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Abstract

BACE1 (β-secretase, memapsin 2, Asp2) has emerged as a promising target for the treatment of 

Alzheimer's Disease. BACE1 is an aspartic protease which functions in the first step of the 

pathway leading to the production and deposition of amyloid-β peptide (Aβ). Its gene deletion 

showed only mild phenotypes. BACE1 inhibition has direct implications in the Alzheimer's 

Disease pathology without largely affecting viability. However, inhibiting BACE1 selectively in 

vivo has presented many challenges to medicinal chemists. Since its identification in 2000, 

inhibitors covering many different structural classes have been designed and developed. These 

inhibitors can be largely classified as either peptidomimetic or non-peptidic inhibitors. Progress in 

these fields resulted in inhibitors that contain many targeted drug-like characteristics. In this 

review, we describe structure-based design strategies and evolution of a wide range of BACE1 

inhibitors including compounds that have been shown to reduce brain Aβ, rescue the cognitive 

decline in transgenic AD mice and inhibitor drug candidates that are currently in clinical trials.

1. Introduction

Alzheimer's disease (AD) is a devastating neurodegenerative disorder that alters the mental 

capacity of patients suffering from the disease. It is the most common cause of senile 

dementia and is characterized by loss of memory, disorientation, difficulty speaking or 

writing, loss of reasoning skills, and delusions, among other symptoms.1 While it seems 

both genetic and environmental factors may play a role in the progression of the disease, 

direct causes are not entirely clear. Current therapies are aimed at management of 

symptoms, yet no disease altering treatment exists for Alzheimer's patients. β-Secretase, also 

known as beta-site amyloid precursor protein cleaving enzyme 1 (BACE1), or, membrane-

associated aspartic protease 2 (memapsin 2) or, aspartyl protease 2 (Asp2), is an important 

enzyme found early in the cascade of biological events leading to disease progression.2 

BACE1 has become an interesting therapeutic target for small molecule inhibitors that could 

alter the course of Alzheimer's disease.
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2. Biological Implications of Alzheimer's Disease

Pathologically, AD arises mainly due to the formation of two types of lesions in the brain, 

neuritic plaques and neurofibrillary tangles. Neurofibrillary tangles are insoluble bundles of 

fibers that locate in the perinuclear cytoplasm and are generally composed of 

phosphorylated tau protein. These tangles can also be found in other neurodegenerative 

disorders such as Kuf's disease and subacute sclerosing panencephallitis.1 What is lacking in 

these alternate forms of neurodegeneration, however, is the formation of neuritic plaques. 

While neurofibrillary tangles and neuritic plaques can arise independently,3 neuritic plaques 

seem to be the primary lesion in AD4 and it has been suggested that the appearance of 

tangles in the AD brain could be due to neuronal responses to the formation of plaques.1, 5

Neuritic plaques are spherical lesions that contain extracellular aggregates of amyloid-β 

protein (Aβ).6 Surrounding these plaques are an array of abnormal dendrites and axons.7 Aβ 

comes from the processing of β-amyloid precursor protein (APP) via a pair of proteases, β-

secretase (BACE1) and γ-secretase. Two main species of Aβ are produced, Aβ40, which 

ends at residue 40 of the preceding APP, and Aβ42, which ends at residue 42 of the 

preceding APP. Aβ42 seems to favor aggregation more so than Aβ40, however both species 

have been found in senile plaques. Increases in both Aβ40 and Aβ42 are seen early on in AD 

and overall levels of Aβ in the brain have been shown to correlate to the degree of dementia 

in AD patients.8 The less aggregative Aβ40 is much more abundantly produced in normal 

cells and accounts for about 90% of the Aβ produced in normal cells.3 Once these plaques 

are formed they are quite stable.9, 10 Aβ has been shown to be neurotoxic and lead to neuron 

death.11

In contrast to the insoluble deposition of neuritic Aβ plaques, diffuse plaques of Aβ, lacking 

the compact nature of neuritic plaques, have also been found. Diffuse plaques are generally 

more amorphous and granular, made almost entirely of Aβ42, and contain few 

amyloidogenic filaments and fibers that are found in neuritic plaques.3, 7 These plaques are 

usually found in areas of the brain that do not have any implications in the symptoms of AD. 

This, in addition to the appearance of diffuse plaques in identical areas of the brains of 

healthy patients, leads to the assumption that diffuse plaques do not play a significant role in 

the progression of AD.1

The production of Aβ40 and Aβ42 comes from the processing of a much larger peptide, APP. 

APP is a 695-770 residue peptide that is expressed in many tissues throughout the body, 

with higher concentrations being found in the kidneys and brain.12 Cellularly, it is found 

mostly in the late endosomes, however some cycling from the cell surface through the 

endocytic system does occur.13 The main form expressed in neuronal cells is APP695, which 

lacks a 56-amino acid sequence similar to the Kunitz serine protease inhibitors that is 

present in the longer isoforms of APP, APP751, and APP770.1 While the exact physiological 

function of APP is not entirely clear, APP and its derivatives have broad functions in cell-

cell14 or cell-matrix interaction and synapse localization and metabolism.15 Further 

functions include roles in serine protease inhibition, in the case of APP751 or APP770, as 

well as cell adhesion,16, 17 growth promotion, neuroprotection via regulation of intracellular 

calcium levels,1, 7 and synapse formation and maintenance.17
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(a) Proteolytic processing of APP by α-secretase, β-secretase, and γ-secretase

APP is a type I transmembrane protein consisting of an N-terminal 17 residue signaling 

peptide, a large ectodomain, a 23 residue hydrophobic transmembrane domain, and a 47 

residue cytoplasmic domain.6, 7 The Aβ region accounts for only a small portion of APP, 28 

residues in the lumenal domain plus the first 12-14 residues of the transmembrane domain. 

The signal peptide translocates APP to the endoplasmic reticulum (ER) where it is bound to 

the membrane via the 23 residue hydrophobic stretch. It is then posttranslationally modified 

via N- and O-glycosylation, sulfation, and phosphorylation7 as it is moved through the 

secretory pathway by way of the Golgi apparatus and endosomes. Along the way, APP is 

subjected to different proteolytic events that can release a variety of soluble and membrane 

bound fragments. Only fully modified and glycosylated APP undergoes proteolytic 

processing. 15 These proteolytic cleavages are performed by enzymes initially called α-

secretase, β-secretase (BACE1), and γ-secretase.

α-Secretase acts on full length APP. (Figure 1) It cleaves in the lumenal region of APP 

releasing a soluble ectodomain fragment (sAPPα) and a membrane bound, 83 residue C-

terminal fragment (C83). Interestingly, α-secretase cleavage takes place between residues 16 

and 17 of the Aβ region. Therefore, the proteolytic cleavage performed by α-secretase 

precludes the formation of Aβ, thus eliminating the possibility of the formation aggregates 

and plaques and causing α-secretase activity to be considered nonamyloidogenic.7, 18 

Further, sAPPα has been suggested to have some neuroprotective properties.19 It seems that 

the specificity of α-secretase does not come from the identity of the amino acids adjacent to 

the scissile bond, as α-secretase has shown activity on a variety of peptidic bonds. 

Specificity seems to arise from the proximity of the enzyme to the membrane, as it has been 

demonstrated that α-secretase consistently cleaves 12-13 residues N-terminal to the 

membrane.7

BACE1 also cleaves full length APP (Figure 1). It cleaves at the N-terminus of Aβ,20 16 

residues down from the α-secretase cleavage site, which results in a smaller soluble 

ectodomain fragment (sAPPβ), but a larger C-terminal fragment (C99).1 C99 starts at 

residue 1 of Aβ, whereas C83 from α-secretase cleavage starts at residue 17 of Aβ. BACE1 

cleavage between methionine 671 and aspartic acid 672 is common in neuronal cells, but is 

observed far less in peripheral cells such as HEK-293 cells.18

Further processing of both C-terminal fragments, C83 and C99, takes place via γ-secretase 

activity. γ-Secretase cleaves at the C-terminus of the Aβ region in both C83 and C99. In the 

case of C83, γ-secretase activity releases a peptide fragment called p3. In the case of C99, γ-

secretase activity releases Aβ. The cleavage to release both Aβ and p3 occurs within the 

transmembrane region of APP indicating that this cleavage must occur within the membrane 

rather than the lumenal cleavage of both α- and β-secretase.6 This sequential proteolytic 

cleavage of APP by β-secretase and γ-secretase accounts for the formation of Aβ in the 

brain.
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(b) Amyloid hypothesis of Alzheimer's disease

While many Alzheimer's patients seem to have no genetic predisposition to the disease, 

called sporadic AD, many genetic mutations, can lead to forms of familial AD. 

Phenotypically, these forms of AD are very similar or identical, however familial AD often 

occurs as early-onset AD.1 Missense mutations in both APP and the presenilins, with 

presenilin mutations being more common, lead to these familial cases of AD.1

There are multiple known mutations in the APP sequence that lead to the onset of familial 

AD. (Figure 1) The mutation of the two residues near the N-terminus of the Aβ sequence of 

APP, K670N and M671L, is known as the Swedish mutation.21, 22 Located near the β-

secretase site, these mutations make APP a better substrate for β-secretase, thus generating 

more C99 to be further processed into increased levels of Aβ,7 about three to six times 

higher than normal APP.20 Swedish Aβ production is thought to occur only in the secretory 

vesicles, as Swedish Aβ is found to be excreted from the apical surface as opposed to wild-

type Aβ which is excreted from the basolateral surface.20 As Aβ is a normal outcome of 

cellular metabolism, people carrying the Swedish mutation will have elevated levels of Aβ 

throughout their entire life, even before AD symptoms are present.22 There are five different 

mutation sites that may appear just after the γ-secretase cleavage site, T714I (Austrian 

type)23, V715M (French type)24, I716V (Florida type)25, V717I/G/F/L (London type and 

Indiana type)26-29, and L723P (Australian type).30 These each affect the cleavage by γ-

secretase slightly differently, however the overall effect is that more Aβ42 is produced. The 

last two mutations occur within the Aβ sequence. While they do not affect the cleavage 

activity of either β- or γ-secretase, they seem to have an effect on the aggregative properties 

of Aβ. E693Q is associated with Dutch type hereditary cerebral hemorrhage with 

amyloidosis (HCHWA-D)31, which shows Aβ aggregation in the meningeal and cerebral 

microvessels, while A692G (Flemish type)32 affects both microvascular β-amyloidosis 

similar to HCHWA-D and neuritic plaque formation.1, 7 As knowledge of this disease 

increases, more and more APP mutations are being linked to familial AD.

Much more common are the presenilin mutations. There are as many as 75 missense 

mutations in presenilin 1 (PS1) and three in presenilin 2 (PS2) which lead to a much earlier 

onset of familial AD, with some cases showing clinical signs of AD as early as age 30.1 

These mutations lead to an increased level of Aβ42, as much as 3-fold, which subsequently 

leads to an increase in Aβ plaques.

Overprroduction of Aβ is also seen in Down's syndrome. Since APP in encoded on 

chromosome 21,6 AD-type symptoms often appear in Down's syndrome patients due to the 

duplication of chromosome 21.1 This is not caused by a mutation of the APP or presenilins, 

as discussed above, but by overexpression of normal APP. This results in an overproduction 

of Aβ, both Aβ40 and Aβ42, which can cause diffuse plaques to be seen in Down's syndrome 

patients as early as age 12.1 This accumulation of Aβ starts from birth, with plaque 

formation and cognitive loss associated with AD found in patients in their 30s.

The discovery of these mutations, along with the formation of Aβ aggregates in sporadic 

AD, has led to the development of the amyloid hypothesis of the progression of Alzheimer's 

disease. (Figure 2) The amyloid hypothesis states that the formation of Aβ plaques begins a 
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cascade of events ultimately leading to dementia in AD patients.33 It seems that the 

accumulation of Aβ may initially affect the efficiency and function of synapses, leading up 

to neuronal loss and dementia.34 Many research groups have focused on the amyloid 

hypothesis and there are significant findings that support this hypothesis. However the 

subject is very complex and there are questions that remain to be answered.

It has been found that frontotemporal dementia with Parkinson's disease is caused by 

mutations in the gene for the tau protein, which in turn cause neurofibrillary tangles in the 

brain. The lack of AD-like plaques in the brains of these patients, even in the most severe 

cases, leads to the suggests that Aβ plaques are formed first and tangles in the brains of AD 

patients are perhaps a result of this.33 Further, mice that overexpress mutated human APP 

and tau show increased formation of tangles, while plaques remain about the same, which 

suggests that the APP processing occurs prior to the tau tangle formation.33

The genetic mutations of familial AD seem to be a strong proponent for the amyloid 

hypothesis.4 However, the amyloid hypothesis does not adequately explain all observations. 

For instance, it has histologically been argued that the number of Aβ plaques in the brain 

does not correspond to the degree of dementia in AD patients. However, when investigated 

biochemically rather than histologically, Aβ count does correlate to the impaired cognitive 

state.33 Some studies have shown that there is, in fact, a quantitative correlation between 

histologically visible plaques and the degree of cognitive decline.4, 8 However, since the 

exact effects of Aβ on neuronal toxicity are not known in vivo, the amyloid hypothesis is 

drawn into question.33 Still, the amyloid hypothesis seems a broadly accepted general 

scheme of the pathophysiological events in AD.

(c) Role of β-secretase in Aβ production

The proteolytic cleavage activities of APP were deemed α-, β-, and γ-secretase prior to the 

identity of any specific enzyme being known to have these functions. The ambiguity of these 

enzymes made some studies difficult to perform and conclusions difficult to draw. However, 

since the identity of the secretases responsible for APP processing have now been 

discovered, much knowledge has been obtained on the function of these enzymes in both 

AD and in other physiological functions.

Several proteins have been found to have α-secretase activity. They are all a part of the A 

disintegrin and metalloprotease (ADAM) family of enzymes. While some, like ADAM17 

(tumor necrosis factor-α converting enzyme, TACE), are believed to have shown α-

secretase activity,35 ADAM10 is generally regarded as the α-secretase most active in the 

brain.36 Overexpression of ADAM10 in HEK cells showed increased levels of sAPPα and 

C83 led to this conclusion.36

It is speculated that γ-secretase activity, is carried out though a complex of proteins rather 

than being attributed to one enzyme. The presenilins (PSs) are thought to be a part of that 

complex, either by having γ-secretase activity themselves, or by modulating γ-secretase 

activity. PS1 has two transmembrane aspartates that are aligned with the transmembrane 

domain of APP making γ-secretase cleavage by this enzyme feasible.37 Mutations in PS1 

and PS2 that support the formation of Aβ42, the form of Aβ more susceptible to aggregation, 
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solidify the influence of PSs in γ-secretase activity.38 It has also been found that PS1 

knockout reduces Aβ formation, further supporting the role of PSs in γ-secretase 

activity.39, 40 Other proteins thought to be a part of the γ-secretase complex are nicastrin 

(Nct), anterior pharynx-defective phenotype (APH-1) and PS-enhancer (PEN-2). In fact, the 

expression of all of the above components together in Saccharomyces cerevisiae, which 

normally lacks any form of γ-secretase activity, results in fully active γ-secretase, suggesting 

that the above-mentioned four components account for full γ-secretase activity.39

Many different enzymes have been proposed to be β-secretase throughout the years. Many, 

including cathepsin D,41-44 a chymotrypsin-like protease (CLIP) isolated from the rat 

brain,45 cathepsin G,46 BACE2,47 metalloendopeptidase MP78,43 and metalloprotease 

MP100,48 have been ruled out for various reasons. At about the same time, five independent 

groups correctly identified the protein responsible for β-secretase activity. It has been named 

Asp2,44, 49 β-site APP cleaving enzyme 1(BACE1),50 β-secretase,51 and memapsin252 by 

the various groups that correctly identified this enzyme. Herein, β-secretase will primarily be 

referred to as BACE1.

BACE1 is formed in the endoplasmic reticulum as an immature, glycosylated propeptide, 

pro-BACE1.53 Pro-BACE1 is then processed and cleaved into mature BACE1 in the Golgi 

apparatus.54 The propeptide has two conformations, both an open and closed conformation. 

(Figure 3) When in the open conformation, pro-BACE1 can exhibit some enzymatic 

activity. However, when in the closed conformation, with the pro-domain covering the 

active site, the activity of pro-BACE1 is diminished which allows the pro-domain to serve as 

a weak inhibitor of BACE1 activity.55 This pro-domain has also been shown to play a role 

in the folding of mature BACE1.55 Cleavage of the pro-domain allows BACE1 to have full 

enzymatic activity by allowing the catalytic active site to be fully accessible to substrate.56 

BACE1 is a monomeric protein that is shuttled between the endosomes and the cell surface. 

It presents four potential N-glycosylation sites as well as six cysteine residues that form 

three disulfide bonds.57 These disulfide bonds are important for proper folding and activity 

of the enzyme. In particular, Cys330/Cys380 is found inside the active site of BACE1 and is 

especially important for stability and activity.58 As BACE1 is matured through the 

endoplasmic reticulum and Golgi apparatus, three of the four potential N- glycosylation sites 

are utilized. BACE1 is then trafficked through the endosomal system to the cell surface 

where it is then reinternalized and recycled. There is a dileucine motif in the cytoplasmic 

domain that aids in the localization of BACE1 to the endosomes.57 While BACE1 is cycled 

from the endosomes to the cell surface, it has been shown that BACE1 is most active at a 

mildly acidic pH of about 5.5. This suggests that BACE1 acts in the endosomes on the way 

to the cell surface and not at the cell surface.57, 59

Similarly to pro-BACE1, mature BACE1 also has two major conformations a flap open 

conformation and a flap closed conformation. (Figure 4) Free BACE1 is found in the flap 

open conformation. This conformation is energetically stable and is held by optimal 

hydrogen bonds.60 However, when bound to substrate, BACE1 adopts a flap closed 

conformation. To make this conformational shift, there is breakge of hydrogen bonds 

between the oxygen of Tyr71 and the nitrogen of Gly74, the nitrogen of Lys75 and the 

oxygen of Glu77, and the Tyr71 hydroxyl with the Lys107 oxygen. This destabilization is 

Ghosh and Osswald Page 6

Chem Soc Rev. Author manuscript; available in PMC 2015 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



justified by the interaction of the enzyme with the substrate.60 Also a new interaction of the 

Tyr71 side chain with the indole nitrogen of Trp76 is formed. While in the open 

conformation, substrates can enter through a cleft in the enzyme. However, due to a 

bottleneck being formed by Thr72, Arg235, Ser328, and Thr329, some flexibility in the 

substrate is needed.60 It has been suggested that this bottleneck may serve as a specificity 

mechanism.

3. BACE1 as a therapeutic target for AD

Since the recognition of their central role of APP processing, secretases have been identified 

as a possible target for therapeutic intervention of AD. α-Secretase has not been targeted, as 

it cleaves APP in the Aβ region and does not lead to the formation of Aβ deposits. However, 

both β- and γ-secretases have been suggested as targets to inhibit Aβ formation and thereby, 

stop the progression of AD. 61, 62

PS1 and PS2 are the major enzymatic targets for γ-secretase inhibition for the treatment of 

AD.63 PS1 and PS2 are integral membrane proteins found in the endoplasmic reticulum and 

Golgi apparatus. Apart from the apparent role in AD, they also control the Notch signaling 

pathway responsible for cell proliferation and differentiation during embryonic 

development.37

Transgenic PS1 knockout mice do not survive past birth40 and have underdeveloped 

subventricular areas and cortical dysplasia.38 Other substrates of PSs have also been 

identified, suggesting a strong biological function of the PSs.39 Thus, inhibition of γ-

secretase is likely to cause unwanted side effects.

BACE1 has been identified as a significant target for AD intervention. Its inhibition would 

halt the formation of Aβ at the very beginning of APP processing. It is feasible to target later 

stages in the cascade, however it has been shown that generation of excess Aβ can be 

detrimental to cognitive function even before neuronal death by limiting synaptic function.64 

Thus, slowing the progression of AD by inhibiting Aβ formation at an early stage is ideal. 

While the true biological function of BACE1 is not entirely known, it is thought to have 

implications in myelin sheath formation and other biological processes, most associated with 

the processing of neuregulin-1.65 BACE1 null mice have proven to be viable, with few to no 

phenotypical abnormalities, suggesting that inhibition of this enzyme could be clinically 

feasible with few mechanistic side effects. 66-68 The therapeutic potential of BACE1 was 

further elaborated when the genetic inhibition of the enzyme was shown to rescue memory 

deficits in AD animals.69

4. Design of mechanism-based BACE1 inhibitors, X-ray structures, and 

drug-design templates

The druggability of BACE1 was first demonstrated with the development of substrate 

inhibitor OM99-2 and the elucidation of the crystal structure of the BACE1 and OM99-2 

complex (Figure 5).70, 71 This inhibitor was designed based upon a transition-state mimetic 

concept using non-hydrolyzable dipeptide isostere at the scissile site. It was noted that 
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BACE1 cleavage of the Swedish APP (SENL/DAEFR) is 40x-faster than APP (SEVRM/

DAEFR). Also, initial specificity studies indicated that Ala is a preferred residue at P1’. 

Therefore, the design of a substrate-based inhibitor followed with the incorporation of a 

Leu-Ala hydroxyethylene isostere at the cleavage site. One of the inhibitors, OM99-2 

showed very potent BACE1 inhibitory activity with a Ki of 1.6 nM.70 Subsequently the X-

ray structure of inhibitor-bound BACE1 was determined at 1.9 Å resolution.71 This structure 

gave much insight into the binding mode of inhibitors in the BACE1 active site. As can be 

seen, BACE1 adopts a bilobal structure with the inhibitor binding in the substrate binding 

pocket between the N-terminal and C-terminal lobes of the enzyme. Catalytic aspartates 

Asp32 and Asp228 are located in the center of this pocket and form part of an extensive 

hydrogen bonding network in the active site. In contrast, in apo-enzyme, the catalytic 

aspartic acid residues bind to a water molecule between them. For the complex with 

OM99-2, there are four hydrogen bonds between the catalytic aspartates and the transition 

state isostere hydroxyl and an additional ten hydrogen bonds between the active site and flap 

region of the enzyme. The flap region closes over the top of the cleft when bound to the 

inhibitor as discussed previously (Figure 4). Additionally, some characteristics of the 

subsites in the active site have been identified. For instance, the S2 and S4 subsites are 

mostly hydrophilic while S1 and S3 are generally hydrophobic.71 The P1 leucine and P3 

valine of OM99-2 nicely fill the hydrophobic S1 and S3 sites of BACE1 with extensive 

hydrophobic contacts. P1 leucine interacts specifically with Tyr71 and Phe108 of the 

enzyme. P2 asparagine hydrogen bonds with the P4 glutamate of the inhibitor and Arg235 of 

the enzyme. Interestingly, OM99-2 abandons the extended conformation and turns at P2’ to 

orient P3’ and P4’ towards the protein surface. This results in these parts of the inhibitor 

having little interaction with the protein.71

Further elaboration of substrate-based inhibitors led to the design of inhibitor 2. The X-ray 

crystal structure of the BACE1 and OM00-3 complex was determined at 2.1 Å resolution. It 

showed a Ki of 0.3 nM for BACE1 compared to the Ki of 1.6 nM for inhibitor 1.71, 72 

Knowledge of the subsite specificity of BACE1 greatly aided the design of inhibitor 2 which 

showed a fivefold enhancement of inhibitory potency. It was determined that the BACE1 

substrate cleft could accommodate eight substrate side chains, however none were 

particularly specific, with the S’ side showing the most tolerance of different side chains. On 

the nonprime side, some subsites showed a greater affinity for some side chains over others. 

In particular, P4 favors glutamine over glutamate over aspartate, P3 favors isoleucine over 

valine, P2 favors aspartate or asparagine, and P1 favors leucine, phenylalanine, and 

methionine. P1 was found to be the most specific site.73 Overall, acidic or polar residues are 

preferred at the P2 and P1’ sites.74 Utilizing this information, P2’-Val was introduced in 

inhibitor 2. It retained the conformation of OM99-2 from P3 to P2’, however stayed in the 

extended conformation past P2’.72 This extended conformation was stabilized by a hydrogen 

bond from the P3’ backbone carbonyl to the side chain of Arg235 and a hydrogen bond 

between the P4’ backbone and Tyr198.

The design of substrate-based pseudopeptide inhibitors and subsequent determination of 

inhibitor-bound X-ray structure provided important drug design templates as well as a 

wealth of information regarding the enzyme and inhibitor interactions in the BACE1 active 
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site. While druggability of these BACE1 inhibitors is limited due to their large molecular 

size, the presence of numerous peptide bonds, and peptidic features, the structural insight of 

these inhibitors has been a very important first step in the evolution of the structure-based 

design of a variety of BACE1 inhibitors.

5. Potential issues and complexities of BACE1 inhibitors

In addition to peptidic features and molecular size, there are many barriers that must be 

overcome in order to bring a drug-like BACE1 inhibitor to clinical development. Selectivity 

over other aspartic proteases is especially important. With aspartic acid proteases being 

found in nearly all body tissues, off target activity is possible and likely if an inhibitor is not 

specific to BACE1. BACE2, pepsin, renin, cathepsin D, and cathepsin E, among others, all 

may also be inhibited by an unselective BACE1 inhibitor, causing off target side effects. 

The two catalytic aspartic acid residues are conserved across the class, however subsite 

specificity in each active site may differ slightly, making the full utilization of interactions in 

these subsites important to inhibitor specificity.

BACE2, also called Asp1 and memapsin1,52 is a homolog of BACE1. It is 64% identical to 

BACE1 and is a part of the same family of transmembrane aspartic proteases.47 (Figure 6) 

Unlike BACE1, however, BACE2 is expressed only marginally in the brain and is found in 

higher concentrations in the colon, kidney, pancreas, placenta, prostate, stomach, and 

trachea.47 It has been shown that BACE2 can cleave APP, however it does not cleave in a 

way that can form Aβ plaques. In fact, BACE2 cleaves more efficiently within the Aβ region 

and has been suggested to degrade C99 as well.75 Ultimately, BACE2 has been ruled out as 

a player in β-secretase activity in Alzheimer's disease.76 Still, selectivity of BACE1 

inhibitors over BACE2 is important to the therapeutic utility of BACE1 inhibitors. The 

specificity of the BACE2 binding pocket is very similar to that of BACE1 with differences 

presenting themselves in the P3’ and P4’ areas. Utilization of non-native side chains will 

likely be the most helpful in specificity over BACE2.77 Additionally, BACE1 has been 

shown to have S7-S5 subsites that are unique to BACE1, allowing a decameric inhibitor to 

span P7-P4’. Hydrophobic residues, more specifically tryptophan, are preferred at these 

sites.78

Selectivity over cathepsin D (CatD) is very important as well. CatD has functions in protein 

degradation, apoptosis regulation, and hydrolysis of LDL cholesterol, among others.79 

Noninhibition of CatD is very important for viability. CatD null mice have shown tendency 

for seizures and blindness as well as neuronal ceroid lipofuscinosis.80 CatD may also have a 

role as a modulator of the immune system of the skin, as it has been found in sweat and able 

to process the antimicrobial peptide dermidicin 1-L (DCD-1L).81

An additional challenge in the development of BACE1 inhibitors has been the large size of 

the substrate pocket. Initially, decreasing the size of a peptidic inhibitor resulted in a 

decrease in potency74 however, such large inhibitors are not practical in vivo. As such, 

smaller inhibitors would not be able to fill the pocket as adequately as APP and thus were 

not good inhibitors. Some of this difficulty can be overcome by increasing the affinity of the 

inhibitor for the BACE1 active site through increasing interactions with the enzyme in the 
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active site. Further, the bottleneck of the cleft created by residues Thr72, Arg235, Ser328, 

and Thr329 creates an additional barrier for inhibitors. However, it has been suggested that 

conformationally bound inhibitors, locked into the conformation that will best access the 

active site, may be helpful for entrance to the active site and binding.82

Cell membrane and blood-brain barrier permeability is also a prominent issue in the 

development of BACE1 inhibitors. The inhibitors must penetrate the blood brain barrier to 

exert their effect. Validation of the target and concept of BACE1 inhibition was gained 

when a carrier peptide known to cross the blood-brain barrier was linked to a very large 

inhibitor. In one intraperitoneal injection, Aβ levels decreased 64% and brain tissue extracts 

showed decreased levels of Aβ.83 Sterol linkers have also been used to show cell membrane 

permeability as a limiting factor in BACE1 inhibition. Linking sterol to an inhibitor that was 

enzymatically potent, but greatly lost activity in cellular assays, allowed the inhibitor to 

permeate the cell membrane and reach the endosomes, where BACE1 is most active.84 

Another hurdle encountered is P-glycoprotein (Pgp) efflux, a mechanism which essentially 

removes the inhibitor from cells. BACE1 inhibitors showed a dose and concentration 

dependent lowering of Aβ levels in Pgp knockout mice, where no reduction was seen in wild 

type mice.85 This shows that even when brain permeability is achieved, Pgp efflux is 

another limiting factor in the efficacy of BACE1 inhibitors.

Generally, BACE1 knockout mice show good viability. However, some studies have shown 

BACE1 knockout mice to have some phenotypical abnormalities. Hippocampal impairments 

leading to learning and memory disabilities have been shown in one study.86 It has also been 

suggested that normal levels of Aβ may play a role in modulating synaptic function86 and 

inhibition of BACE1 may impair the formation of synapses.87, 88 The necessity of BACE1 

for myelination of nerves has also been suggested.65 BACE1 knockout did not, however, 

completely prevent nerve myelination, but resulted in thinner myelin sheaths than 

controls.89, 90 Further studies have also shown that BACE1 knockout mice show a greater 

likelihood of displaying seizure activity than the wild type counterparts.90, 9192BACE1 null 

mice have also displayed an increased risk of schizophrenic behavior.93 Further influence of 

BACE1 has been suggested in axonal guidance94 with BACE1 null mice showing roles in 

targeting the olfactory sensory neuron axons to the glomeruli of the olfactory bulb.95, 96 

Vascularization issues have also been seen in BACE1 knockout mice, both cerebrolvascular 

and retinal.97, 98 In addition to retinal vascularization issues, problems with retinal thinning 

and increases in age pigmentation were shown as well.97 While the above potential 

complications with BACE1 inhibition are key, it is important to note that the above studies 

were performed under full BACE1 ablation in animal models. With the determination of a 

specific therapeutic window, it may be possible for BACE1 inhibitors to be clinically 

applicable for the treatment of AD patients with few mechanistic side effects.

As such, BACE1 has revealed itself to be a desirable target for inhibition with small 

molecule inhibitors for the potential treatment of AD. Many academic and industrial 

laboratories have focused research into finding potent, selective, and bioavailable inhibitors. 

To date, none have made it through clinical trials to FDA approval, however many have 

shown clinical potential. Inhibitors can be classified into two major categories, 

peptidomimetic and nonpeptidic inhibitors. Further subclassification can be made based on 
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the structure of the inhibitor. The remainder of this review serves to give an overview of the 

discoveries made in small molecule inhibition of BACE1 and the strides that are being made 

towards a drug for the treatment of AD.

6. Design of Peptidomimetic BACE1 Inhibitors

Peptidomimetic inhibitors are designed to emulate the natural substrate of an enzyme. This 

allows for subsite specificity, hydrogen bonding, and hydrophobic interactions to be 

conserved or enhanced via side chain choices. While this is desirable, the transition state 

isostere is what gives these molecules their inhibitory power. In free BACE1, a catalytic 

aspartic acid residue hydrogen bonds to a water molecule, holding it in place. When 

encountered with a substrate molecule, one of the aspartic acids assists nucleophilic attack 

of the water molecule at the carbonyl carbon, while the other activates the carbonyl of the 

peptide bond. This forms a tetrahedral intermediate. Reformation of the carbonyl breaks the 

amide bond, resulting in a new N- and C-terminus of two substrate fragments. (Figure 7) 

When BACE1 is encountered with an inhibitor, the hydroxyl group of the transition state 

isostere displaces the water molecule and forms tight hydrogen bonds to the catalytic 

aspartic acid residues, thus precluding catalytic activity. Further optimization of substrate-

based inhibitors is usually focused towards the lowering of molecular weight, decreasing 

peptidic character while maintaining binding interactions, and optimizing pharmacokinetic 

properties

Peptidomimetic inhibitors can be classified based on their transition state isostere. The 

isosteres discussed here are not exhaustive of the field, but gives an overview of the most 

widely used isosteres (Figure 8).

(a) Statine- and Norstatine-based Inhibitors

Statines are utilized as transition state inhibitors due to the leucine side chain at the P1 

position. This emulates the Swedish mutant APP which has shown to have higher affinity 

for BACE1 than wild type APP. The statine isostere has been widely investigated (Figure 9). 

Patents as early as 2000, show statine based inhibitors, such as compound 3, which 

displayed IC50 values lower than 10 μM.99,100 Compound 4 showed micromolar activity in 

BACE1 inhibitory assay.101 Molecular docking studies suggested that P3 isoleucine and P2 

alanine fit nicely into the S3 and S2 subsites respectively. Similarly, the isobutyl P1 group is 

situated in the S1 pocket and the S1’ pocket was left empty. Incorporation of nonnative side 

chains have been investigated, as shown in compound 5 with a cyclopropyl moiety in the P2 

position.102 Difluorostatine derivatives have also been examined. A series of compounds, of 

which compound 6 is an example, were all found to have IC50 values of less than 10 

μM.103,104

Phenylstatine-based inhibitors were investigated to place a larger, hydrophobic substituent at 

the P1 position. Inhibitors with benzyl substituents at this position were twenty times more 

potent than inhibitors with 2-methylbutyl substituents at this position. Compound 7 (Figure 

10) showed a BACE1 IC50 of 21 nM.105 The incorporation of a p-aminomethylbenzoic acid 

moiety at the C-terminus helped contribute to an increase in potency over previous 

inhibitors. At the N-terminus, the N-acetylleucine motif seemed optimal as inhibitors with 
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larger or smaller side chains at this position displayed a significant loss of potency. A 

modeling study of compound 7 in the active site of BACE1 showed that the phenylstatine 

transition state isostere formed hydrogen bonds with the catalytic aspartic acid residues as 

expected. The benzyl group at the P1 position nicely filled in the S1 site. The N-terminal 

motif formed a hydrogen bond to Gln73 while the C-terminal benzoic acid formed a 

hydrogen bond with Lys224. Further examples of phenylstatine inhibitors include a series 

with IC50 values less than 50 μM, exemplified by compound 8.106 (Figure 10)

Phenylnorstatine based inhibitors have also been investigated.107 Octapeptide 9 (Figure 11) 

was developed with a phenylnorstatine hydroxymethyl carbonyl isostere. The leucine 

residue in the P2 position gave a favorable hydrophobic interaction in the S2 site, while the 

aspartic acid residue at the P1’ position packed into the S1’ subsite tightly, leading to an 

IC50 of 413 nM.108 In an attempt to decrease the number of peptidic bonds and molecular 

weight, removal of the nonprime side residues resulted in compounds with no enzymatic 

inhibitory activity. However, the residues in the prime side may be removed. A structre-

activity relationship (SAR) study revealed that a peptide spanning P4 to P1’ was necessary 

to maintain activity. This led to the design of compound 10 which displayed an enzyme IC50 

value of 3.4 nM and an IC50 value of 0.20 μM in BACE1 transfected HEK-293 cells.109 As 

seen in previous SAR studies, P2 leucine and P3 valine residues remained to be favored for 

these positions. At the P1’ position, it was shown that phenylamide was more successful 

than benzylamide suggesting that a conformationally restricted moiety is preferred. The 

carboxylic acid moieties were incorporated to pick up hydrogen bonding opportunities in the 

active site and flap region. The P4 side chain was investigated as well. It was found that both 

the amino and carboxyl groups were favored and contributed to binding. Length of the side 

chain was investigated with the four-atom side chain being the most favorable. While still 

very peptidic in nature, it was assumed that 10 may be more metabolically stable due to the 

presence of unnatural amino acid derived residues.

Compound 10 contains a β-N-oxalyl-L-α-β-diaminopropionic acid group in the P4. This 

moiety thermally isomerizes to α-N-oxalyl-L-α-β-diaminopropionic acid, contributing to the 

instability of the inhibitor. In an attempt to create more stable derivatives, the oxalyl 

substituent was replaced with 1H-tetrazole-5-carbonyl, leading to compound 11.110 This 

compound showed no isomerization at as many as 5 days and exhibited an IC50 value of 3.9 

nM. Modeling studies showed that the tetrazole ring hydrogen bonds to Arg235 and Arg307, 

thus maintaining the potency of 10. Compound 11 was brought to further biological 

evaluation and was found to have a cellular IC50 of 42.8 nM. When injected into the 

hippocampus of APP transgenic mice, compound 11 exhibited a 20% decrease of 

hippocampal sAPPβ 3 hours after a 2.5 nmol dose. When dosed in wild type mice, a 

reduction of Aβ40 and Aβ42 was seen at 42.9% and 39.8% respectively and soluble forms 

were reduced by 34.6% and 31.0% respectively following a 10 nmol dose hippocampal 

injection. When dosed with a 2.5 nmol hippocampal injection, wild type mice displayed a 

reduction of Aβ40 and Aβ42 of 38.1% and 31.5% respectively with soluble forms being 

reduced by 32% and 38% respectively.111

Attention was then turned towards the issue of cell membrane and blood-brain barrier 

permeability. While previously discussed compounds have been shown to be potent, their 
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many acidic and polar moieties hinder their transport across cell membranes and the blood-

brain barrier. Further optimization resulted in compound 12 with an IC50 of 1.2 nM.112 

Many other heterocycles were attempted at the P1’ position as carboxylic acid isostere. 

Among the moieties investigated were 5-oxo-1,2,4-oxadiazole, 5-oxo-1,2,4-thiadiazole, 2-

thioxo-1,3,4-oxadiazole, and 1H-tetrazole. Among these, 1H-tetrazole showed the most 

promising results. Modeling studies showed that the phenylnorstatine transition state isostere 

positions itself between the catalytic aspartates and hydrogen bonds to both Asp32 and Asp 

228 (Figure 12). The amide backbone of the inhibitor made hydrogen bonds with Gly11, 

Thr232, Gly230, Gln73, and Thr72 while the P4 tetrazole formed hydrogen bonds with 

Arg307, Gly264, and Asn233.112

Further investigations of norstatine derivatives led to the design of compound 13 (Figure 13) 

with an IC50 of 5.6 nM.113 In this inhibitor, the P2-leucine was changed to a 

cyclohexylmethyl moiety. Further examination of the P4 moiety was performed in an 

attempt to gain selectivity over BACE2. It is thought that an acidic moiety in the P4 position 

may help inhibitors be selective for BACE1 over BACE2 due to interaction with Arg307 in 

BACE1 but absent in BACE2. The 5-fluoroorotyl group was shown to maintain potency in 

cells with 84% inhibition at 100 μM concentrations.

Incorporation of a phenylthionorstatine transition state isostere in place of phenylnorstatine 

counterpart showed 99% inhibition at 2 μM concentration.114 Modeling studies suggested 

the phenylthionorstatine hydrogen bonds to the catalytic aspartic acid residues similarly to 

phenylnorstatine derivatives. Modifications in the P4 region led to the formation of a new 

hydrogen bond between Ser325 and the 3-amino group on the side chain. Efforts were 

focused on replacing acidic moieties at the P1’ position with nonacidic and low molecular 

weight functional groups. Optimization efforts led to compounds 14 and 15 (Figure 13).115 

Increasing lipophilicity via the addition of a dichlorobenzene moiety in the P1’ position 

resulted in 14 which showed 99% BACE1 inhibition at 2 μM and 84% BACE1 inhibition at 

0.2 μM.115 Modeling studies showed that Thr72 was located near to the P1’ benzene ring 

suggesting that the addition of a hydrogen bond acceptor will aid in the binding of these 

molecules. This insight led to the replacement of the dichlorobenzene moiety with a 

trifluoromethyl sulfonyl moiety, 15.115 Modeling studies with this compound suggested that 

the P1’ moiety can act as a bridge between the flap region and the active site via interactions 

with Thr72.

Inhibitors containing 4-amino-3-hydroxy-5-difluoro-phenylpentanoic acid as a statine mimic 

gave inhibitors in the micromolar range with inhibitor 16 (Figure 14) showing the highest 

potency in BACE1 assay and HEK-293 cells.116 Other statine side chain mimics, such as 

3,5-difluorophenyloxymethyl 17 have been attempted. Compound 17 exhibited a BACE1 

IC50 of 0.037 μM with 21-fold selectivity over cathepsin D.117 The X-ray crystal structure 

of the inhibitor 17 and BACE1 complex showed extensive hydrogen bonding of the 

nonprime backbone of the inhibitor with the active site (Figure 15). The P3 amide NH 

hydrogen bonds with the carbonyl of Gly230, while the two P2 carbonyls interact with the 

side chain of Thr232 and the backbone of Gln73 in the flap of the protein. Additionally, the 

amide NH of the P1 position hydrogen bonds to the carbonyl of Gly230. The P3 phenyl 

group was stacked between Thr232 and Gly13 while being in proximity to Gly11, Tyr14, 
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Ser229, Gly230, and Arg307. The stereochemically defined methyl group in the P3 position 

made hydrophobic interactions with Gln12, Gly14, Leu30, and Ile10. The P2 aromatic ring 

was positioned between Thr231 and Gln73. The P1 phenyl ring displayed pi stacking 

interactions with Tyr71, Phe108, and Trp115 while having further contact with Gln73, 

Gly74, Lys107, and Ile110.117 The P1’ carbonyl hydrogen bonds to the Thr72 backbone 

amide NH. The P2’ position is involved in two hydrogen bonds, one of the amide NH of P2’ 

to the carbonyl of Gly34 and the other of the carbonyl of P2’ with the side chain hydroxyl of 

Tyr198. The valine side chain at the P2’ position picks up hydrophobic interactions with 

Ser35, Val69, Ile126 and Arg128 in that region. The P3’ isophthalic acid moiety interacts 

with the solvent exposed S3’ pocket via hydrogen bonds from the carboxylates to the side 

chains of Thr72 and Arg128.117

(b) Inhibitors with tert-hydroxyl groups to mimic transition-state

Inhibitors with a tert-hydroxyl motif were investigated based on inhibitors of HIV-1 

protease with a tert-hydroxyl transition state isostere. In these HIV-1 protease inhibitors, 

compounds maintained potency while obtaining better membrane permeability.118 Research 

efforts to emulate these results in BACE1 inhibitors resulted in compound 18 (Figure 16). In 

this example, stereochemistry at the tertiary center was shown to be not important, as both 

stereoisomers showed very similar activity, IC50 = 0.23 μM and 0.32 μM.119 However, this 

compound exhibited a very low membrane permeability of 1.2×10-6 cm/s. Further 

investigations led to compounds such as 19120 and 20.121 Compound 19 showed a slight 

decrease in potency, however compound 20 provided some insight into a unique binding 

mode of these compounds.

An X-ray crystal structure of the compound 20 and BACE1 complex showed that the N-

terminal amine hydrogen bonded to Asp228 rather than the tertiary hydroxyl of the 

transition state isostere (Figure 17). Interestingly, the tertiary hydroxyl group hydrogen 

bonds to Arg128 while the benzyl group extends towards the protein surface and does not 

pick up any significant interactions in the binding pocket. This placed the carbonyl of the 

tetrazole near Arg235 and one of the nitrogens within hydrogen bonding distance of Tyr198. 

Further, the N-terminal carbonyl interacted with Thr72 of the flap region. The next valine 

amide NH hydrogen bonds to Gly34 and the carbonyl interacts with Tyr198. The subsequent 

leucine interacts with Pro70 of the flap through a hydrogen bond to the amide NH as well as 

positioning its carbonyl near to Tyr198. The carboxylic acid functionality at the C-terminus 

picks up polar interactions with Tyr68 and Lys75.

(c) Hydroxyethylene Isostere-based Inhibitors

Hydroxyethylene isosteric inhibitors were among the earliest examples of BACE1 

inhibitors. The proof-of-concept inhibitors discussed previously, OM99-2 and OM00-3 both 

utilize a hydroxyethylene isostere core 122-124 (Figure 5). These inhibitors were based on a 

leucine-alanine structure at the scissile site which mimicked the Swedish mutation of APP. 

However, while potent, these structures needed optimization to reduce molecular size and 

improve pharmacokinetic properties.70, 125

Ghosh and Osswald Page 14

Chem Soc Rev. Author manuscript; available in PMC 2015 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Based upon the X-ray structure of 1-bound BACE1, peptidomimetic inhibitor 21 was 

designed by truncating P3', P4' and P4-ligands from inhibitor 1. Compound 21 displayed a 

Ki of 2.5 nM (Figure 18).126 At the P2 position, both methylsulfone and methylcysteine 

ligands were investigated, however methionine, as shown in compound 21, showed the most 

potent activity. This is possibly due to an interaction with Arg235.127 Unfortunately, this 

class of inhibitors did not prove to be selective for BACE1.

Efforts towards the development of selective inhibitors, led to the design of compound 22 
with a pyrazolylmethyl urethane at the P3 position (Figure 18).128 This inhibitor showed a 

Ki of 0.3 nM and was selective for BACE1, showing 1186-fold selectivity over BACE2 and 

436-fold selectivity over cathepsin D.129

A crystal structure of 22 in the BACE1 active site (Figure 19) showed that one of the 

pyrazole nitrogens hydrogen bonds to Thr232 while one of the methyl substituents of the 

pyrazole ring sits in the hydrophobic S3 pocket. The P2 sulfone moiety forms hydrogen 

bonds with Arg235 and a tightly bound water molecule. These interactions may be 

responsible for the observed selectivity. Based upon the structural insights of the pyrazole 

derivative, compound 23 with a oxazolylmethyl P3 ligand was designed. Compound 23 
displayed a Ki of 0.12 nM and a very high selectivity of greater than 3800-fold over BACE2 

and greater than 2500-fold selectivity over cathepsin D.129 Further modifications were 

investigated.130

In an attempt to improve cell potency, inhibitors with a Leu-Ala isostere and P2 

isopthalamides were investigated.131, 132 Incorporation of propyl isophthalamide across the 

P2 and P3 positions provided inhibitor 24 (Figure 20) which was less potent than previous 

inhibitors in Figure 18. However, optimization via the addition of a N-methylsulfonamide 

on the isophthalamide moiety to interact with residues in the S2 pocket, as well as the 

incorporation the oxazolylmethylamide moiety of previous inhibitors gave 25 with improved 

potency. Incorporation of hydrophobic groups in the P3 position resulted in inhibitor 26. The 

(R)-methylbenzylamide was shown to be much more potent than either the benzylamide or 

the (S)-methylbenzylamide. While this compound only showed modest selectivity against 

BACE2 and cathepsin D, 28-fold and 37-fold respectively, it exhibited good cellular 

inhibition (IC50 39 nM). An intraperitoneal injection of 26 to Tg2576 transgenic mice (8 

mg/kg dose) showed a 30% reduction of plasma Aβ40 levels after four hours.131

The X-ray crystal structure of compound 26 and BACE1 complex was determined to obtain 

binding site interactions (Figure 21). As can be seen, inhibitor forms a network of hydrogen 

bonding interactions with the catalytic aspartates. The P2 isophthalamide makes a number of 

key interactions in the S2 subsite. One of the sulfone oxygens forms a hydrogen bond with 

Arg235 and the P3 – phenylethyl moiety fills in the S3 subsite.

A series of derivatives with a Phe-Ala isostere were investigated (Figure 22). Compound 27 
displayed an IC50 of 0.13 μM.133 It showed BACE2 selectivity of 2.8-fold. In this series of 

compounds, alanine at P2 was preferred, with other bulky or branched substituents at this 

position resulting in a dramatic loss of potency. Compound 28 with a Phe-Glu isostere was 

examined.134 Compound 28 gave a Ki value of 1.7 μM. While this compound showed 47-
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fold selectivity over cathepsin D and 44-fold selectivity over renin, it did not show any 

selectivity over BACE2. Other examples, such as 29 and 30, were designed and 

evaluated.135-137

Inhibitors utilizing a hydroxyethylene core with non-native P1 side chains have been 

investigated (Figure 23). A series of inhibitors displaying a difluorophenylalanine side chain 

at P1 were examined for the optimization at the prime side.138 The P2' isobutylamide in 

compound 31, was shown to be the best moiety at this position. At the P1’ position, methyl 

was the preferred side chain, as seen previously. Compound 31 showed a BACE1 IC50 of 30 

nM and a cellular IC50 of 3000 nM in HEK293 cells. Other difluorophenylalanine 

derivative, such as 32, did not show much activity.139 Inhibitors such as 33 with a 

benzyloxymethyl P1 ligand have been shown to have IC50 values of less than 50 nM.140

BACE1 inhibitors with hydroxyethylene isosteres containing unnatural amino acid-derived 

P1 and P1' side chains have been investigated (Figure 24).141 These inhibitors were 

designed to have optimal interactions in the P2’ region. Compound 34 showed extensive 

interactions in the S2’ subsite including a pi stacking interaction with Tyr71 and close 

contact of the methoxy substituent with Ser36, Asn37, and Ile126. In an effort to increase 

cell permeability by reducing polarity, compound 35 was designed.142 Despite the rather 

large lipophilic P1 ligand, this compound showed a BACE1 IC50 of 69 nM. Unfortunately, 

this compound did not display cellular potency. Other examples such as compound 36 have 

shown moderate inhibitory activity.143

(d) Hydroxyethylamine-based Inhibitors

BACE1 inhibitors with hydroxyethylamine transition-state isosteres have been investigated 

extensively. Earliest examples utilized were inhibitors 37 and 38 with a leucine side chain as 

the P1 ligand (Figure 25).144 However, inhibitors with phenylalanine side chain are more 

widely utilized. In an attempt to optimize pharmacokinetic and pharmacodynamic 

properties, unnatural amino acid side chains have also been investigated.

Utilizing knowledge gained from hydroxyethylene-based inhibitors, peptidomimetic 

inhibitors containing hydroxyethylamine isosteres have been developed (Figure 26).145 

Inhibitor 39 showed an enzyme IC50 of 15 nM and a cellular IC50 of 29 nM while having 

15-fold selectivity over BACE2, 500-fold selectivity over cathepsin D, and greater than 

3000-fold selectivity over renin. An X-ray crystal structure of 39 and BACE1 complex 

showed that the α-methylbenzylamide fit in the S3 site, with R-hydroxyl stereochemistry 

preferred over S isomer. The P2 sulfonamide oxygen atoms were involved in hydrogen 

bonding with the backbone NH of Thr232 and Asn233. The hydroxyethylamine moiety 

interacts with the catalytic aspartic acids. The hydroxyl group hydrogen bonds to Asp32 

while the α-amino group interacts with Asp228. Further investigation into these inhibitors 

resulted in compound 40.146 This inhibitor was designed to conformationally constrain the 

non-prime side of the inhibitor in an attempt to better access the S3 pocket. Compound 40 
showed an IC50 of 35 nM. It was speculated that the alkene linkage could be responsible for 

the moderate Pgp efflux, however permeability calculations showed that the Papp value 

increased slightly.
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Further investigation led to the development of inhibitors 41-44 (Figure 27).147 The focus of 

this research was to reduce molecular weight and the number of amide bonds in an attempt 

to address cellular uptake and metabolic stability issues of previous inhibitors. A benzamide 

moiety was introduced on the non-prime side of the inhibitor. Compound 41 features a 

hydrogen bond acceptor at the meta position, however it was found that increasing the 

lipophilicity of this substituent, as in 42, resulted in a moderate increase in potency. A 

crystal structure of the 42 and BACE1 complex showed that the sulfone moiety hydrogen 

bonded to Asn294, which left the S3 pocket unoccupied. Further optimization efforts led to 

compound 43. It displayed an IC50 of 605nM as well as selectivity over BACE2 and 

cathepsin D of 13-fold and 78-fold selectivity respectively. In this inhibitor, the carbonyl of 

the lactam moiety hydrogen bonds to Asn294 while the propoxy moiety fills in the S3 

pocket. A linear, three atom chain was preferred at this position over shorter, longer, or 

branched derivatives. Compound 44 which utilized a nitrogen linked alkyl chain at P3 rather 

than the propoxy in compound 43 has shown to be the most potent and selective. It 

displayed IC50 value of 13 nM and selectivity over BACE2 and cathepsin D of 139-fold and 

207-fold respectively.147

Further investigations of these compounds turned to the prime side, with focus on further 

reducing the molecular weight, number of heteroatoms, and polar surface area. Compounds 

45 and 46 (Figure 28) were designed and evaluated in an attempt to address these issues.148 

Branched alkyl chain in compound 45, allowed flexibility to optimally fill the pocket. 

However, it was seen that the prime side instead interacts with the enzyme in the extended 

conformation. Use of a meta-trifluoromethylbenzylamide at the prime side gave compound 

46 which maintained potency and exhibited slightly better selectivity. A crystal structure of 

46 complexed with BACE1 showed that the trifluoromethyl substituent filled the same 

pocket as the terminal methyl of the branched alkyl chain derivative 45. Sultams were also 

investigated as a replacement to the lactam moiety on the non-prime side.149 This resulted in 

compounds 47 and 48. Introduction of a fluorine at the 2-position on the benzamide, 48, 

increased cellular potency. When orally administered to TASTPM mice, a 250 mg/kg twice 

daily dose reduced brain Aβ40 and Aβ42 levels by 18% and 23% respectively. When 

administered with a Pgp inhibitor, this effect was enhanced to a 68% reduction for Aβ40 and 

a 55% reduction for Aβ42. Many other similar derivatives have been evaluated as BACE1 

inhibitors.150-152

Tricyclic sultams have also been developed as P2 ligands in an effort to improve 

pharmacokinetic properties while eliminating a site of metabolism. Modeling studies 

suggested that the tricyclic derivatives could mimic the interactions desired while reducing 

the metabolic sites seen in prior compounds. Compound 49 (Figure 29) achieved this by 

maintaining nanomolar potency in both enzyme and cell assays while displaying increased 

oral bioavailability in both rats and dogs.153 Compound 50, showed that a 7,6,5- ring system 

was most active compared to 6,6,5- and 8,6,5- ring systems.154 Compound 51 was 

developed to bind to the catalytic site as a hydrate.155 However, it is found to exist in 

solution as a ketone. Other scaffolds, such as the pyrrolidinone indole derivative 52, were 

also investigated, however there was no significant improvement in pharmacokinetics, 
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showing rapid clearance in a rat model.156 A number of other related derivatives were 

synthesized and evaluated as BACE1 inhibitors.157-159

An X-ray crystal structure of inhibitor 50 and BACE1 complex was determined to obtain 

molecular insight (Figure 30). The structure shows that the tricyclic P2 ligand is involved in 

extensive interactions in the S2 and S3 subsites. Both sulfone oxygens form hydrogen bonds 

with backbone NHs of Thr232 and Asn233 as well as the side chain of Ser325 and Asn233. 

The tricyclic core appeared to fill in the hydrophobic sites of S2 and S3.

A combination of hydroxyethylamine isostere with a P2 isophthalamide and a P2' 3-

methoxybenzylamine resulted in a very potent inhibitor. Compound 53 (Figure 31) showed 

an enzyme inhibitory Ki of 1.8 nM and a cellular IC50 of 0.001 μM.160 This inhibitor 

showed 39-fold selectivity over BACE2 and 23-fold selectivity over cathepsin D. A crystal 

structure of the 53 and BACE1 complex showed the hydroxyethylamine isostere forming 

hydrogen bonds with Asp32 and Asp228, as seen with other inhibitors in the class (Figure 

32). The P3 phenyl group imposes a conformational shift of the 10s loop of the protein in 

order to span both the S3 and S4 pockets. The sulfonamide in the P2 position hydrogen 

bonds with Asn233 and Ser325 while having ionic interactions with the side chain of 

Arg235. The P2’ methoxybenzene moiety makes adequate hydrophobic interaction in the 

S2’ site, interacting with Gly34, Ile126, and Tyr198, as well as Pro70, Tyr71, and Thr72 of 

the flap region.160

Compound 53 was intraperitoneally injected into Tg2576 mice, a 65% reduction of plasma 

Aβ40 levels could be seen 3 hours after an 8 mg/kg dose. After a 4 mg/kg dose, 10% of the 

inhibitor was found in the brain after 1 hour, which decreased slowly over time. Long-term 

delivery of 33.4 mg/kg via an osmotic pump in Tg2576 transgenic mice showed rescue of 

cognitive decline with no toxicity after several months on the inhibitor in mice older than 16 

months.161 Furthermore, no build-up of unprocessed APP was detected. Such build up has 

been hypothesized to be a possible concern of BACE1 inhibition. Other similar compounds 

have been investigated.162-166

Non-native P1 ligands, such as a difluorobenzyl moiety, have been investigated. (Figure 31) 

Compounds such as 54 showed good enzyme inhibitory and cellular activity and selectivity 

over cathepsin D.167 The polar functionality at the P2 position helped enhance selectivity as 

the S2 site in cathepsin D is much more lipophilic than the S2 site in BACE1. A crystal 

structure of 54 in the BACE1 active site showed that the pyridine nitrogen interacts with 

Arg235, but does not form a hydrogen bond due to geometric constraints. Further 

investigations resulted in inhibitors 55 and 56.168 A crystal structure of the 55 and BACE1 

complex revealed important interactions in the active site. The carbonyl oxygen of the N-

terminal amide hydrogen bonded to the backbone nitrogen and side chain hydroxyl group of 

Thr232. The amide functionality form hydrogen bonds with the Gln73 backbone NH and the 

backbone carbonyl of Gly230, respectively. The hydroxyethylamine transition state isostere 

hydrogen bonds to the catalytic aspartic acid residues, the hydroxyl group to Asp32 and the 

amine nitrogen to Asp228. The nitrogen of the hydroxyethylamine isostere makes an 

additional hydrogen bond to the Gly34 carbonyl. Hydrophobic interactions also aid in the 

inhibitor affinity. One of the N-terminal propyl groups sits in the S3 subsite while the 
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isophthalate interacts with Thr230, Gln73, and Arg235. The hydrophobic side chains in the 

S1 site, Leu30, Gln73, Tyr71, Phe108, Trp115, and Leu118, nicely accommodate the 

difluorobenzyl moiety. Incorporating amide functionality at the C5 position of the 

isophthalamide increased both potency and cathepsin D selectivity (218-fold).169 Many 

other inhibitors incorporating hydroxyethylamine isotere and isophthalamide derivatives as 

the P2 ligands have been synthesized and evaluated.170-175

Further research utilizing difluorophenylmethyl as the P1 ligand examined the replacement 

of isophthalamide functionality with indole. The presence of indole in other pharmaceuticals 

was known to faclilitate brain penetration.176 Substituted indole derivatives, such as 57 
(Figure 33), retained enzyme inhibitory activity, but did not show promising cellular 

potency. Heterocyclic replacements of isophthalamide such as pyrrole, pyrrolidine, and 

reverse indole, were not promising. However 7-azaindole, as in compound 58, showed an 

improvement in cellular activity. A 30 mg/kg intraperitoneal injection of 58 displayed a 51% 

reduction in plasma Aβ 1.5 hours post dose and a 37% reduction of plasma Aβ 5 hours post 

dose. Unfortunately, there was no reduction in brain Aβ seen up to 5 hours post dose. Other 

similar compounds have also been investigated.177, 178

Other structural optimization efforts addressing the issues of cell permeability and Pgp 

efflux looked into reduction of size at non-prime side of the inhibitor. Compound 59 (Figure 

34) displayed an IC50 of 230 nM and a Pgp efflux ratio of 1.1.179 A 30 mg/kg oral dose of 

59 twice daily showed a reduction of cortical Aβ of 28% after 2.5 days. Further investigation 

resulted in inhibitors such as 60, 61, and 62.180 Unfortunately, inhibitors 60 and 61 showed 

more potent inhibitory activity against cathepsin D than BACE1. Compound 62 showed 

modest selectivity, however it did not show promising cell membrane permeability. 

Derivatization of these compounds has been investigated extensively.181-195

A variety of substituted benzyl and alkyl derivatives as the P1 ligand have been synthesized 

and evaluated. Compound 63 (Figure 35) with a benzodioxolane P1 ligand exhibited potent 

activity.196 A crystal structure of the 63 and BACE1 complex showed that the 

benzodioxolane ring occupied the S1 site and the hydroxyethylamine isostere hydrogen 

bonds to the catalytic aspartates as expected. The cyclobutane and neopentyl substituents on 

the prime side occupy the S1’ and S2’ sites respectively. Hydrogen bonds are formed 

between the amide NH with Gly230, and the carbonyl and methoxy functionality make a 

bidentate interaction with Thr72. When 63 was administrated in rats at a 2 mg/kg iv dose or 

5 mg/kg oral dose, a half life of about 3-5 hours was observed. Also, the clearance rate was 

moderate and cthe ompound showed good oral bioavailability. Aβ40 reduction varied from 

59-75% 4 hours post dose when dosage varied form 10 mg/kg to 100 mg/kg. Compound 64 
was designed utilizing a 3-(2-thioazolyl)phenyl ligand at the P1 position.197 Compound 64 
exhibited a 59% reduction in brain Aβ levels after a 30 mg/kg oral dose in rats. Compound 

65 with a terminal propene moiety as the P1 side chain showed an enzymatic IC50 of 2 nM 

and a cellular IC50 of 28 nM.198

Inhibitors with constrained hydroxyethylamine isosteres have been developed. In these 

inhibitors, conformationally constrained cyclic amines were incorporated to interact with 

catalytic aspartates and fill in the S1’ pocket. A representative example is compound 66 
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(Figure 36) which showed an IC50 of 71 nM.199 A crystal structure of 66 in the BACE1 

active site showed that the imidazolidinone carbonyl makes contacts in the flap region, 

while the protonated nitrogen forms a hydrogen bond with Asp228 and Gly34. Piperazine 

sulfonamides such as 67 were also examined.200 While potent, these inhibitors were found 

to be Pgp substrates, showing no reduction in brain Aβ in CRND8 mice after 30 mg/kg, 100 

mg/kg, and 300 mg/kg subcutaneous doses. Compounds such as 68, containing a constrained 

carboxylic isostere, showed good enzyme inhibitory activity.201 However, the peptidic 

nature of inhibitor 68 limited the cell membrane permeability. Compounds such as 69, were 

found to be very potent in cellular assays.202 In Pgp knockout mice, Aβ levels in both the 

brain and periphery were lowered when dosed with 69. However, wild type mice showed no 

lowering of brain Aβ pointing to Pgp efflux as the limiting factor in the efficacy of 

compound 69.

Compound 70 (Figure 37) was designed with a triazole moiety as the constraining 

hydroxyethylamine moiety.203 A crystal structure of the compound 70 and BACE1 complex 

was determined. It showed that the P3 phenyl ring spans both the S3 and S4 sites, which 

changes the conformation of the 10s loop. One of the oxygens of the P2 sulfonamide 

hydrogen bonds to Ser325 via a water bridge while also having ionic interactions with the 

Arg235 side chain. The other oxygen hydrogen bonds to the backbone nitrogen of Thr232 

and Asn233. The hydroxyl group of the hydroxyethylamine isostere hydrogen bonds to the 

catalytic aspartic acid residues. In an attempt to enhance the cellular potency, pyrazole 

derivatives such as 71 and 72 were tried (Figure 36).203 Both showed better membrane 

permeability than previous triazole inhibitors. Many other examples of similarly constrained 

hydroxyethylamine inhibitors have been reported in patent literatures.204-210

Conformationally constrained hydroxyethylamine template was designed to mimic the 

transition-state. Compounds were designed based upon cyclic sulfone and sulfoxide 

templates. Compound 73 (Figure 38) showed submicromolar activity in the enzyme 

inhibitory assay.211 X-ray crystallographic studies showed that the catalytic aspartates 

formed hydrogen bonds to the hydroxyethylamine isostere. The phenolic hydroxyl group 

hydrogen bonds to the backbone nitrogen of Phe108 and the sulfone moiety hydrogen bonds 

with Thr72 and Gln73, putting the enzyme in the closed flap conformation. The hydrophobic 

bromine resulted in improvement in potency and selectivity, however the phenol moiety has 

generally low metabolic stability. At the prime side it was found that hydrophobic 3-

substituted aryl rings were necessary for potency in this class of compounds. Compound 74 
showed to have an IC50 of 0.055 μM and a relatively low Pgp efflux ratio of 2.1. While it 

gave moderate brain exposure in a mouse model, clearance tests showed it only had a half 

life of 6 minutes when exposed to rat liver microsomes. To improve stability, permeability, 

and Pgp efflux properties, compounds with fluorines (example compound 75) were 

developed.212 However, these compounds showed higher efflux ratios and poor oral 

bioavailability. Compounds with a sulfoxide moiety instead of a sulfone were developed to 

improve cellular activity.213 It was found that the axial sulfoxide, 76, was more potent than 

the equatorial sulfoxide due to the hydrogen bonding capabilities to Thr72. Compound 76 
exhibited high blood clearance and when dosed orally in mice at 20 μMol/kg with ritonavir, 
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a Pgp inhibitor. Compound 76 reduced brain Aβ40 39% 4 hours post dose. Similar other 

derivatives have been investigated as BACE1 inhibitors.214

(e) Carbinamine-derived Inhibitors

Carbinamines have been investigated as an attempt to increase blood-brain barrier 

penetration while maintaining the potency accomplished in previous inhibitors. The 

potential of carbinamines to mimic the transition-state has been examined. Compound 77 
(Figure 39) evolved from the hydroxyethylamine isostere.215 This compound resulted from 

truncation of classic hydroxyethylamine to a primary alcohol followed by optimization to 

the amine. Incorporation of the fluorine improved the Pgp efflux ratio. Unfortunately, this 

class of compounds displayed poor oral bioavailability.216217

Compounds such as 78 with a 1,3,4-oxadiazole ester mimic were shown to be very potent, 

with an IC50 of 12 nM.218 A proposed binding mode of this inhibitor in BACE1 active site 

is shown in Figure 40. Compound 79 was found to be a very potent and selective BACE1 

inhibitor. It exhibited 42-fold selectivity over BACE2 and more than 250,000-fold 

selectivity over renin or cathepsin D.219 After a 100 mg/kg intraperitoneal injection of 79 in 

mice, a 26% reduction in Aβ40 was seen four hours post dose, with a brain concentration of 

1.8 μM. When tested in rhesus monkeys at a low dose of 1.2 mg/kg IV bolus followed by a 

four hour infusion at 16 μg/kg/min and a high dose of 3.5 mg/kg IV bolus followed by a four 

hour infusion at 48 μg/kg/min, compound 79 showed a time and dose dependent reduction in 

Aβ, with an average plasma concentration of 3.8 μM. Plasma Aβ levels were reduced by up 

to 65% four hours post dose and showed a return as early as eight hours, with a full recovery 

in 24 hours. Unfortunately, this compound showed less than 1% oral bioavailability when 

dosed alone. This increases to 83% when given with ritonavir to inhibit metabolism.220 

Other examples of carbinamine as BACE1 inhibitors have been reported in patent 

literature.221-224

(f) Reduced Amide-based Inhibitors

In this class of inhibitors, the nitrogen of the reduced amide appears to bind to the catalytic 

aspartic acids while other interactions aid in the further binding of the inhibitor in the active 

side. Compound 80 (Figure 41) was found through structure activity relationship studies of 

the P1’ ligands.225 When the P1’ position is methyl, as shown in 80, or another small alkyl 

substituent (such as ethyl in compound 81), the corresponding derivatives showed good 

cellular potency. Based upon the binding model of inhibitor 81, inhibitor 82 was designed to 

interact with residues in the active site. Inhibitor 82 was found to be a very potent and 

selective compound.226 It displayed a Ki of 17 pM and showed 7000-fold selectivity over 

BACE2 and 250,000-fold selectivity over cathepsin D. An X-ray crystal structure of 82 and 

BACE1 complex showed (Figure 42) that the nitrogen of the reduced amide isostere 

hydrogen bonded to Asp228 while the other catalytic aspartic acid, Asp32, forms a hydrogen 

bond network within the active site with Gly34, Ser35, and Gly230. The P3 phenyl group 

extends across both the S3 and S4 sites, imposing a conformational shift of the 10s loop of 

the protein, as seen previously. The stereochemistry of the hydroxyl group was found to be 

very important at the P1’ position, as the diastereomer of this position was much less potent. 

This is due to the orientation of the hydroxyl group towards Tyr198 in the active site in the 
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X-ray structure. Further, the allothreonine moiety is critical for selectivity, as derivative 81, 

without the hydroxyl group showed only 55-fold and 300-fold selectivity for BACE2 and 

cathepsin D respectively. A high-throughput in situ synthesis and screening study afforded 

the testing of 120 reduced amide derivatives as BACE1 inhibitors.227 In enzyme inhibitory 

assay, these compounds (representative example, compound 83) were found to have 

micromolar activity. Other related reduced amide based inhibitors have been 

evaluated .228-231

(g) Macrocyclic Inhibitors

Macrocyclic inhibitors have been developed placing the macrocyclic moiety mainly on the 

non-prime side of the inhibitor. Different transition state isosteres, such as hydroxyethylene, 

hydroxyethylamine, carbinamine, and reduced amide isosteres have been utilized in 

macrocyclic inhibitors. The macrocycle is used to stabilize the biologically active 

conformation of the inhibitor to optimize the interactions in the active site while allowing 

for some flexibility to form the shape of the active site. Macrocylic inhibitors with a Leu-

Ala isostere, 84 and 85 (Figure 43) were designed based upon the X-ray structure of 

OM99-2 bound BACE1. The structure showed an intramolecular hydrogen bond between P2 

Asn and P4-Glu side chains. It was observed that increasing ring size from a 14 member 

ring, to a 15 member ring, to a 16 member ring increased potency across each addition of a 

carbon.232 Inhibitor 85 displayed a Ki of 14.2 nM. Reduction of the alkene in the 

macrocycle gave saturated inhibitor 84 which showed a slight decrease in potency to 25.1 

nM. A crystal structure of 84 and BACE1 complex (Figure 44) showed the interaction of the 

hydroxyethylene isostere with Asp32 and Asp228. The S1 and S1’ sites are adequately filled 

by the P1 leucine and P1’ alanine. The P2 macrocyclic urethane fills the hydrophobic pocket 

while having hydrogen bonding interaction such as the carbonyl of the asparagine moiety 

with Arg235 of the active site.

Macrocylic inhibitors were designed by formation of ring cycles between the P1 ligand and 

the P2 backbone amide nitrogen. A representative example is inhibitor 86.233 It showed an 

IC50 of 65 nM. This compound showed enhanced cellular and enzyme inhibitory potency. 

Cocrystallization of 86 with BACE1 allowed for the elucidation of a crystal structure of the 

complex. This showed that interactions from P3 to P3’ were very similar to those of 

OM99-2, however compound 86 showed less than perfect occupancy of the S1 site. 

Molecular modeling studies suggested modifications that can fill this subsite.234 It was 

found that the 16 member macrocycle of 87 was more potent than the corresponding 15 

member macrocycle. A crystal structure of inhibitor 87 and BACE1 complex supported the 

predictions of the computational modeling.

Macrocyclic inhibitors utilizing a hydroxyethylamine transition state isostere have been 

developed to reduce the number of amide bonds and hydrogen bond donors and acceptors to 

enhance pharmacokinetic properties. Compounds 88 and 89 (Figure 45) exhibited IC50 

values of 22 nM and 2 nM respectively.235 An X-ray crystal structure of inhibitor 88 and 

BACE1 complex was determined. The structure showed better hydrophobic contacts of 

Ile118, Leu30, and Trp115 with the alkyl portion of the macrocycle (Figure 46). Also, the 

N-methyl of the macrocycle forced the flap region into a slightly open conformation due to 
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an interaction with Gly230. The hydroxyethylamine isostere hydrogen bonded to the 

catalytic aspartic acid residues, as seen in previous hydroxyethylamine inhibitors. Inhibitor 

88 showed 53-fold selectivity over cathepsin D, however its clinical efficacy was shown to 

be limited due to Pgp efflux, as the efflux ratio was calculated to be 15 for this compound. 

While potency was gained in macrocyclic inhibitor 89, Pgp efflux was quite high with a 

ratio of 9.4. Furthermore, selectivity over cathepsin D disappeared. In an attempt to increase 

blood-brain barrier penetration, lipophilicity issues were addressed. A decrease in 

lipophilicity resulted in inhibitors 90 and 91.236 Inhibitor 90, showed nanomolar potency, 

however the efflux ratio was very high, 23, which results in low brain exposure. Addition of 

a spirocyclic cyclopropane in inhibitor 91, increased potency with greater membrane 

permeability and lower Pgp efflux ratios.

Further design of macrocyclic inhibitors with hydroxyethylamine isostere included the 

addition of phenyl substitution on the macrocycle. As represented in compound 92 (Figure 

47) the (R)- stereochemistry at the phenyl substitution was important for access to a 

hydrophobic subpocket in the S3 site. While this compound showed good enzyme inhibitory 

potency of 3.2 nM, the cell membrane permeability was poor. Macrocyclic inhibitor 93 
showed a BACE1 enzymatic IC50 of 17 nM and was 22-fold selective over cathepsin D.237 

Other macrocyclic inhibitors such as 94, also displayed potent enzyme inhibitor 

activity. 238-241

A series of carbinamine-based macrocyclic inhibitors has been designed in order to stabilize 

the biologically active conformation of acyclic carbinamine inhibitors. During the 

development of these inhibitors, it was observed that macrolactones were more active than 

the corresponding macroethers. This is possibly due to additional interactions in the flap 

region of the protein.242 While inhibitor 95 (Figure 48) was potent with an IC50 of 2 nM, it 

displayed low membrane permeability, a high efflux ratio of 16, and high metabolism. In an 

attempt to increase brain penetration, an increase in steric bulk near the amide bond of the 

macrocycle was sought. Inhibitor 96 achieved greater brain penetration showing an efflux 

ratio of 1. However, this gain was countered with a loss of potency in inhibitory activity 

(IC50 of 380 nM). Replacement of the amide functionality of isophthalamide with a 

secondary amine provided inhibitor 97 with an IC50 of 400 nM.243

Macrocyclic inhibitors with reduced amide isosteres have been investigated as well. The 

reduced peptidic character of the reduced amide isostere was thought to improve brain 

penetration. Macrocycles such as 98 were designed and synthesized.244 It was observed that 

a 14 member macrocycle had better membrane permeability and a lower Pgp efflux ratio 

than macrocycles with smaller rings. When inhibitor 98 was dosed at 100 mg/kg via IV 

bolus in AAP-YAC mice, Aβ40 was reduced 25% and brain concentration of 98 was 1100 

nM. Other examples of reduced amide macrocyclic BACE1 inhibitors are reported in the 

patent literature.245, 246

7. Nonpeptide Inhibitors

The development of small molecule nonpeptide inhibitors have evolved from high-

throughput screening or fragment based screening of scaffolds, followed by chemical 
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optimization. The major objectives for the search of small molecule nonpeptide inhibitors 

are to develop inhibitors smaller in size, with less peptide character, and better metabolic 

stability. Also, small molecule inhibitors may have better blood-brain-barrier penetration 

ability and a lower Pgp efflux ratio. Inhibitors can also be developed based on computational 

screening and modeling methods, which can narrow a large compound library down to a few 

hundred compounds. Some isolated natural products have also been shown to have BACE1 

inhibitory properties. While many scaffolds have been utilized, the scaffolds shown in 

Figure 49 will be discussed in this section.

(a) Acyl Guanidine-based Inhibitors

A high throughput screening of a library of compounds provided an initial hit compound 99, 

which featured an acyl guanidine moiety (Figure 50). This hit has a BACE1 IC50 of 3.7 μM 

and a crystal structure of the 99 and BACE1 complex showed that the acyl guanidine moiety 

was responsible for forming four hydrogen bonds to the catalytic aspartic acid residues.247 

Further development of this hit gave inhibitor 100. This compound displayed an IC50 value 

of 110 nM, however it was only modestly selective showing only 3-fold selectivity over 

BACE2 and 54-fold selectivity over cathepsin D. A crystal structure of 100 and BACE1 

complex revealed that the acyl guanidine moiety hydrogen bonded to the catalytic aspartic 

acid residues while the substitution at the amine of the acyl guanidine moiety extended into 

the S1’ pocket to pick up hydrogen bonds with Arg235 and Thr329 via water mediated 

hydrogen bonds. The para-npropyloxyphenyl substitution on the pyrrole ring extends across 

the S1-S3 subsites. Compound 101, with an adamantyl substitution on the pyrrole ring, 

showed similar potency to previous compounds.248 A crystal structure of 101 with BACE1 

showed that the compound binds similarly to compound 100, however it suffers from poor 

membrane permeability. Compound 102 with a bromobenzoate substitution exhibited 

reduction of potency.249 A crystal structure revealed that the 3-bromobenzoyl moiety packs 

the S3 pocket, however it must twist the amide bond unfavorably out of the plane to do so, 

which could be the cause for the decrease in potency. Compound 103 showed enhanced 

inhibitory potency compared to compound 102.250, 251

Another high throughput screening hit, 104, showed a Ki of 3900 nM (Figure 51).252 

Optimization efforts resulted in compound 105, with a Ki of 5 nM. However, when dosed 

subcutaneously in rats, only plasma Aβ40 was lowered, with little to no reduction in brain or 

cerebrospinal fluid Aβ levels, suggesting that inhibitor 105 is subject to high levels of Pgp 

efflux. Other examples of this type of scaffold include compound 106 which displayed an 

IC50 of less than 100 nM.253

A virtual screening suggested an indole guanidine fragment, 107 (Figure 52), for 

optimization.254 Compounds 108 and 109 were optimized from this fragment hit, showing 

IC50 values of 1.01 μM and 0.044 μM respectively. A crystal structure of compound 108 and 

BACE1 complex showed that the acyl guanidine moiety bonded to the catalytic aspartic acid 

residues as seen previously. The carbonyl of the acyl guanidine formed a direct hydrogen 

bond with the Gln73 backbone as well as two water-mediated hydrogen bonds to the Gln73 

and Thr72 side chains. The indole moiety forms a cation-π interaction with the Arg235 side 

chain in the S1’ site. Overall, this inhibitor binds to the enzyme in a semi-closed flap 
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conformation. Compound 109 binds very similarly to 108, however the incorporation of the 

nitrile functionality on the indole formed a new hydrogen bond to Ser328, which is 

responsible for the increase in potency. Other inhibitors utilizing this scaffold, such as 110 
and 111, have been shown to have IC50 values of less than 100 nM.255, 256 Scaffolds with a 

terminal guanidine moiety have also been shown to have micromolar potency.257, 258

(b) 2-Aminopyridine-based Inhibitors

2-Aminopyridine-based small molecule BACE1 inhibitors have also been explored. 

Compound 112 (Figure 53) was identified as BACE1 inhibitor with an IC50 of 25 μM.259 

The 3-methoxy-biaryl moiety changes the conformation of the flap region to an open 

conformation due to the rotation of the Tyr71 to above the aminopyridine. A twist in the 

biaryl region fills the nonprime hydrophobic pocket while the methoxy substitution 

displaces water in the S3 pocket and hydrogen bonds to the backbone amide nitrogen of 

Gly13. Moving the biaryl substitution from the 6-position to the 3-position, as in compound 

113, was speculated to fill the S1-S3 sites. Unfortunately, compound 113 was less potent 

and showed an IC50 of 24 μM. Optimization efforts resulted in compound 114 with an IC50 

of 0.69 μM. In compound 114, the indole nitrogen is able to hydrogen bond to Gly230 and 

the 2,3-diaminopyridine moiety is positioned under the flap. Other inhibitors, such as 115, 

utilize the pyrrole moiety as seen in previous acyl guanidine inhibitors.260, 261 The binding 

mode of compound 115 is shown in Figure 54. The aminopyridine functionality hydrogen 

bonds to Asp32 and Asp228 while having a π edge interaction with Tyr71. Other 

aminopyridine derivatives have also been synthesized and evaluated for BACE1 inhibitory 

activity.262, 263

(c) Aminoimidazole-based Inhibitors

Based on the high throughput screening hit aminoimidazole derivative 116 (Figure 55), a 

series of potent small molecule BACE1 inhibitors have been developed. Compound 117, 

displayed good enzyme inhibitory potency and showed low Pgp efflux ratio of 3.6.264 

Compound 118 showed a BACE1 IC50 of 7.4 μM.265 A modeling study of this compound in 

the BACE1 active site suggested that the amino group hydrogen bonds to the catalytic 

aspartic acid residues while the unsubstituted N3 nitrogen of the imidazole ring makes 

electrostatic and hydrogen bonding interactions with the side chains of Asp228 and Asp32 

(Figure 56). Furthermore, the fluorine atom interacts with the Trp76 side chain while the 

benzyl moiety forms π stacking interactions with Tyr71 and hydrophobic interactions with 

Arg235. It was also suggested that the poly methoxy groups may hydrogen bond to Asn233 

and Lys321. Compound 119 displayed an IC50 value of 24 nM, however it was susceptible 

to high Pgp efflux and was shown to be much more potent against BACE2 (IC50 0.84 μM) 

than BACE1.266

A of series of fused pyrimidine imidazole inhibitors has also been investigated. High 

throughput hit compound 120 (Figure 57) was found to bind to BACE1 with the flap in a 

more open position.267 With the objectives of improving metabolic stability and to reduce 

polar total surface area of inhibitors, compound 121 was developed with an IC50 of 20 nM. 

Further optimization provided compound 122 showing a low nanomolar inhibitor with a 

pIC50 value of 7.5.268 When dosed orally in wild type mice, compound 122, a decrease of 
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brain Aβ40 levels of 17% 1.5 hours post dose. Compound 123, with a spirocyclic 

cyclobutane moiety, showed an IC50 of 10 nM.269 Further optimization resulted in a series 

of BACE1 inhibitors with moderate to good potency.270-275

(e) Amino/Iminohydantoin-based Inhibitors

Aminohydantoin-based inhibitors have been developed based on the high throughput hit 124 
(Figure 58), which showed an IC50 of 3.4 μM. Further optimization of this hit provided 

compound 125 which showed an inhibitor with an IC50 of 10 μM.276 A possible binding 

mode of compound 125 in BACE1 active site is shown in Figure 59. When a 100 mg/kg oral 

dose was given to Tg2576 mice, plasma Aβ40 levels showed a 69% decrease 8 hours post 

dose. Unfortunately, brain Aβ levels were not significantly lowered, presumably due to poor 

brain exposure . Based upon high throughput hit, compound 126 was developed.277 This 

inhibitor had a BACE1 IC50 of 40 nM and was 427-fold more potent for BACE1 than 

cathepsin D. Unfortunately, compound 126 was slightly more potent for BACE2 than 

BACE1, with a BACE2 IC50 of 30 nM. The aminohydantoin scaffold has been further 

explored with a variety of functionalities extending from phenyl rings to biaryl rings.278-289

From acyl guanidine-type high throughput hit 127 (Figure 60), iminohydantoin-based 

inhibitors have been developed in an attempt to interact with the hydrophobic area from S1 

to S3 in the BACE1 active site. Compound 128 had an IC50 of 605 nM and was found to 

penetrate the brain, with a Pgp efflux ratio 0.9.290 Unfortunately, this compound was not 

shown to be selective over cathepsin D. Compound 129 showed reduced potency compared 

to 128, but showed significantly better selectivity over cathepsin D compared to 128. 
Spiropiperidine iminohydantoin compound 130 showed an IC50 of 2.8 μM.291 The X-ray 

crystallographic studies of 130 in the BACE1 active site showed that this inhibitor sits 

higher in the active site than previously seen which does not allow for the flap to fully close 

over the inhibitor with the Tyr71 residue shifting into the S1 region. Further, the S2 and S3 

sites are left unoccupied. Unfortunately, compound 130 did not show any selectivity over 

BACE2, with a BACE2 IC50 of 1.5μM. Further, it was found to be an excellent substrate for 

Pgp, with an efflux ratio of 19.

(g) Aminothiazoline and Aminooxazoline-based inhibitors

Starting from aminothiazole hit 131, a weak inhibitor with an IC50 of 38 μM, compound 132 
was designed.292 The replacement of the spirocycle resulted in inhibitor 132 with IC50 value 

of 1.1 μM. This inhibitor binds to the enzyme in a flap open conformation with both the 

internal and external nitrogens of the aminothiazole moiety hydrogen bonding to the 

catalytic aspartic acid residues. The methoxyphenyl moiety acts like Tyr71, which mimics 

the closed state stabilization by hydrogen bonding to Trp76. Further investigation provided 

aminothiazoline inhibitor 133 which exhibited an IC50 of 1.1 nM.293 Bicyclic 

aminooxazolines were designed to extend into the P3 and P2’ pocket.294 Compound 134 
exhibited micromolar inhibitory activity. Aminooxazoline derivative 135 showed an IC50 of 

0.05 μM.295

Aminooxazoline inhibitors have been developed from lead compound 136 (Figure 62).296 

Compound 136 was more potent against BACE2 (IC50= 52 nM) than BACE1. Compound 
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137 was also more potent against BACE2. Compound 138 showed an enzyme IC50 of 12 

nM and an efflux ratio of 1.9. Four hours post 10 mg/kg oral dose, Aβ production was down 

95%. Furthermore, the oral bioavailability of 138 was found to be 68%. Compounds such as 

139 were found to have good in vitro properties, with an enzymatic IC50 of 120 nM and a 

cellular IC50 of 67 nM.297 However, it showed no in vivo activity. A variety of other 

aminooxazoline inhibitors have also been developed. 298-306

The corresponding sulfur containing heterocycles, such as aminothiadiazines have also been 

investigated.307 Compound 140 (Figure 63) showed an IC50 of 9.9 μM. A modeling study 

showed that the naphthylbenzylamide extends into the S3 site while the amino group 

hydrogen bonds to Asp32 and Gly34. The second catalytic aspartic acid residue, Asp228, is 

hydrogen bonded to one of the internal nitrogens, while the oxygen of the benzyloxy moiety 

hydrogen bonds to Thr231. Compound 140 displayed an efflux ratio of 0.98, suggesting it 

would not be a Pgp substrate. Compounds 141 and 142 showed potent BACE1 inhibitory 

activity.308, 309 Iminopyrimidinone 143 showed very potent activity.310 It was found that 

smaller substitution at C6, such as methyl in 143 was optimum for potency. A crystal 

structure showed that the propynyl moiety protrudes into the S3 site and forms hydrophobic 

interactions with Ala335. A closed flap conformation brings Tyr71 close to the methylene of 

the iminopyrimidone as well as forming a pocket that can accommodate the chlorine. This 

compound showed low clearance in rat and human hepatocytes and a 69% oral 

bioavailability in rats. Expansion from 6-membered heterocycles to 7-membered 

heterocycles has been investigated. Representative derivatives 144-147 (Figure 64) showed 

low nanomolar enzyme inhibitory activity.311-314

(h) Dihydroquinazoline-based Inhibitors

Dihydroquinazoline-based BACE1 inhibitors evovled from the aminoquinazoline fragment 

hit, 148 (Figure 65).315 Optimization of this hit provided compound 149, with a Ki of 11 

nM. The stereochemistry (S-configuration) at the cyclohexyl moiety is preferred to better fill 

the S1’ pocket while the N-cyclohexyl moiety fills the S1 site. While this inhibitor had 

modest selectivity over renin and cathepsin D, it was found to be a Pgp substrate. Compound 

150 incorporated a specific heterocyclic substitution to better interact in the active site.316 

Initially, when N-methyl was replaced with methylthiazole, potency was reduced 

significantly. However, incorporation of a methoxymethyl substituent on the thiazole ring, 

resulted in improvement of enzyme inhibitory and cell activity. A molecular model of 

inhibitor 150 is shown in Figure 66. As can be seen the methyl ether oxygen is within 

proximity to form a hydrogen bond with Thr 232. Other substituted dihydroquinazoline-

derived inhibitors including inhibitor 151 have been reported.317-319

(i) Aminoquinoline-based Inhibitors

Fragment screening resulted in aminoquinoline, derivative 152 (Figure 67) with a Kd of 900 

μM. Optimization of this hit resulted in compounds 153 and 154.320 Aromatic substitution at 

the 6-position of the aminoquinoline fragment showed better potency than substitution at 

any other position. Further, ortho- or meta- substitution on the ring gave an increase in 

potency, while para- substitution was not accommodated in the active site. Incorporation of 

an amide at the 3-position of the aminoquinoline resulted in access to the S2’ pocket. 
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Monosubstituted amides were more active than disubstituted derivatives. In the case of 153, 

the N-cyclohexyl substitution was directed towards the S2’ site while the methyl of the o-

tolyl moiety was situated in the P1 site. Further optimization to improve pharmacokinetic 

properties led to compound 154 with a 3-chloro-2-pyridinyl 6-substituent. When a 60 mg/kg 

dose of compound 154 was administered subcutaneously to rats, a 42% reduction of 

cerebrospinal fluid Aβ levels was observed two hours post-dose. However, metabolic 

stability of this compound was less satisfactory as it exhibited high clearance in human and 

rat liver microsomes. Inhibitor 155, with an adamantylamide moiety showed a Ki of 66 

nM.321

(j) Pyrrolidine-based Inhibitors

A high throughput screening of a library of compounds resulted in pyrrolidine hit 156 
(Figure 68), with an IC50 value of 240 μM.322 Optimization efforts led to derivative 157, 

showing an IC50 value of 29 nM. Model studies showed that the pyrrolidine nitrogen formed 

a bidentate hydrogen bonding network with the catalytic aspartic acid residues and the 

disubstituted piperidine substituent was situated in a pocket under the flap region of the 

enzyme. However, this compound was not selective over BACE2, showing an identical 

activity to that of BACE1. An X-ray fragment screening resulted in spiropyrrolidine 

fragment 158.323 Optimization of this lead compound by substitution on the pyrrolidine 

provided compound 158. The para nitrile substitution of the benzyloxy moiety was carried 

out to interact with Arg128 while the meta-substitution aimed to fill the S2’ site.

(k) Macrocyclic Nonpeptide Inhibitors

Utilizing strategies similar to that of peptidomimetic macrocycles, a variety of nonpeptide 

macrocyclic inhibitors have been developed. Macrocycles allow for the bioactive 

conformation of an inhibitor to be stabilized, while still allowing for enough flexibility to fit 

to the active site of the enzyme. A high throughput screening resulted in compound 160 
(Figure 69) with a Ki of 0.9 μM.324 It was found that this hit binds in the active site in a 

hairpin shape. To constrain the inhibitor to the hairpin shape, macrocycle 161 was 

developed, which displayed an IC50 of 5 nM. When tested in vivo, via I.V., intraperitoneal, 

or oral delivery, only trace amounts of compound 161 was found in the brain, suggesting it 

is subject to high levels of Pgp efflux. Other types of scaffolds, such as acyl guanidine and 

iminohydantoin have also been subjected to macrocyclization.325-329 Macrocylic inhibitors 

162 and 163 displayed potent BACE1 inhibitory activity.

(l) Miscellaneous Nonpeptide Scaffolds

A high throughput screening resulted in hit compound 164 (Figure 70) with an IC50 value of 

25 μM.330 From this result, compound 165 was developed, showing an IC50 value of 1.4 

μM. This compound showed more than 350-fold selectivity over cathepsin D and renin, and 

97-fold selectivity over BACE2. X-ray crystallographic studies showed that 165 binds in the 

S1 to S4 sites and does not have any direct contact to the catalytic aspartic acid residues. 

Rather, a hydrogen bond is formed from the oxyacetamide nitrogen to the water molecule 

bound between the two aspartic acids. Piperazine derivative 166 displayed IC50 values of 79 

nM.331 Modeling studies suggested that the amide nitrogen hydrogen bonds to Asp32 and 

Ghosh and Osswald Page 28

Chem Soc Rev. Author manuscript; available in PMC 2015 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Asp228 while the rest of the molecule picks up hydrophobic interactions in the active site. 

Compound 166 had a cellular potency of 2.37 μM. Compound 167 which incorporates a 

coumarin moiety in the piperazine scaffold displayed an IC50 of 93 nM.332

Acetylcholinesterase inhibitor 168 (Figure 71) was identified as a lead compound.333 Lead 

optimization resulted in compound 169 with an IC50 of 99 nM. Molecular docking studies 

suggested the protonated nitrogen interacts with the catalytic aspartic acids while the N-

benzyl moiety fits into either the S1 or S1’ site. A tyramine hit was optimized to compound 

170, which picks up interactions in the S3 pocket via the para-tolyl substitution on the 

tyramine hit.334 Spirocyclic sulfonamide 171 showed a BACE1 IC50 of 20.9 μM.335 

Substituted aryl derivative 172 showed improvement in potency to 100 nM. The ortho-

alkoxy substitution on the phenolic moiety is thought to have intramolecular hydrogen 

bonds that interfere with Pgp efflux recognition. Subcutaneous 100 mg/kg and 300 mg/kg 

doses of 172 in wild type mice showed dose dependent reductions in brain and cerebrospinal 

fluid Aβ40 levels three hours post dose.

8. Natural Products with BACE1 Inhibitory Activity

There are a variety of natural products isolated that have been shown to have BACE1 

inhibitory activity. While most are unlikely to become drug candidates, elucidation of the 

structures of the compounds may provide insight into binding specificities and provide new 

scaffolds to explore more potent and selective BACE1 inhibitors. Epigallocatechin gallate, 

173 (Figure 72) was isolated from green tea. It was shown to be a non-competitive inhibitor 

with an IC50 of 1.6 μM.336 The stereochemistry has no effect on activity. However, the 

pyrogallol group at the C2 position was essential for activity. Compound 174, isolated from 

Smilax Rhizoma, was found to inhibit BACE1 with an IC50 of 4.2 μM. It is the first example 

of a stilbenoid with BACE1 activity. Kuwanon C, 175, a flavonoid isolated from the stem 

bark of Morus lhou, is a noncompetitive inhibitor with an IC50 of 3.4 μM.337 Molecular 

modeling of 175 suggested the resorcinol moiety hydrogen bonds to Thr231, Thr329, and 

Asp228 while the prenyl groups form hydrophobic interactions in the active site. Compound 

176, extracted from the fruit of ficus benjamina var. nuda was found to be a moderate 

inhibitor of BACE1 with an IC50 of 45 μM.338 Biflavanoid 177 was extracted from 

cephalotaxus harringtonia var fastigiata. It showed an IC50 of 56 μM against BACE1.339

Synthetic derivatives of bergenin, derived from natural bergenin isolated from the Bergenia 

species, provided some modestly potent BACE1 inhibitors, such as 180 (Figure 36).340 

Geraniin, 179, was isolated from geranium thunbergii. It was found to have a BACE1 IC50 

of 4.0 μM.341 Loganin, 180 extracted from corni fructus was found to be a noncompetitive 

inhibitor of BACE1 with an IC50 of 55 μM.342

9. Nonpeptide Inhibitors from Computational Methods

Computational discovery of BACE1 inhibitors arises from high throughput screening of 

compound libraries. In silico screening is advantageous for its ability to narrow down large 

compound libraries to a smaller number of reliable hits, thus making the testing of these 

compounds much less resource dependent. In some studies, only a particular scaffold or 
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functionality is investigated, while in others, full libraries are scanned. Computational 

screening allows for lead compounds to be elucidated from large libraries of compounds 

with very little time and resource constraints. A screening of 300,000 molecules with at least 

one hydroxyl group afforded ten compounds, all with a phenylurea moiety.343 32,000 

phenylurea compounds were then screened, which led to commercially available compounds 

being purchased and assayed, resulting in compounds such as 181 (Figure 73), with an IC50 

of 57.8 μM. Two separate in silico screenings, one with 10,067 compounds and one with 

306,022 compounds were performed. A total of 88 hits were found, many with a 1,3,5-

triazine moiety.344 From these 88 hits, 10 were found to be active. Compounds such as 182 
were discovered, with an IC50 of 7.1 μM. Other screenings are performed with the intention 

of discovering new pharmacophores. A receptor based virtual screening of 280,000 

compounds resulted in 42 hits.345 Of these, 15 were potential inhibitors including compound 

183. Using eHiTS software, a high throughput screening of 250,000 commercially available 

compounds resulted in the purchase of six compounds for assay.346 Compound 184 
displayed an IC50 of 2.4 μM. A docking study showed that inhibitor 184 binds in the active 

site in a planar conformation that is stabilized by an intramolecular hydrogen bond to the 

phenolic hydroxyl. Further, the para-tolyl amide hydrogen bonds to Asp228.

A receptor based screening of 280,000 compounds resulted in the purchase of 20 

compounds for assay.347 Inhibitor 185 (Figure 74) was discovered in this study as a 

submicromolar inhibitor. Triazine 186 was identified as a 120 nM inhibitor of BACE1 via 

an in silico approach.348 Computational screening has also been utilized to identify new 

scaffolds that may be optimized to inhibitors. A virtual screening of two commercially 

available databases resulted in compounds such as 187, all with a common structural motif 

responsible for the binding to the catalytic aspartic acid residues.349

9. Clinical Development of BACE1 Inhibitors

While no BACE1 inhibitors have been FDA approved to date, some have made it through 

various stages of clinical trials. CTS21166 was the first BACE1 inhibitor to pass Phase 1 

clinical trials. Preclinically, it showed single nanomolar potency against BACE1 and decent 

oral bioavailability, brain penetration, and metabolic clearance. Toxicology studies found a 

tolerance that leant itself toward clinical development. In two Phase 1 trials, healthy 

volunteers received up to 225 mg intravenously or 200 mg orally. CTS21166 showed 

reduction of Aβ40 levels up to 80% 4-8 hours post dose with sustained reduction up to 72 

hours and displayed a human oral bioavailability of 40.5%.350

BACE1 inhibitor AZD3839 was designed and developed at AstraZenaca and selected for 

clinical development. The lead structure 188 (Figure 76) was identified by NMR-based 

fragment screening. Subsequent lead optimization and design of new structural classes 

through scaffold hopping approaches led to a series of potent BACE1 inhibitors 189-191 
with isoindole structural template. One of the notable features of these inhibitors is that 

fluorine can be introduced on the aromatic rings to manipulate the pharmacological 

properties. Introduction of difluoromethyl group on the pyridine in inhibitor 191 led to 

fluoroderivative 192 (AZD3839).
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The binding mode of AZD3839 was determined by X-ray structural studies of inhibitor and 

BACE1 complex (Figure 77). It showed that the inhibitor binds in a flap-open conformation 

of the enzyme. The catalytic asparates form a network of hydrogen bonds with the amidine 

group. The phenyl ring nestles in the S1 subpocket while the pyrimidine ring projects toward 

the S3 pocket. The substituted pyridine ring fills in the S2’ subpocket and the pyridine 

nitrogen forms a hydrogen bond with Trp76.

AstraZeneca recently announced that AZD3839 completed phase I clinical trails with 

healthy volunteers. A single oral dose of up to 300 mg showed rapid absorption of 

AZD3839 followed by rapid initial decline. Aβ40 and Aβ42 levels were decreased in a dose-

dependent manner at the 300 mg dose, 57.8% for Aβ40 compared to a 25.0% reduction in the 

placebo group, and 39.3% for Aβ42 compared to a 7.56% reduction in the placebo group. No 

deaths or serious adverse effects were reported, however 31% of volunteers who received 

AZD3839 and 39% of volunteers who received the placebo reported mild side effects such 

as dizziness, headache, and orthostatic hypertension.351

Another recent clinical BACE1 inhibitor is LY2811376. A fragment-based screening 

provided initial lead structure amino-benzathiazine 193 (Figure 78).352 Subsequent 

deplanarizing of the aminothiazine provided inhibitor 194 with significant improvement in 

potency. Determination of X-ray structure of inhibitor 194 and BACE1 complex and 

subsequent structure-based optimization provided inhibitor 195 with inhibitor activity in a 

new single digit micromolar range. Introduction of fluorine to improve metabolic stability 

and improve log P resulted in inhibitor 196 (LY2811376) which was selected for clinical 

development. This inhibitor was shown to safe and well tolerated in healthy human 

volunteers. After oral dosing of 30 or 90 mg of LY2811376P have been shown to have 

prominent and long-lasting Aβ reductions in lumbar CSF.352 The X-ray structure of inhibitor 

196 and BACE1 complex (Figure 79) shows that the amino-thiazine forms a network of 

hydrogen bonds with the catalytic aspartates in a flap-open conformation of BACE1. The 

pyrimidine ring fills in the S3 and the difluorobenzene scaffold occupies the S1-S2 pocket.

BACE1 inhibitor MK-8931 was tested for safety and tolerability as well as pharmacokinetic 

and pharmacodynamics properties in moderate to mild symptomatic AD patients. Once daily 

oral doses of 12 mg, 40 mg, and 60 mg resulted in dose dependent reduction of Aβ40 in the 

cerebrospinal fluid up to 57%, 79% and 84% respectively. No serious adverse events were 

reported, however mild to moderate side effects, including headache, dizziness, nausea, and 

vomiting were experienced in some cases.353

10. Conclusion

β-secretase (BACE1) continues to be an attractive drug design target for the treatment of 

Alzheimer's disease. This review outlines the evolution of a variety of structural chemotypes 

of β-secretase inhibitors that have been reported since 2000. These include, pseudo-peptide 

inhibitors, a range of peptidomimetic inhibitors and a variety of nonpeptide heterocyclic 

inhibitors. The determination of the X-ray structure of a mechanism-based inhibitor and 

BACE1 complex, coupled with previous medicinal chemistry experience with the design of 

renin and HIV-1 protease inhibitors led to structure-based design of potent peptidomimetic 
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BACE1 inhibitors. Many of these inhibitors exhibited impressive intrinsic potency. 

However, the emergence of an effective BACE1 inhibitor drug has not yet materialized due 

to a number of challenging issues. First of all, due to the location of β-secretase target in the 

brain, BACE1 inhibitors need to have access to the target CNS compartment. As a result, 

inhibitors are required to have low molecular weight, and reduced susceptibility to P-

glycoprotein or other transporters to achieve effective blood-brain-barrier penetration. In 

addition, inhibitors need to have high selectivity over other aspartic acid proteases such as 

BACE2 and cathepsin D which show high active site homology with BACE1. 

Peptidomimetic BACE1 inhibitors have had high molecular weight and other drawbacks 

with BBB penetration.

To alleviate the issues related to high molecular weight and peptidomimetic native, massive 

high-throughput and fragment-based screening efforts led to the evolution of a number of 

structural classes of small molecule nonpeptide BACE1 inhibitor leads. Subsequent lead 

optimization provided a broad range of preclinical BACE1 inhibitors with promising 

pharmacological properties. In recent years, a few of these new classes of BACE1 inhibitors 

advanced to clinical development including inhibitor AZD3839 from AstraZeneca and 

LY2811376 from Eli Lilly. Also, Merck Research Laboratories has announced that MK8931 

has advanced to phase IIa/b clinical development. Structre-based design led to the 

development of a variety of BACE1 inhibitors. Clinical development of CTS21166 was 

conducted by CoMentis and this inhibitor was shown to reduce human plasma Aβ. 

Continued efforts through structure-based design strive to meet the many and varied 

challenges presented by therapeutic inhibition of BACE1 target.
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Figure 1. 
APP processing pathways and common mutations (red)
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Figure 2. 
The amyloid hypothesis of the progression of Alzheimer's disease34
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Figure 3. 
Open and closed conformations of pro-BACE1
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Figure 4. 
Open flap (red, PDB: 1SGZ) and closed flap (blue, PDB: 1M4H) conformations of mature 

BACE1
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Figure 5. 
Structures and activity of substrate-based design inhibitors 1 and 2. Crystal structure of 

inhibitor 1 (green) in the BACE1 active site (gray). PDB: 1FKN Hydrogen bonds are shown 

as black dashed lines. Nonbonding residues are shown as gray lines.
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Figure 6. 
Overlay of inhibitor-bound BACE1 (blue, PDB:1FKN) and inhibitor bound BACE2 

(yellow, PDB:2EWY) Inhibitors are hidden for clarity.
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Figure 7. 
Mechanism of aspartic acid protease catalytic action
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Figure 8. 
Commonly used transition-state isosteres in peptidomimetic inhibitors
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Figure 9. 
Statine-based BACE1 inhibitors 3-6
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Figure 10. 
Phenylstatine derived BACE1 inhibitors 7 and 8
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Figure 11. 
Development of phenylnorstatine-based BACE1 inhibitors 9-12
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Figure 12. 
Binding mode of BACE1 inhibitor 12
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Figure 13. 
Optimization of phenylnorstatine inhibitors 13-15.
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Figure 14. 
BACE1 inhibitors 16 and 17 with fluoro-statine derivatives
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Figure 15. 
The X-ray crystal structure of the 17 and BACE1 complex (PDB: 3DM6)
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Figure 16. 
Exploration of tert-hydroxyl isostere containing inhibitors 18-20.
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Figure 17. 
X-ray crystal structure of inhibitor 20 and BACE1 complex. PDB code:3KYR
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Figure 18. 
BACE1 inhibitors 21-23 containing Leu-Ala hydroxyethylene isosteres.
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Figure 19. 
An X-ray crystal structure of 22 in the BACE1 active site. (PDB: 2G94)
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Figure 20. 
BACE1 inhibitors 24-26 with Leu-Ala isosteres and P2-isophthalic amides
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Figure 21. 
Binding mode of BACE1 inhibitor 26
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Figure 22. 
BACE1 inhibitors 27-30 with other isosteres.
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Figure 23. 
Structures and activity of inhibitors 31-33.
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Figure 24. 
BACE1 inhibitors 34-36 with hydroxyethylene isosteres with designed P1-P1’ ligands.
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Figure 25. 
Pseudo-peptide BACE1 inhibitors 37 and 38.
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Figure 26. 
Structures and activity of inhibitors 39 and 40.
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Figure 27. 
BACE1 inhibitors 41-44 with P1’ Ala derivatives

Ghosh and Osswald Page 74

Chem Soc Rev. Author manuscript; available in PMC 2015 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 28. 
BACE1 inhibitors 45-48 with P1’ alkyl and benzyl derivatives
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Figure 29. 
BACE1 inhibitors 49-52 incorporating a tricyclic sultam and lactam moieties.

Ghosh and Osswald Page 76

Chem Soc Rev. Author manuscript; available in PMC 2015 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 30. 
Binding mode of BACE1 inhibitor 50.
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Figure 31. 
BACE1 inhibitors 53-56 with a phenylalanine or fluorophenylalanine P1 ligand.
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Figure 32. 
An X-ray crystal structure of inhibitor 53 and BACE1 complex PDB: 2VKM.
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Figure 33. 
Structures and activity of inhibitors 57 and 58.
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Figure 34. 
Structures and activity of inhibitors 59-62.

Ghosh and Osswald Page 81

Chem Soc Rev. Author manuscript; available in PMC 2015 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 35. 
Structures and activity of inhibitors 63-65.
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Figure 36. 
Structures and activity of inhibitors 66-69.
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Figure 37. 
Structures and activity of inhibitors 70-72.
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Figure 38. 
Structures and activity of compounds 73-76.
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Figure 39. 
Structures and activity of compounds 77-79.
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Figure 40. 
Binding of compound 78

Ghosh and Osswald Page 87

Chem Soc Rev. Author manuscript; available in PMC 2015 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 41. 
Structures and activity of reduced amide-based inhibitors 80-83.
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Figure 42. 
An X-ray structure of 82 and BACE1 complex. PDB code: 4GID
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Figure 43. 
Structures and activity of macrocyclic inhibitors 84-87.
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Figure 44. 
An X-ray crystal structure of 84 and BACE1 complex. PDB: 1XS7.
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Figure 45. 
Structures and activity of macrocyclic inhibitors 88-91.
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Figure 46. 
A binding mode of inhibitor 88 in the BACE1active site.
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Figure 47. 
Structures and activity of macrocyclic inhibitors 92-94.
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Figure 48. 
Structures and activity of carbinamine and reduced amide-derived macrocyclic inhibitors 

95-98.
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Figure 49. 
Nonpeptide scaffolds
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Figure 50. 
Structures and activity of compounds 99-103.
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Figure 51. 
Structures and activity of compounds 104-106.
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Figure 52. 
Structures and activity of compounds 107-111.
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Figure 53. 
Structures and activity of compounds 113-115.
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Figure 54. 
Binding mode of compound 115 in the BACE1 active site.
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Figure 55. 
Structures and activity of compounds 116-119.
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Figure 56. 
Binding of compound 118 in the BACE1 active site.
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Figure 57. 
Structures and activity of compounds 120-123.
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Figure 58. 
Structures and activity of inhibitors 124-126.
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Figure 59. 
Binding of compound 125 in BACE1 active site.
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Figure 60. 
Structures and activity of compounds 127-130.
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Figure 61. 
Structures and activity of inhibitors 131-135.
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Figure 62. 
Structures and activity of aminooxazine inhibitors 136-139.
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Figure 63. 
Structures and activity of compounds 140-143.
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Figure 64. 
Structures and activity of 7-membered heterocycles 144-147.
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Figure 65. 
Structures and activity of inhibitors 148-151.
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Figure 66. 
Binding of compound 150 in the BACE1 active site.
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Figure 67. 
Structures and activity of inhibitors 152-155.
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Figure 68. 
Structures and activity of compounds 156-159.
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Figure 69. 
Structures and activity of inhibitors 160-163.
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Figure 70. 
Structures and activity of compounds 164-167.
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Figure 71. 
Structures and activity of compounds 168-172.
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Figure 72. 
Structures and activity of compounds 173-177.
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Figure 73. 
Structures and activity of compounds 178-180.
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Figure 74. 
Structures and activity of compounds 181-184.
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Figure 75. 
Structures and activity of compounds 185-187.
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Figure 76. 
Structures and activity of inhibitors 188-192.
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Figure 77. 
Binding mode of compound 192 in the BACE1 active site.
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Figure 78. 
Structures and activity of inhibitors 193-196.
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Figure 79. 
Binding mode of compound 196 in the BACE1 active site.
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