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Abstract: We describe the development of cell-permeable
â-secretase inhibitors that demonstratively inhibit the produc-
tion of the secreted amino terminal fragment of an artificial
amyloid precursor protein in cell culture. In addition to potent
inhibition in a cell-based assay (IC50 < 100 nM), these
inhibitors display impressive selectivity against other biologi-
cally relevant aspartyl proteases.

Alzheimer’s disease (AD) is a neurodegenerative
disease of the brain that is characterized by the pro-
gressive formation of insoluble amyloid plaques and
fibrillary tangles.1 Plaques are extracellular constructs
consisting primarily of aggregated Aâ42, a peptide
fragment formed by the sequential proteolytic process-
ing of â-amyloid precursor protein (APP) by two en-
zymes, â- and γ-secretase.2 Although there is debate as
to whether insoluble plaques or their oligomeric pro-
genitors are culpable for the pathogenic cascade that
ultimately leads to neuronal loss and dementia, inhibi-
tion of APP proteolysis has emerged as a central concept
in therapeutic approaches to AD.

â-Secretase (â-site APP cleaving enzyme or BACE-
1), a novel type I transmembrane aspartyl protease
whose identity remained elusive until 1999,3 is believed
to be the key enzyme that commits APP catabolism to
the amyloidogenic pathway. Mice genetically deficient
in BACE-1 show no Aâ production.4 More importantly
the mice are viable and display a minimally altered
phenotype.5 As such, â-secretase inhibition is considered
an attractive therapeutic target for the treatment and
prevention of AD.

In this report we describe the discovery of a series of
isophthalamides that are potent and selective BACE-1
inhibitors. Among these, 3 (Figure 1) displays excellent
activity as an inhibitor of BACE-1 in assays with
purified enzyme and in a cell-based assay optimized for
monitoring BACE-1 cleavage.

To date, the majority of the BACE-1 inhibitors in the
literature are peptide-based analogues that replace the
scissile amide bond with a noncleavable isostere.6 While
these statine or hydroxyethylene (HE) based dipeptide
isosteres (Figure 1, 2) result in potent enzymatic inhibi-
tion, their peptidic character precludes their use as
therapeutic agents.

We recently reported the structure of an inhibitor that
displayed a novel mode of binding to aspartyl proteases.7
Resorcyclic compound 1 (Figure 1) was shown to inhibit
BACE-1 (IC50 ) 1.4 µM) in our enzymatic assay. The
discovery of 1 was the result of the cumulative effort of
high-throughput screening and subsequent lead opti-
mization. While 1 was not a high-affinity ligand for
BACE-1, we were successful in obtaining a crystal
structure of the inhibitor bound in the BACE-1 active
site. The crystal structure revealed two important pieces
of structural information that influenced future com-
pound design. First, it was apparent that 1 was bound
in the S1-S4 region of the enzyme, confirming our
competition study experiments and allowing a more
rational design approach to emerge. However, the most
notable feature was the lack of a direct interaction
between the inhibitor and the catalytic aspartate dyad.
Instead, 1 interacts with the aspartates indirectly
through a water-mediated hydrogen bond. Previous
research in the field of aspartyl protease inhibition has
shown that direct interaction with the catalytic aspar-
tates is usually paramount for activity. We surmised
that by modifying 1 to interact directly with the catalytic
dyad we could dramatically enhance the potency of this
series.

Among potential motifs that might interact with the
catalytic aspartates, hydroxyethylamine dipeptide iso-
steres (HEA) have been applied successfully to a number
of aspartyl proteases.8 We chose to target the HEA motif
rather than the related HE because the former was
lower in molecular weight and contained one less amide
bond. These are important considerations with respect
to obtaining compounds with good pharmacokinetics.
Recently, Tamamura reported the use of a HEA dipep-
tide isostere as a BACE inhibitor, although this series
was still predominantly peptidic in design and possessed
S stereochemistry at the hydroxyl center that interacts
with the catalytic aspartates.9 Studies on HIV protease
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Figure 1. Nontraditional, hydroxyethylene (HE) and hy-
droxyethylamine (HEA) BACE inhibitors.
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inhibitors based on this motif have shown that the (S)-
hydroxyl stereochemistry is preferred for a statine or
HE type isostere (2, Figure 1) but the opposite R
stereochemistry is preferred in the HEA motif.10,11

We set out to synthesize a hybrid structure between
inhibitor 1 and a hydroxyethylamine isostere. In addi-
tion, we chose to replace the sulfonate ester present in
1 with a more chemically robust sulfonamide. To syn-
thesize the hybrid compound, we began by mesylating
5-amino isophthalic ester 4 followed by N-alkylation
with methyl iodide (Scheme 1). Monohydrolysis of the
bis-ester 5 followed by BOP mediated amide coupling
with (R)-R-methylbenzlyamine and hydrolysis of the
remaining ester 6 produced the requisite benzoic acid
7 in high yield. Finally, amide coupling of 7 with 8
resulted in the formation of the desired hydroxyethyl-
amine containing 3. It should be noted that coupling of
the unprotected diamine 8 took place exclusively at the
primary amine as verified by 1H NMR. We were grati-
fied when 3 was shown to exhibit enhanced potency
toward BACE-1 compared with 1. In fact, the hybrid
construct 3 had an IC50 of 15 nM toward the purified
enzyme, which represents approximately a 100-fold
increase in potency.

Owing to our success in obtaining a cocrystal of 1 in
the BACE-1 active site, we were able to obtain an X-ray
structure of 3 via a soaking exchange. Figure 2 displays
an overlay of 1 with hydroxyethylamine construct 3,
showing that they occupy the same general space in the
active site with a few key differences. In both series,
the R-methylbenzamide occupies the S3 subpocket in the
enzyme and its SAR is conserved between the two
structural classes;7 i.e., the R stereochemistry at the
methyl is preferred and the addition of a p-fluoro group
on the aryl ring adds slightly to potency, as in 10. Like
the sulfonate ester of 1, the sulfonamide of 3 occupies
the S2 site but is lacking the phenyl appendage, which
is involved in a cation-π interaction with Lys321 in the
S4 site. However, in both series, each sulfonamide
oxygen makes important hydrogen-bonding interactions
with the enzyme, one with the backbone NHs of Thr
232 and Asn233 and the other with ND2 of Asn233 and
NE of Arg235. These interactions appear to contribute
significantly to binding. The R2 substituent of the

sulfonamide is somewhat indiscriminate, and a variety
of modifications are tolerated without significantly
reducing potency. In contrast, we believe the alkyl
group, R3, on the nitrogen of the sulfonamide serves
mainly to orient the binding conformation. Whereas
there is a slight loss in activity between the methylated
3 and nonmethylated 9 analogues, there is little differ-
ence in activity when alkylated with larger substituents
presumable because of its location near the solvent
interface.

The most notable differences between 1 and 3 relate
to the filling of the S1 pocket and the interactions of the
HEA fragment with the catalytic aspartates. In struc-
ture 1 the S1 pocket is occupied by the pentylamine
ligand, whereas in structure 3 the phenylalanyl group
occupies this hydrophobic space in a manner similar to
that of known peptidic inhibitors. Another important
difference is that, as mentioned previously, 1 interacts
indirectly with the catalytic aspartates through a water-
mediated hydrogen-bonding network. In contrast, the
hydroxylamine motif is involved in direct interactions
with the catalytic dyad as seen in Figure 2. There is a
two-pronged interaction wherein the hydroxyl function-
ality of the inhibitor engages Asp32, while the pro-
tonated R-amino group simultaneously engages Asp228.
This 2-fold interaction may also contribute to additional
binding by assisting in the complex proton shuttling
that occurs at the dyad upon inhibitor binding. Fur-
thermore, the cyclopropyl group on the amine in 3 is
oriented toward the S1′ site of the enzyme, which is
somewhat promiscuous in nature. A variety of R4 groups
are tolerated with a slight difference in activity. Here,
the P1′ SAR seems to have a more dramatic effect on
cellular potency than on enzymatic activity. This may
be a result of differences in cell permeability.

As mentioned previously, there are several reports of
low nanomolar BACE-1 inhibitors in the literature.12

However, with the exception of an HE-based inhibitor
that displayed an IC50 of 400 nM,13 very few of these
are reported to have activity in whole cells. This is likely
attributed to poor membrane permeability and low
aqueous solubility.

To evaluate the cellular activity of our inhibitors, an
optimized cell-based assay was developed. HEK293 cells
were stably transfected with a mutant form of APP
containing the synthetic BACE-1 cleavage sequence

Scheme 1. Synthesis of Designed HEA Hybrida

a (a) MsCl, pyridine, 75%; (b) NaH, MeI, DMF, 98%; (c) 1 N
NaOH, 82%; (d) BOP, (R)-R-methylbenzylamine, 95%; (e) 1 N
NaOH, 99%; (f) BOP, DIPEA, 84%.

Figure 2. Overlay of cocrystal structures of 1 (magenta) and
3 (green) in the BACE-1 active site.
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NFEV at the site of proteolysis.14 Compared to the wild-
type sequence, KMDA, or the Swedish sequence, NLDA,
the secretion of the BACE-1 dependent N-terminal
fragment of APP_NFEV (“sAPP_ΝF”) was increased
dramatically, thus providing a robust and direct mea-
sure of BACE-1 activity in cells. As shown in Table 1,
all of the isophthalamide-derived inhibitors quantifiably
reduced sAPP_ΝF formation in this assay, with several
of the inhibitors exhibiting low nanomolar potency.
Potency was impaired when R4 was removed or steri-
cally demanding (Table 1, 11, 13). A notable example
is sulfamide 15, which displayed an IC50 of 9 nM.15

The catalytic domain of BACE-1 is similar to that of
other known aspartyl proteases such as renin and
cathepsin D. Here, the sequence identities in the active
site (i.e., within 6 Å of 3) are 29% and 39%, respectively.
Selectivity versus these enzymes will be needed for
clinical development of a BACE-1 inhibitor. However,
a particular challenge is selectivity versus BACE-2, a
close relative of BACE-1 with 79% sequence identity in
the active site.16 While BACE-1 is localized in neurons,
BACE-2 is ubiquitous. The biological functions of BACE-2
have yet to be delineated, but it is known to also cleave
APP within the Aâ domain. Although BACE-1/BACE-2
double knockout mice have been reported and appear
to be viable,17 enzyme selectivity is still desirable to
avoid unanticipated side effects. BACE-1 inhibitors
reported to date have displayed poor selectivity versus
other aspartyl proteases such as cathepsin D and little
if any selectivity toward BACE-2.18 In fact, some
structural modifications on BACE-1 inhibitors that have
resulted in increased selectivity versus cathepsin D and
renin actually reduced selectivity between BACE-2 and
BACE-1.19

Despite similarities with other aspartyl proteases,
there are also some key differences in the BACE-1 active
site; e.g., it is more open and less hydrophobic than other
aspartyl proteases, suggesting that enzyme selectivity
is indeed possible with a small-molecule inhibitor. In
fact, all of the isophthalamides reported in Table 1
exhibited remarkable enzyme selectivity and showed
little to no inhibition of renin up to 500 µM! Compound
3 was also counterscreened against cathepsin D and
demonstrated approximately 500-fold selectivity (IC50

) 7620 nM). All of the compounds tested also displayed
moderate selectivity for BACE-1 over BACE-2, ranging
from 8- to 20-fold. The prominent factors suspected for
imparting the observed selectivity are the P2 sulfon-
amide and the P1′ group. As noted previously, the
sulfonamide oxygens residing in the S2 region of the
enzyme are engaged in two key hydrogen-bonding
interactions, namely, Asn233 and Arg235. In contrast,
Asn233 is a leucine in BACE-2 and cathepsin D and is
a tyrosine in renin. Additionally, while Arg235 is
conserved between BACE-1 and BACE-2, it is a valine
in cathepsin D and a serine residue in renin. The second
contributor we suspect for the observed selectivity
resides within the S1′ site. Here, the more hydrophilic
S1′ site of BACE-1 better accommodates a small hydro-
phobic group, whereas cathepsin D and renin have
longer, primarily hydrophobic S1′ regions that should
prefer to interact with large hydrophobic groups.19 In
contrast to the S1′ topology of cathepsin D and renin,
which have an extended â-hairpin loop in this region,
the difference between BACE-1 and BACE-2 is more
subtle consisting of only two amino acid differences,
Gln326 to Pro and Thr329 to Asn. Thus, this region may
primarily affect selectivity over cathepsin D and renin
rather than differentiate between BACE-1 and BACE-2
activity. These key residue differences could explain the
enhanced selectivity against related aspartyl proteases,
making these compounds the most selective BACE-1
inhibitors reported to date.

In conclusion, on the basis of the cocrystal structure
of the novel resorcyclic inhibitor 1 in the BACE-1 active
site, we succeeded in identifying nonpeptidic low mo-
lecular weight â-secretase inhibitors. Compound 3 was
shown to exhibit potent inhibition of sAPP_NF produc-
tion in a cell-based assay. In addition, 3 displayed
greater than 500-fold selectivity versus cathepsin D and
renin, two structurally related aspartyl proteases. Fur-
ther studies to evaluate 3 in vivo are ongoing and will
be reported in due course.

Supporting Information Available: Experimental pro-
cedures and compound characterization data. This ma-
terial is available free of charge via the Internet at http://
pubs.acs.org.

Table 1. SAR of BACE-1 Inhibitor

compd R1 R2 R3 R4

BACE-1
IC50 (nM)

sAPP_NF
IC50 (nM)

BACE-2
IC50 (nM)

renin
IC50 (nM)

3 H Me Me cyclopropyl 15 ( 0.4 29 ( 4.1 230 ( 15 >50 000
9 F Me H cyclopropyl 63 ( 4.5 1180a 210a >50 000

10 F Me Me cyclopropyl 10 ( 2.0 19a 69 ( 6.5 >10 000
11 F Me Me H 23 ( 1.0 5389a 443 ( 4.5 >50 000
12 F Me Me ethyl 15a 396a 260 ( 25 >50 000
13 F Me Me tert-butyl 15 ( 9.9 2122a NA >50 000
14 H iPr Me cyclopropyl 41 ( 0.5 25 ( 7.1 360 ( 35 >50 000
15 H N(Me)2 Me cyclopropyl 14a 9 ( 3.5 110 ( 2.5 >50 000

a Indicates single experiment.
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