario, both the immediate products of BACEI
cleavage, soluble APPP and C99, and A levels are reduced. Since AP peptides are
generated inside the cell, inhibition of its generation will be reflected in both the intra- and
extracellular AR pools. The production of AP through the secretory pathway is not
illustrated for simplicity purposes. (See color insert.)

served through evolution, while the double Swedish mutation localized at the same
site exhibits the sequence NL instead of KM (amino acids 670,671 of APP770). To
generate the antibodies against APP B-site, we chose the peptides that mimic the
half-Swedish mutation chimeric peptide in which M670L mutation was introduced
(multiple antigen peptide [MAP] — [ISEVKLDA]s). The one amino acid substitution,
using MAP displaying half-Swedish mutated APP B-site, enabled the generation of
a high antibody titer against both the wild-type and Swedish mutated B-sites in
BALB/C mice in a short period of time (6 weeks) [12]. The MAP system, first
described in 1988 [42], is based on a small immunologically inert core molecule of
radially branching lysine dendrites onto which a number of peptide antigens are
anchored. The MAP system method was shown to be beneficial for producing high-
titer anti-peptide antibodies [43, 44] and synthetic peptide vaccines [42]. Sera frac-
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tions consisting of anti-B-site polyclonal antibodies were collected and mice with
the highest antibody levels were sacrificed and their spleens used for preparation of
monoclonal antibodies (mAbs). A series of mAbs was obtained, and mAb BBS1
(blocking B-site 1), which showed the higher affinity in binding MAP expressing
the wild-type B-site sequence, was chosen for further analysis. Anti-3-site polyclonal
and mAbs were characterized for their ability to bind full-length APP and to interfere
with APP processing and, thus, with AB production.

10.5 ANTIBODY INTERFERENCE WITH A
PRODUCTION IN CELLULAR MODEL

The effect of APP B-site antibodies, both polyclonal and monoclonal, on APP pro-
cessing was evaluated in CHO cells stably transfected with wild-type human APP751
isoform (kindly provided by Professor D. Selkoe, Harvard Medical School, Boston,
MA). The polyclonal antibodies were also examined for their ability to interfere with
Swedish mutated APP processing by using CHO cells stably expressing Swedish
mutated human APP695 isoform (kindly provided by Dr. C. Eckman, Mayo Clinic,
Jacksonville, FL).

10.5.1 Polyclonal Antibodies

In the wild-type APP cellular model, the addition of purified polyclonal antibodies
against APP [-site to the cells condition media for 24h led to approximately 40%
reduction in secreted AP levels. Intracellular AP levels, analyzed after 5 days incu-
bation with the antibodies, were reduced by 50% in comparison with the basal AP
levels. Purified nonimmune sera, used as the negative control, did not produce any
change in AP levels within the secreted and intracellular AP pools.

A similar experiment was performed using the Swedish APP expressing cells;
however, the effect of anti-B-site polyclonal antibodies was quite minor, reaching
about 10% reduction in secreted AP levels and 7% reduction in intracellular A
levels [12].

These results are in accordance with the fact that the Swedish APP-mutated
[-site is of higher affinity to BACEI and thus a higher proportion of APP molecules
are processed during maturation in the ER and trans-Golgi apparatus via the secre-
tory pathway [45, 46]. Indeed, the substrate turnover rate (Kcat) of BACE was
shown to be 10-fold higher in the presence of a short peptide carrying the Swedish
mutation than in the presence of the wild-type peptide [47]. Since antibody mediated
inhibition of B-secretase cleavage mainly affects cell surface APP molecules, their
effect could hardly be noticed in this cellular system.

10.5.2 mAb BBS1

A thorough in vitro characterization of the APP [-site mAb was previously pub-
lished [12]. Anti-APP B-site mAb, BBS1, showed high affinity binding of the MAP
displaying eight copies of the wild-type APP B-site with an estimated dissociation
constant (Kp) of 1.165nM. The immunocomplex was found to remain 95% stable
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within pH 5, the optimal pH for -secretase activity which occurs in the early endo-
somes. The antibody ability to bind APP B-site in the context of full-length APP
was demonstrated by Western blot and immunofluorescence using CHO cells over-
expressing wild-type human APP, as well as by immunohistochemistry of brain
sections from human APP transgenic mice model. By utilizing brain sections from
two different lines of APP transgenic mice, we were able to demonstrate antibody
ability to bind both wild-type and Swedish mutated APP B-sites. Conversely, despite
the presence of the first two amino acid residues of AP within the immunogen used
to generate this mAb, BBS1 does not bind any form of A peptides.

Since most 3-secretase activity is localized within intracellular compartments,
we tested antibody ability to co-internalize into the cell with APP after binding at
the cell surface at different time points. For that purpose, we transiently transfected
the wild-type APP expressing cells with fluorescent resident proteins of either the
early endosomes (EEAI), lysosomes (Lgl20), or the Golgi apparatus (GalT).
Twenty-four hours post transfection, we added the antibody to the condition media
at different time points after which cells were fixed, permeabilized, and antibody
presence was detected with fluorescent anti-mouse IgG antibodies. BBS1 was
rapidly internalized into the cell and could be detected in the early endosomes after
very short intervals. At longer intervals (from 10min and onward), antibody was
visualized in the early endosomes of an increasing number of cells in each field and
its levels within the early endosomes were elevated with time. From 15 min incuba-
tion and onward, BBS1 antibody could be detected in the lysosomes, with a more
profound staining after 45 min. Antibody presence in the Golgi apparatus could be
detected only after 45min incubation (Fig. 10.2). Antibody trafficking suggests
receptor-mediated internalization and trafficking through the endocytic pathway, as
was expected knowing that APP is internalized into the early endosomes via clathrin-
coated pits [48].

Once administered in the growing media of cells overexpressing wild-type
APP, BBS|1 reduced the extra- and intracellular AP levels. The secreted AP levels
were reduced by about 20% compared with the basal levels after short intervals
(from 3 to 12h). Interestingly, after 5 days incubation with the antibody, the intracel-
lular AP levels were dramatically reduced (estimated as 50% reduction) in compari-
son with the basal intracellular A levels. The levels of C99, the direct product of
APP cleavage by BACE, were reduced by 20% after a 4-h treatment with BBS1 and

<

Figure 10.2 BBSI internalization and trafficking in CHO cells overexpressing APP.
Mammalian expression vectors consisting of either EEA1, Lg120, or GalT fused to eGFP,
were used to label the early endosomes, lysosomes, and Golgi apparatus, respectively.
Twenty-four hours post transfection, BBS1 antibody was administered to the growing
media and incubated at 37°C for different intervals. Cells were then fixed and
permeabilized and anti-mouse secondary antibody conjugated to Cy3 (red) was added to
follow BBS1 localization. Anti-APP carboxy terminal antibody followed by secondary
antibody conjugated to Cy5 (purple) was used to detect APP localization. Cell labeling was
visualized using LSM-510 Zeiss confocal microscope and a co-localization software. The
bottom panels at each time point represent merged images as indicated. Bars = 10 um.
(See color insert.)
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were in accordance with the decrease in secreted AP levels at short intervals.
Notably, antibodies directed to the amino terminal of APP have failed to produce
such an effect, both with the extra- and intracellular AP} pools. Importantly, BBS1
incubation did not harm the cells’ viability as determined by 3-(4,5-dimethylthiazol-
2-Y1)-2,5-diphenyltetrazolium bromide (MTT) reduction assay [12].

To examine whether inhibition of BACEI1 activity resulted in increased «-
secretase cleavage of APP, soluble o-APP levels were quantified by Western blot
after 24 and 48 h of incubation with BBS1 antibody. Soluble a-APP levels were not
affected by antibody treatment. The fact that inhibition of B-secretase activity did
not lead to accelerated o-cleavage of APP supports former studies suggesting the
existence of two distinct APP pools: raft-resident APP molecules that are mainly
cleaved by B-secretase and APP outside rafts that are mainly subjected to o-secretase
cleavage [49]. In addition, a recent report by the V. Lee research group, utilizing
both BACE1 and TACE (o-secretase) inhibitors, showed that under normal condi-
tions, despite having a similar trans-Golgi localization, these two proteases do not
compete for APP and thus inhibition of BACE]1 did not alter sAPPa levels and vice
versa [50].

10.6 ANTIBODY INTERFERENCE WITH A
PRODUCTION IN ANIMAL MODELS

Swedish mutated APP B-site serves better for B-secretase cleavage and is mainly
cleaved through the secretory pathway and, as demonstrated with the polyclonal
antibodies, cellular systems expressing Swedish mutated APP were not affected by
the treatment, suggesting that the animal model must consist of the wild-type APP
[-site. To date, we have performed three in vivo studies: (1) intracranial infusion of
BBS| to a non-transgenic mice model with induced AP levels; (2) systemic, 2-month
antibody administration to London mutated transgenic mice; (3) chronic, 6-month
antibody administration to Tg2576 — safety study. Manuscripts summarizing the
first two studies are currently being prepared for publication and thus will be
briefly reviewed. The third study, mainly focused on safety issues, was previously
published [51].

10.6.1 Intracranial Infusion of BBS1 to a Non-Transgenic
Mice Model with Induced AP Levels

In order to demonstrate the in vivo feasibility of our approach, we used a non-
transgenic mice model with induced AP levels [52]. Accordingly, neprilysin inhibi-
tor thiorphan is infused into the mouse left ventricle and induces reversible deposition
of endogenous murine AP. In contrast to the existing transgenic mice models that
show enhanced production of AP peptide, the thiorphan infusion model represents
an impaired A clearance and is thought to be more relevant to sporadic AD cases
in which AP degradation was shown to be impaired [53-55]. Additionally, the high
soluble AP levels induced in this model are in contrast to the transgenic models in
which most of the AP is aggregated. Our data from cellular models suggest a dif-
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ferential effect of BBS1 between the secreted and intracellular AP levels. Considering
that most intracellular AP is soluble (from monomers to low molecular weight
oligomers), this model provides an opportunity to evaluate the effect of these anti-
bodies in the brain-soluble fraction.

Co-infusion of BBS1 antibody and thiorphan into the left ventricle of male
C57BL wild-type mice led to a dramatic reduction in total AP levels, both in the
intracellular and extracellular enriched fractions within the brain-soluble fraction,
estimated as 60% and 89% reduction, respectively. Of note, despite the induced AP
levels, these mice neither develop any behavioral abnormalities nor do they develop
any other AP-associated neuropathologies such as astrocytes and microglia
activation.

10.6.2 Systemic, 2-Month Antibody Administration to
London Mutated Transgenic Mice

To investigate BBS1 treatment efficacy while administered through the peritoneum,
we used female transgenic mice expressing the London mutated APP (V7171) under
the regulation of thy-1 promoter on an FVB x C57BL background (reMYNDlInc.,
Leuven, Belgium) [56]. The antibody was administered at 2-week intervals for 2
months after which mice nonspatial memory was assessed prior to sacrifice. Mice
treated with BBS1 showed a positive trend of improved memory throughout training
compared with saline-treated mice in the probe test in terms of time and frequencies.
Insoluble AB42 and APB40 levels in treated animals were reduced by 25% and 40%,
respectively. Membrane-associated AP oligomers were reduced by 26% in the
treated animals. Serological analysis further supported these results, demonstrating
a 40% reduction in the area occupied by the amyloid dense core and about 30%
reduction in intracellular A accumulation within the hippocampal neurons in
animals treated with the antibody. Similar to the results in the cellular model, BBS1
treatment led to about 20% reduction in soluble APPP levels without altering the
levels of sAPPo. Importantly, no further microglia and astrocyte activation was
observed as a result of antibody treatment.

10.6.3 Chronic 6-Month Antibody Administration to
Tg2576 — Safety Study

The two described studies were highly valuable in demonstrating the feasibility and
efficacy of antibodies against APP [B-site. Although some of the current immuno-
therapies investigated in clinical trials employ A antibodies that bind endogenous
APP, we performed an additional study that mainly focuses on assessing the possible
adverse effects that may result from a chronic administration of BBS1, which is an
anti-APP antibody. Since BBS1 was shown to bind both wild-type and Swedish
mutated APP molecules, we used the most widely available transgenic mice, Tg2576,
which overexpress human Swedish mutated APP, to evaluate the safety of a chronic
BBS1 treatment. As previously mentioned, the Swedish mutated APP is not the most
suitable model to test methodologies aimed at interfering with B-secretase activity,
since APP in this model is mainly cleaved through the secretory pathway rather than
the endocytic pathway. However, most of the available transgenic mice express



228  BACE: LEAD TARGET FOR ORCHESTRATED THERAPY OF ALZHEIMER’S DISEASE

Swedish mutated APP, and recent results from studies that evaluate the positive
effect of BACE inhibitors were performed with these mice [57]. Accordingly, two
doses of the antibody were tested in comparison to a saline-treated group.
Immunizations were initiated at 6 months of age prior to the appearance of plaques,
and were continued for a 6-month period in which mice were immunized at 14-day
intervals. At the age of sacrifice, behavioral deficits, plaque pathology, reactive
astrocytes, and microglia already existed [51].

During the 6 months of treatment, mice from all three treatment groups gained
weight in similar percentages, suggesting that no side effects or inconvenience
resulted from the antibody treatment. The levels of proinflammatory cytokines
TNF-o and IL-1f in the plasma did not differ among the three treatment groups.
Similarly, brain levels of IL-1B did not differ among the three treatment groups,
while the levels of the anti-inflammatory cytokine IL-10 were elevated. Blood and
urine biochemistry tests, including kidney functions, were normal, indicating no
internal organ failure. These results were also supported by normal morphology of
liver, kidney, and spleen tissues, as observed by the gross-anatomy organ examina-
tion. Further histological evaluation of the kidneys showed no abnormalities.

Since the BBS1 antibody does not bind AP plaques and is rapidly internalized
into the cell after APP binding, microglia activation characterizing APB-specific
antibodies was not expected. We evaluated the levels of microglia activation using
F4/80 staining in three distinct areas: dentate gyrus, hippocampus hilus, and parietal
cortex. A significant and dose-dependent decrease in microglia staining was observed
in the treated groups compared with the saline-treated group. Glial fibrillary acidic
protein (GFAP) staining for reactive astrocytes did not show any difference between
the three treatment groups. We further performed CD3 staining of brain sections to
evaluate the possibility of T-cells penetrating the brain parenchyma. No T-cells were
detected in any of the sections analyzed.

Accumulating evidence suggests that immunotherapies against AP} lead to
hemorrhages within brain blood vessels because clearance of AP from the tissue to
the capillaries damages their integrity [58, 59]. Since the BBS1 antibody does not
bind AP, soluble peptides, or plaques, we speculated that this antibody would not
induce hemorrhages in the brains of the immunized transgenic animals. Importantly,
the number of microhemorrhages was significantly lower in the BBS1-high-dose
treated group compared with the phosphate buffer solution (PBS)-treated animals.
Notably, very few hemorrhages were evident in this strain of transgenic mice at the
age of euthanasia (12 months). As was predicted, passive intraperitoneal administra-
tion of BBS1 antibody to this mice model did not lead to a significant reduction in
insoluble brain AP levels. This data was in accordance with the unchanged C99/
APP ratios in these mice.

10.7 IDENTIFICATION OF APP BINDING SMALL
MOLECULES THAT BLOCK B-SITE CLEAVAGE OF APP

Small molecules that bind APP and inhibit BACE cleavage have the potential to be
specific and effective inhibitors of the aberrant processing of APP — much like the
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anti-APP antibody approach. These molecules represent noncompetitive substrate-
specific inhibitors of BACE. Furthermore, such small molecule inhibitors can be
optimized for potency and potentially developed to be brain permeable and orally
bioavailable. Like the [B-site antibody, these small molecules would be specific
for cleavage of APP and would not affect other substrates processed by BACE
[25-27].

In a previous work from Merck and company [60], a novel series of benzofu-
ran-containing compounds such as molecule 1 (Fig. 10.3) were reported to bind to
APP and inhibit AP production. These small molecules were shown to be micromo-
lar inhibitors of BACE cleavage of APP (ICso ~ 11 uM) but had no direct effect on
BACE itself as they did not inhibit the processing of the commonly used BACE
peptidic substrate Ps-Ps. Using surface plasmon resonance, compound 1 was shown
to bind APP with a micromolar binding affinity. These results demonstrate the pos-
sibility of developing compounds that can bind APP and inhibit AB production, as
a novel therapeutic approach for AD.

In order to identify potent and effective compounds based on this approach
for development as preclinical candidates, it is important to set up a rapid screening
paradigm for such inhibitors. One such approach which is being developed at the
Buck Institute involves assays using the DELFIA technology [61] and soluble ect-
odomain of APPss (eAPP, residues 19-624) for identification of small molecules
that can bind APP. Compounds identified from such screens would then be
evaluated for their inhibition of the processing of APP to AP. The high-throughput
dissociation-enhanced lanthanide fluorescent immunoassay (DELFIA)-based assay
enables screening of large small molecule libraries for APP binding. Lead molecules
identified from such a screening paradigm would be optimized for potency and
bioavailability toward identification of preclinical candidates for AD. At the Buck
Institute, we have cohorts of PDAPP AD mouse model and non-transgenics that will
be used in the evaluation of these mouse models for in vivo efficacy.

HO

= .
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Figure 10.3  Structure of a Benzofuran-containing compound that blocks BACE cleavage
of full-length APP. Compound 1 binds to APP and inhibits BACE cleavage of APP with a
IC50 ~ 11 uM.
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10.8 FINAL REMARKS

In light of the ongoing debate regarding which species is the villain inducing neu-
ronal and synaptic loss in AD, a logical way to intervene with the amyloid cascade
is to interfere with AP production and partially restrict it, resulting probably with
lower levels of all the aforementioned species. Considering previously described
drawbacks involved in BACEI inhibition [11, 13], the approaches reviewed here
serve as an attractive alternative specifically aimed at inhibiting B-secretase activity,
leaving the native function of BACE1 toward its other substrates unharmed.

The importance of limiting intracellular A formation at early stages of AD
development is emphasized in many studies [62]. It is likely that the reduction in
total AP levels need not be complete in order to implicate a beneficial effect if
preventive therapy can be initiated. In AD caused by most mutations in APP, PS1,
or PS2, the levels of AB42 are increased by as little as 30% [63]. Such an elevation
can result in the onset of AD 3040 years earlier than typical late-onset AD cases.
By inference, it is likely that reducing the total A levels by 30%, or effecting similar
selective reductions in the highly pathogenic AB42, may delay the development of
AD to such an extent that it is no longer a major health-care problem. In view of
this data, the ability of BBS1 antibody to reduce intracellular and extracellular A3
levels, demonstrated in cellular and animal models, may be even more relevant in
preventing neuronal dysfunction and thus be used as a prophylactic therapeutic for
AD. Similarly, compounds that bind APP and modulate BACE cleavage would like
the APP B-site antibodies to be specific and effective in inhibiting A production
and as a novel therapy for AD.

ACKNOWLEDGMENTS

We wish to express our great gratitude to Gilad Sivan for his contribution to the
antibody trafficking experiments, Idan Rakover for his contribution to the tg2576
study, Dr. Maria Becker, Dr. Vered Lavie, Myra Gartner, Nurit Chimovitz, and
Polina Rabinovich-Toidman for their assistance with the London mutated transgenic
mice study. Finally, we wish to acknowledge Mrs. Faybia Margolin for manuscript
proofreading and the members of our laboratory for helpful discussions. We
acknowledge the support of the Bredesen Laboratory and members of the Alzheimer’s
Drug Discovery Network (ADDN) at the Buck Institute in the development of the
screening assays for APP binding molecules and in the production of eAPP.

REFERENCES

1. Selkoe, D.J. 2001. Alzheimer’s disease: genes, proteins, and therapy. Physiol Rev 81:741-766.

2. Hardy, J. and Allsop, D. 1991. Amyloid deposition as the central event in the aetiology of Alzheimer’s
disease. Trends Pharmacol Sci 12:383-388.

3. Selkoe, D.J. 1996. Amyloid beta-protein and the genetics of Alzheimer’s disease. J Biol Chem
271:18295-18298.

4. Hardy, J. 1997. Amyloid, the presenilins and Alzheimer’s disease. Trends Neurosci 20:154-159.



13.

14.

16.

17.

18.

19.

20.

21.

CHAPTER 10 FUTURE STRATEGIES FOR DEVELOPMENT OF NOVEL BACE INHIBITORS 231

. Hardy, J. and Selkoe, D.J. 2002. The amyloid hypothesis of Alzheimer’s disease: progress and

problems on the road to therapeutics. Science 297:353-356.

. Busciglio, J., Lorenzo, A., Yeh, J., and Yankner, B.A. 1995. Beta-amyloid fibrils induce tau phos-

phorylation and loss of microtubule binding. Neuron 14:879-888.

. Gotz, J., Probst, A., Spillantini, M.G., Schafer, T., Jakes, R., Burki, K., and Goedert, M. 1995.

Somatodendritic localization and hyperphosphorylation of tau protein in transgenic mice expressing
the longest human brain tau isoform. Embo J 14:1304-1313.

. Lewis, J., Dickson, D.W., Lin, W.L., Chisholm, L., Corral, A., Jones, G., Yen, S.H., Sahara, N.,

Skipper, L., Yager, D., Eckman, C., Hardy, J., Hutton, M., and McGowan, E. 2001. Enhanced
neurofibrillary degeneration in transgenic mice expressing mutant tau and APP. Science
293:1487-1491.

. Hardy, J., Duff, K., Hardy, K.G., Perez-Tur, J., and Hutton, M. 1998. Genetic dissection of

Alzheimer’s disease and related dementias: amyloid and its relationship to tau. Nat Neurosci
1:355-358.

. Ghosh, A.K., Gemma, S., and Tang, J. 2008. Beta-secretase as a therapeutic target for Alzheimer’s

disease. Neurotherapeutics 5:399-408.

. Hook, V., Toneff, T., Bogyo, M., Greenbaum, D., Medzihradszky, K.F., Neveu, J., Lane, W., Hook,

G., and Reisine, T. 2005. Inhibition of cathepsin B reduces beta-amyloid production in regulated
secretory vesicles of neuronal chromaffin cells: evidence for cathepsin B as a candidate beta-secretase
of Alzheimer’s disease. Biol Chem 386:931-940.

. Arbel, M., Yacoby, 1., and Solomon, B. 2005. Inhibition of amyloid precursor protein processing by

beta-secretase through site-directed antibodies. Proc Natl Acad Sci U S A 102:7718-7723.

Vassar, R., Bennett, B.D., Babu-Khan, S., Kahn, S., Mendiaz, E.A., Denis, P., Teplow, D.B., Ross,
S., Amarante, P., Loeloff, R., Luo, Y., Fisher, S., Fuller, J., Edenson, S., Lile, J., Jarosinski, M.A.,
Biere, A.L., Curran, E., Burgess, T., Louis, J.C., Collins, F., Treanor, J., Rogers, G., and Citron, M.
1999. Beta-secretase cleavage of Alzheimer’s amyloid precursor protein by the transmembrane
aspartic protease BACE. Science 286:735-741.

Sinha, S., Anderson, J.P., Barbour, R., Basi, G.S., Caccavello, R., Davis, D., Doan, M., Dovey, H.F.,
Frigon, N., Hong, J., Jacobson-Croak, K., Jewett, N., Keim, P., Knops, J., Lieberburg, 1., Power, M.,
Tan, H., Tatsuno, G., Tung, J., Schenk, D., Seubert, P., Suomensaari, S.M., Wang, S., Walker, D.,
Zhao, J., McConlogue, L., and John, V. 1999. Purification and cloning of amyloid precursor protein
beta-secretase from human brain. Nature 402:537-540.

. Yan, R., Bienkowski, M.J., Shuck, M.E., Miao, H., Tory, M.C., Pauley, A.M., Brashier, J.R.,

Stratman, N.C., Mathews, W.R., Buhl, A.E., Carter, D.B., Tomasselli, A.G., Parodi, L.A., Heinrikson,
R.L., and Gurney, M.E. 1999. Membrane-anchored aspartyl protease with Alzheimer’s disease beta-
secretase activity. Nature 402:533-537.

Hussain, 1., Powell, D., Howlett, D.R., Tew, D.G., Meek, T.D., Chapman, C., Gloger, L.S., Murphy,
K.E., Southan, C.D., Ryan, D.M., Smith, T.S., Simmons, D.L., Walsh, ES., Dingwall, C., and
Christie, G. 1999. Identification of a novel aspartic protease (Asp 2) as beta-secretase. Mol Cell
Neurosci 14:419-427.

Citron, M. 2002. Beta-secretase as a target for the treatment of Alzheimer’s disease. J Neurosci Res
70:373-379.

Cai, H., Wang, Y., McCarthy, D., Wen, H., Borchelt, D.R., Price, D.L., and Wong, P.C. 2001.
BACE] is the major beta-secretase for generation of Abeta peptides by neurons. Nat Neurosci
4:233-234.

Bennett, B.D., Babu-Khan, S., Loeloff, R., Louis, J.C., Curran, E., Citron, M., and Vassar, R. 2000.
Expression analysis of BACE2 in brain and peripheral tissues. J Biol Chem 275:20647-20651.
Luo, Y., Bolon, B., Kahn, S., Bennett, B.D., Babu-Khan, S., Denis, P, Fan, W., Kha, H., Zhang, J.,
Gong, Y., Martin, L., Louis, J.C., Yan, Q., Richards, W.G., Citron, M., and Vassar, R. 2001. Mice
deficient in BACE]1, the Alzheimer’s beta-secretase, have normal phenotype and abolished beta-
amyloid generation. Nat Neurosci 4:231-232.

Roberds, S.L., Anderson, J., Bas, G., Bienkowski, M.J., Branstetter, D.G., Chen, K.S., Freedman,
S.B., Frigon, N.L., Games, D., Hu, K., Johnson-Wood, K., Kappenman, K.E., Kawabe, T.T., Kola,
1., Kuehn, R., Lee, M., Liu, W., Motter, R., Nichols, N.F., Power, M., Robertson, D.W., Schenk, D.,
Schoor, M., Shopp, G.M., Shuck, M.E., Sinha, S., Svensson, K.A., Tatsuno, G., Tintrup, H., Wijsman,



232  BACE: LEAD TARGET FOR ORCHESTRATED THERAPY OF ALZHEIMER’S DISEASE

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

J., Wright, S., and McConlogue, L. 2001. BACE knockout mice are healthy despite lacking the
primary beta-secretase activity in brain: implications for Alzheimer’s disease therapeutics. Hum Mol
Genet 10:1317-1324.

Pangalos, M.N., Jacobsen, S.J., and Reinhart, P.H. 2005. Disease modifying strategies for the treat-
ment of Alzheimer’s disease targeted at modulating levels of the beta-amyloid peptide. Biochem Soc
Trans 33:553-558.

Dewachter, 1. and Van Leuven, F. 2002. Secretases as targets for the treatment of Alzheimer’s
disease: the prospects. Lancet Neurol 1:409—416.

Capell, A., Meyn, L., Fluhrer, R., Teplow, D.B., Walter, J., and Haass, C. 2002. Apical sorting of
beta-secretase limits amyloid beta-peptide production. J Biol Chem 277:5637-5643.

Lichtenthaler, S.F., Dominguez, D.I., Westmeyer, G.G., Reiss, K., Haass, C., Saftig, P., De Strooper,
B., and Seed, B. 2003. The cell adhesion protein P-selectin glycoprotein ligand-1 is a substrate for
the aspartyl protease BACEL. J Biol Chem 278:48713-48719.

Kitazume, S., Tachida, Y., Oka, R., Kotani, N., Ogawa, K., Suzuki, M., Dohmae, N., Takio, K.,
Saido, T.C., and Hashimoto, Y. 2003. Characterization of alpha 2,6-sialyltransferase cleavage by
Alzheimer’s beta-secretase (BACEL). J Biol Chem 278:14865-14871.

Pastorino, L., Ikin, A.F., Lamprianou, S., Vacaresse, N., Revelli, J.P, Platt, K., Paganetti, P.,
Mathews, P.M., Harroch, S., and Buxbaum, J.D. 2004. BACE (beta-secretase) modulates the process-
ing of APLP2 in vivo. Mol Cell Neurosci 25:642-649.

Willem, M., Garratt, A.N., Novak, B., Citron, M., Kaufmann, S., Rittger, A., DeStrooper, B., Saftig,
P., Birchmeier, C., and Haass, C. 2006. Control of peripheral nerve myelination by the beta-secretase
BACEI]. Science 314:664—666.

Ohno, M., Sametsky, E.A., Younkin, L.H., Oakley, H., Younkin, S.G., Citron, M., Vassar, R., and
Disterhoft, J.F. 2004. BACEI! deficiency rescues memory deficits and cholinergic dysfunction in a
mouse model of Alzheimer’s disease. Neuron 41:27-33.

Laird, EM., Cai, H., Savonenko, A.V., Farah, M.H., He, K., Melnikova, T., Wen, H., Chiang, H.C.,
Xu, G., Koliatsos, V.E., Borchelt, D.R., Price, D.L., Lee, H.K., and Wong, P.C. 2005. BACE], a
major determinant of selective vulnerability of the brain to amyloid-beta amyloidogenesis, is essential
for cognitive, emotional, and synaptic functions. J Neurosci 25:11693—11709.

Hook, V.Y., Kindy, M., and Hook, G. 2008. Inhibitors of cathepsin B improve memory and reduce
beta-amyloid in transgenic Alzheimer disease mice expressing the wild-type, but not the Swedish
mutant, beta-secretase site of the amyloid precursor protein. J Biol Chem 283:7745-7753.

Koo, E.H. and Squazzo, S.L. 1994. Evidence that production and release of amyloid beta-protein
involves the endocytic pathway. J Biol Chem 269:17386-17389.

Perez, R.G., Soriano, S., Hayes, J.D., Ostaszewski, B., Xia, W., Selkoe, D.J., Chen, X., Stokin, G.B.,
and Koo, E.H. 1999. Mutagenesis identifies new signals for beta-amyloid precursor protein endocy-
tosis, turnover, and the generation of secreted fragments, including Abetad42. J Biol Chem
274:18851-18856.

Nixon, R.A., Mathews, P.M., and Cataldo, A.M. 2001. The neuronal endosomal-lysosomal system
in Alzheimer’s disease. J Alzheimers Dis 3:97-107.

Chyung, J.H. and Selkoe, D.J. 2003. Inhibition of receptor-mediated endocytosis demonstrates gen-
eration of amyloid beta-protein at the cell surface. J Biol Chem 278:51035-51043.

Perez, R.G., Squazzo, S.L., and Koo, E.H. 1996. Enhanced release of amyloid beta-protein from
codon 670/671 “Swedish” mutant beta-amyloid precursor protein occurs in both secretory and endo-
cytic pathways. J Biol Chem 271:9100-9107.

Soriano, S., Chyung, A.S., Chen, X., Stokin, G.B., Lee, V.M., and Koo, E.H. 1999. Expression of
beta-amyloid precursor protein-CD3gamma chimeras to demonstrate the selective generation of
amyloid beta(1-40) and amyloid beta(1-42) peptides within secretory and endocytic compartments.
J Biol Chem 274:32295-32300.

Huse, J.T., Pijak, D.S., Leslie, G.J., Lee, V.M., and Doms, R.W. 2000. Maturation and endosomal
targeting of beta-site amyloid precursor protein-cleaving enzyme. The Alzheimer’s disease beta-
secretase. J Biol Chem 275:33729-33737.

Walter, J., Fluhrer, R., Hartung, B., Willem, M., Kaether, C., Capell, A., Lammich, S., Multhaup,
G., and Haass, C. 2001. Phosphorylation regulates intracellular trafficking of beta-secretase. J Biol
Chem 276:14634—14641.



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

CHAPTER 10 FUTURE STRATEGIES FOR DEVELOPMENT OF NOVEL BACE INHIBITORS 233

Koo, E.H., Squazzo, S.L., Selkoe, D.J., and Koo, C.H. 1996. Trafficking of cell-surface amyloid
beta-protein precursor. I. Secretion, endocytosis and recycling as detected by labeled monoclonal
antibody. J Cell Sci 109(Pt 5):991-998.

Kinoshita, A., Fukumoto, H., Shah, T., Whelan, C.M., Irizarry, M.C., and Hyman, B.T. 2003.
Demonstration by FRET of BACE interaction with the amyloid precursor protein at the cell surface
and in early endosomes. J Cell Sci 116:3339-3346.

Tam, J.P. 1988. Synthetic peptide vaccine design: synthesis and properties of a high-density multiple
antigenic peptide system. Proc Natl Acad Sci U S A 85:5409-5413.

Wang, C.Y., Looney, D.J., Li, M.L., Walfield, A.M., Ye, J., Hosein, B., Tam, J.P., and Wong-Staal,
F. 1991. Long-term high-titer neutralizing activity induced by octameric synthetic HIV-1 antigen.
Science 254:285-288.

Posnett, D.N., McGrath, H., and Tam, J.P. 1988. A novel method for producing anti-peptide antibod-
ies. Production of site-specific antibodies to the T cell antigen receptor beta-chain. J Biol Chem
263:1719-1725.

Haass, C., Lemere, C.A., Capell, A., Citron, M., Seubert, P., Schenk, D., Lannfelt, L., and Selkoe,
D.J. 1995. The Swedish mutation causes early-onset Alzheimer’s disease by beta-secretase cleavage
within the secretory pathway. Nat Med 1:1291-1296.

Thinakaran, G., Teplow, D.B., Siman, R., Greenberg, B., and Sisodia, S.S. 1996. Metabolism of the
“Swedish” amyloid precursor protein variant in neuro2a (N2a) cells. Evidence that cleavage at the
“beta-secretase” site occurs in the Golgi apparatus. J Biol Chem 271:9390-9397.

Gruninger-Leitch, F., Schlatter, D., Kung, E., Nelbock, P., and Dobeli, H. 2002. Substrate and inhibi-
tor profile of BACE (beta-secretase) and comparison with other mammalian aspartic proteases. J
Biol Chem 277:4687-4693.

Nordstedt, C., Caporaso, G.L., Thyberg, J., Gandy, S.E., and Greengard, P. 1993. Identification of
the Alzheimer beta/A4 amyloid precursor protein in clathrin-coated vesicles purified from PC12 cells.
J Biol Chem 268:608—612.

Ehehalt, R., Keller, P., Haass, C., Thiele, C., and Simons, K. 2003. Amyloidogenic processing of
the Alzheimer beta-amyloid precursor protein depends on lipid rafts. J Cell Biol 160:113-123.
Kim, M.L., Zhang, B., Mills, L.P., Milla, M.E., Brunden, K.R., and Lee, V.M. 2008. Effects of
TNFalpha-converting enzyme inhibition on amyloid beta production and APP processing in vitro
and in vivo. J Neurosci 28:12052-12061.

Rakover, 1., Arbel, M., and Solomon, B. 2007. Immunotherapy against APP beta-secretase cleavage
site improves cognitive function and reduces neuroinflammation in Tg2576 mice without a significant
effect on brain Abeta levels. Neurodegener Dis 4(5):392-402.

Dolev, 1. and Michaelson, D.M. 2004. A nontransgenic mouse model shows inducible amyloid-beta
(Abeta) peptide deposition and elucidates the role of apolipoprotein E in the amyloid cascade. Proc
Natl Acad Sci U S A 101:13909-13914.

Yasojima, K., Akiyama, H., McGeer, E.G., and McGeer, P.L. 2001. Reduced neprilysin in high
plaque areas of Alzheimer brain: a possible relationship to deficient degradation of beta-amyloid
peptide. Neurosci Lett 297:97-100.

Cook, D.G., Leverenz, J.B., McMillan, PJ., Kulstad, J.J., Ericksen, S., Roth, R.A., Schellenberg,
G.D., Jin, L.W., Kovacina, K.S., and Craft, S. 2003. Reduced hippocampal insulin-degrading enzyme
in late-onset Alzheimer’s disease is associated with the apolipoprotein E-epsilon4 allele. Am J Pathol
162:313-319.

Maruyama, M., Higuchi, M., Takaki, Y., Matsuba, Y., Tanji, H., Nemoto, M., Tomita, N., Matsui,
T., Iwata, N., Mizukami, H., Muramatsu, S., Ozawa, K., Saido, T.C., Arai, H., and Sasaki, H. 2005.
Cerebrospinal fluid neprilysin is reduced in prodromal Alzheimer’s disease. Ann Neurol
57:832-842.

Moechars, D., Gilis, M., Kuiperi, C., Laenen, 1., and Van Leuven, F. 1998. Aggressive behaviour in
transgenic mice expressing APP is alleviated by serotonergic drugs. Neuroreport 9:3561-3564.
Chang, W.P,, Koelsch, G., Wong, S., Downs, D., Da, H., Weerasena, V., Gordon, B., Devasamudram,
T., Bilcer, G., Ghosh, A.K., and Tang, J. 2004. In vivo inhibition of Abeta production by memapsin
2 (beta-secretase) inhibitors. J Neurochem 89:1409-1416.

Wilcock, D.M., Rojiani, A., Rosenthal, A., Subbarao, S., Freeman, M.J., Gordon, M.N., and Morgan,
D. 2004. Passive immunotherapy against Abeta in aged APP-transgenic mice reverses cognitive



234  BACE: LEAD TARGET FOR ORCHESTRATED THERAPY OF ALZHEIMER’S DISEASE

59.

60.

61.

62.

63.

deficits and depletes parenchymal amyloid deposits in spite of increased vascular amyloid and
microhemorrhage. J Neuroinflammation 1:24.

Morgan, D. 2005. Mechanisms of A beta plaque clearance following passive A beta immunization.
Neurodegener Dis 2:261-266.

Espeseth, A.S., Xu, M., Huang, Q., Coburn, C.A., Jones, K.L., Ferrer, M., Zuck, P.D., Strulovici,
B., Price, E.A., Wu, G., Wolfe, A.L., Lineberger, J.E., Sardana, M., Tugusheva, K., Pietrak, B.L.,
Crouthamel, M.C., Lai, M.T., Dodson, E.C., Bazzo, R., Shi, X.P., Simon, A.J., Li, Y., and Hazuda,
D.J. 2005. Compounds that bind APP and inhibit Abeta processing in vitro suggest a novel approach
to Alzheimer disease therapeutics. J Biol Chem 280:17792-17797.

Inglese, J., Samama, P., Patel, S., Burbaum, J., Stroke, I.L., and Appell, K.C. 1998. Chemokine
receptor—ligand interactions measured using time-resolved fluorescence. Biochemistry 37:
2372-23717.

Ohyagi, Y. 2008. Intracellular amyloid beta-protein as a therapeutic target for treating Alzheimer’s
disease. Curr Alzheimer Res 5:555-561.

Scheuner, D., Eckman, C., Jensen, M., Song, X., Citron, M., Suzuki, N., Bird, T.D., Hardy, J., Hutton,
M., Kukull, W., Larson, E., Levy-Lahad, E., Viitanen, M., Peskind, E., Poorkaj, P., Schellenberg,
G., Tanzi, R., Wasco, W., Lannfelt, L., Selkoe, D., and Younkin, S. 1996. Secreted amyloid beta-
protein similar to that in the senile plaques of Alzheimer’s disease is increased in vivo by the pre-
senilin 1 and 2 and APP mutations linked to familial Alzheimer’s disease. Nat Med 2:864-870.



AFTERWORD

Ruth Abraham

Israel

A lifetime of memories exists in constellation all through the brain, but without a
reliable system of retrieval, they’ll sit dormant forever

—David Shenk

INTRODUCTION

Observed from the outside, Alzheimer’s disease (AD) patients drawing on paper or
shaping clay into pots or figures, might appear to be involved in nothing more than
pleasant busy-time activity. However, when taking part in an art therapy session,
the patient is exposed to more than that, the very least of which is an opportunity
to express bottled-up feelings such as anger and sadness. As the disease progresses,
there is a large loss of neuronal connections, and what is demonstrated through
artwork is the activation of existing, dormant connections, compensating for the loss
of language, logical and sequential thought processes.

AD patients are increasingly isolated, lonely, and marginalized, in many ways
rendered invisible. The confirmation that they continue to exist in a social fabric is
enhanced by attentive listening, understanding, and feedback from the therapist.
Sharing memories and feelings through the language of art compensates for the
diminishing capacity to communicate through words.

AD patients tend to suffer from lack of initiative, are often listless, and lack
confidence. As they lose their language skills, they are assailed by the anxiety of
not being able to communicate and of not being understood. When he sits in the
large common rooms of facilities, the AD patient can often be seen dozing, staring
into space, or fiddling purposelessly with objects. In the art room, that same patient
becomes fully engaged, touching upon early memories, making color choices spe-
cifically to their taste, making significant marks on the page. Creative acts such as
these are a source of rich pleasure, something that AD patients progressively lack
in their lives. I have witnessed noticeable physiological changes during the sessions;
there is often a marked decrease in agitation and breathing becomes deeper and
calmer. Valuable research could be done taking objective measures of general health
both before and after the session, such as blood pressure levels, heart rate, and
respiratory rate, in an attempt to ascertain physiological changes occurring as a result
of the creative involvement.
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One of the defining criteria of any therapy is that it results in sustained
improvement beyond the actual therapy session. This necessitates insight, memory,
and subsequent internalization. Since AD patients are considered unable to learn, in
the sense of absorbing and retaining new information, the question arises whether
art therapy could be defined as a therapy for them. In my book, When Words Have
Lost Their Meaning: Alzheimer’s Patients Communicate Through Art (Greenwood
Publication, 2005), I have shown that the art productions of many of the patients,
even in the advanced stages of dementia, did improve over time, meaning there was
a learning and internalization process. The participants acquired greater skill, used
the materials more efficiently, made more considered choices, and their use of color
became richer.

ARTWORK AS A MEASURE OF
THE PROGRESSION OF AD

Pictures painted by AD patients have been thought of as X-rays of the declining
mind. For instance, the portraits of Utermohlen, http://www.37signals.com/svn/
posts/81-william-utermohlens-self-portraits, are a documentation of the way AD
impacted on the painterly skills of this talented artist. As the dementia progressed,
the images lost their complexity, clarity, and depth, an indication of cortical deterio-
ration. On the other hand, the art of many AD patients, who had not painted in the
past, displayed minor but definitive improvements over time. As these patients
attempted to recollect memories and struggled to communicate through images,
color, design, and patterning, it is possible to assume that new neuronal transmis-
sions were being activated; new connections, absent at the start of the process, were
being rewired. The investigation of these subtle changes occurring in the art of AD
patients might shine light on the power of art activity to stimulate greater retrieval
capability in the brain.

In this section, there are a number of artworks by AD patients at differing
stages of the disease. While the details of the images may have some correlation to
the declining state of the mind, each of the pictures below served differing needs of
the individual patient. The use of specific art material helped them express current
emotions. In all of these cases, their work improved during the period they took part
in the art therapy sessions.
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Image 1 Sheila used sharp pointed pencil crayons to create many pictures of women. The
small repetitive hatched lines with which she painstakingly filled areas of the dress, skin,
and hair, were a means to calm her compulsive tendencies and agitated state (mild
cognitive impairment). (See color insert.)
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Image 2 Bella filled pages with colorful patterns, many of them taking on the form of
flowers which she so loved. Continuing to draw even in her home where her caregivers
provided her with pages and crayons, the art became a significant consolation in her more
isolated condition. The art helped her focus and quieted her obsessional questions and
wandering (moderate stage dementia).
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Image 3 Joe was struggling with severe paranoia which he portrayed in the glaring eyes
of this portrait. A mild mannered man, he repeatedly used the art to express anger and fear
that lay hidden behind his unemotional facade. The rich layering of liquid paint (gouache)
and dramatic use of color lends expressive power to the work (moderate stage dementia).
(See color insert.)
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Image 4 Myron chose oil pastel, drawing repeated parallel lines to create this bird, an
image of flight and movement. The work was done with energy and determination,
surprising in a man who was almost mute, and for many of the initial sessions, had been a
passive observer (late stage dementia).
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Image 5 This is Alice’s attempt to copy a still life. It was a great achievement, given that
her perception of figure and ground was already seriously impaired. She made joyful use of
oil pastel to create many colorful works (late stage dementia). (See color insert.)
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Ala, 26
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B-. 9
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Phe, 44, 116, 138, 149
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Sta, 22
Thr, 18-19, 26, 44, 84, 135, 139, 140, 143
Trp, 138, 149
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Val, 18, 21, 44, 140
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Figure 1.1 Key cleavage sites of APP by proteases involved in normal and aberrant
processing.
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Figure 1.2 Alternative cleavage patterns of APP generate distinct extracellular,
transmembrane, and intracytoplasmic fragments.
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Figure 3.1 APP processing by secretases leading to the formation of APP fragments of
which AP, and AP, are toxic forms.
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MVDNLRGKSGQGY YVEMTV*GSPPQTLNILVDTGSS
NFAV*GAAPHPFLHRY YQRQLSSTY*RDLRKGVYVP
YTQGKWEGEL*GTDLVSIPHGP VVTVRANIA!®AITES
DKFFINGSNWEGILG!2’LAY AEIARPDDSLEPFFDSL!4
VKQTHVPCNLFSLQLCGAGFP'*L V\QSEVLASVGGSM
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Figure 3.2 The primary structure of BACE with features relevant to the enzyme cellular
trafficking and functions.




Figure 5.2 X-ray crystal structure of BACE protease domain in complex with OM99-2
(PDB accession number 1FKN). OM99-2 and its molecular surface are indicated in green.
BACE flap residues are drawn in yellow, all other residues in the proximity of the ligand
are drawn in grey.

(@) (b)

Figure 5.4 Binding modes of compounds 1 and 3 as derived by molecular docking. Two
preferred docking modes have been reported for compound 1 (a, b) and one for compound
2 (c).



Figure 5.6 X-ray crystal structures of BACE protease domain in complex with the
compounds (a) 4, PDB accession number 20HK, (b) 5, 20HL, (c) 7, 20HQ, (d) 8, 20HM,
(e) 9, 20HT, and (f) 10, 20HU.
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Figure 5.8 X-ray crystal structures of BACE protease domain in complex with the
compounds (a) 12, PDB accession number 2BRA, (b) 13, 3BUG, and (c) 14, 3BUH.

(@) (b)

Figure 5.10 X-ray crystal structures of BACE protease domain in complex with the
compounds (a) 17, PDB accession number 2V00 and (b) 20, 2VA7.
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Figure 5.11 Composite volumes filled by experimentally identified fragments and
fragment-derived BACE inhibitors. The volume filled by (a) the originally identified
fragments 4, 5, and 12 compared with (b) the fragment-derived inhibitors 10, 14, and 20.
Ligands and composite molecular surfaces are drawn in green. The molecular surface of

BACE protease is colored by atom types. Flap residues 70-75 have been omitted for
clarity.
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DKFFINGSNWEGILG'*LAY AEIARPDDSLEPFFDSL!4
VKQTHVPCNLFSLQLCGAGFP!*L \QSEVLASVGGSM
NGGID"™HSLYTGSLWYTPIRREWYYE**VIIVRVEING |
QDLKMDCKEY?2NYDKSIVDSGTTNLRLPKKV*IFEA
AVKSIKAASSTEKFPDG***FWLGEQLVCWQAGTTPW
NIF#PVISLYLMGEVTNQSFRITP*LPQQYLRPVEDVA
TSQDDCY3KFAISQSSTGTVMGAVIMEG*'FYVVFDR
ARKRIGFAVSACH*'VHDEFRTAAVEGPFVTLDME*"
DCGYNIPQTDESTLMTIAY VWMAAICALFMLPLCLM
VCQWR**CLRCLRQQHDDFADDISLLK*"

Figure 6.1 The primary structure of BACE. Prominent features of BACE amino acid
sequence are highlighted: a 21-aa leader sequence (M™2'" ... G™'™) and a 24-aa prosegment
(T' ... R*P) precedes the mature enzyme sequence starting at the E* and extending to
K*° (according to the sequence of the enzyme isolated from human brain). BACE contains
the classic catalytic triad D*TG ... D*®SG, six cysteine residues paired to form three
disulfide bridges: Cys'*-Cys**, Cys?'’-Cys**?, and Cys**~Cys’", and four glycosylated
asparagines, 92, 111, 162, and 293. Residue S*” precedes the BACE transmembrane
domain of 27-aa (T*?* ... R*"), and a cytoplasmic tail of 21 residues (R** ... K**)
completes the primary structure.




C-terminal domain ' N-terminal domain

Figure 6.2 Ribbon diagram of BACE.

_—

Figure 6.3 Close-up view of flap region (residues 70-75) of BACE, showing open (apo)
form in cyan, and the closed (ligand bound) form in green. Note the alternate rotamer for
Tyr71.
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Figure 6.4 Surface representations of the S3 subpocket and 10s loop interactions: (a) the
open form of the S3sp and (b) the closed form of the S3sp, with the H-bond formed
between Ser10 and Thr232.



Figure 6.6 BACE S1
specificity pocket,
shown bound to a
hydroxyethylene
peptidomimetic
inhibitor OM99-2
(PDB entry 1FKN
[29D).

Figure 6.7 BACE S3
specificity pocket,
shown bound to
OM99-2 (PDB entry
1FK [29]).

Figure 6.8 BACE S2
and S4 specificity
pockets, showing
the hydrogen bond
between the polar P2
Asn side chain and
the BACE specific
Arg235. In OM99-2
(shown), there is

an additional
intramolecular
interaction between
the P2 (Asn) and P4
(Glu) side chains.




Figure 6.9 BACE
prime side specificity
pockets (S1’-S4"),
shown bound to
hydroxyethylene
inhibitor OM-003
(PDB entry 1M4H
[68]).

Figure 6.10
Nonpeptidomimetic
carbenimine BACE
inhibitor (PDB entry
1TQF [69]).

Figure 6.11
Nonpeptidomimetic
acylguanidine BACE
inhibitor (PDB entry
2QU2 [73]).



Figure 6.12 Nonpeptidomimetic dihydroquinazoline BACE inhibitor (PDB entry 2Q11
[36]).

3 months 12 months 24 months

Figure 7.1 Neuropathology in a transgenic mouse with age. Cortical and hippocampal
immunostaining for AP, in the APP/PS1 transgenic mouse shows that at 3 months of age,
AP can be seen within neurons in the hippocampus (arrow) although no plaques are
present. As animals age (12 months and 24 months), the extent of AP increases
dramatically with plaques becoming more compact with time (arrow). Brain tissue kindly
provided by Dr. Karen Duff (Columbia University Medical Center, NY, NY).
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Figure 10.1 Tllustration of anti B-site antibody mediating the inhibition of AP production
via the endocytic pathway. (a) AP peptides are generated by two pathways: the secretory
and the endocytic pathways, after which the generated peptides are either secreted or
degraded in the cell. For simplicity purposes, only the endocytic pathway of AP production
is illustrated. Accordingly, cell surface APP molecules, which are in close interaction with
BACEI molecules, are internalized into the early endosomes where the acidic pH favors
BACEI cleavage. The immediate product of BACEI cleavage, C99, is further cleaved by
v-secretase to release AP peptides, which in turn can be either secreted or degraded in the
cell. (b) The addition of BBS1, anti-APP B-site antibody, results in APP binding on the
surface, flowing co-internalization of both APP and the antibody into the early endosomes.
Within the endosomes, antibody binding is speculated to interfere with BACEI cleavage
and thus restrict AR production. In such a scenario, both the immediate products of BACE1
cleavage, soluble APPB and C99, and AR levels are reduced. Since AP peptides are
generated inside the cell, inhibition of its generation will be reflected in both the intra- and
extracellular AP pools. The production of AP through the secretory pathway is not
illustrated for simplicity purposes.
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Image 1 Sheila used sharp pointed pencil crayons to create many pictures of women. The
small repetitive hatched lines with which she painstakingly filled areas of the dress, skin,
and hair, were a means to calm her compulsive tendencies and agitated state (mild
cognitive impairment).

<

Figure 10.2 BBSI internalization and trafficking in CHO cells overexpressing APP.
Mammalian expression vectors consisting of either EEA1, Lg120, or GalT fused to eGFP,
were used to label the early endosomes, lysosomes, and Golgi apparatus, respectively.
Twenty-four hours post transfection, BBS1 antibody was administered to the growing
media and incubated at 37°C for different intervals. Cells were then fixed and
permeabilized and anti-mouse secondary antibody conjugated to Cy3 (red) was added to
follow BBS1 localization. Anti-APP carboxy terminal antibody followed by secondary
antibody conjugated to Cy5 (purple) was used to detect APP localization. Cell labeling was
visualized using LSM-510 Zeiss confocal microscope and a co-localization software. The
bottom panels at each time point represent merged images as indicated. Bars = 10 um.



Image 3 Joe was
struggling with severe
paranoia which he
portrayed in the
glaring eyes of this
portrait. A mild
mannered man, he
repeatedly used the
art to express anger
and fear that lay
hidden behind his
unemotional facade.
The rich layering of
liquid paint (gouache)
and dramatic use of
color lends expressive
power to the work
(moderate stage
dementia).

Image 5 This is Alice’s
attempt to copy a still
life. It was a great
achievement, given that
her perception of figure
and ground was already
seriously impaired. She
made joyful use of oil
pastel to create many
colorful works (late stage
dementia).
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