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Abstract—A novel class of substrate-based b-secretase (BACE1) inhibitors containing a hydroxymethylcarbonyl (HMC) isostere
was designed and synthesized. Phenylnorstatine [(2R,3S)-3-amino-2-hydroxy-4-phenylbutyric acid; Pns] was an effective transition-
state mimic at the P1 position. Structure–activity relationships (SARs) of the P3–P3

0 positions of BACE1 inhibitors were studied.
# 2003 Elsevier Ltd. All rights reserved.
Introduction

The accumulation of amyloid b peptide (Ab) in the
brain is a major factor in the pathogenesis of Alzhei-
mer’s disease (AD).1 Ab is formed by an initial cleavage
of the b-amyloid precursor protein (APP) by b-secretase
to form a membrane-bound C-terminal fragment, which
is then proteolyzed further by g-secretase to form Ab
(1–40) or Ab (1–42) (Fig. 1).2 Although the detailed
characteristics and cleavage mechanism of g-secretase
have not been elucidated, b-secretase has been identified
as a novel membrane-bound aspartic protease, BACE1
(memapsin 2, Asp2)3�5 and the crystal structure of its
catalytic domain was also determined.6 BACE1 is an
excellent target for developing drugs, since it occupies the
initial step in the pathological cascade of AD. Several
groups reported BACE1 inhibitors based on the transi-
tion-state analogues, such as hydroxyethylene7 and sta-
tine8,9 at the scissile peptide bond, which are known to be
effective in studies of inhibitors of aspartic proteases.
Herein, we report novel substrate-based octapeptide inhi-
bitors of BACE1 containing a hydroxymethylcarbonyl
isostere (HMC) as a transition-state mimic.
Design and Synthesis

Based on the common enzymatic mechanism of aspartic
proteases, substrate transition-state mimics have been
proposed and are currently widely used for the design of
highly potent aspartic protease inhibitors. HMC iso-
stere, which is one of the typical substrate transition-
state mimics, is normally inserted into the P1 position of
the substrate with high affinity and selectivity towards
the target aspartic protease, resulting in the conversion
of substrates to inhibitors. In our previous study, potent
inhibitors with a-hydroxy-b-amino acids that have the
HMC structures have been developed towards several
human disease-related aspartic proteases such as
renin,10 HIV protease11,12 and plasmepsin II.13 Along
the same lines, we focused on the substrate sequence
deduced from Swedish mutant APP. It was reported
that Swedish mutant APP, which has the mutation at
the P2–P1 positions from Lys-Met to Asn-Leu, results in
about a 60-fold increase of the kcat/KM of b-secretase
cleavage.4 Our initial design was based on the sequence
of Swedish mutant APP (P4–P4

0: EVNL*DAEF).

At first, we designed and synthesized an octapeptide 1
containing a a-hydroxy-b-amino acid, norstatine
[(2R,3S)-3-amino-2-hydroxy-5-methylhexanoic acid:
Nst] at P1 position (Fig. 1).14 However, the BACE1
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inhibitory activity of compound 1 was less than 20% at 2
mM (Table 1). Therefore, we tried to change the P1 core
of peptide 1 into phenylnorstatine [(2R,3S)-3-amino-2-
hydroxy-4-phenylbutyric acid: Pns]11 (Fig. 1). Since Pns,
mimicked phenylalanine, had a larger side chain than
Nst, a leucine mimetic, we expected that the contribution
of the hydrophobic interaction at the S1 subsite might
increase. Compound 2 exhibited the BACE1 inhibitory
activity (24% inhibition at 2 mM), thus we chose Pns as
a transition-state mimic at the P1 position. Further-
more, we designed several substrate-based octapeptides
to study the SAR of the P3–P3

0 positions.

These compounds were synthesized by the Fmoc based
solid phase method. For example, the synthesis of 2
(KMI-062) is shown in Scheme 1. We used Wang resin
as a solid support and 1-hydroxybenzotriazole (HOBt),
diisopropylcarbodiimide (DIPCDI) as coupling
reagents. Fmoc-Pns-OH was condensed without any
protection of the hydroxyl group as described pre-
viously.11 Deprotection and cleavage of peptide resin
was done by treatment with trifluoroacetic acid (TFA)
containing m-cresol and thioanisole. The obtained crude
peptide was purified using RP-HPLC and characterized
by MALDI-TOF MS. The synthetic peptides were
adopted to enzyme assay using a recombinant human
BACE1 and a fluorescence-quenching substrate.15
Results and Discussion

Compound 1 (KMI-061), which was an octapeptide
containing HMC isostere as a transition-state analogue
and amino acid sequence of Swedish mutant substrate
(P4–P4

0), had no inhibitory activity. However a substitu-
tion of Nst at the P1-position of 1 into Pns gave a weak
inhibitor 2 (KMI-062). We selected 2 as the lead com-
pound and initially studied SAR for P2 and P3 positions.
Inhibitory activities against BACE1 when the P2 position
changed to several other amino acids (compounds 3–8)
are shown in Table 1. In the case of hydrophilic amino
acids (Asn, Asp, Glu, and Gln) in the P2 position, the
inhibitory activities of these inhibitors (compounds 3–5)
were weak (25–36%). The inhibitory activity of 8, which
contains a native P2 amino acid (Lys) of APP, was also
Figure 1. Design of substrate-based BACE1 inhibitors.
Table 1. BACE1 inhibitory activities of octapeptide-type BACE1

inhibitors
Compd
(KMI no.)
P4
 P3
 P2
 P1
 P1
0
 P2

0
 P3
0
 P4

0
 BACE1
inhibition

(%)a
Substrate
(Swedish)

H
- G
lu -
Val -
Asn -
Leu -
Asp -
Ala -
Glu -
Phe -
OH
1 (�061)
 Nst
 <20

2 (�062)
 Pns
 24
3 (�389)
 Asp
 Pns
 25

4 (�391)
 Gln
 Pns
 36

5 (�390)
 Glu
 Pns
 30

6 (�392)
 Met
 Pns
 42

7 (�008)
 Leu
 Pns
 >90b
8 (�089)
 Lys
 Pns
 <20
9 (�394)
 L
eu
 Leu
 Pns
 <20

10 (�395)
 Ile
 Leu
 Pns
 26

11 (�396)
 P
he
 Leu
 Pns
 <20

12 (�393)
 M
et
 Leu
 Pns
 <20
13 (�005)
 Leu
 Pns
 Ala
 53

14 (�085)
 Leu
 Pns
 Asn
 54

15 (�068)
 Leu
 Pns
 Glu
 64

16 (�086)
 Leu
 Pns
 Gln
 41

17 (�016)
 Leu
 Pns D
mt
 34
18 (�004)
 Leu A
pns
 66

19 (�001)
 Leu A
pns
 Ala
 <20

20 (�109)
 Leu A
pns
 Asn
 22

21 (�108)
 Leu A
pns
 Glu
 47

22 (�110)
 Leu A
pns
 Gln
 33

23 (�015)
 Leu A
pns D
mt
 34
24 (�055)
 Leu
 Pns
 Ala
 Val
 30

25 (�054)
 Leu
 Pns
 Ala L
eu
 41

26 (�053)
 Leu
 Pns
 Ala P
he
 60

27 (�066)
 Leu
 Pns
 Ala G
lu
 78
28 (�106)
 Leu
 Pns
 Gln
 56

29 (�105)
 Leu
 Pns
 Val
 57

30 (�073)
 Leu
 Pns
 Leu
 57

31 (�072)
 Leu
 Pns
 Phe
 67
aAt 2 mM.
bIC50=413 nM.
Scheme 1. Synthetic route to 2 (KMI-062): (a) Fmoc-AA-OH,
DIPCDI, HOBt (2.5 equiv each)/DMF; (b) 20% piperidine/DMF;
(c) TFA/m-cresol/thioanisole/H2O (37:1:1:1).
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weak. However, the compound 7 (KMI-008) containing
a hydrophobic amino acid (Leu) in the P2 position
showed significant inhibitory activity (>90%). These
results suggested that the hydrophobic interaction at the
S2 site of BACE1 was more effective than the hydrophilic
one, in spite of the hydrophilic property of the S2 site.
Since 7 (KMI-008) showed good activity, Leu was
employed as the P2 moiety for the following experiments.

The S3 site of BACE1 consists of some hydrophobic
amino acids. In order to increase the hydrophobic
interaction at the P3 position, we replaced the original
Val into some hydrophobic amino acids (Leu, Ile, Phe
and Met). The inhibitory activities of 9–12 were extre-
mely weak compared with 7. These results showed that
Val, which was the native amino acid of APP, fit better
than other bulky amino acids and that the S3 site had a
small capacity.

Next, we studied the preference of the P1
0 position

which is important for specific recognition of the aspar-
tic protease inhibitor. The P1

0 position was changed by
several amino acids (Ala, Asn, Glu and Gln). The pref-
erence of the P1

0 position is clearly Asp (compound 7)
and 13–16 had moderate activities. It is assumed that
Asp formed the ionic interaction or hydrogen bond at
the S1

0 site.

Previously, we reported that the inhibitors consisting
of allophenylnorstatine [(2S,3S)-3-amino-2-hydroxy-4-
phenylbutyric acid: Apns], a diastereomer of Pns, in the
P1 position and 5,5-dimethylthiazolidine-4-carboxylic
acid (Dmt) in the P1

0 position highly inhibited HIV-1
protease.12 Therefore, we designed compounds 17–23.
Introduction of Dmt at the P1

0 gave weak BACE1 inhi-
bitors (17 and 23). The stereochemistry of the transi-
tion-state mimetic hydroxyl group is important for the
inhibitory activity as described.11 To examine a stereo-
chemical preference of the hydroxyl group of HMC,
18–23 were prepared. The conversion of Pns of 7 to
Apns yielded moderate active inhibitor 18 as compared
with 7 (66% and >90%, respectively). In the case of
19–22, the potency was decreased by the conversion.
These results showed that the (2R)-hydroxyl group of
HMC was better to obtain efficient inhibitory activity
against BACE1, and Dmt was not preferred as the P10

amino acid.

SAR for the P2
0 and P3

0 positions was also carried out.
Although several hydrophilic and hydrophobic amino
acids were introduced to the P3

0 position, the inhibitory
activities of these compounds (28–31) were slightly
decreased and had almost same values (56–67%).

Similarly, substitutions at the P2
0 position gave moder-

ate active inhibitors (24–27). The preference at these
positions was not strict and both inhibitors containing
hydrophilic or hydrophobic moiety were active. These
results showed that the P2

0–P3
0 moieties of the inhibitors

did not provide tight binding to BACE1.

From the above SAR study, compound 7 (KMI-008,
H-Glu-Val-Leu-Pns-Asp-Ala-Glu-Phe-OH) showed the
highest activity (IC50=413 nM) among the synthesized
octapeptides. The characteristic structures of KMI-008
are a central core of Pns at P1 containing HMC and Asp
at P1

0 as compared to other published BACE1 inhibi-
tors. For example, OM99-26 reported by Hong et al. has
a leucine mimic transition-state analogue at the P1

position and does not have Asp at the P1
0 position. Hom

et al.9 reported inhibitors based on statine derivatives,
which mimicked Leu-Gly or Phe-Gly in the P1–P1

0

positions. As illustrated in Figure 2, KMI-008 could
provide good interaction between the BACE1 active
site prepared from 1FKN (pdb data).6 It will be a
great advantage for the future design to obtain powerful
inhibitors, because Asp at the P1

0 position can form a
tight interaction with the S1

0 site. However, since
long-chain peptide inhibitor KMI-008 may be meta-
bolically unstable, it is necessary to minimize the number
of natural peptide bonds and reduce the molecular
weight.
Figure 2. Modeled structure of KMI-008 bound to BACE1. The inhibitor molecule is shown in light green and the red line indicates the flap region
of BACE1 (Tyr71-Gly74) placed over the inhibitor. The model was constructed using the crystal structure of BACE1 bound to OM99-2.6
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As a preliminary experiment, we studied the effect of
KMI-008 on b-secretase activity in COS-7 cells trans-
fected with APPwt and BACE1. The secretion of
sAPPb, a soluble form of APP generated by the action
of b-secretase, from transfected cells was detected by
anti-sAPPb antibody.16 KMI-008 reduced the secretion
of sAPPb at 50 mM concentration (Fig. 3).17 This result
showed the possibility that inhibitors containing HMC
isostere could be used as drugs to reduce Ab formation
in vivo.

Conclusion

In conclusion, a novel class of BACE1 inhibitors were
designed and synthesized using a ‘hydroxymethyl-
carbonyl (HMC) isostere’ as a transition-state mimic.
KMI-008 showed remarkable BACE1 inhibitory activ-
ity and is a good lead compound in further design of
BACE1 inhibitors.
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