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Fragment-Based Discovery of Nonpeptidic BACE-1 Inhibitors Using Tethering?
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ABSTRACT: BACE-1 (f-site amyloid precursor protein cleaving enzyme), a prominent target in
Alzheimer’s disease drug discovery efforts, was surveyed using Tethering technology to discover
small molecule fragment ligands that bind to the enzyme active site. Screens of a library of > 15000
thiol-containing fragments versus a panel of BACE-1 active site cysteine mutants under redox-
controlled conditions revealed several novel amine-containing fragments that could be selectively
captured by subsets of the tethering sites. For one such hit class, defined by a central aminobenzylpi-
peridine (ABP) moiety, X-ray crystal structures of BACE mutant—disulfide conjugates revealed that
the fragment bound by engaging both catalytic aspartates with hydrogen bonds. The affinities of ABP
fragments were improved by structure-guided chemistry, first for conjugation as thiol-containing
fragments and then for stand-alone, noncovalent inhibition of wild-type (WT) BACE-1 activity.
Crystallography confirmed that the inhibitors bound in exactly the same mode as the disulfide-
conjugated fragments that were originally selected from the screen. The ABP ligands represent a new
type of nonpeptidic BACE-1 inhibitor motif that has not been described in the aspartyl protease
literature and may serve as a starting point for the development of BACE-1-directed Alzheimer’s

disease therapeutics.

Alzheimer’s disease is a debilitating world health pro-
blem that is marked by the deposition of plaques composed
of the amyloid 8 peptide (AB)" in the brain (/—4). AB is a
40—42-residue internal segment of the amyloid precursor
protein, which is liberated by the activity of two proteases,
[-secretase and y-secretase (5). The aspartyl protease
BACE-1 (8 amyloid precursor protein cleaving enzyme)
has been shown to be the predominant source of
[-secretase activity in cells (6—9). The pursuit of BACE-1
inhibitors is thus of great therapeutic interest as an Alzhei-
mer’s disease target, based on studies indicating that
inhibition of enzyme activity reduces the level of genera-
tion of Af in the brain and cerebrospinal fluid (3, 4,
10—12).

#X-ray crystal structure coordinates have been deposited in the
Protein Data Bank (PDB) as entries 2ZJH for the V332C BACE-1—
1 complex, 2ZJ1 for the T329C BACE-1—2 complex, 2ZJL for the
V332C BACE-1—-10 complex, 2ZJK for the T72C BACE-1-3
conjugate, 2ZJJ for the K75A/E77A/T231C BACE-1—4 complex,
27ZJM for the K75A/E77A BACE-1 complexed with inhibitor 13,
and 2ZJN for WT BACE-1 complexed with inhibitor 14.

*To whom correspondence should be addressed. W.Y.: phone,
(650) 804-8520; e-mail, wyang@eigerbio.com. M.D.B.: phone,
(650) 837-7981; fax, (650) 837-8314; e-mail, mballing@exelixis.com.

Abbreviations: BACE-1, 3-site amyloid precursor protein cleav-
ing enzyme, isoform 1; ABP, aminobenzylpiperidine; AS, amyloid 3
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The vast majority of aspartyl protease inhibitor series
that have been reported to date have been derived from
peptidic starting points (for reviews, see refs (/3—15)).
Typically, the scissile amide bond in a substrate peptide
is replaced with a tetrahedral intermediate isostere, most
often a secondary alcohol. Notable exceptions include
several types of noncanonical renin inhibitors, the most
prominent of which being the clinical compound Aliskiren
(16—21). BACE-1 inhibitors reported to date are mostly of
the peptidomimetic type (for reviews, see refs (22—24)).
While peptidomimetic inhibitors having high potency in
cell-free and cell-based assays can be generated, their
relatively large size and the number of hydrogen bond
donors and acceptors generally make it challenging to
achieve high oral bioavailability, and even more difficult
to achieve blood—brain barrier penetration (25). For this
reason, non-peptidomimetic BACE-1 inhibitors have been
of great interest; however, only a few have been reported
(26—29).

Applying fragment-based screening technologies is an
emerging and promising approach to the discovery of
novel small molecule inhibitor scaffolds (30). Using these
methods, small, simple active site-engaging fragments
that form a small number of high-quality interactions,
albeit with weak initial affinity, may be discovered. Such
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fragments would often be missed in traditional screens
demanding initial ICs, values in the low micromolar range,
even if they are represented as components of some
molecules in the library. This is because only a fraction
of the ways they might be combined with other pharma-
cophore elements can be realistically made and tested, and
when done in a naive fashion, these combinations will have
a low probability of being arranged in a way that will allow
binding with measurable affinity to a target active site (37).
However, once a fragment has been identified as a speci-
fically bound ligand, and accompanying structural infor-
mation is gained, it becomes tractable to “grow” the
molecule in a structure-guided way and improve affinity
to a level qualifying as a starting point for medicinal
chemistry efforts. Recent publications by Astex and
AstraZeneca researchers highlight the identification of
aminopyridine and cyclic amidine classes of nonpeptidic
BACE-1 inhibitors using their crystallography, NMR, and
modeling-based PYRAMID approaches (27, 32, 33).

We have shown previously that the fragment-based
discovery method, Tethering, can be utilized to identify
small molecule fragments that can serve as starting points
for the design of potent enzyme and protein—protein
interaction inhibitors (Scheme 1) (34, 35). Tethering entails
the introduction of individual cysteine mutations sur-
rounding a site of interest on the target protein surface,
followed by screening against libraries of thiol linker-
containing fragments. The disulfide equilibria that ensue
allow identification of weak ligands, since the reversible
protein—fragment bonds effectively increase the local con-
centration of the small molecules at the targeted site. By
appropriately controlling redox conditions, fragments in
pools compete for disulfide formation with the introduced
cysteine. Those having inherent affinity for the protein,
apart from the disulfide bond, are predominately conju-
gated at equilibrium. Such fragment “hits” are detected by
mass spectrometry of the mixture, in the form of a peak
corresponding to the mass of the specific fragment—protein
conjugate. Fragment—protein conjugates can be subjected
to SAR analyses and often crystallized for X-ray structural
determination, the results of which serve as guides for
improvement of affinity and conversion to stand-alone,
noncovalent inhibitors by chemical optimization.

In this study, we have employed tethering technology in
an effort to discover novel, nonpeptidic small molecule
ligands that can serve as starting points for the creation of
BACE-1 lead candidates. We report the discovery and
structural characterization of a novel fragment that binds
to the BACE-1 active site, and its conversion to a moder-
ately potent inhibitor that utilizes a unique binding mode
to engage the catalytic aspartates.

Scheme 1: Fragment-Based Lead Discovery by Tethering
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EXPERIMENTAL PROCEDURES

Tethering Screens against Monophore Libraries.
BACE-1 cysteine mutants were screened against mono-
phore libraries as described previously (34, 36). Briefly,
protein was exchanged into reaction buffer [20 mM Tris-
HCI (pH 7.5), 30 mM NacCl, and 5 mM MgCl,] using
NAP-5 desalting columns (Pharmacia). S-Mercaptoetha-
nol concentrations for screening were chosen such that
50% of the cysteine mutant protein would become oxi-
dized in the presence of 1 mM cystamine, to allow
stringent selection of specifically bound monophores.
BACE-1 mutants were adjusted to 10 #«M and incubated
with a monophore library pool dissolved in DMSO (up to
10 monophores per pool) such that the final concentra-
tion of individual monophores ranged between 160 and
330 uM and the final concentration of DMSO ranged
between 1.5 and 3%, depending on the mutant screened.
Solutions were allowed to equilibrate for 5 h and sub-
jected to LC—MS analysis on a Finnigan LCQ instru-
ment as described in the Supporting Information. The
strength of monophore thiol—BACE-1 cysteine mutant
conjugations was determined by a dose—response assay,
in which the monophore concentration was varied from
0.001 to 5 mM at fixed S-mercaptoethanol and protein
concentrations, under conditions described above for the
screen. The fraction of protein conjugated to monophore
relative to the total was plotted versus the monophore
concentration to yield a dose—response curve and an
EC5o (J[monophore]sy) value when fitted to a sigmoidal
four-parameter equation (Prism, Graphpad). The fixed -
mercaptoethanol concentration in these experiments,
ranging from 0.3 to 10 mM, was adjusted to yield a
[monophore]sy value that was greater than the protein
concentration (i.e., not titrating the monophore and thus
“bottoming out” the assay), and also not higher than the
solubility limits of the monophore (often 1—10 mM). To
normalize [monophore]so values determined at different
B-mercaptoethanol concentrations, the following equa-
tion was applied:

Conjugation Strength = [S-mercaptoethanol]/
[monophorel;, (1)

Equation 1 relies on the approximation that [mono-
phore]sy will increase linearly with an increasing
[ -mercaptoethanol], which should be accurate when
the inherent chemical reduction potential of the mono-
phore thiol group and -mercaptoethanol are not signifi-
cantly different from one another. This assumption is
supported by published measurements of various alkyl
thiols showing little variation in reduction potential
(37, 38), and the fact that all monophores in the study
had ethyl or propyl linkers between the thiol and frag-
ment attachment point (typically an amide bond).
BACE-1 Activity Assays and Inhibitor ICsy Assays.
Specific activities of purified mutant BACE-1 enzymes
were determined by monitoring the initial rates of hydro-
lysis of the internally quenched fluorescent peptide sub-
strate, FS-2 (39), at two or three enzyme concentrations
and normalizing relative to the wild-type (WT) enzyme.
Determination of the substrate K,,, value was not possible
due to the low solubility of the peptide, but at the
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concentration utilized (5 uM), activity was observed to be
increasing linearly with an increasing concentration, in-
dicating < K, conditions. Thus, activities measured
should reflect relative k.,/ Ky, values.

BACE-1 inhibition by compounds was assessed via
four independent dose—response measurements using a
previously described peptide cleavage assay (40). The
peptide substrate concentration (125 nM) was well below
the K, value (>1 uM); under these conditions and
assuming competitive inhibition, measured ICs, values
are equivalent to K values (47). Reported K; values are
means =+ the standard error of the mean.

RESULTS

Survey of the BACE-1 Active Site by Tethering. To
design tethering sites for a BACE-1 fragment discovery
effort, we modeled the potential trajectories of mono-
phore conjugates to numerous prospective cysteine muta-
genesis sites based on the X-ray crystal structures of the
enzyme (42—44). A set of 20 residues was chosen, which
yielded thorough spatial coverage of the active site of the
enzyme, including the P and P’ subsites as well as the
catalytic center (Table 1 and Figure 1A,B). Mutant con-
structs with introduced cysteines were prepared, and 11
variants were successfully expressed, refolded, and purified
in milligram quantities, sufficient for tethering experi-
ments. These mutants retained variable enzymatic activity
relative to wild-type BACE-1 (Table 1), but all were able
to self-cleave cleanly at their engineered processing sites
during purification, to remove their pro domains and
yield mature enzymes (see Supporting Information) (45).
Moderate to strong reductions in catalytic activity were
expected (and observed) for many of these active site
mutants. However, the retention of measurable activity
and the ability to obtain X-ray crystal structures were all
strong indicators that these variants were folded properly,
with correct formation of the three wild-type disulfide
bonds (42).

Tethering Screening and Overview of Results. We iden-
tified numerous hits from tethering screens versus our
library of approximately 15000 monophores, assayed in
pools of up to 10 compounds per well, via the mass
signatures of monophore—protein conjugates (34). The
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relative conjugation strengths of selected hits were then
determined by measuring the fraction of protein that
remained conjugated to the discrete monophores in the
presence of an increasing -mercaptoethanol reductant
concentration. In these experiments, we did not detect
multiple protein labelings with either monophores or
p-mercaptoethanol reductant, indicating that wild-type
cystine disulfides were not subject to thiol exchange.
Examination of chemical structures of the hits revealed
that many of the fragments fell into a handful of chemo-
type classes, seven of which are listed in Table 2. With the

FIGURE 1: Activessite of the BACE-1 complex with the hydroxyethy-
lene inhibitor OM-99-2 from Hong et al. (42). The 11 residues at
which cysteine mutations were introduced individually into protein
variants for tethering screens are highlighted in cyan. (A) Flap
residues (and other side chain atoms) have been removed for clarity,
and the catalytic aspartates are colored red. (B) Flap included to show
the T72 and Q73 tethering sites.

Table 1: Tethering Screen Hit Rates and Enzymatic Activities of BACE-1 Protease Domain Variants

BACE-1 protease domain

specific activity relative to WT¢

active site areas surveyed

WT? 1.0+0.17
T72C ND
Q73C 0.64+0.19
F108C® 0.03+0.03
1110C 0.28 £0.07
W115C ND
1126C 0.35+ 0.00
R128C? 0.41+0.03
T231C 0.29+£0.03
R235C >0.02
T329C 0.41+0.07
V332C 0.47 + 0.07

NA

catalytic site; S1, S2, S3, S2/, S3’
catalytic site; S1, S2, S3
catalytic site; S2, S3, S1/
S1,S2, 83

catalytic site; S2, S3
catalytic site; S1/

catalytic site; S1/, S2/, S3'
S1, S1/, 82/, 83’

catalytic site; S1, S2, S3, S1
catalytic site; S1, S2/, S3’
catalytic site; S1, S2, S2/, S3'

“BACE-1 autoprocessing construct yielding residues 32p to 393 in mature form. *In K75A/E77A variant background. ¢ Averages + the standard
deviation for two or three measurements of initial rates of hydrolysis of a subsaturating concentration (5 #M) of the internally quenched fluorescent

substrate, FS2 (39).
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Table 2: Hit Chemotypes Selected from BACE-1 Cysteine Mutant Tethering Screens

Generalized Chemotype | Representative Hit Monophores C}ésiilsne
HS
\—\_/<O
0 HN N
Hs—( )—§N CN C b
?/:\S 1 R235C
=R HS T329C
L\_«0 V332C
HN—CN CHa
28
2
HS—{ )—NH HN .
<D H HN/\NVQ T72C
e e T231C
-/ ° R235C
3 (n=1); 4 (n=2)
—{ NH N NH
HS NH NH
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N R235C
\| /
R F
5
CH
S S U G 1 O e
HS™ N
HS/\/NW'/E(NJ 1® W115C
g R235C
6
OH
H OH
N H
Hs H
Y S T329C
V332C
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exception of the methylcyclohexyl alcohol 7, all of these
chemotypes were varieties of cyclic amines; for reference,
we estimate that less than 5% of the monophore library
compounds contained either secondary or tertiary cyclic
amines. Also noteworthy was the fact that many of these
hit chemotypes were selected at multiple cysteine sites,
which in most cases are near one another in the active site.
Precedent for the selection of the same fragment at more
than one cysteine mutation site, with a common binding
mode, was established for the N-tosylproline fragment
tethering to thymidylate synthase (34). This property
provided a strong indication that the noncovalent inter-
actions between the fragment itself and the enzyme were
primary drivers of the fragment selection. The aminoben-
zylpiperidine (ABP) and the 3-carboxamidebenzylpiper-
azine (CBP) classes were examples of fragments that were

selected at multiple cysteine sites, having been selected
from screens of R235C, T329C, and V332C; and T72C,
T231C, and R235C, respectively (Table 2). These classes
were intriguing because of their novelty relative to other
BACE inhibitors, and the cyclic amine functionalities
held promise for specific hydrogen bonding with the
enzyme as well as improved solubility in eventual un-
tethered compounds.

The noncovalent forms of initial hit fragments identi-
fied from tethering often have affinities for the target
protein that are too weak to measure reliably (i.e., milli-
molar Ky values). Indeed, when the thiol linkers of analo-
gues of representative fragment hits from each class in
Table 1 were replaced with methoxy groups, BACE-1
inhibition was not observed at concentrations as high as
600 uM (data not shown). To guide efforts to improve
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affinities by chemical optimization, we determined X-ray
crystal structures of several BACE-1 mutant—monophore
conjugates.

Structures of the ABP and CBP Class Fragments Con-
jugated to BACE-1 Catalytic Domain Cysteine Mutants.
Conjugates between several of the ABP and CBP frag-
ments and the BACE-1 mutants from which they were
selected were prepared and crystallized for X-ray struc-
ture determination (Figures 2 and 3; see Tables S1 and S2
of the Supporting Information). For the ABP class,
structures were generated for two related fragment hits,
1 and 2, conjugated to two neighboring cysteine mutants,
V332C and T329C, at 2.3 and 2.6 A resolution, respec-
tively (Figure 2A,B). The structures revealed essentially
identical binding modes for the fragments beyond the
disulfide linker portion of the molecules, despite
their differing cysteine tethering sites. Clear electron
density for the aminopiperidine moieties was observed,
revealing that the ring lies directly over the catalytic
aspartates, with its tertiary amine and amide groups
engaged in hydrogen bonds to Asp32 (3.0 A) and
Asp228 (2.9 A), respectively (Figure 2A,B). The active site
flaps of the fragment-conjugated enzymes were in an

FIGURE 2: Crystal structures of BACE-1 cysteine mutants conju-
gated to ABP fragment monophores selected from tethering screens.
(A) Overlay of ligand structures for V332C BACE-1 conjugated to
ABP 1 (cyan) and T329C BACE-1 conjugated to ABP 2 (salmon).
The active site flap residues have been removed for clarity, and the
catalytic aspartates are colored red. (B) Side view of the same
monophore conjugate structures listed above (V332C—1, cyan;
T329C—2, lavender), along with the V332C—9 complex (blue), the
apo-BACE structure from Patel et al. [green; Protein Data Bank
(PDB)entry 1W50 (43)], and the flap-closed peptidomimetic complex
[yellow; PDBentry 1FKN (42)]. The fragment hydrogen bonds to the
catalytic aspartates, Asp32 and Asp228, and relative flap conforma-
tions are highlighted.

Yang et al.

FIGURE 3: Crystal structures of BACE-1 cysteine mutants conju-
gated to CBP fragment monophores selected from tethering screens.
(A) T72C BACE-1 conjugated to 3 (2.8 A resolution). (B) T231C
BACE-1 conjugated to 4 (2.2 A resolution).

“open” conformation, similar to that observed for the
apoenzyme structure (44), and other recently reported
non-peptidic BACE-1 fragments and inhibitors (27, 32,
46) (Figure 2B). In contrast, closed conformations are
typically seen in structures of BACE-1 complexes with
peptidomimetic inhibitors (42, 44). The benzyl fragments
bound to the hydrophobic S1 subsite, but at a shallow
depth relative to that of benzyl P1 substituents in pepti-
domimetic inhibitor complexes. The open flap conforma-
tion generated more space in the pocket, such that larger
P1 substituents could be accommodated.

For the CBP class, structures for two monophores that
differed only in their linker lengths (3 and 4) in conjuga-
tion with T72C and T231C BACE mutants were gener-
ated (Figure 3). Although the CBP fragment bound in the
S1—S3 region when tethered to either site, the binding
modes were completely distinct. Monophore 3 conju-
gated to T72C BACE placed the piperazine ring in the
S2—S83 area, essentially overlapping the site of the P2—P3
amide bond in peptiomimetic inhibitor complexes, and
the fluorobenzyl ring occupied the P1 site in a position
overlapping P1 benzyl substituents in peptidomimetic
inhibitors (Figure 3A). No contacts with the catalytic
aspartates were observed. Monophore 4 conjugated to
T231C BACE took an opposite path through the S1—S3
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Table 3: Tethering Conjugation Strength SAR for ABP Monophore
Analogues

V3,C BACE\
S-S
\_\_40
HNCN Rq
fat
R3
compound R1 R2 R3 conjugation strength”
1 H H H 1.3£0.16
8 OH OCH; Br 170+ 100
9 OCH3; OCH3; Br 380480
10 OCH; OCH; Cl 230+ 140
11 O-Ipr OCH; Cl 1400 4+ 730
12 O-Bn OCHj; Cl 350 £ 140

“Defined as ([ f-mercaptoethanol] in the experiment)/([monophore]
required to achieve 50% conjugation).

area, placing the piperazine ring in the S1 trough, and
engaged in a water-mediated hydrogen bond to Asp32
(Figure 3B). The benzyl group in this complex occupied
the S3 area of the active site.

Since the ABP fragment exhibited a consistent binding
mode when tethered to two sites and a novel engagement
with the catalytic aspartates via direct hydrogen bonds,
this class was further pursued by chemical optimization,
in both tethered and untethered mode.

SAR and Structural Studies of the ABP Fragment and
Affinity-Improved Analogues. To develop an understand-
ing of the structure—activity relationships for the ABP
fragment, and find analogues with improved affinity, we
first surveyed a set of benzyl group replacements. We chose
a reagent set for potentially improved substituents from
commercially available aldehydes using a docking score
filter (see the Supporting Information), and their effects on
the strength of conjugation to V332C BACE-1 were
measured as tethered monophores (Table 3).

Fragment conjugation strength was quantitated by
titrating monophores into fixed concentrations of
BACE-1 cysteine mutants and -mercaptoethanol reduc-
tant and monitoring the fraction of the protein conjugated
by mass spectroscopy. The ECsq (“monophores,”) values
from the resulting curves, normalized to the concentration
of f-mercaptoethanol in the reaction mixture, were used
to calculate conjugation strengths of mutant—monophore
disulfide pairs (see Experimental Procedures). Direct cal-
culation of AG values of binding for the noncovalent
interactions between monophores and protein is compli-
cated by significant entropic contributions of the linker,
which are difficult to estimate (35). However, for a
monophore series that has identical tethering sites and
linkers, as well as a conserved binding mode, measured
conjugation strengths should have similar linker contribu-
tions and thus reflect relative noncovalent interaction
affinities.

From this survey, the methoxybromophenol substitu-
ent (compound 8) was found to significantly improve
(180-fold) conjugation strength relative to the initially
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FIGURE 4: Crystal structures of ABP ligands in complex with
BACE-1 variants, in both thiol-conjugated and noncovalent form.
The ligand binding mode, including hydrogen bonding to the cata-
lytic aspartates, is conserved throughout the evolution of the frag-
ment. (A) V332C BACE-1 conjugated to ABP monophore 1 (2.3 A
resolution). (B) V332C BACE-1 conjugated to ABP monophore 9
(2.1 A resolution). (C) BACE-1 complexed with inhibitor 13 (1.9 A
resolution). (D) BACE-1 complexed with inhibitor 14 (2.7 A resolu-
tion). (E) Overlay of the four structures, demonstrating conservation
of binding mode.

selected monophore 1 (Table 3). Further exploration
revealed that replacement of the 2-hydroxyl group with a
methoxy substituent yielded improved affinity (9). At the
4 position, chloro and bromo substituents were similar (9
vs. 10). When a 5-isopropoxy substituent was introduced
(11), an 1100-fold improvement in conjugation strength
relative to the parent benzyl group was achieved.
Determination of the crystal structure of the V332C
BACE-1-9 conjugate revealed that the aminopiperidine
fragment tethered into a position virtually identical to that
observed for the original fragment, with hydrogen bonds
to the catalytic aspartates preserved (Figure 4, panel B vs
panel A). The added bulk from the benzyl group substi-
tuents resulted in better occupancy in the large S1 pocket
of the open flap conformation, with clearer density for this
portion of the molecule. Most prominently, the 3-bromo
group yielded a snug fit into the back of the S1 pocket,
causing slight displacement of the Leu30 side chain.
Conversion of Tethered Ligands to Noncovalent BACE-
1 Inhibitors. After improving the benzyl Pl element,
we sought to create noncovalent ABP inhibitors of
WT BACE-1 by replacing the thiol-containing linker



4494 Biochemistry, Vol. 48, No. 21, 2009
Scheme 2: Aminobenzylpiperidine Fragment Evolution
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Monophore 13 (R = H) BACE-1K; = 170 + 11 uM
fragment hit 14 (R=CH3) BACE-1 K; = 74 £ 10 uM

Improved
fragment

fragment with a variety of substituents, filtered on the
basis of constrained docking. These surveys and limited
followup analogues led to inhibitors 13 and 14 (Scheme 2),
having BACE-1 K; values of 170 4+ 11 and 74 4+ 10 uM,
respectively. We determined the crystal structures of in 13
and 14 complex with BACE-1 at 1.9 and 2.7 A resolution,
respectively (Figure 4C,D). The aminopiperidine hydro-
gen bonds and substituted benzyl group were found in
positions essentially identical relative to the disulfide-
conjugated monophore fragments (Figure 4E). The 3-
sulfonamide phenoxy substituents in 13 and 14 were
directed toward the S1’ subsite, causing the Thr329 and
Ser328 main chains and side chains to fold back into the
enzyme relative to the peptidomimetic-complexed and
apo BACE-1 structures. The sulfonamide group formed
hydrogen bonds to the main chain Ser328 amide (2.9 A),
the Arg235 guanidine group (2.7 A), and potentially to
the Ser328 hydroxyl group as well (2.9 A), although the
angle for the latter was oblique. The aryl group of the P1’
fragment packed up against the Val332 and Ile226 side
chains, but did not show a high degree of burial in this
shallow pocket, perhaps explaining the modest inhibition
potencies for this series.

DISCUSSION

Tethering is one of several technologies that have been
proven to be successful in generating fragment-based
ligands for a variety of targets (35, 47). Using this method,
simple, weak, and novel core fragment ligands may be
identified, which may be further elaborated into hit start-
ing points for lead optimization efforts. When we applied
this technology against BACE-1, we were able to identify
several novel fragments that could be selectively captured
by one or more cysteines introduced by mutagenesis in and
around the active site. Investigation of the ABP fragment
class revealed a novel catalytic aspartate binding motif that
was preserved across two different tethering sites and
throughout the evolution of the molecule in both conju-
gated and noncovalent mode.

The piperidine amide motif found in this study displayed
a hydrogen bonding scheme distinct from those of pre-
viously identified BACE-1 inhibitors. Nonpeptidic cyclic
amine binding motifs have been identified previously for
aspartyl proteases, most notably several high-potency
renin inhibitors (/8—20). In the renin inhibitors having
piperidine as a catalytic aspartate-engaging element, the
piperidine rings are unsubstituted and exhibit a binding
mode completely distinct from the ABP series, in which
the piperidine NH group forms hydrogen bonds to
both catalytic aspartates. Recently reported non-
canonical amine-containing BACE-1 inhibitors include
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aminopyridines (27, 32, 48), acylguanidines (46),
N-phenylpiperazines (49, 50), cyclic amidines (33), and
spiropiperidines (29). In Astex studies, piperidine-contain-
ing fragments were also identified as initial weak-binding
crystallography hits, which also showed hydrogen bonding
to the catalytic aspartates, albeit in arrangements different
from that of the ABP class reported here (32). ABP class
molecules are relatively small, have only two hydrogen
bond donors in their core motif, and thus share chemical
properties common to CNS active agents (57, 52).

The initial ABP fragment hits displayed weak binding
affinities but nevertheless a specific and consistent binding
mode. The central aminopiperidine moiety does not ap-
pear to have significant affinity on its own, but it does serve
as a specific hydrogen bonding element that orients the
inhibitor in a precise conformation, while providing solu-
bility to the molecule. The primary drivers of binding
energy appear to be the hydrophobic contacts, which we
were able to improve primarily in the P1 element. At S/,
suitable disulfide linker replacement groups that occupied
the S1’ pocket were found, but this pocket is relatively
shallow and is not likely to serve as an efficient source of
ligand binding energy. Refinement of the Pl and P1’
substituents resulted in molecules with potencies similar
to starting points derived from high-throughput screening
campaigns. For most other reported BACE-I inhibitors,
the flap is closed, and occupancy of the S2—S3 subsite area
is essential for attaining high potency (i.e., K; < 100 nM).
To develop high-affinity binding from the ABP series,
additional contacts in these regions and perhaps induction
of flap closure may be required.
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