
Bioorganic & Medicinal Chemistry Letters 19 (2009) 1366–1370
Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

journal homepage: www.elsevier .com/ locate/bmcl
Macrocyclic peptidomimetic b-secretase (BACE-1) inhibitors with activity in vivo

Rainer Machauer *, Kurt Laumen, Siem Veenstra, Jean-Michel Rondeau, Marina Tintelnot-Blomley,
Claudia Betschart, Anne-Lise Jaton, Sandrine Desrayaud, Matthias Staufenbiel, Sabine Rabe,
Paolo Paganetti, Ulf Neumann
Novartis Institutes for BioMedical Research, Novartis Pharma AG, PO Box, CH-4002 Basel, Switzerland

a r t i c l e i n f o a b s t r a c t
Article history:
Received 24 November 2008
Revised 14 January 2009
Accepted 15 January 2009
Available online 22 January 2009

Keywords:
Alzheimer’s disease
BACE-1 inhibition
Macrocycles
Ethanolamine-transition state mimetic
In vivo efficacy in APP51/16 mice
0960-894X/$ - see front matter � 2009 Elsevier Ltd.
doi:10.1016/j.bmcl.2009.01.055

* Corresponding author. Tel.: +41 61 6963431; fax:
E-mail address: rainer.machauer@novartis.com (R
The macrocyclic peptidic BACE-1 inhibitors 2a–c show moderate enzymatic and cellular activity. By
exchange of the hydroxyethylene- to ethanolamine-transition state mimetic the peptidic character was
reduced, providing the highly potent and selective inhibitor 3. Variation of the P0 moiety resulted in
the macrocyclic inhibitor 14. Both macrocycles show inhibition of BACE-1 in the brain of APP51/16 trans-
genic mice, 3 (NB-544) after intravenous and 14 (NB-533) after oral application.

� 2009 Elsevier Ltd. All rights reserved.
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0.045 μM
In 1907 Alois Alzheimer described the symptoms and the
pathology of a progressive, and ultimately lethal, neurodegenera-
tive disorder, which was later named Alzheimer’s disease (AD).1

In the last three decades the pathological hallmarks of AD, amyloid
plaques and neurofibrillary tangles, were extensively characterized
and the major component of the plaques identified as the b-amy-
loid peptides (Ab40/42).2 The b-amyloid hypothesis describes the
pathogenic mechanisms leading to AD.3 According to this com-
monly accepted model, Ab4042 aggregates are neurotoxic and initi-
ate a cascade of events resulting in neurodegeneration and
dementia. The b-amyloid peptides, mostly 40 or 42 residues in
length, are generated from the b-amyloid precursor protein (APP)
by sequential proteolytic action by the b- and c-secretase
enzymes.4 Inhibition of the membrane-bound aspartyl protease
b-secretase (BACE-1, b-site APP cleaving enzyme) is considered to
be one of the most promising therapeutic approaches for AD,5 since
BACE-1 knock-out/APPtransgenic mice lack Ab40/42, do not form
amyloid plaques and are viable.6

By structure-based design we have modified the peptide like
lead structure 1 into a potent macrocyclic inhibitor of BACE-1
(2c, Fig. 1).7

The macrocycles 2a–c show moderate to good inhibitory poten-
cies of 0.59 lM (2a), 0.25 lM (2b) and 0.15 lM (2c) when tested in
the BACE-1 enzymatic activity assay, but exhibit significantly low-
er potencies of >10 lM (2a,b 16% and 27% inhibition at 10 lM) and
All rights reserved.
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Figure 1. Development of peptidic BACE-1 inhibitor 1 into the macrocyclic
inhibitor 3.
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Scheme 2. Reagents and conditions: (a) ICH2Cl, LDA, THF, �78 �C; (b) NaBH4, EtOH,
�78 �C, 83% for two steps; (c) HCl in Et2O, CH2Cl2, (d) Boc-NMe-Ala-OH, i-Pr2NEt,
HOBt, EDC, CH2Cl2, 91% for two steps; (e) HCl in Et2O, CH2Cl2, 95%; (f) 6-heptenoic
acid, i-Pr2NEt, HOBt, EDC, CH2Cl2, 74%; (g) Grubbs2, CH2Cl2, 50 �C, 83%; (h) H2, Pd-C,
EtOH, 83%; (i) NaOH, THF, MeOH, 87%; (j) 3-isopropyl benzylamine, 50 �C, 38–79%.
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8.7 lM (2c) in a cellular system.7 During the course of our project
other groups published on related approaches for macrocyclic
BACE-1 inhibitors.8

Since 2a–c still comprise three amide bonds that confer to the
BACE-1 inhibitors a peptidic character, we suspected that this
was the reason for the discrepancy between the enzymatic and
the cellular potency. N-methylation of the P2/3 amide was not suf-
ficient to reduce the peptidic character of 2c, nevertheless an
improvement of the enzymatic activity of 2c over 2b was
achieved.7 Thus a further reduction of the peptidic character of
the macrocyclic inhibitors may improve their cellular potency, ulti-
mately leading to inhibitors with potential for in vivo activity.

We therefore considered options to further reduce the number
of amide bonds, and the number of H-bond donors and acceptors.
Based on the successful switch from the hydroxyethylene- to eth-
anolamine-transition state in another series of BACE-1 inhibitors
(unpublished results) we designed compound 3 (Fig. 1) as our next
synthetic target. A completely new synthesis was necessary for this
macrocycle. The chemo-enzymatic reaction sequence to the inter-
mediate non-natural amino acid 8 is depicted in Scheme 1, the
preparation of the macrocyclic core is outlined in Scheme 2.

Commercial (R)-citronellal was subjected to acetalisation,
ozonolysis and methyl Wittig reaction to afford 5 in good yield.
Deprotection of the aldehyde and Strecker reaction provided ami-
nonitrile 6 as diastereomeric mixture. The amine was acetylated
and the nitrile converted into the methyl ester 7. The direct hydro-
lysis of the aminonitrile 6 to the racemic amino acid was not suc-
cessful, causing the retro-Strecker reaction. Enzymatic kinetic
resolution of 7 with Alcalase (protease from Bacillus licheniformis),9

at pH 7.5 under pH-stat conditions afforded the saponified (S)-
acetyl-amino acid, whereas the unreacted (R)-acetyl methyl ester
was easily separated by extraction from the reaction mixture. Alca-
lase was chosen for the resolution because of its usually high
enantioselectivity against non-proteinogenic racemic amino acid
derivatives and remarkably broad substrate tolerance. The effi-
ciency of this method has been demonstrated previously in the
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Scheme 1. Reagents and conditions: (a) HC(OMe)3, MeOH, cat. H+; (b) O3, NaHCO3,
PPh3; (c) Ph3P = CH2, 83% for three steps; (d) TFA/H2O; (e) NH4Cl, NaCN, NH3, MeOH,
70% for two steps; (f) AcCl, i-Pr2NEt, CH2Cl2; (g) HCl, MeOH, H20, 37% for two steps;
(h) Alcalase�; (i) Acylase�, 50% for two steps; (j) Boc2O, Na2CO3, H2O, 95%; (k) MeI,
KHCO3, DMF, 88%.
enantioselective hydrolysis of meta-tyrosine, mono-, di- or tri-
substituted phenylanilines and even tert-leucine.10 In fact, this pro-
tease only recognized the chirality / stereochemistry at the a-posi-
tion of the methyl ester 7. Subsequent acetyl hydrolysis of the
remaining aqueous phase catalyzed by aminoacylase from Asper-
gillus sp. (Amano acylase) provided amino acid 8.11 The acetyl
cleavage was done enzymatically since first attempts to deprotect
the amine by treatment with hydrochloric acid led to partial addi-
tion of hydrochloric acid to the terminal double bond. The (R)-acet-
yl methyl ester was recycled to 7 by equilibration with sodium
tert-butoxide. Protection of the amino function of 8 employing
di-tert-butyl dicarbonate (Boc2O) and methyl ester formation affor-
ded the non-natural amino acid 9.

The protected amino acid 9 was converted into chlorohydrin 10
(diastereoselectivity approx. 5:1). Removal of the Boc protecting
group and peptide coupling with Boc-N-methyl alanine afforded
11 in excellent yield. Deprotection of the amino-terminus and cou-
pling with 6-heptenoic acid provided the metathesis precursor 12.
The ring closure was accomplished employing Grubbs second gen-
eration catalyst.12 The obtained E/Z mixture of the macrocyclic ole-
fin was hydrogenated in the presence of palladium on charcoal,
followed by epoxide formation to afford the envisioned macrocy-
clic core 13. Aminolysis of the epoxide with a small set of substi-
tuted benzylamines (data not shown) provided macrocycle 3 as
the most potent example.

Macrocycle 3 was a potent BACE-1 inhibitor with an IC50 of
27 nM in the enzymatic assay, 5-fold more active than 2c. In the
human APP-transfected CHO cell assay, 3 inhibited the release of
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Ab40 with an IC50 of 45 nM. This represents a 190-fold improve-
ment over 2c. Furthermore, 3 displayed an IC50 on human cathep-
sin D (CathD) of only 1.4 lM, corresponding to a 53-fold selectivity
over this aspartyl protease (Table 1).13.

A co-crystal of BACE-1 with 3 was obtained,15 the structure was
determined at 2.1 Å resolution and compared with the X-ray struc-
ture of 2a.7 Compound 3 and 2a differed in the size of their macro-
cycle (16- vs 15-membered ring), in the N-methylation of the P2–
P3 peptide bond, and they featured distinct transition state mimics
and P0 groups. In spite of these significant differences, the overall
BACE-1 binding mode of 3 was similar to 2a, although 0.5–1.0 Å
shifts in atomic positions were observed for equivalent inhibitor
atoms and some interacting active site residues (Fig. 2). The larger
macrocycle of 3 made tighter hydrophobic contacts to Ile118,
Leu30 and Trp115 than its counterpart in 2a. The N-methylation
had virtually no influence on the orientation of the peptide bond,
the H-bonded interaction between the amide carbonyl oxygen
Table 1
Enzymatic and cellular inhibition assay results and in vitro permeation data of the
macrocycles 2a–c, 3 and 14

Compound hBACE-1
FQ IC50, lMa

Ab40 CHO
IC50, lMa

hCathD FQ
IC50, lMa

MDCK mdr1a
BA/AB

2a 0.59 >10 >10 n.a.
2b 0.25 >10 1.7 n.a.
2c 0.15 8.7 8.1 n.a.
3 0.027 0.045 1.4 15
14 0.002 0.024 0.001 9.4

IC50 values for BACE-1 and cathepsin D inhibition, and inhibition of cellular release
of Ab40 were determined as already described.7 The permeation across membranes
and efflux were determined in a system described in the literature.14

a Values are means of at least three experiments, n.a. = not available.

Figure 2. Two orthogonal views of the overlay of the BACE-1 complexes with 2a
and 3.
and Thr232 N was maintained, but a short contact between the
methyl group and Gln73 O led to a slightly more open conforma-
tion of the enzyme flap. Nevertheless, the hydrogen-bonded con-
tacts between the P1–P2 amide, Gly230 and the flap were very
similar in both complexes. The ethanolamine-transition state mi-
mic was found to engage in the expected short contacts between
the secondary alcohol and Asp32 Od2 (2.6 Å) and between the
amine nitrogen, Asp228 Od2 (2.6 Å) and Gly34 O (3.2 Å). Like the
n-butylamino group of 2a, the lipophilic isopropylbenzyl moiety
of 3 was bound into the P20 subsite, lined on one side by the flap
residues Val69, Pro70, Tyr71 and Thr72 and, on the other side, by
Tyr198. In addition to hydrophobic contacts to Ser35, Val69,
Tyr71 and Tyr198, the main merit of this P0 group probably resided
in its rigidity, since the position and orientation of the benzyl ring
was not optimal for strong p–stacking interactions with either
Tyr71 or Tyr198.

Because of its good enzymatic and cellular potency combined
with good selectivity over CathD, BACE-1 inhibitor 3 was an excel-
lent candidate for in vivo testing. Compound 3 was therefore dosed
in C57BL/6 mice and compound levels in brain and plasma were
determined. With an i.v. dose of 30 lmol/kg (�15 mg/kg), the brain
concentration was maintained above 1 lM over a period of 5 h. The
brain to plasma ratio was 1.5:1 at 5 min and reached a ratio of 4:1
at 5 h post-administration (Fig. 3).

The in vivo efficacy of compound 3 was investigated in APP51/
16 transgenic mice expressing wild-type human APP under a brain
specific promotor.16 Inhibitor 3 was applied i.v. at 30 lmol/kg and
the animals were sacrificed 5 h after the dosing. Another group of
mice received two applications of compound 3 with a 2 h interval
between the two doses and was sacrificed 3 h after the last dose.
Inhibitor 3 was detected in the mouse brains of the single dose
experiment and at 1.3 lmol/kg and at 4.3 lmol/kg of the double
dose experiment. Forebrain extracts were analyzed and the direct
BACE-1-dependent APP metabolite C99 as well as the a-secretase
product C83 were quantified by Western blot while Ab40 and Ab42

were immunoprecipitated and quantified by MALDI-TOF as de-
scribed.16 While no significant effects were observed in the group
treated with a single dose of compound 3 (data not shown), a sig-
nificant 31% reduction of C99 was observed after the double admin-
istration. Furthermore, both Ab40 (�14%) and Ab42 (�20%,
p = 0.006) were significantly reduced (Table 2 and Fig. 5).

According to the APP processing Scheme (Fig. 4) we expected
that the reduction of the APP processing via the amyloidogenic
pathway (BACE-1) might be compensated by a corresponding in-
crease of the non-amyloidogenic pathway (via a-secretase). In-
deed, analysis of the a-secretase product C83 showed a
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Figure 3. Plasma and brain concentrations of 3 in C57BL/6 mice over the course of
5 h (dosing: 30 lmol/kg, i.v.).
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Table 2
Reduction of Ab40 and C99 in vivo by inhibitor 3

Dose Route PSC833 Reduction in %

[lmol/kg] [lmol/kg] Ab40 Brain Ab40 CSF C99 Brain

2 � 30 i.v. – �14 n.a. �31
(p < 0.003) (p < 0.001)

30 i.v. 25 �29 �55 �58
(p < 0.001) (p < 0.001) (p < 0.003)

300 p.o. 25 �31 n.a. �46
(p < 0.001) (p < 0.001)
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significant increase in the amount of this APP metabolite in the
brain (28%, p = 0.007) (Fig. 5).

These data taken together demonstrate that inhibitor 3 reduced
the amyloidogenic processing of APP in favor of increased proteo-
lytic cleavage of APP by the non-amyloidogenic pathway. This evi-
dence qualified compound 3 as a genuine BACE-1 inhibitor in vivo.

During the profiling of 3 we recognized the P-glycoprotein
(P-gp) susceptibility of the compound (BA/AB = 15) in MDCK cells
stably transfected with the human mdr1a gene.14 Therefore, we
conducted an efficacy study in the presence of the potent P-glyco-
protein inhibitor PSC833 (25 lmol/kg, p.o., 1 h before application
of the BACE-1 inhibitor).17 Macrocycle 3 was dosed once i.v. at
30 lmol/kg and the animals were sacrificed 4 h later. The brain
levels of inhibitor 3 (4.7 lmol/kg) were significantly higher than
in the absence of PSC833 and in the same range as observed in
the double dosing experiment. Analysis of the brain extracts
showed a much stronger reduction of Ab40 (�29%) and C99

(�58%). We also analyzed Ab40 in the CSF of these mice, and found
a strong reduction (�55%).

Given these positive results we decided to test the efficacy of
inhibitor 3 also by oral administration at a single dose of
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Figure 5. Analysis of the APP processing products C99, C83, Ab40 and Ab42 in APP51
mice after double i.v. application of inhibitor 3 (yellow bars: vehicle control, red
bars: 2 � 30 lmol/kg).
300 lmol/kg (�146 mg/kg) with the same PSC833 dosing and sac-
rifice time as above. Analysis of the brain extracts showed signifi-
cant amounts of 3 (17.5 lmol/kg) and a robust reduction of Ab40

(�31%) and C99 (�46%). The marked effect of the pre-treatment
with PSC833 on the efficacy of compound 3 indicated that P-gp
mediated efflux is a major factor limiting the brain uptake of the
inhibitor and thereby effecting the efficacy of BACE-1 inhibitors.

To overcome the P-gp efflux we modified the P0 site of the inhib-
itor with another moiety conferring a reduced P-gp susceptibility.
With epoxide 13 at hand further variations of the P0 group by epox-
ide opening with the corresponding amines was straightforward
and provided a set of compounds which allowed the identification
of inhibitor 14 (Fig. 6).

Tested on the BACE-1 enzyme, 14 displayed an IC50 of 2 nM,
while an IC50 of 24 nM was measured in the cellular system. Inter-
estingly, this macrocycle did not only gain potency towards BACE-
1 but also, and to an even greater extent, against human cathepsin
D (IC50 of 1 nM), thereby losing selectivity. The improved potency
in the cell-based assay combined with a slightly reduced P-gp sus-
ceptibility (efflux ratio BA/AB = 9.4, MDCK mdr1a) in comparison
to 3, justified in vivo testing of inhibitor 14 by oral application
without the co-administration of the P-gp inhibitor PSC833. The
compound was given at 100 lmol/kg (�56 mg/kg; sacrifice at 4 h
after dosing) and 2 � 100 lmol/kg (0 and 3 h, sacrifice at 7 h) to
APP51/16 transgenic mice. The analysis of brain C99 showed a sig-
nificant reduction of �20% (p = 0.016) in the double-dosed animals
with compound 14 reaching brain levels of 1.5 lmol/kg. The con-
centration of brain Ab40 was not significantly reduced, but in the
CSF a 26% (p = 0.025) drop in Ab40 was observed. No effect was
found after the single dose when 0.53 lmol/kg of compound 14
were detected in the brain.

In summary, we report the synthesis and in vivo efficacy data
of the novel P1–P3 linked macrocyclic BACE-1 inhibitors. The
moderately potent macrocycles 2a–c were improved by ex-
change of the transition state mimic and variation of the P0 site
to the potent and cell active inhibitors 3 (NB-544) and 14 (NB-
533). The binding mode of 3 to BACE-1 was clarified by crystal-
lographic analysis. Both compounds 3 (NB-544) and 14 (NB-533)
showed in vivo activity in a transgenic mouse model, either after
double intravenous or after double oral dosing. The in vivo data
indicated that C99 in forebrain and Ab in CSF were the most sen-
sitive markers for monitoring the activity of the amyloidogenic
pathway of APP in vivo. The efficacious doses were high, and
experiments with the P-gp inhibitor PSC833 as well as with
mdr knock-out mice (data not shown) identified P-glycopro-
tein-mediated efflux as one of the major hurdles to reach high
brain concentrations.
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