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Starting from peptidomimetic BACE-1 inhibitors, the P2 amino acid including the P2/P3 peptide bond was
replaced by a rigid 3-aminomethyl cyclohexane carboxylic acid. Co-crystallization revealed an unex-
pected binding mode with the P3/P4 amide bond placed into the S3 pocket resulting in a new hydrogen
bond interaction pattern. Further optimization based on this structure resulted in highly potent BACE-1
inhibitors with selectivity over BACE-2 and cathepsin D.

� 2010 Elsevier Ltd. All rights reserved.
Genetic links point to an excess level of cerebral amyloid b pep-
tide (Ab) as a major culprit in the pathogenesis of Alzheimer’s dis-
ease (AD). Ab is generated by the sequential proteolytic action of
two transmembrane proteins, b- and c-secretase, which excise
mainly the 40 and 42 amino acid Ab fragments from the membrane
bound b-amyloid precursor protein (APP). A misbalance between
Ab production and its clearance from the brain, and subsequent
degradation leads to the aggregation of Ab into oligomers and pla-
ques.1 Especially oligomeric forms, starting from the size of dimers,
are believed to be the neurotoxic entities leading to neurodegener-
ation, synaptic loss, impaired neurotransmission, and finally cogni-
tive decline.2 Being responsible for the first endoproteolytic
cleavage step in the generation of Ab, the aspartyl protease b-
secretase (BACE-1) is an attractive target when aiming at the
reduction of Ab. There are a number of recent reviews in the liter-
ature on recent progress in the development of BACE-1 inhibitors.3

However, despite intensive efforts, it has been very challenging to
find compounds which combine high potency and selectivity with
good brain penetration. Therefore, few compounds have entered
early-stage clinical trials so far.4

In previous papers, we have described some of our efforts in
reducing the peptidic character of peptide-derived BACE-1 inhibi-
tors. In particular, we aimed at reducing P-glycoprotein-mediated
efflux, which limits brain exposure and is often observed with pep-
tide-like compounds.
All rights reserved.
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The removal of the P3/P4 amide segment followed by macro-
cyclization (Scheme 1) leading to compounds active in vivo has
been described recently.5 As known from the first X-ray structure
of OM99-2, the heptapeptide-derived inhibitor with BACE-1,6 and
from previous hydroxyethylene transition-state inhibitors,5a the
P2/P3 amide nitrogen is not involved in a direct hydrogen bond.
It forms a water-mediated interaction and can be methylated with-
out substantial reduction in activity in the enzyme assay. This
amide bond is therefore a target for the introduction of non-pep-
tidic features.

We report herein on a conceptually novel approach to the de-
sign of P2/P3 modified inhibitors of BACE-1, which also allows
for a wide variation in the P3 site. Since the simple exchange of
the amide bond by an alkyl chain was expected to introduce too
much flexibility, some rigidification was considered necessary. To
this end we envisaged the incorporation of a 3-aminomethyl cyclo-
hexane carboxylic acid motif to replace the P2/P3 amide (Scheme
1). Carbocyclic and heterocyclic motifs have been previously incor-
porated in peptidomimetics as constrained P10 BACE-1 inhibitors.7

In the present series, the conformationally pre-organized cyclo-
hexane scaffold was intended to serve as a rigid linker between P1
and P3, which conserves the position of both the P3 side chain as
well as the P3/P4 amide (Fig. 1). As illustrated in Table 1, the opti-
mal filling of the S3 pocket in the original compound series en-
hances potency by two orders of magnitude going from methyl
to iso-butyl (compounds 1–3).

The lipophilic carbocycle is placed in S2, a position that is filled
with a polar amino acid of the natural substrate. However, in line
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Table 1
P2/P3 SAR for some P3 to P20 spanning hydroxyethylene compounds
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Compound R1 R2 BACE-1 CathD

IC50
a, lM

1 MeS–C2H4– Me 4.0 0.035
2 MeS–C2H4– iPr 0.37 0.048
3 MeS–C2H4– iBu 0.053 0.009
4 Me iBu 0.12 0.26

a Values are means of at least three experiments. IC50 values for human BACE-1
and human CathD inhibition were determined as described.5a

Table 2
SAR of P3 to P20 spanning P2/P3 cyclohexyl hydroxyethylenes
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O PhR1 R2

Compound R1 R2 BACE-1 BACE-2 CathD

IC50 (lM), or % inhib. at 10 lM

5 Me H 8% 14% 71%
6 Et H 17% 24% 64%
7 Pr H 15% 80% 84%
8 iPr H 0.80 0.17 0.15
9 iBu H 11% 42% 43%

10 Me Me 3.7 0.37 0.24
11 –(CH2)4– 2.7 1.5 0.17

N
H

N
H

N
H

N
H

O

OH O

O

O

OH

O
N
H

N
H

OH O

NH2

O

O
NH2

O

OH

O

N
H

N
H

O

OH

O
N
H

N
H

O

O

N
H

NHBu

O

OH

O
N
H

O

N
H

N
H

O
N

OHO

N
H

NHBu

O

OH

O

N
H

O

N
H

NHBu

O

OH

O

N
H

O R

4

reduce size 

remove 
P3/P4 amide remove 

P2/P3 amide

OM 99-2
P4        P3          P2         P1         P1'      P2'        P3'         P4' 

Scheme 1. Concepts for amide replacements to reduce peptidic character.
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with the published subsite specificity of BACE-1,9 the P2 amino
acid can be replaced by methionine, and even alanine derivatives
can lead to highly potent inhibitors (Table 1).

Initially, we prepared a series of P1 Phe hydroxyethylene isos-
teres with varying substituents at the P3 site (Table 2).10

In the previous peptidic series, activity convincingly increased
from Me to iBu with groups filling the S3 pocket more tightly
(Table 1). This is in line with the co-crystal structure of compound
3 that shows the iBu group filling the S3 pocket. Surprisingly, more
bulky R1 substituents (going from Me to Et, Pr, iBu) at the novel
aminomethyl cyclohexane scaffold were virtually devoid of activity
(Table 2, compounds 5–7, 9). As an exception, the iPr derivative 8
showed submicromolar activity on BACE-1, and the closely related
enzymes BACE-2 and cathepsin D. Additionally, the dimethyl
compound 10 and the cyclopentyl derivative 11 showed micromo-
lar activity. Both observations were in contrast to the originally
assumed position of this feature in the S3 pocket.

A co-crystal structure of the dimethyl compound 10 with BACE-
1 explained the so far puzzling data.11 As shown in Figure 2 the
positions of the P3 alkyl and P3/P4 amide of compound 10 are
Figure 1. Modeled P2–P3 cyclohexyl analogue of compound 2 (ball-and-stick) in
comparison to OM99-2 (stick), the ligand in the co-crystal structure used for
calculations. Modeling and docking were done in the Flo modeling package.8
flipped in comparison to the canonical peptidic interaction pattern.
In the binding pattern of peptides, or peptide mimics such as
OM99-2 or compound 3, there are two hydrogen bonds formed
with Thr232 of BACE-1, one between the P2/P3 amide carbonyl
and Thr232 NH, and an energetically less valuable one between
the P3/P4 amide NH and the Thr232 hydroxyl group. A comparable
orientation for compounds without a P2/P3 amide could only make
use of the weaker ligand NH interaction whilst keeping its carbonyl
unused. The binding pattern for compound 10 changed by flipping
the P3/P4 amide into the S3 pocket, resulting in strong interactions
of the amide carbonyl through hydrogen bonds with the Thr232
NH and Thr232 hydroxyl group.

With the structural information gleaned from the X-ray data,
we sought to introduce functional and spatial elements in the P3
site that would improve the activity and selectivity. To circumvent
stereochemical issues, we continued with symmetrically disubsti-
tuted gem-dimethyl derivatives of 10.

Toward this objective, we prepared a series of N-acylated 3-(1-
amino-1-methyl-ethyl)-cyclohexane carboxylic acids starting with
the enantioenriched nitro intermediate 12 (Scheme 2).12 Final
compounds 26–28 were obtained from these building blocks and
fragment 23 by standard coupling procedures (analogous to
Scheme 3).

Modeling studies had also indicated that the S3 site could
accommodate 5- and six-membered lactams. These were prepared
as shown in Scheme 3.12 Thus, the N-allyl intermediate 18 was
acylated to 19 and 20, respectively, then subjected to ring-closing
metathesis in the presence of 5 mol % of Grubbs’ first generation
catalyst13 to give the unsaturated lactams 21 and 22 in excellent
yields. Catalytic hydrogenation and coupling with the amine frag-
ment 23 afforded 24 and 25 in good yields after purification.
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Table 3
SAR in P3 for P2/P3 cyclohexyl hydroxyethylamines

N
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O

N
HOH

R

Compound R BACE-1 BACE-2 CathD Ab40 CHO

IC50, lM IC50
a, lM

26

O

N
H

4.2 3.8 7.9 No data

27

O

N
H

0.58 3.7 7.1 No data

28
O

N 0.15 0.20 0.41 0.66

24

O

N 0.025 0.96 0.56 0.13

25

O

N 0.0025 0.14 0.12 0.067

a Inhibition of cellular release of Ab40 was determined as described.5

Figure 2. (A) Overlay of compound 3 (yellow) and compound 10 (green) co-crystal
structures. (B) Hydrogen bonding to Thr232: Thr232 hydroxyl is an acceptor in the
interaction with compound 3, a donor in the interaction with compound 10.
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As previously reported,5 a change of the transition-state mi-
metic moiety from hydroxyethylene (HE) to hydroxyethylamine
(HEA) was done in anticipation of an improved in vitro as well as
cellular activity. This benefit also materialized in this series (Table
3). Whilst in the HE-series small acyl variations (e.g., from methyl
to ethyl) did not improve activity, small changes in the P3 site in
the HEA series led to a breakthrough in activity (Table 3, com-
pounds 26–28). As seen in the co-crystal structure of compound
10 (Figs. 2A and B), the amide NH is not utilized for direct interac-
tions with the protein, whilst there is additional room for tighter
interactions in the S3 pocket. Consequently, amide alkylation as
in compound 28, results in improved activity (Table 3).

In this case, it is rather the balance of the different effects on the
three related enzymes BACE-1, BACE-2, and CathD, which is most
remarkable. An optimization for the tight fit in S3, especially by
connecting the ethyl group with the N-methyl to form the lactam
24, nearly exclusively improves BACE-1 activity, whilst the effects
on BACE-2 and CathD stay comparably constant. It was predicted
from the model, that the six-membered lactam 25 would fill the
S3 pocket even better than the five-membered lactam 24. Indeed,
going from 24 to the homolog 25, we again gained an order of mag-
nitude in activity toward BACE-1. A co-crystal structure of com-
pound 25 with BACE-1 confirmed the snug fit of the lactam in
the S3 pocket11 (Fig. 3). Intramolecular hydrophobic contacts



Figure 3. Compound 25 from co-crystal structure with BACE-1—interaction surface
shown.
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between the P3 lactam ring and the P1 phenyl may also contribute
to the enhanced potency through pre-organization of the confor-
mation of the active inhibitor.

The different effect on BACE-1 compared to CathD might be
understood by comparing the S3 pockets of the two enzymes. Whilst
there is a very tight fit towards the Ser10-Gly13 loop for compound
25 in BACE-1, this pocket (Ala13-Gln14), appears to be more open in
CathD and BACE-2,14 resulting in a less pronounced gain in activity
by slightly larger acyl replacements. Moreover, two distinct confor-
mations of the Ser10-Gly13 loop have been observed with BACE
complexes.15 While compound 3 binds to the ‘down’ conformation,
compounds 10 and 25 select the ‘up’ conformation of the Ser10-
Gly13 loop (see Fig. 2), thus achieving improved activity and selec-
tivity. However, the size and shape of the extended S3 subpocket
(S3sp)15c are not fulfilled with the P3 features in the above-described
series of BACE-1 inhibitors.

In summary, starting from peptidomimetic BACE-1 inhibitors
with counter selectivity for CathD, and going through several steps
of optimization, we identified a highly potent, non-peptidic BACE-1
inhibitor with about 50-fold selectivity over BACE-2 and CathD and
good cellular activity. As mentioned above, efflux by P-glycopro-
tein (located in the blood–brain barrier) often limits the brain
exposure of BACE-1 inhibitors. Unfortunately, testing our most ac-
tive compound 25 in the series in an in vitro model (MDCK cells
stably transfected with the gene for the human P-glycoprotein
transporter),16 resulted in a high efflux ratio (BA/AB = 97). Thus,
contrary to our initial expectations, the modification of the P2/P3
amide region exemplified by the low nanomolar prototype inhibi-
tor 25, did not overcome this challenging problem. Further efforts
will be required to optimize and improve upon these results.
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