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Abstract Fragment-based drug discovery (FBDD) has become increasingly popular

over the last decade. We review here how we have used highly structure-driven

fragment-based approaches to complement more traditional lead discovery to

tackle high priority targets and those struggling for leads. Combining biomolecular

nuclear magnetic resonance (NMR), X-ray crystallography, and molecular model-

ing with structure-assisted chemistry and innovative biology as an integrated

approach for FBDD can solve very difficult problems, as illustrated in this chapter.

Here, a successful FBDD campaign is described that has allowed the development

of a clinical candidate for BACE-1, a challenging CNS drug target. Crucial to this

achievement were the initial identification of a ligand-efficient isothiourea fragment

through target-based NMR screening and the determination of its X-ray crystal

structure in complex with BACE-1, which revealed an extensive H-bond network

with the two active site aspartate residues. This detailed 3D structural information

then enabled the design and validation of novel, chemically stable and accessible

heterocyclic acylguanidines as aspartic acid protease inhibitor cores. Structure-

assisted fragment hit-to-lead optimization yielded iminoheterocyclic BACE-1

inhibitors that possess desirable molecular properties as potential therapeutic agents

to test the amyloid hypothesis of Alzheimer’s disease in a clinical setting.
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1 Introduction

Fragment-based drug discovery (FBDD) is an emerging field in which much lower

molecular weight (MW) compounds are screened relative to those in high-through-

put screening (HTS) campaigns [1–15]. In theory, fragment-based methods offer

the possibility of identifying novel leads with improved pharmaceutical properties

and the prospect of tackling less tractable drug targets, and the rationale behind

these fragment-based strategies makes intuitive sense. However, optimization of

weak-binding fragments into potent leads can be challenging, and fragment-based

lead discovery can be difficult in practice. Nevertheless, FBDD has become

increasingly popular over the last decade in both the pharmaceutical industry and

academia [6]. Both the discovery and advancement of fragment hits are areas of

intense research. Although there is still much work to be done to fully exploit the

potential of this approach, the increasing number of successful applications that

have appeared in the literature [1–15], including the first examples of clinical drug

candidates [6, 9, 11] originating from this approach, strongly suggest its viability.

Advantages of fragment-based screening (FBS) over HTS are, first, more effi-

cient sampling due to the smaller chemical space of fragment-sized compounds [16,

17] and, second, a higher probability of fragments possessing good complementar-

ity with the target [18]. Since fragment-based hits are typically weak inhibitors and/

or binders (half maximal inhibitory concentration (IC50) and/or the equilibrium

dissociation constant (KD) is in the micromolar to millimolar range) due to their low

MW, they need to be screened at higher concentrations using suitable detection

techniques that can reliably detect weakly interacting compounds, e.g., nuclear

magnetic resonance (NMR), surface plasmon resonance (SPR), high concentration

functional screening (HCS), or X-ray crystallography. All in all, FBS leads to

higher hit rates, and only relatively low numbers of compounds (thousands) need

to be screened to identify interesting hits [7], even against challenging targets [12,

19]. However, fragment hits have lower affinities towards the target. As a conse-

quence, more effort has to be spent on optimization to obtain lead compounds with

an acceptable affinity and, arguably, structural biology may play a crucial role in

accomplishing this goal efficiently [12].

Although fragment hits are simpler, less functionalized compounds [20] than

HTS hits, with correspondingly lower potencies, they typically possess good ligand

efficiency (LE) [21–28] and ligand lipophilicity efficiency (LLE) [29, 30], espe-

cially after some initial analoging or exploratory elaboration. Fragments are there-

fore highly suitable for optimization into clinical candidates with good drug-like

properties. This means that the number of atoms involved in the desired interaction

with the drug target is usually high for such fragment hits. Typical HTS hits, on the

other hand, tend to be larger and, although having higher potency, contain portions

in the molecule that are not directly involved in the desired interaction with the drug

target. Therefore, the hit-to-lead optimization process is fundamentally different

between fragment hits and typical hits from HTS. Fragment hits need to be

extended into nearby binding pockets by increasing their MW to gain potency,
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whereas the potency of HTS hits often need to be increased without a significant

increase of the MW of the initial hit [3]. Strategies have been proposed to guide and

evaluate the fragment hit-to-lead optimization process [31–34]. These strategies

aim at the efficient optimization of fragment hits while maintaining their generally

good physicochemical properties. A recent review suggests, however, that typical

medicinal chemistry approaches for lead optimization may fail at accomplishing

this task [35], and a larger focus on enthalpy-driven lead optimization may be

required [35, 36]. Nevertheless, less complex, polar, low MW hits should serve as

better starting points for optimization [37–39] if unfavorable property shifts can be

avoided during fragment hit-to-lead optimization.

In our laboratory, we have used a highly structure-driven, iterative FBDD

approach composed of fragment-based NMR screening, X-ray crystallography,

target-based NMR, computational chemistry, and structure-assisted chemistry.

We have thus focused on targets that would be amenable to such a structure-

based drug discovery (SBDD) approach, initiating protein production for both

NMR and X-ray crystallography early in a project. To focus resources and to

maximize impact we have applied this FBDD approach strategically to early

targets, high priority targets, and those struggling for leads. Since exploratory

chemistry is required for fragment hit-to-lead progression, we also paid special

attention to prioritize those internal projects for which chemistry resources would

be available to follow up attractive fragment hits. Further emphasis was then given

to those fragment hits for which 3D structural data was available to support efficient

fragment hit-to-lead progression. As a result, for 73% of the FBDD targets we have

followed up fragment-based NMR screening hits through exploratory chemistry

and generated 3D structural data of fragment hits when bound to the drug target.

This approach has yielded valid lead series in the submicromolar potency range in

about one third of those projects.

In this chapter, we first discuss fragment-based NMR screening, then suggest

how to progress fragment hits into valid lead series, and finally describe a success-

ful FBDD campaign that yielded a clinical candidate for BACE-1.

2 Fragment-Based NMR Hit Identification

Different FBS techniques have been developed and applied successfully for FBDD,

as well documented in the literature (e.g., [15, 40–42]). NMR methods are among

the most widely used FBS techniques [40] because they can provide useful infor-

mation throughout a FBDD campaign. Versatile NMR methods are available to

study the interaction of a ligand with its drug target. Such methods can be used for

fragment-based NMR screening, the subsequent progression of fragment hits into

leads based on structure–activity relationship (SAR) and structural information, and

to support different stages in the lead generation process, ranging from hit charac-

terization early in the process to late-stage lead optimization. Techniques can be

broadly categorized into target- versus ligand-based NMR methods, depending on
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whether signals from the drug target or the ligand are detected to characterize the

intermolecular interaction. Each of these methods has advantages and limitations

and can provide information about the ligand–target interaction at various levels of

detail, including the determination of ligand affinities and potencies or their binding

site and binding mode when bound to the drug target. NMR experiments can be

selected to fit the target size and type, the program status, and the resources that are

available. Therefore, different NMR screening and follow-up strategies may be

selected for different FBDD campaigns.

2.1 NMR Screening Methods

Target-detected NMR methods (Fig. 1a) have the distinct advantage that they

reveal structural information about the ligand binding site and its binding mode

with the drug target, can detect site-specific ligand binding over a virtually unlimited

affinity range, are very robust and reliable, and can be used to derive ligand

affinities for weak fragment hits that are in fast exchange on the NMR time scale

(KD > ~10 mM) or for submicromolar hits when combined in a competition format

(Table 1). However, they require large amounts of isotope-labeled drug target,

necessitating expression of the protein in a host (typically Escherichia coli) that
allows high expression yields (> ~1 mg/L) and cost-effective isotope-labeling, and

also require knowledge of the 3D structure of the drug target and NMR assignments

(or at least a map) of the active site residues to reveal active site binders. Therefore,

target-detected NMR approaches are limited to a subset of drug targets (MW <
40–60 kDa) that give quality NMR spectra and do not aggregate at relatively high

concentrations (~25–80 mM) in an aqueous NMR buffer.

Target-detected NMR screens monitor chemical shift perturbations in the het-

eronuclear single quantum coherence (HSQC) spectrum of an isotope-labeled

protein as a small molecule (or mixture of small molecules) is added [43]. The

most commonly used labeling scheme is to uniformly isotope-label the protein with
15N. The HSQC spectrum of a uniformly 15N-labeled protein contains a resonance

for almost every amide N–H pair in the protein, and if these resonances have

previously been assigned to the primary sequence of the protein, the binding

site of the small molecule can be localized to several residues in the protein. If

resonance assignments are not available, but there are reference compounds that are

known to bind to the target, these reference compounds can be used to “map”

residues in the binding site. If these same residues are perturbed during a fragment

screen, it is likely that the screened molecule binds at the same site as the reference

molecule. Even if no reference compound is available, the pattern of perturbed

residues can be used to “bin” small molecules into potentially overlapping binding

regions. Finally, for small molecules that are in fast exchange on the chemical shift

time-scale, an NMR-KD can be determined by titrating the protein with the small

molecule and monitoring the magnitude of the chemical shift perturbations as the

concentration of small molecule increases. NMR-KD determination is particularly
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Fig. 1 NMR tools to support fragment hit identification and progression. Lead identification and

optimization can broadly be categorized into target- versus ligand-detected methods depending on

whether signals from the target or the ligand are detected to monitor binding. (a) Target-detected
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useful when functional assays for a target have not been developed or are problem-

atic for detecting weak fragment hits.

HSQC of uniformly 15N-labeled protein can work well up to about 40–60 kDa.

For protein targets larger than this, spectral overlap becomes a major problem, and

methods that simplify the spectrum and improve the signal-to-noise ratio are

needed. HSQC of proteins in which methyl groups are labeled with 13C has been

used to simplify spectra while still providing good coverage of the target [44]. This

isotope-labeling scheme also has the advantage of yielding a favorable threefold

sensitivity increase. In order to further simplify the HSQC spectrum of a large

protein, amino-acid-type-selective (AATS) labeling can be used with either
15N-labeling or 13C-labeling of methyl carbons. In AATS labeling, the labeling is

confined to either a single amino acid type (i.e., Phe) or a small group of amino

acids types (i.e., Ile, Leu, Val). Choice of which amino acid types to label is based

on the presence of an amino acid type in the binding site (if the binding site is

known) and/or the distribution of the amino acid in the primary sequence of the

protein. Not every protein is amenable to the labeling schemes required for target-

based fragment screens or may not produce quality NMR spectral data. In these

cases, ligand-based fragment screens may be employed.

Ligand-detected NMR methods (Fig. 1b, Table 1) can be applied much more

broadly than target-detected fragment screens because they require about 1–10%

the amount of drug target, do not require isotope-labeling, and have no upper MW

size limitation (in fact they work better on large proteins). Although some details

about the ligand binding epitope can be obtained, ligand-detected NMRmethods do

not reveal the ligand binding site on the drug target. Ligand-based screens rely on

monitoring the change in some NMR parameter of the ligand upon its binding to the

protein. One of the most useful of these NMR methods is saturation transfer

difference (STD) spectroscopy [45], and its variant, competition-STD (c-STD)

spectroscopy [46, 47]. If spins anywhere in the protein are saturated, the saturation

will quickly spread throughout the protein by spin diffusion, and will be transferred

to a ligand if it has a long-enough residence time in the binding site. If the ligand has

a fast-enough off-rate, the bound-state saturation will be observed on the free state

of the ligand, with its narrow resonances. In practice, the STD experiment works

well for the range 0.1 mM < KD < 1 mM, with protein concentration of

0.5–5.0 mM and ligand present in 50- to 500-fold molar excess.

The presence of signal in the STD spectrum of a ligand–protein complex must be

interpreted in the broadest possible sense: there might be relatively tight binding

at one binding site, weak binding at multiple sites, or some combination of the two.

NMR method: in this case 15N-HSQC, depends on following the movement of cross-peaks as a

small molecule is added. If a titration is performed, an NMR-KD can be extracted, as shown in the

graph. (b) Ligand-detected STD NMR method: (i) 1D control spectrum of AMP/kinase; (ii) STD
spectrum of AMP/kinase; only resonances of atoms that contact the protein are present in the STD

spectrum; (iii) STD spectrum of ATP/kinase complex; (iv) STD of ATP/kinase/competitor; the

STD signal due to ATP is decreased because ATP is partially displaced from the binding site by

the competitor, and new STD signals for the competitor appear, compared to spectrum (iii)

<
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If there is a reference ligand with known binding site, c-STD may be used to

localize the binding site of a screened molecule. Competition-STD is a two-part

experiment. First, the STD spectrum of the reference molecule is obtained. Next,

the competitor is added, and the STD spectrum of the ternary mixture (reference

molecule, competitor molecule, protein) is obtained. If both molecules are compet-

ing for the same binding site, the STD signal of the reference molecule will

decrease. The magnitude of the decrease can be used to estimate the affinity of

the competitor if the affinity of the reference is known and the two molecules are

strictly competitive with each other for the same binding site [48]. Since c-STD

can help rule out weak, nonspecific binding, it is a highly valuable addition if well-

characterized reference molecules are known for the target.

Finally, substrate-based functional NMR assays can be used to derive the

percentage inhibition or IC50 values [49]. In our experience, functional NMR assays

can also reveal valuable details about the mode of action of modulators, since the

Table 1 Advantages and disadvantages of target- and ligand-based NMR screening methods

Screening method Advantages Disadvanatges

Target-detected

Detects high- and low-affinity

ligands

Requires large amounts of isotope-

labeled protein (~250 mg)a

Structure-based Limited to smaller protein targets

(< ~40–60 kDa)

Yields ligand binding site

information

High protein concentration

required (~25–80 mM)

Detects site-specific binding only;

nonspecific binding not

detected

Knowledge of 3D structure of

target protein and NMR

assignments (or map) of at least

active site residues required to

identify active site hits

Very robust and reliable

SAR for weak ligands

(KD > ~10 mM)

SAR for higher affinity ligands

by competition

Ligand-detected

STD No isotope labeling required

(~20 mg)a
Does not reveal ligand binding site

Lower protein concentration

required (~1–5 mM)

Signal may be due to binding at

multiple sites

No protein size limitation

No quality protein NMR spectra

required

Competition STD Infer ligand binding site and KI

relative to “marker” with

known binding site and KD

Requires “marker” with known KD

and/or binding site

Detects low- and high-affinity

ligands
aFor a typical screen of about 1,000–2,000 fragments against a 50-kDa protein, including fragment

hit validation and initial SAR development
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substrate, the product, and the ligand can be monitored in simple one-dimensional

(1D) 1H NMR spectra.

From the previous discussion it becomes clear that depending on the knowledge

and characteristics of a drug target, an appropriate NMR screening method needs to

be selected for any given FBDD campaign. Moreover, suitable NMR methods can

be selected to derive ligand affinity or potency to assist SAR development (Table 2).

2.2 Library Considerations

Fragment-based approaches probe chemical space more efficiently than HTS

approaches, are less dependent on legacy compound collections, and can provide

hits for challenging targets. One of the great advantages of NMR-based methods is

the ability to reliably identify weak binders with KDs in the low millimolar range,

while still obtaining useful structural information about their potential binding

site(s). With this affinity cut-off, screening a library of 1,000–2,000 fragments

will result in multiple hits for most targets. The selection of these 1,000–2,000

compounds for an NMR-based screening library can be crucial to the success of the

endeavor, and details of this important topic have been described in a number of

publications (e.g., [50–54]). Candidate molecules are filtered to ensure favorable

physicochemical properties and a lack of reactive functional groups. Issues of

“chemical diversity” versus “drug likeness” must be balanced. Library members

might be synthetic cores for which chemically elaborated back-up libraries are

readily available for fast SAR. The chosen fragment screening method may to some

degree also influence the design of such a fragment library [53]. If 3D structural

information is available for the drug target, virtual screening may be employed to

select focused FBS libraries to increase hit rates [15]. Several companies nowadays

sell FBS libraries as part of their business since FBDD has become increasingly

popular over the last decade.

Once candidate library members have been chosen, they must be validated by

experiment. For each library member, the chemical structure is verified, the purity

of the sample determined, and aqueous solubility measured. In addition, the frag-

ments should be tested for their potential to aggregate at the high screening

concentrations used for fragment-based NMR screening [51]. DMSO-d6 stock

solutions of the library must be plated and stored in a way that minimizes freeze/

Table 2 NMR methods

for determining ligand

affinities/potencies

NMR method Affinity/potency

range

Target-based (2D HSQC) KD > ~10 mM
Target-based (competition 2D HSQC) KI < mM
Ligand-based (1D c-STD) KI < nM–mM

Substrate-based functional assays

(1D NMR)

% Inhibition; IC50
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thaw cycles and exposure to atmospheric water. In order to facilitate the identifica-

tion of hits in ligand-detected NMR methods, library members are plated so that

each screening cluster is “chemical shift encoded”; that is, within each cluster there

are no degenerate chemical shifts between cluster members. Target-detected NMR

screening methods do not have such requirements, but fragments in an “active”

cluster must be deconvoluted to identify hit(s).

3 Fragment Hit-to-Lead Progression

3.1 Fragment Hit Validation and Initial SAR Development

Cross-validation of NMR results with information yielded by other biophysical,

biochemical, and cell-based assays can be crucial to the progression of a fragment

hit. Access to other assay methods is especially important when STD is used as the

NMR screening method because STD reveals no information on the ligand binding

site and is more susceptible to unrecognized nonspecific binding. Results from

biophysical methods such as SPR, thermal denaturation, and isothermal calorimetry

(ITC), in addition to X-ray crystallography and structure-based NMR studies,

can be used to validate NMR hits. If available, biochemical and cell-biological

functional assays are valuable tools for probing the interaction of a fragment hit

with its target.

Even before project chemists become actively involved, SAR can be quickly

progressed by testing obvious analogs of the initial fragment hit from readily

available commercial or internal sources, which may include “expansion” libraries

that have been prepared on the basis of members of the screening library. The value

of a chemotype or structural motif becomes clearer if a series of molecules has been

studied, and some initial SAR is seen. On the basis of results from the first round of

analoging, project chemists will usually have ideas for further SAR development. It

is important that the “iteration time” between submission of new compounds for

testing and the reporting of test results back to the project team be as short as

possible to maintain project momentum.

3.2 Evaluation of Binding Site and Binding Mode

Target-based NMR methods can often provide this crucial information, especially

if site-specific assignments are available from the literature or can be obtained

internally, and the 3D structure of the drug target is known. The detailed binding

mode of a fragment hit by NMR can, however, only be obtained for smaller targets

with MWs up to about 20–30 kDa, and requires significant resources. Thus, X-ray

crystallography becomes the method of choice for determining the detailed binding

mode of a fragment hit.
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The preferred binding mode within a chemical series can change even within the

same binding site as substituents are changed, thus confusing SAR development. In

these cases, knowledge of the detailed binding modes of key members within a lead

series is crucial for efficient fragment hit progression.

3.3 Ligand Efficiency Indices to Guide Fragment
Hit Selection and Progression

Traditionally, affinity/potency has been the primary factor for hit selection and

optimization. However, there is a strong correlation between increased MW and

improved affinity/potency. Moreover, lead optimization typically yields bigger and

more lipophilic compounds [30]. However, almost all absorption, distribution,

metabolism, excretion, and toxicity (ADMET) parameters deteriorate with either

increasing MW and/or partition coefficient (logP) [55] and good physicochemical

properties help to reduce the attrition rate in late stage clinical trials [56]. Therefore,

selecting appropriate hits with a good balance of MW and lipophilicity, and

monitoring this balance in addition to affinity/potency during hit optimization,

have been recognized as important factors for successful drug discovery.

Many fragment hits found through NMR screening will have weak affinity and

will require substantial modification to become viable leads. As fragment hits are

different from traditional HTS hits, a process tailored for fragment hit progression

is required. Several LE indices have been proposed for guiding this process [34].

Thus, weak binders identified by fragment-based NMR screening might be good

starting points for lead generation if they exhibit good LE and good LLE. LE and

related indices estimate the efficiency of a binding interaction with respect to the

number of non-hydrogen atoms and is a way of normalizing the binding energy by

the size of the molecule [21–23]. Because LE cannot be evaluated independently

of the molecular size [24], scaled LE scores have been proposed to enable a size-

independent comparison of ligands [25–28]. LLE is a measure of the minimally

acceptable lipophilicity per unit of in vitro potency: LLE(Leeson) ¼ pIC50�cLogP

(computed partition coefficient) [29] or a normalized LLE(Astex) ¼ 0.111�
(�1.36 � LLE(Leeson)/number of heavy atoms) can be used for practical reasons

for fragment hits [57]. Chemists will have the freedom to elaborate low MW,

high LE hits before reaching unacceptable limits of MW and complexity, which

often lead to compounds that exhibit unacceptable solubility, absorption, and

permeability properties. Similarly, fragments with good LLE provide the opportu-

nity to increase lipophilicity during lead optimization without reaching an unfavor-

able physical profile for the drug candidate. However, LLE does not include LE and

vice versa. Since there is a significant predisposition towards improving potency

simply by adding lipophilicity, LELP ¼ logP/LE was proposed as a useful function

to depict the price of LE paid in logP [30].

Affinity, or binding energy, comprises two components: enthalpy and entropy.

It has recently been proposed that there are advantages to starting with enthalpically

Combining NMR and X-ray Crystallography in Fragment-Based 93



driven leads [35, 58, 59], in which binding arises from specific molecular interac-

tions such as hydrogen bonds, salt bridges, and van der Waals interactions. In

contrast, entropically driven binding generally arises from nonspecific hydrophobic

interactions. ITC is the tool of choice for determining the relative contributions of

entropy and enthalpy to binding affinity [60]. The information from ITC is best

interpreted in conjunction with a detailed structural model of the binding interaction

(usually from X-ray crystallography) and provides a strong starting point for

optimization of a lead series. The relative balance of entropy and enthalpy will,

of course, change as optimization progresses, but thermodynamic analysis and

detailed structure models can go a long way towards explaining unexpected SAR

and in providing guidance on where to focus synthetic efforts. Thus, an enthalpic

efficiency (EE) and a specific EE were proposed as additional tools for selecting

compounds in lead discovery and for aiding lead optimization [36].

The tractability of a fragment hit for chemical elaboration is judged by project

chemists, who have the expert knowledge needed to assess the possibilities for

elaboration of a fragment hit with substituents, or recasting of a chemotype into an

isostere. Chemists also assess the fragment hit for potential chemical novelty,

especially important if the target has been extensively studied by other groups.

Close interaction with project chemists is crucial to the success of a project.

In the early stage of a project, a core structure that can easily be derivatized is

advantageous for fragment hit progression.

Structural information about the binding mode of a fragment hit can be crucial

for efficient hit-to-lead optimization, as discussed above. Therefore, we prefer to

apply this FBDD approach to high-priority targets and drug targets for which X-ray

or NMR structures can be obtained. Whenever possible, with this approach we like

to provide the chemist with low MW, high LE, and high LLE compounds for which

we know their binding mode to the drug target, thereby providing chemists with

more room for optimizing pharmokinetic (PK)/ADMET properties during the lead

optimization process. Thus, a structure-focused FBDD approach can produce leads

for very challenging targets where other methods may fail (see BACE example

below).

Follow-up strategies for fragment hits strongly depend on the nature and char-

acteristics of the drug target and the fragment hits. For more challenging targets,

structural data is crucial for efficient fragment hit-to-lead optimization, whereas for

other targets with deep, well-defined active sites this may not necessarily be the

case. In the latter case, high-concentration biochemical screening of libraries that

contain “lead-like” compounds [39] may be more efficient than a structure-based

NMR fragment screen, especially if a robust functional assay can be developed.

High-concentration biochemical screens have the distinct advantage that they

already provide a functional readout for the fragment hit, and the hit-to-lead process

follows a traditional progression path. However, HCS of fragment libraries could be

prone to larger numbers of “false positives,” and orthogonal biophysical methods

might become important for pruning fragment hit lists.

Although tethering/linking fragments that bind to proximal binding sites can

in principle yield high-affinity linked molecules, this approach is often not very
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practical due to difficulties in finding proximal binders, knowing their detailed

binding mode, and due to limitations in linker chemistry and optimization [61].

Thus, expanding or growing initial fragment hits into more potent leads has become

much more common than tethering for FBDD. FBDD approaches may also become

very useful in better understanding the contributions of individual components of

an existing lead [62], or for improving an existing lead by “fragment hopping” [63].

4 Structure-Based FBDD Approach Applied to BACE-1

4.1 BACE-1 as a Drug Target for Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive, ultimately fatal neurodegenerative

disease that gives patients an average life expectancy of 7–10 years after diagno-

sis [64]. It is the leading cause of dementia in the elderly population, causing

gradual loss of mental and physical function. In addition to the devastating

physical and emotional impact of AD on patients and their families, all patients

at an advanced stage of the disease will inevitably need long-term care, which

places a huge social and economic burden on their families and society [65]. In

the USA alone, there are currently four million AD patients, with an additional

eight million subjects diagnosed with mild cognitive impairment (MCI), of whom

many will progress to AD [66]. This number is expected to quadruple in the next

three decades unless therapies that impact the underlying pathophysiology of AD

can be identified.

Current therapies for AD, comprising acetylcholine esterase inhibitors and

an NMDA receptor antagonist, offer only symptomatic relief by compensating

for the neuronal and synaptic losses in AD patients through prolonging activation

of the remaining neuronal network [67]. These therapies offer patients transient

improvements in cognition and daily living functions, but do not halt disease

progression. Thus, there are enormous unmet medical needs for the AD population.

The pathological hallmarks observed in the brains of AD patients are the

extracellular amyloid plaques, mainly composed of an amyloid-b peptide with 42

amino acids in length (Ab42), and the intracellular neurofibrillary tangles of

hyperphosphorylated tau protein. According to the amyloid hypothesis [68–73],

the prevailing theory in the field, the underlying cause of AD is the aggregation and

deposition of Ab42 in the brain due to its overproduction and/or diminished

clearance. This hypothesis is supported by strong genetic, histopathological, and

clinical evidence. All early-onset familial AD is identified by genetic mutations

in amyloid precursor protein (APP) or presenilins (PS1 and PS2) that result in

increased Ab peptide production. Down’s syndrome patients, who have an extra

copy of chromosome 21 containing the APP gene, or individuals who have

a duplication of only a portion of chromosome 21 that contains the APP gene,

produce more Ab peptides and develop early-onset AD [74, 75]. One Down’s
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individual [76], whose extra copy of the portion of chromosome 21 lacked the APP

gene, did not develop AD. Among all b-amyloid species, Ab42 is most prone to

aggregation and most cytotoxic in vitro [77–80]. Lastly, active immunization

against Ab peptides reduced amyloid load in animal models [81, 82] and was

associated with cognitive improvement for AD patients who developed robust

anti-Ab titers in human clinical trials [83–87].

Ab peptides, ranging from 37 to 42 amino acids in length, differ from each

other at the C-terminus. They are produced as minor products (5–10%) of the

metabolism of the membrane-bound APP via two consecutive cleavages: first by

b-site APP cleaving enzyme (BACE-1, also known as b-secretase or memapsin-2)

[88–91], followed by g-secretase, in competition with the major pathway

(90–95%) of non-amyloidogenic processing of APP by a-secretase. There are

two BACE isoforms, with BACE-1 mainly expressed in the central nervous

system (CNS) and responsible for Ab peptide production. BACE-2 cleaves APP

at a different site to the BACE-1 cleavage and is mainly expressed in the

periphery [92, 93]. BACE-1 knockout (KO) mice are normal, do not produce

Ab peptides, and have few overt phenotypes [94–97]. Crossing BACE-1 KO with

transgenic mice that overproduce human APP eliminates Ab production and

amyloid plaque formation and rescues memory dysfunction [98]. These data

suggest that Ab peptide inhibition through small molecule BACE-1 inhibitors is

highly promising as a disease-modifying therapy that may halt or even reverse

the progression of AD. Therefore, BACE-1 has been a high priority therapeutic

target for the treatment of AD throughout the pharmaceutical industry over the

last decade.

BACE-1 is a membrane-anchored aspartic acid protease that is localized to the

acidic compartments of endosomes and lysosomes in the CNS and has an optimal

enzymatic activity at around pH 5. As a consequence, a BACE-1 inhibitor needs to

be able to cross the blood–brain barrier and to have a significant non-protein bound

fraction in order to reach the active site of the enzyme. This makes traditional

aspartic protease inhibitors, which typically are large and peptidic, unsuitable as

BACE-1 inhibitors. Moreover, the BACE-1 active site is extended, shallow and

hydrophilic (Fig. 2) [99]. Therefore, the development of potent, selective, orally

active, and brain penetrant low MW compounds has been a big challenge for the

pharmaceutical industry [101, 102].

Many of the early drug discovery efforts focused on the development of transi-

tion state peptidomimetics that were known from the aspartic acid protease field

[99, 103]. Although this approach yielded highly potent and selective BACE-1

inhibitors, the resulting compounds lacked in vivo efficacy probably due to their

large MW and suboptimal PK properties. We review here how we have used a

highly structure-driven approach, consisting of the integrated application of target-

detected fragment-based NMR screening, X-ray crystallography, structure-based

design and structure-assisted chemistry together with innovative biology, to

develop a first-in-class clinical candidate as a potential proof-of-concept for the

inhibition of BACE-1 in AD [104, 105]. Recently, several other fragment-derived

BACE-1 inhibitors have also been described [106–113].
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4.2 Fragment Hit Identification

We developed an efficient protocol for the large scale production of a fully

processed soluble version of 15N-labeled BACE-1 for fragment-based NMR screen-

ing and X-ray crystallography in which the pre- and pro-sequences are autocatalyti-

cally removed within about 3 days at room temperature or 18 days at 4 �C at protein

concentrations of ~5–10 mg/mL [114]. This refolding protocol from inclusion

bodies yielded around 40 mg BACE-1/L cell paste. We used NMR to monitor

structural details of the autocatalytic conversion, which revealed a major structural

rearrangement in the N-terminal lobe from a partially disordered to a well-folded

conformation suggesting that the pro-sequence may assist the proper folding of the

protein. Once the protein was completely folded, we could recycle it multiple times

for fragment-based NMR screening.

We screened over 10,000 fragments of a custom-built fragment library [7] at

high concentrations (100 mM–1 mM each) in cocktails of 12 to identify active-

site-directed hits by 15N-HSQC NMR [104]. About half of these fragments were

strictly rule-of-three compliant [20], whereas a large majority followed “reduced

complexity” rules (MW< 350, cLogP � 2.2, H-bond donor � 3, H-bond acceptor

Asp228

Asp32

Fig. 2 BACE-1 characteristics. The overall fold of BACE-1 is typical for an aspartic acid

protease, consisting of an N- and C-terminal lobe with the substrate binding site located in a

crevice between the two lobes [99, 100]. A flexible hairpin, called the flap (Yellow see-through
surface), partially covers the active site of BACE-1 and can adopt many different conformations as

a result of inhibitor binding. In the center of the active site are the two aspartic acid residues

(orange and inset) that are involved in the enzymatic reaction
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� 8, rotatable bonds � 6, heavy atom count � 22) [39]. At first, we did not have

protein NMR resonance assignments for BACE-1. In order to not delay fragment-

based NMR screening, we initially identified peaks of active site residues of BACE-

1 by binding peptide inhibitors known from the literature and then screening for

fragments that showed chemical shift perturbations of some of those peaks. Even-

tually, we obtained sequence-specific NMR resonance assignments for BACE-1,

which then allowed us to study ligand binding in more structural detail [115].

Overall we identified nine distinct chemical classes of active site binders to

BACE-1 in the 30 mM to 3 mM KD range, as determined by NMR titration

experiments (Fig. 3a).

Fig. 3 (continued)
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Fig. 3 (continued)
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Among our initial fragment hits were several amidine-containing chemotypes,

including the isothiourea 1 (Fig. 3b). We then tested over 200 analogs by NMR to

derive initial SAR and discovered isothiourea 2, which showed an NMR-KD of

15 mM (LE ¼ 0.39) and weak activity in an enzymatic assay. The NMR chemical

shift perturbation data suggested that compound 2 binds to the two active site

aspartates and extends into the S3 pocket while leaving the flap untouched in its

“open” apo-conformation. Subsequently, the co-crystal structure of compound

2 with BACE-1 revealed details about how the isothiourea moiety forms an

extensive H-bond donor acceptor array with the two active site aspartates and

places the chloro-phenyl ring into the S1 pocket and extends deep into the shallow

S3 pocket through the butyl-ether group. From that point on, this fragment was used

in an X-ray soaking system to solve the X-ray structures of over 1,000 BACE-1

inhibitors that followed in this project.

When we discovered this NMR fragment hit several years ago, this type of

hydrogen-bond network to the two active site aspartates was unprecedented in the

Fig. 3 BACE-1 fragment hit identification and fragment hit-to-lead progression. (a) Fragment-

based NMR screening hits for BACE-1. Nine classes of BACE-1 active-site-directed NMR hits

were identified by screening 10,000 compounds from a customized NMR fragment library by 15N-

HSQC NMR. (b) Isothiourea fragment hit identification and optimization by NMR and X-ray

crystallography. (c) Search for heterocyclic isothiourea isosteres. (d) 2-Aminopyridines and

related heterocyclic isothiourea isosteres were identified through directed fragment-based NMR

screening. (e) Structure-based design of prototype iminohydantoins yielded attractive starting

points for the development of novel low MW BACE-1 inhibitors. See text for details
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aspartic acid protease field. Unfortunately, potential hydrolytic instability of the

isothiourea moiety of compound 2 renders it unsuitable for drug development.

Therefore, we started an extensive search for heterocyclic isothiourea isosteres

that would be pharmaceutically attractive with an appropriate basicity (pKa range

6–10) to maintain the crucial H-bonding network with the two active site aspartates

while limiting the number of H-bond donating groups and have molecular proper-

ties compatible with brain penetration. We pursued two approaches (Fig. 3c). In

the first approach, we carried out focused NMR screens to identify heterocyclic

structures including 2-aminoimidazoles and 2-aminopyridines to bind into the

active site of BACE-1 [104]. In the second approach, we designed cyclic acylgua-

nidines, including iminohydantoins and iminopyrimidinones [105].

4.3 Focused Search for Pharmaceutically Attractive
Isothiourea Isosteres

While our general NMR fragment screening was still in progress, we initiated

focused directed NMR screens of heterocyclic isothiourea isosteres that were

available from our corporate library. During this process, we identified several

heterocyclic cores as active site BACE-1 binders, which included 2-aminopyri-

dines, 2-aminoimidazoles, 2-aminobenzimidazoles, 2-aminotriazines, and benzoa-

midines, whereas other related cores were not identified as hits (Fig. 3d). In the

2-aminopyridine series, we discovered compound 3, which bound to the two active

site aspartates with an NMR-KD of 32 mM (LE ¼ 0.39) as judged by the NMR

chemical shift perturbation data. Compound 3 thus had LE [21] and fit quality (FQ)

[25, 26] values similar to those of compound 2. Its LLE [29] was, however,

significantly reduced due to its increased hydrophobicity. Interestingly, the X-ray

crystal structure of this fragment in complex with BACE-1 revealed the same

H-bonding network as previously seen for compound 2. Only a few months into

the FBDD campaign, compound 3 provided the first attractive starting point for

chemical elaboration. Exploratory chemistry on the 2-aminopyridine series was

initiated. Small chemical libraries based on the 2-aminopyridine-phenethyl core

were built to explore this chemotype. Several analogs with activities in the micro-

molar range were identified, and crystal structures for some of these suggested the

synthesis of 3,6-disubstituted 2-aminopyridine, which yielded the first submicro-

molar inhibitors in this series. However, the planar nature of the 2-aminopyridine

core and difficulties in synthesizing 3,6-disubstituted analogs prevented the easy

development of more potent BACE-1 inhibitors with lead-like properties in this

series.

In an alternate approach, novel cyclic acylguanidine active-site-binding cores

such as iminohydantoin and iminopyrimidinone were conceptualized (Fig. 3c) in

which the crucial aspartate-binding amidino motif, common to fragment-based

NMR screening hits 2 and 3 and of similar weak basicity, is conserved. It

was suggested that disubstitution at C5 (iminohydantoin) or C5 and C6
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(iminopyrimidinone) would simultaneously provide direct access to both prime and

non-prime binding sites adjacent to the catalytic aspartate residues, with substitu-

tion on the second ring nitrogen providing a further handle for accessing binding

pockets adjacent to the active site. To test this hypothesis, the prototype iminohy-

dantoin (compound 4) and its N1-analog were designed and synthesized. The

3-chlorobenzyl substituent was predicted to bind in the S1 pocket, in analogy to

2 and 3. We were delighted to find that iminohydantoin 4 bound to BACE-1 with an

NMR-KD of 200 mM, whereas no binding was observed for its N1-analog. Despite

its weak binding activity, compound 4 showed promising LE and LLE values for

fragment hit progression. An X-ray structure of 4 in complex with BACE-1

confirmed that 4 bound as predicted (Fig. 3e). We then tested several related N3

and N1 analogs. We consistently found by NMR that the N3-, but not the N1-

prototype iminohydantoins bound into the active site of BACE-1. About a year into

the FBDD approach, we had now discovered a very attractive novel core structure

that was chemically stable, had a pKa compatible with CNS penetration, and

provided ample opportunities to extend the molecule into nearby substrate binding

pockets using well-known hydantoin chemistry.

4.4 Fragment Hit-to-Lead Progression

During fragment hit-to-lead progression we quickly identified a second binding

mode of the iminohydantoin core in the active site of BACE-1 using X-ray

crystallography. This is represented by compound 5, in which an extensive ligand–

BACE-1 H-bonding network is maintained, but the iminohydantoin core is flipped

in the active site (Fig. 4a). This observation turned out to be highly significant

because this mode proved to be the preferred binding mode as lead optimization

evolved. NMR chemical shift perturbation data could be used to quickly categorize

ligands with respect to these two binding modes (Fig. 4b). Simple changes in the

substituents could not only cause the iminohydantoin core to flip, but also to tilt or

slightly shift in the binding pocket while maintaining an extensive H-bond network

with the two active site aspartates. Therefore, X-ray structural data was crucial for

medicinal chemists to understand otherwise confusing SAR (Fig. 4b).

It was important to demonstrate quickly that we can produce potent iminohy-

dantoin BACE-1 inhibitors that had submicromolar IC50s in the enzymatic assay.

The binding mode of iminohydantoin 7 (Fig. 4b) suggested that cyclohexylmethyl

and cyclohexylethyl extensions into the respective hydrophobic S1 and S20 pockets
should achieve this goal (Fig. 4c). The resulting iminohydantoin 8 was in fact the

first submicromolar inhibitor in this series. Its crystal structure confirmed the

underlying structure-based design and suggested that a further increase in potency

should be possible by introducing a cyclic urea with the propyl extension in the

proper (S)-configuration. Again, the ensuing iminohydantoin 9 bound to BACE-1

as expected and showed an increased potency in the enzymatic assay. Isolation

of the single stereoisomer with 4(S)/4(R) configuration yielded compound 10 with
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a cellular IC50 in the submicromolar range (Fig. 4d). However, the resultant

compounds became non-leadlike with significantly reduced LE (despite an

improved FQ), increased cLogP (yielding a very poor LLE), poor rat PK, and no

Fig. 4 (continued)
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selectivity over the aspartic acid protease Cathepsin D. Molecular modeling sug-

gested that we should be able to truncate compound 10 to a N-methyl and extend the

iminohydantoin core deep into the S3 subpocket (S3sp) more directly through a

contiguous hydrophobic patch without adding as much MW to the iminohydantoin

core. It was good to see that the truncated N-methyl iminohydantoin analog (com-

pound 11) showedmuch higher LE than compound 10 (while maintaining a good FQ)

and only a three- to fourfold loss in cellular 70–75% decerase in potency (Fig. 4d).

Fig. 4 (continued)
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Knowing that we needed to develop a CNS drug, we then reduced the number of

rotatable bonds of compound 11 and designed the rigid, compact 5,50-diphenyl
iminohydantoin core structure (compound 12) which, despite being only weakly

active, now showed excellent lead-like properties with good LE, much better LLE,

and an overall favorable profile with respect to cellular potency, selectivity, rat PK,

and brain penetration (Fig. 4e). Thus, compound 12 was the superior choice for lead

optimization.

The X-ray structure of BACE-1 in complex with compound 11 (Fig. 4e) revealed

a relatively open flap conformation, with the aliphatic chain of the inhibitor

projecting towards S20 in close proximity to a pocket that we termed F0. In X-ray

structures of peptidomimetic inhibitors bound to BACE-1 [99], the F0 pocket is
occupied by flap Tyr71 but is vacated in X-ray crystal structures of iminohydantoin

11 and related compounds. Incorporation of 5-phenyl substitution to exploit

occupancy of F0 was a key design concept that resulted in identification of 5,50-
diphenyl-iminohydantoin 12, in which one of the C5 phenyl substituents now

Fig. 4 Iminohydantoin fragment hit progression. (a) A second binding mode of the iminohydantoin

core in the active site of BACE-1 was revealed by X-ray crystallography. (b) Simple changes in

the substituents could cause the iminohydantoin core to flip, tilt, or shift in the active site while

maintaining an extensive H-bond network with the two aspartates, thus structural data simplified

SAR development. (c) Structure-based design of the first series of submicromolar iminohydantoin

BACE-1 inhibitors. (d) Truncated N-methyl iminohydantoins provided a more direct way to build

toward S3 through a contiguous hydrophobic patch from S1 through S3 into S3sp. (e) Truncated

N-methyl iminohydantoins showed improved LE, with compound 12 showing excellent lead-like

properties. The X-ray crystal structures of BACE-1 in complex with compound 11 and 12 showed

relatively open flap conformations, with flap residue Tyr71 (shown in cyan in the “closed” flap,

peptidomimetic inhibitor conformation [99]) displaced by one of the phenyls at the 5-position of

compound 12 [105]. (f) Iterative structure-assisted chemistry was able to improve ligand efficiency

indices during fragment hit-to-lead optimization and lead optimization in the iminohydantoin

series. See text for details
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occupied the unique F0 pocket, again yielding a more “open” flap conformation

(Fig. 4e).

During iminohydantoin fragment hit-to-lead optimization, which involved an

iterative process of molecular modeling, structure-assisted synthesis, and functional

and structural evaluation, the LE between the initial fragment hit and the optimized

fragment lead was increased significantly from 0.24 to 0.37 kcal/mol/heavy atom

(Fig. 4f), yielding a corresponding increase in FQ. Due to a significant reduction in

cLogP, compound 12 also showed a much improved LLE as compared to the initial

iminohydantoin fragment hit. Thus, the primary goal during lead optimization

was to increase potency and selectivity of the iminohydantoin lead series while

maintaining good LE and molecular properties that would be compatible with brain

penetration.

4.5 Iminohydantoins: S1–S3 Occupancy

The truncated N-methyl iminohydantoins (compounds 11 and 12) showed much

higher LE than compound 10, and provided opportunities to build into the S3

pocket more directly without increasing the MW of the iminohydantoins as much

as in the earlier series, which was extended at the N1-position towards the S2

pocket. Compound 12 possesses a diphenyl substitution at C5, with one of the C5

phenyl substituents occupying a unique binding pocket designated F0 that is

normally filled by the enzyme flap Tyr residue in the closed-flap enzyme confor-

mation (Fig. 5). Thus, compound 12 offered several opportunities to extend the

iminohydantoin core from the C5 position into the surrounding S1–S3 and S20

substrate binding pockets. Based on the X-ray structure of compound 12 in complex

with BACE-1, molecular modeling suggested that we could extend the phenyl in

the S1 pocket at the meta-position toward the S3 pocket. We then tested this

hypothesis by synthesizing analogs that probed different extensions at this meta-
position (Fig. 5). SAR revealed that a phenyl extension is tolerated and that small

hydrophobic substituents at the 3-position of this distal phenyl improved the

enzymatic KI by about an order of magnitude, yielding several submicromolar

BACE-1 inhibitors. The X-ray structure of the diphenyl-iminohydantoin with a

3-pyridine extension (compound 13) in complex with BACE-1 exhibited an H-bond

to a bound water molecule in the S3 subpocket and could explain SAR that showed

a preference of the 3-pyridine over the 4-pyridine analog. It could explain addi-

tional SAR that revealed a preference of substitutions at the 3- over the 4-position at

the distal phenyl in the S3 pocket. Substitutions at the 3-position presumably could

reach deep into the S3 subpocket by replacing this nonstructural bound water

molecule in the S3 subpocket.

Despite this structural knowledge it still turned out to be challenging to signifi-

cantly improve the potency of the iminohydantoin series with respect to cellular

potency and PK properties. However, by use of structure-assisted SAR develop-

ment the team was ultimately able to develop BACE-1 inhibitors with high affinity,
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selectivity, and excellent PK properties to achieve brain penetration and CNS

efficacy in vivo [116].

5 Conclusion and Perspectives

We have used a highly structure-driven approach composed of fragment-based

NMR screening, X-ray crystallography, and structure-assisted chemistry to develop

a first-in-class clinical candidate as a potential proof-of-concept for the inhibition of

BACE-1 in AD. Crucial to this achievement was the initial identification of a

ligand-efficient isothiourea fragment and its X-ray crystal structure, which revealed

an extensive H-bond network with the two active site aspartates. This interaction

was unprecedented in the aspartic acid protease field when we discovered it several
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years ago. This detailed 3D structural information then enabled the design and

validation of novel, chemically stable and accessible heterocyclic acylguanidines as

aspartic acid protease inhibitor cores. Lead optimization guided by structure-based

design afforded unique, low MW, high affinity, selective iminopyrimidinones as

BACE-1 inhibitors in which the hydrophobic interactions in the S1, S3, and S3sp
pockets were optimized to achieve excellent cellular potency. The resulting leads

were conformationally restricted with few rotatable bonds, which contribute to their

high LE indices. These iminoheterocyclic BACE-1 inhibitors possess desirable

molecular properties as potential therapeutic agents to test the amyloid hypothesis

in a clinical setting. Optimized iminopyrimidinones have shown high oral bioavail-

ability, good CNS penetration, and robust reductions of cerebrospinal fluid and

brain Ab in animal models.

Combining biomolecular NMR, X-ray crystallography, and molecular modeling

with structure-assisted chemistry and innovative biology as an integrated approach

for FBDD can solve very difficult problems, as illustrated in this chapter. BACE-1

has been a challenging CNS target for small molecule drug discovery, where more

conventional lead generation approaches had failed despite extensive efforts for

over a decade. However, none of the components mentioned above would have

been successful if applied in isolation. Therefore, the future for FBDD looks bright

as long as an appropriate infrastructure can be provided for this technology to tackle

appropriate problems in drug discovery.
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