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ABSTRACT: Novel nonpeptidic inhibitors of β-secretase (BACE1) have been discovered by employing a
fragment-based biochemical screening approach. A diverse library of 20000 low-molecular weight com-
pounds were screened and yielded 26 novel hits that were confirmed by biochemical and surface plasmon
resonance secondary assays. We describe here fragment inhibitors cocrystallized with BACE1 in a flap open
and flap closed conformation as determined by X-ray crystallography.

Beta secretase (BACE1)1 catalyzes the rate-limiting step in the
production of the β-amyloid peptide (Aβ) and amyloid plaque
formation in Alzheimer’s disease (AD). For this reason, many
biopharmaceutical companies have been pursuing the discovery of
BACE1 inhibitors for the treatment of AD. However, it soon
became apparent that BACE1 poses great challenges in delivering
potent, small-molecule inhibitors that are both orally bioavailable
and able to cross the blood-brain barrier. This has had an impact
on the progression of small-molecule inhibitors into the clinic.

Fragment-based drug discovery (FBDD) is a new approach to
identifying such small-molecule inhibitors (1, 2) and, further-
more, has proven to be particularly well suited for technically
challenging targets such as BACE1. Previous work has shown
that low-molecular weight hits with millimolar affinities could be
identified (3-5) and efficiently developed into potent leads with
nanomolar affinity and druglike properties (6, 7). In the majority
of the published FBDD campaigns against BACE1, biophysical
screening techniques, including NMR, high-throughput crystal-
lography, surface plasmon resonance (SPR), and tethering (8),
have been applied for primary fragment screening. Typically
therein, focused fragment libraries have been used, containing
only a limited number of fragments and, hence, restricted
chemical diversity.

Functional assays allow the screening of a larger chemical
diversity space. Homogeneous, miniaturized fluorescence polar-
ization assays have proven to be robust and cost-effective
solutions for drug discovery. However, such assay results must
be thoroughly scrutinized if applied to the screening of com-
pounds at high concentrations, which is a prerequisite for FBDD
campaigns. The confirmed fragment hits can subsequently be
developed intomore potent and druglikemolecules using detailed

structural information about the protein-fragment complexes
generated by, for example, X-ray crystallography.

The three-dimensional (3D) structure determination of the
BACE1 ectodomain revealed a bilobal structure typical for
eukaryotic aspartic proteases with the catalytic aspartate residues
Asp32 and Asp228 located in the substrate binding cleft between
the N-terminal and C-terminal lobes (9). The active site is
partially covered by a flexible hairpin loop termed the “flap”.
In complex with peptidomimetic inhibitors, the flap is approxi-
mately 4.5 A displaced toward the substrate binding cleft
compared to the apo structure (10, 11). Fragment inhibitors with
millimolar affinity in a complex with BACE1 have been reported
to bind in the flap open conformation of the enzyme interacting
with the catalytic aspartate residues (4, 5). In contrast, an entirely
new mode of binding of a low micromolar BACE1 inhibitor was
recently reported without catalytic aspartate engagement (12).

We report here a fragment screening approach that combines a
highly diverse fragment library with sensitive biochemical screen-
ing methods (13). We show that this system is suitable for
identifying low-affinity but efficient small-molecule inhibitors
of BACE1. The X-ray structures of the resulting protein-ligand
complexes reveal valuable insights into the detailed bindingmode
of the fragments, providing the basis for a rational structure-
guided medicinal chemistry optimization program.

EXPERIMENTAL PROCEDURES

Primary BACE1 Screening Assay. For fragment screen-
ing, the BACE1 protein was purchased from R&D Systems.
Briefly, BACE1 (20 nM) was added to the compounds (1 mM)
and equilibrated for 30 min in 50 mM sodium acetate buffer (pH
4.8), 100mMNaCl, 0.05%BSA, and 0.05%Pluronic F-127. In a
subsequent step, the enzymatic reaction was started by addition
of 150 nM fluorescently labeled biotinylated substrate peptide.
The peptide biotin-SEVNLVDAEFR-K(MR121)-RR is derived
from the “Swedish mutation” (14) of the amyloid precursor
protein and is cleaved by BACE1 between leucine and aspartic
acid, as indicated. After incubation for 45 min at 37 �C,
the reaction was stopped by addition of 300 nM streptavidin in
500mMTris-HCl (pH 10). Following another equilibration step,
the assay was measured by help of a confocal fluorescence
correlation spectroscopy (FCS) reader.

‡X-ray crystal structure coordinates have been deposited in the
ProteinData Bank (PDB) as entries 3HW1 for the BACE1-Compound
1 complex and 3HVG for the BACE1-Compound 8 complex.
*To whom correspondence should be addressed. Phone: þ49-(0)40-

56081299. Fax: þ49-(0)40-56081440. E-mail: robert.godemann@
evotec.com.

1Abbreviations: SPR, surface plasmon resonance; NMR, nuclear
magnetic resonance; FP, fluorescence polarization; BACE1, β-site
amyloid precursor protein cleaving enzyme, isoform 1; Aβ, amyloid β-
peptide; LE, ligand efficiency; BBB, blood-brain barrier; TPSA,
topological polar surface area; ADME, absorption, distribution, meta-
bolism, and excretion; rmsd, root-mean-square deviation.
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Secondary BACE1 Assay. The β-galactosidase enzyme
complementation assay (15) is commercially available
(HitHunter β-secretase assay) from DiscoverX/GE Healthcare.
Experiments were performed essentially according to the manu-
facturer’s instruction with slight modifications for high-concen-
tration compound testing. The BACE1 ectodomain (110 nM)
was preincubated at room temperature for 30 min with the
fragments (0.03-2mM). The reaction was started via addition of
the cyclic substrate (ED) and the mixture incubated in the
provided reaction buffer (pH 4.5) for 60 min at 37 �C. The final
DMSO concentration was 3.3%. The BACE1 clevage reaction
was stopped by a pH shift, and the β-galactosidase reaction was
started via addition of the β-galactosidase solution (EA) consist-
ing of 30 mM Tris-HCl (pH 8) and 6 mM 2-nitrophenol β-D-
galactopyranoside (ONPG) in 100 mMNa3PO4 buffer (pH 7.3).
Absorbance at 420 nm was recorded for 2-8 h. A possible
interference of the compound with the read-out was tested via
addition of the compound after the reaction had been stopped by
the pH shift. For both assay setups, the concentration response
curve was normalized against maximal inhibition of the reaction
achieved with the BACE1 inhibitor IV from Calbiochem. Data
evaluation was done with Excel Fit (version 4.1, IDBS Limited).
IC50 values were determined by using the following equation:

y ¼ AþB -A=1þ C
x

� �D

where y is the assay signal, x the

compound concentration, A the final minimum y value, B the
final maximum y value, C the IC50, and D the slope of the curve.
In case of incomplete inhibition, A was fixed to zero.
Surface Plasmon Resoncance (SPR) BACE1 Assay.

Interaction analysis was performed as an inhibition in a solution
assay (3) on CM5 sensor chips on a Biacore 3000 device (GE
Healthcare). The substrate analogue inhibitor (SAI) KTEEI-
SEVN-statin-VAEF (Bachem Holding AG, catalog no. H-4848)
was dissolved in water and diluted to 0.2 mg/mL in 10 mM
sodium acetate (pH 4.0) for immobilization. Contact time for
immobilization of SAI was 10 min using 10 mM HEPES, 150
mMNaCl, and 0.005%Tween 20 (pH 7.4) as the running buffer.
A scrambled version of SAI, peptideKFES-statin-ETIAEVENV
(PeterHenklein, Berlin, Germany), was used in the reference flow
cell for online reference subtraction. The SPR signal after
immobilization of both peptides was approximately 300 units.
The running buffer for all binding and inhibition experimentswas
composed of 25 mM sodium acetate, 200 mM sodium chloride,
0.005% Tween 20, and 5% DMSO (final pH of 4.5). The
recombinant human BACE1 ectodomain was applied at 22 nM
and preincubated with the small molecule at different concentra-
tions. The mixture was injected for 7 min over the SAI-modified
sensor chip surface with a flow rate of 10 μL/min at 25 �C.
Regeneration was performed with 5 μL of 50 mM Tris-HCl and

0.5% SDS (pH 8.5). Data evaluation was done with GraphPad
Prism (version 5.01, GraphPad Software Inc.).
Protein Expression and Structure Determination. For

SPR, the humanBACE1 fragment of residues 14-453 (Swissprot
numbering, entry P56817) was utilized. A corresponding gene
with optimized codon usage for Escherichia coli was synthesized
(GENEART AG, Regensburg, Germany) and used for protein
expression. Purification was performed as described in ref 16
from inclusion bodies followed by refolding and tag cleavage.
Crystal structures of Compounds 1 and 8 were obtained by
utilizing refolded BACE1 protein and crystallization conditions
as described previously (17). Crystals were obtained by vapor
diffusion against a reservoir solution of PEG 4000 (10%) inMES
(0.1 M, pH 6.0). The inhibitor complex of Compound 8 was
achieved by soaking at an inhibitor concentration of 12 mM (6%
DMSO) in 4000 PEG (9%) and MES (0.1 M, pH 5.5) using a
drop ratio of 0.75:0.75. Compound 1 was soaked at an inhibitor
concentration of 25 mM (12.5% DMSO) and 4000 PEG (12%)
and MES (0.1 M, pH 5.25) using a drop ratio of 0.75:0.75.
Crystals were cryoprotected with 25% glycerol in soaking solu-
tion and flash-frozen with liquid nitrogen. X-ray diffraction data
were collected at 100 K at the Swiss Light Source (Villingen,
Switzerland).DatawereprocessedusingXDSandXSCALE(18).
Coordinates of BACE [PDB entry 2B8L (19)] were used for
determination of phase information by molecular replacement.
Subsequent model building and refinement were performed with
CCP4 (20)and Coot (21). Ligand parametrization was conducted
with Chemsketch (version 10, ACD/Laboratories), and
Libcheck(CCP4) was used for generation of the corresponding
library files. We built the water model with the Find waters
algorithm of Coot by putting water molecules in peaks of the
Fo - Fc map contoured at 3σ followed by refinement with
Refmac 5.2 (22) and checking all waters with Coot. TLS (23)
refinement was included toward the end using 12 TLS groups.All
figures illustrating protein structures were generated using
PyMOL (24).

RESULTS

BACE1 High-Throughput Fragment Screen (HTFS). A
homogeneous, fluorescence polarization assay was established to
identify inhibitors of human BACE1 in a high-throughput
fragment screen (HTFS). The read-out of this assay protocol is
the difference in fluorescence polarization upon turnover of the
substrate (Scheme 1). To validate this assay for high-concentra-
tion screening, we first evaluated known BACE1 inhibitors as a
reference; both a high-affinity inhibitor and a low-affinity frag-
ment were employed. Compound 7 had an IC50 of 45 ( 17 nM
[BACE1 inhibitor IV (25)]. Compound 8 (3) had an inhibition of

Scheme 1: Fluorescence Polarization BACE1 Assay
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24 ( 7% at a concentration of 1 mM. To confirm that the
observed change in FP signal is indeed due to BACE1 inhibition
(rather than interference of the compound with the assay read-
out), a counterassay was established. Basically, the counterassay
is performed in a manner similar to that of the primary screening
assay, with the exception that the compound is added after the
reaction has been stopped, instead of before the start of the
reaction. If a compound leads to a decrease of the FP in the
counterassay, it will be deemed a false positive hit. When applied
to the counterassay, both BACE1 inhibitors, Compounds 7 and
8, did not interfere with the read-out (Figures 1 and 2). After
validation of the assay for high-concentration screening, it was
miniaturized to the 1 μL format and adapted to the HTFS
platform.

The HTFS with the ectodomain of BACE1 against a fragment
library comprising 20000 compounds was performed with the
DMSO-free NanoStore concept (26). The rationale behind the
composition of the diverse fragment library has been described
elsewhere (13, 27). Primary screening was performed at a
compound concentration of 1 mM. Compound 7 was used as a
positive control for normalization to 100%. The statistical
quality was calculated from positive and negative control well
replicates on the screening plates (Z0 ∼ 0.75). The statistical hit
threshold, calculated from the normalized assay signal values of
the DMSO wells (sample negative controls), was set to 3σ
corresponding to 17% inhibition, thus allowing for sensitive
detection of low-potency BACE1 inhibitors. On the basis of this,

744 hits were selected for hit profiling and therefore tested against
the primary BACE1 assay and the read-out artifact counterassay
(0.01-1.8 mM). As a result, 60 profiled fragment hits were
inactive in the counterassay and were taken forward for further
analysis as potential BACE1 inhibitors.
Hit Confirmation with the Secondary BACE1 Assay. To

further validate the remaining hit collection, an alternative
BACE1 assay that is based on the functional reconstitution of
β-galactosidase from an inactive subunit and a linear R-comple-
mentation peptide was applied (commercially available as
HitHunter β-secretase assay from GE-Healthcare). Briefly, the
circular form of this peptide contains a BACE1 cleavage site but

FIGURE 1: Concentration response curve of the high-affinity inhibi-
tor. A concentration response in triplicate was measured for Com-
pound7 (CalbiochemBACE1 inhibitor IV) applying the fluorescence
polarization (FP) assay. In the counterassay, where the compound is
added after the cleavage reaction, no change in the assay read-out is
observed.

FIGURE 2: Concentration response curve of the low-affinity inhibi-
tor. A concentration response in duplicate was measured for Com-
pound 8 by applying the FP assay. In the counterassay, where the
compound is added after the cleavage reaction, no change in the assay
read-out is observed.

FIGURE 3: Some of the fragment hits confirmed by the assay cascade
and Compound 7 (BACE1 inhbitor IV) distributed by Calbio-
chem (25) and Compound 8 published by Astra Zeneca (3). IC50

values are given with the standard deviation.

FIGURE 4: Inhibition in solution of interaction of BACE1/KEEI-
SEVN-statin-VAEF with Compound 1 on a Biacore device. Data
were fitted by nonlinear regression, and IC50 is estimated to be 0.9(
0.1 mM (n= 2). The maximum applied compound concentration is
2 mM; therefore, only a partial sigmoidal concentration response
curve was recorded.
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is unable to complement. Upon cleavage of the circular peptide,
the active β-galactosidase complex is formed able to hydrolyze its
chromogenic substrate (15). Following a similar approach as
described above, a read-out counterassay was applied allowing
for the detection of false positive hits. Using a maximal com-
pound concentration of 2 mM in a concentration response
analysis, 26 fragment hits were confirmed with the alternative
BACE1 assay protocol. IC50 values of >1 mM are estimated by
extrapolation of an assumed sigmoidal concentration response.
Representative hits are shown in Figure 3.
Hit Confirmation with Surface Plasmon Resonance

(SPR). Before moving into X-ray crystallography studies, we
assessed the bindingmode of the hits via competition with known
BACE1 inhibitors. Toward that end, we applied a SPR assay in
which the BACE1 interaction partner had been immobilized on
the sensor chip surface (3). The substrate analogue
P10-P4

0StatVal has been described to be an inhibitor of
BACE1 (28) and serves as a probe for a defined binding site.
In the cocrystal structure, P10-P4

0StatVal interacts with residues
P7-P4

0 covering the entire active site cleft of BACE1 (29). Thus,
P10-P4

0StatVal was applied as a reference for orthosteric inhibi-
tion of BACE1. BACE1 was kept at a constant concentration
and preincubated with fragment hits. The ability of the protein to
bind the immobilized ligand is determined by passing the mixture
of BACE1 and fragment over the immobilized bait ligand sur-
face. The magnitude of the binding signal decreases if a fragment
hit is in competition with the specific binding site as shown for
Compound 1 in Figure 4. The data were fitted by nonlinear
regression, and the IC50was estimated to be 0.9( 0.1mM (n=2).
Structure of Compound 8 Bound to BACE1. For further

characterization of the binding mode of the fragments, high-
quality apo BACE1 crystals were obtained and subjected to
soaking experiments. We used Compound 8 for validation of the
approach and soaked it into the BACE1 crystal. The crystal

diffracted to 2.25 A, and the structure was determined by
molecular replacement with a determined BACE1 structure.
The crystal of space group C2 contained three monomers of
BACE1 in the asymmetric unit with the same overall conforma-
tion (Table 1). The ligand bound in the active site is well-defined
in the electron density in two of the three monomers per unit cell,
and it adopts two different binding modes. The coordinate error
as calculated with a Luzzati plot was 0.49 A, and the occupancy
in both monomers was 1.0. The exocyclic primary amine and the
N1 atom in the core of Compound 8 form four specific hydrogen
bonds with BACE1, namely, to the side chain carboxyl of Asp32
and Asp228. In monomer 1, an additional hydrogen bond
between the ligand carbonyl and the main chain nitrogen of
Gln73 in the flap is formed, which contributes to the flap closed
conformation in this monomer (Figure 5). In the second binding
mode of Compound 8, the heterocycle is flipped by approxi-
mately 180�, retaining the interaction with the catalytic aspartate
residues but losing the backbone interaction with Gln73 in the
flap of BACE1. Accordingly, the flap is in an open conformation
with Thr72 in this monomer displaced by 3.2 A from its position
in the first monomer. Electron density for Thr72 is clearly
defined, as shown for monomer 1 in Figure 5d. The third
monomer without a ligand in the binding site is also in a flap
open conformation.
Structure of Compound 1 Bound to BACE1. A BACE1

crystal soaked with Compound 1 diffracted to 2.48 A (Table 1).
The ligand is bound in the active site with an occupancy in
monomers 1 and 3 of 0.7, and the coordinate error determined
with a Luzzati plot was 0.56A. In bothmonomers, the ligand had
the same orientation, and the electron density of the ligand is
well-reflected in the central heterocycle and the pyrrolidine
moiety but has some gaps in the benzyl ring pointing toward
the flap (Figure 6a). There are four hydrogen bonds (shown as
dashed lines in Figure 6b) between the exocyclic primary amine

Table 1: Data Collection and Refinement Statistics for the Crystal Structure of BACE1 with Compounds 1 and 8

Compound 1 Compound 8

Data Collection

space group C2 C2

unit cell a = 230.63 A, b = 99.88 A, c = 62.90 A, R = γ = 90�,
β = 103.12�

a = 232.55 A, b = 100.13 A, c = 64.78 A, R =

γ = 90.00�, β = 103.73�
resolution (A) (highest shell) 2.48 (2.54-2.48) 2.25 (2.44-2.25)

no. of unique reflections 48570 (4849) 66620 (13253)

completeness (%) 98.3 (98.0) 97.2 (89.9)

data cutoff [σ(F)] 2.0 2.0

redundancy 3.3 (3.2) 3 (2.3)

Rsym (%) 4.7 (43.9) 4.5 (34.7)

Rmeas (%) 5.6 (52.3) 5.4 (43.8)

mean (I)/σ 14.82 (3.01) 13.26 (2.65)

Model and Refinement

Rcryst (%) 22.6 22.2

Rfree (%) 28.1 26.5

rmsd for bond lengths (A) 0.010 0.011

rmsd for bond angles (deg) 1.21 1.15

rmsd for bonded B’s (A2) 1.3 0.9

no. of atoms per asymmetric unit 9066 8988

average B factor (A2) 20.7 29.7

protein (no. of atoms) 21.6 (8798) 31.3 (8844)

water (no. of atoms) 26.3 (117) 27.5 (180)

glycerol (no. of atoms) 58.9 (1) 40.2 (1)

ligand (no. of atoms) 43.5 (64) 52.5 (33)
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and the N1 atom in the core of Compound 1 and the carboxyls of
the active site aspartic acids. A further face-to-edge π-stacking
interaction is identified between the benzyl of Compound 1 and
the phenyl ring of Tyr71. The pyrrolidine of Compound 1 is
pointing toward the S10 pocket of BACE1. There is the possibility
of a weak electrostatic interaction between the tertiary amine of
Compound 1 and either the carboxyl of Asp228 or the hydroxyl
ofThr231, both being 3.5 and 4A apart.We also found the ligand
present in monomer 2 with a low occupancy, but the fit to the
electron density was not conclusive. Electron density for the flap

residues in monomer 2 was not well-defined, and therefore, this
region was excluded from the model.
Structure-Activity Relationship (SAR) of Compound 1.

A range of commercial compounds were selected that would
confirm the observed binding mode of Compound 1 and possibly
explore synthetic vectors for improving potency. The selected
compounds were purchased from external suppliers, and their
identity and purity were confirmed by liquid chromatogra-
phy-mass spectroscopy (LC-MS) analysis. Potency of the com-
pounds was evaluated by the HitHunter assay using two or three

FIGURE 5: Compound 8 bound to BACE1. (a) Alignment of monomers 1 (blue), 2 (brown), and 3 (gray) as stereo pictures. There are
four hydrogen bonds (shown as dashed lines) between Compound 8 and the active site aspartic acids. The fifth hydrogen bond is
present between the ligand and the backbone nitrogen of Gln73 in the flap in monomer 1. CR of Thr72 in the flap is 3.2 A apart in
monomers 1 and 2, indicated by the blue dashed line. Monomer 3 does not contain the ligand, and its flap is in a position similar to that
of monomer 2. Carbon atoms are colored light blue/brown, oxygen atoms red, and nitrogen atoms dark blue. (b and c) The Fo - Fc

difference density of the ligand contoured at 2σ in monomers 1 and 2. (d) The 2Fo - Fc difference density of Thr72 contoured at 1σ in
monomer 1.
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independent concentration response curves (0.03-2 mM) each in
triplicate (Table 2). Within this concentration range, IC50 values of
up to 1mMcould be accurately determined. IC50 values of>1mM
are estimated by extrapolation of an assumed sigmoidal concentra-
tion response with 100% inhibition (standard deviation in
parentheses). Ligand efficiency (LE) is a useful concept for measur-
ing the effectiveness of compound optimization, and we report it
here as -RT ln(IC50)/(none H atom count) (2). Compound 16
improved in potency and LE compared to Compound 1.

DISCUSSION

By applying a highly diverse fragment library for screening, we
aimed to discover novel BACE1 inhibitors.We demonstrate here
that low-affinity BACE1 fragment inhibitors can readily be
identified by biochemical screening methods and that these
inhibitors are suitable for studying the detailed binding mode
by X-ray crystallography. The identified hit collection exhibited
broad chemical diversity as demonstrated in Figure 3.

Further characterization of Compound 1 and experimental
fragment hits in the SPR assay led to the conclusion that their
mode of inhibition was competitive. Compounds 1 and 8 had
been selected for crystallization trials because of their favorable
molecular weight to potency ratio. Soaking as well as cocrystal-
lization was tried, but only soaking was successful. The chemical
properties of both compounds probably limited success in
cocrystallization trials.

Aminoquinolines in complex with BACE1 have been pub-
lished recently (5), and alignment of our Compound 1 crystal
structurewith an aminoquinoline fragment (PDB entry 2OHL) is
depicted in Figure 6b. The modes of binding of the cores of both
compounds to the catalytic aspartates and to Tyr71 are very
similar; however, the plane of the core of Compound 1 is twisted
by approximately 30� toward the prime side of the active site cleft
when compared to the core in 2OHL. An additional interaction
mediated either by the pyrrolidine moiety or by the second
tertiary amine in the central heterocycle may be the reason for
this alternative position in Compound 1. An alignment of
Compound 1 with another aminoquinozaline [PDB entry
2Q15 (30)] reveals the same planar position of the heterocyclic
core (Figure 6c). Here, the pyrrolidine of Compound 1 overlaps

well with the cyclohexyl of the 2Q15 ligand, suggesting a
preference for hydrophobic substituents in this part of the
BACE1 S10 region. The ligand occupancy of 0.7 in monomers
1 and 3 may account for the partial electron density in the benzyl
pointing toward the flap. In monomer 2, the ligand is possibly
present as two different conformers, but each at a low occupancy
of <0.5. In addition, the flap region is disordered in this
monomer, making interpretation of the results difficult. There-
fore, we focused on the ligand orientation present in monomers
1 and 3, as these are corroborated by published protein ligand
structures.

Both ligands, Compounds 1 and 8, interact in a similar manner
with the catalytic aspartate residues, while the interaction with the
flap distinguishes the binding mode of the compounds. Com-
pound 1 interacts withTyr71, thus contributing to keeping the flap
in an open conformation, whereas the backbone interaction of
Compound 8 with Gln73 contributes to the closure of the flap
which leads to a 3.2 A shift in the position of the CR atom of the
flap residue Thr72 (Figure 7) . Temperature values of Thr72 are
not increased in the flap open compared to the closed conforma-
tion, but they are increased inmonomer 2 compared tomonomers
1 and 3. The average B factors of Thr72 in the flap region of the
Compound 1 ligand complex are 23.5 for monomers 1 and 3,
indicating that they are well-ordered while Thr72 of monomer 2 is
disordered in this region. A similar pattern is observed in the
Compound 8 crystal structure where Thr72 residues in monomers
1 and 3 have lower B factors (24.4 and 27.3, respectively) than in
monomer 2 (33.7). This may be a feature of the crystal system as
the flaps of monomers 1 and 3 are well-defined in the electron
density when compared to monomer 2. The higher flexibility may
also account for the second binding mode for Compound 8
observed in monomer 2. For this monomer, we also found
Compound 8 with 100% occupancy bound to the protein surface
close to the C-terminus interacting with residues Lys218, Gln219,
Tyr222, and Tyr384. We assume that this is an artifact caused by
the applied crystal system rather than an allosteric site, because it
did not induce obvious conformational changes to the protein and
we observed it in only one of the monomers.

The flap closed conformation of Compound 8 aligns well with
published flap closed BACE1 conformations, e.g., PDB entry

FIGURE 6: Compound 1 bound toBACE1. (A)Alignment ofmonomers 1 (blue), 2 (orange), and 3 (green).Hydrogen bonds betweenCompound
1 and the active site aspartic acids are shown as dashed lines. A further face-to-edge π-stacking interaction is formed between the benzyl ring of
Compound 1 and the phenyl ring of Tyr71. The pyrrolidine of Compound 1 is pointing toward the S10 pocket of BACE1. (B) The Fo - Fc

difference density of the ligand contoured at 2σ in monomer 3. (C) Alignment of Compound 1 monomer 3 (blue) with aminoquinoline (yellow)
[PDB entry 2OHL (5)]. (D) Alignment of Compound 1 monomer 3 (blue) with dihydroquinazoline (magenta) [PDB entry 2Q15 (30)].



                                     10749

1W51 (11). The flap open conformation present in complexes of
Compounds 1 and 8 (monomers 2 and 3) does not match entirely
with the flap in the apo structure 1W50 (11), indicating that the
flap of BACE1 in our crystal system is not fully open. A full
transition between the open and closed conformation is reported
with a distance of 4.5 A at the tip of the flap (10, 11).

Multiple binding modes were observed in the protein ligand
structure of Compound 8. This might be inherent to small
fragmentswith a degree of internal symmetry, in particular where
the main contributor for binding is a single functional group.
Adoption of more than one conformation of the ligand in the
active site is reported, for example, for β-lactamase (31) and
HIV1 reverse transcriptase (32). We can expect that through
structure-guided optimization of Compound 8, where additional
functional groups will be introduced, specific residues in the
active site will pick up additional contacts within the active site of
BACE1, thus restricting the degree of freedom of the inhibitor to
a single binding mode (31). Analogues of Compound 8 with a
higher affinity for BACE1 [PDB entry 2VA5 (7)] are favoring the
binding mode observed inmonomer 1. The second binding mode

observed inmonomer 2 has not been reported in the literature yet
and might open new opportunities for optimization of this class
of BACE1 inhibitors.

For Compound 1, we have demonstrated how a preliminary
SAR can be established using commercially available analogues.
Replacement of the pyrrolidinemotif of compound 1withmethyl
as with Compound 9 results in a drop in potency probably due to
the loss of the weak H-bond interaction between the pyrrolidine
and Asp228/Thr231. Replacement of the pyrrolidine motif of
compound 1 with the structurally similar morpholine results in
the essentially equipotent Compound 10 and suggests that
additional analogues of this compound could be synthesized that
might pick up interactions with residues such asArg235 at the top
of the S2 pocket, a strategy successfully employed by Petu-
khov (33). Deletion of the primary amine as in Compound 11
leads to a complete loss of BACE1 activity, confirming the
observed interaction with the catalytic aspartates in the crystal
structure. Replacement of the phenyl ring of the quinoxaline and
truncation of the pyrrolidine to a dimethylamine, as shown in
Compound 12, or truncation to the primary amine as in

Table 2: Structure-Activity Relationship (SAR) of Analogues of Compound 1
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Compound 13, result in a loss or reduction of BACE1 activity,
suggesting that the π-interaction of the phenyl ring with Tyr71
located in the flap is sensitive to such changes. In the crystal
structure, the second endocyclic nitrogen of Compound 1,
pointing toward the flap, is not interacting with BACE1 residues
in an obvious manner (Figure 6). Therefore, three compounds in
which this endocyclic nitrogen was deleted were purchased,
leading to some 2-aminoquinolines reminiscent of fragment hits
reported by Astex on their BACE1 program (6). In our hands,
one of these heterocycles, Compound 16, underwent an increase
in potency compared to compound 1; however, the closely related
compound 14 lost potency. Concomitant with the potency
increase of Compound 16, LE improved from 0.27 to 0.3,
qualifying this compound as a promising starting point for the
development of an orally available drug candidate (2). Although
the affinities of fragment inhibitors are not sufficiently high to
warrant the collection of in vitro ADME (absorption, distribu-
tion, metabolism, and excretion) data for potential in vivo
experiments, we investigated their in silico properties to gain an
understanding of their likely behavior in vivo. The topological
polar surface area (TPSA) of a compound is a good predictor for
blood-brain barrier (BBB) penetration, and values of <60-70
A2 should allow entry of the compound into the brain (34). Oral
bioavailability could be predicted by the Veber algorithm (35).
Compounds 1 and 16 are predicted to cross the BBB and be orally
bioavailable because they have TPSA values of 55 and 39 and
pass the Veber bioavailability filter. Although these are encoura-
ging predictions, we have to keep in mind that optimization of
fragment hits using structure-guided techniques such as crystal-
lography does increase the molecular weight and TPSA, factors
that can have an impact on the likelihood of BBB penetration.

In conclusion, we have demonstrated the identification of
BACE1 fragment inhibitors by biochemical screening meth-
ods, being potential starting points for the development of
orally bioavailable and brain penetrant drug candidates. We
highlight the importance of obtaining protein ligand crystal
structures as a strategy for identifying the binding mode
and growth vectors for the optimization of low-affinity
micromolar fragments into high-affinity nanomolar leads.
In the absence of crystallographic data, it may be possible
to explore the SAR of fragment hits using commercially
available analogues in combination with techniques such
as SPR.
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