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Fragment-based lead generation was applied to find novel small-molecule inhibigsseofetase (BACE-

1), a key target for the treatment of Alzheimer’s disease. Fragment hits coming from a 1D NMR screen
were characterized by BlAcore, and the most promising compounds were soaked into protein crystals to
help the rational design of more potent hit analogues. Problems arising due to our inability to grow BACE-1
crystals at the biologically relevant pH at which the screen was run were overcome by using endothiapepsin
as a surrogate aspartyl protease. Among others, we identified 6-substituted isocytosines as a novel warhead
against BACE-1, and the accompanying paper in this journal describes how these were optimized to a lead
series of nanomolar inhibitots.

Introduction screening collections of quite small and simple compounds,
usually consisting of no more than one or two rings with a few
substituents (the term fragment is used solely to denote that
smallness). Doing so, compound space is sampled effectively,
and it is often possible to find small ligands that bind very
efficiently to the target. Intuitively one probably feels this must

Although screening large collections of relatively drug-like
compounds in high-throughput mode has been the paradigm of
drug discovery ever since H¥®as introduced in the late 1980s,
there remain fundamental issues with HTS that limit its scope.

First, even in an ideal world Whgre rellable. assays can be be true, but it also follows from an analysis by Hann and co-
developed against all targe_t protems, HTS wil c_mly puII_out workers® These fragment hits (FRITs) can be considered
compounds that already exist in corporate collections. This not building blocks that can be combined (merged, linked) to form
only puts a strain. on novelty and downstrgam intellec.tual larger and potentially much more potent ani:l druglike lead
property of the. h.'ts themselves but also I'm'ts med'|cmal compound$:1° Alternatively, FRITs can be considered seeds
chemistry to existing themes and knowladge; exploration of or anchor points, which can be synthetically expanded into lead

compon_J_nd chemical space in truly new_dire_ctions Is prc_)hibited. compounds, picking up increasingly more interactions with the
An additional concern is that corporate libraries are continuously target protein. These fragment linking or expansion stages

being filled with compounds that have been synthesized in late- usually have a significant design component, hence allowing
phase discovery projects and hence have drug-like rather thary - high amount of novelty in the final lead ,compound
lead-like properties, e.g., high molecular weights and lipophilicity. Herein, we present our fragment-based lead genération
Second, and not completely unrelated, even the largest,nnrgach againgt-secretase (BACE-1), a target for which no
compound libraries in the industry will sample compound space ,onheptidic inhibitors were known at the time we initiated our
only incredibly sparsely. Whatever reported estimate of the work, and where our HTS and peptide-mimetic approaches had
number of possible chemical structures with lead-like sizes one been unsuccessflIBACE-1, an aspartyl protease, is a well-
would like to accept, it will be larger than the number of atoms oqiapjished target for the treatment of Alzheimer's disease or
on Earth. For many target proteins, suitable lead molecules will possibly even for preventing the disease from occurring. Being
simply be absent from our collections. responsible for cleaving amyloid precursor protein, BACE-1
Fragment-based lead generation (FBLG, recently revievied  plays a key and rate-limiting role in the generatiorBemyloid
addresses most of the issues above and is increasingly beingiprils, which in turn aggregate to form the neurofibrillary
accepted as a valuable complement to high-throughput screenplaques causing demen#aWhile current Alzheimer's treat-
ing. The sampling problem is addressed through initially ments only treat the disease symptoms, inhibition of BACE-1
is widely believed to be a promising way to address the
8 Coordinates for the EP complex structure with compoRihdve been underlying neuropathology.
deposited in the Protein Data Bank, with the accession code 2v00 In this paper, we will show the discovery of a novel warhead
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Figure 1. Series of NMR waterLOGSY experiments, performed to establish the NMR screening conditions. Boxes mark the signals from compound
6, whose structure is shown in the insert. Compoérnds in fast exchange, with low affinity (k30 uM), to the active site of BACE-1. (a)
Spectrum of6 in absence of protein, showing strong negative peaks for the unbound compound. (b) Spectrum after additipMdACGE-1.
Signals fromé6 are significantly less negative, indicating fast-exchange (M. affinity) binding to the protein. (c) Spectrum at 3. protein.
Signals from6 become even more positive, indicating increased interaction with the protein. (d) Spectrum after addition of the high affinity binder
OM99-2, displacing compoungl(NMR signals become more negative again, a clear indicatidhcoimpeting for the same binding site as OM99-
2).
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binding is often highly efficient if one takes into account the Moreover, we tested competition with a highly potent, well-
compound sizé? Usually, dissociation constant<s) for FRITs characterized inhibitor. Here, we used OM99<2df 1.6 nM) 16
are in the 26-2000 uM range. Such weak affinities require  a noncleavable substrate analogue (Glu-Val-Asn-Leu*Ala-Ala-
robust screening methods for the reliable detection of binding. Glu-Phe, where the asterisk designates the hydroxyethylene
We use NMR (1D or 2D) for fragment screening, mainly for transition-state isostere replacing the substrate’s amide bond).
two reasons: we believe it to be the best balance betweenThis involved testing a series of known binders, with affinities
information richness and throughput, and we and others have(Kp) in the range where we expected the fragments to bind,
experienced NMR to be highly trustworthy and robust in typically 20—2000uM. Figure 1 shows how the experimental
identifying weak binding31* An often-overlooked advantage setup was validated using one such known binder. Comparison
of 1D NMR for screening purposes is that it can reliably demon- between spectra a and b shows the binding event, and
strate binding using compound concentrations much below the comparison between spectra ¢ and d confirms that the binding
Kp of the interaction. For example, tlrho-based methocan is competitive with OM99-2.
reproducibly detect binding with millimolar affinity, while using When performing the actual fragment screen, we always
only tens of micromolar compound concentrations in the recorded two experiments per compound mixture; those corre-
experiment. Most other biochemical or biophysical methods sponding to spectrum ¢ and d in Figure 1. We would indeed
require compound concentrations around or above thgdC stress the importance of running competition experiments in
Kp, in order to detect binding. This can be challenging if one is ligand-detected screening, that is, identifying hits through
aiming for affinities of around 1 mM and is a serious concern, comparison of the experiments run in the absence and presence
particularly in biochemical screening at high concentration, of a known, potent bindér.In our hands, almost any compound
potentially causing either false positives (nonspecific binding) at 100s ofuM concentration will display some (nonspecific)
or false negatives (limited compound solubility). interaction with any protein. Without a proper competition
Prior to performing the primary screen, we established the experiment, a fragment screen is likely to yield a large
experimental conditions required for detection of ligand binding. proportion of false positives, i.e., nonspecific binders. The NMR
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Figure 2. Screenshot from our spectrum analysis setupdjeStraight 1D spectra of the corresponding compounds to the left. They were acquired

in the absence of protein, and served as reference spectra during the analysis of the actual screening spectra (e, f). () waterLOGSY experiment run
on a mixture of the four compounds with protein. (f) Same as e but with saturating amounts of OM99-2. For details, see Experimental Section. The
dotted box denotes the signal from the isocytosine aromatjardton. Its waterLOGSY signal becomes more negative in the presence of OM99-2,
indicating that the isocytosine and OM99-2 compete for the same binding site on BACE-1. This is not true for the signals from cormpudinds

9, indicating that onlyl is a fragment hit in this fragment mixture (compouBidoes not have aromatic protons, hence the empty spectrum in this
region, but the aliphatic portion of the spectrum showed it is not a hit). The overall somewhat lower intensity of f compared to e is caused by
sample dilution during addition of OM99-2.

screen was performed on a 2000-compound general fragment Fragment Hit Characterization Using BlAcore. An earlier
library and identified a variety of fragments binding competi- reported FBLG study performed at Astex in collaboration with
tively with OM99-2. The affinities of these FRITs were modest; AstraZeneca used X-ray crystallography as the screening method
mostly in the low millimolar region. The overall hit rate was and an enzymatic fluorescence resonance energy transfer
about 0.5%, which in our experience is comparatively low in (FRET) assay to follow up the output from the scré&f.The
fragment screening. This agreed well with the fact that no high- assay was needed to address the functionality of the hits, i.e.,
affinity small molecule ligand previously was known for BACE- to ensure inhibition of the enzyme and to quantify their affinity.

1, and the fact that our HTS approach did not deliver suitable However, FRET assays may suffer from autofluorescence of
lead compound’.This relationship between low hit rates in  compounds, and, in general, artifacts arising from nonspecific
fragment screens and lack of prior existence of a potent ligand inhibition are likely to appear in biochemical assays that are
has recently been demonstrated by Hajduk and co-wotRers. run at the high concentrations>000 uM) needed to detect

For the purpose of the work described here, we focused on binding of the low-affinity fragment hits. We decided therefore
an isocytosine fragment hit, which was the first FRIT chosen not to use a biochemical assay but instead surface plasmon
for chemistry optimization, and eventually progressed to a resonance (SPR) for the characterization of our screening output.
successful lead seriészigure 2 shows an example of the data SPR is a widely used label-free detection technique that is
collected in the fragment screen and highlights the isocytosine usually associated with BIAcore technology and aims at studying
primary fragment hit, compound. The difference in the  the interaction of proteins with other molecufés?® BlAcore
waterLOGSY signal between the bound (Figure 2e) and has also been reported as a technique for screening fragment
displaced state (Figure 2f) is small, which reflects the low libraries2:271t is important to point out that BIAcore, like NMR,
affinity of this fragment. Similarly small effects were seen for is able to monitor and evaluate the relatively weak interactions
all FRITs in the primary screen, and they were usually smaller that FRITs normally display with the target protéf®’
than the differences observed between waterLOGSY read-outHowever, we feel that NMR has its key strength in detecting
in absence and presence of protein (cf. Figure 1). This underpinsvery weak interactions (mM range) and can be optimally
the need for performing the screen as a series of displacementemployed in screening of larger libraries (1000s of compounds)
experiments; contributions from nonspecific binding are ef- in an automated fashion, whereas BIAcore can deliver precise
fectively absent in the difference between the NMR readout in affinity values and kinetic parameters, at the cost of lower
the bound and displaced states. throughput. This is of particular importance for the ranking and
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Figure 3. (A) Calibration of BIAcore ISA. Concentration series (0.05 taMl) of BACE-1 were run at 2Q:L/min at 25°C over a CM5 surface

with 360 RU amine-coupled substrate analogug(gp-statin-substituted) as TDC. The running buffer was composed of 25 mM sodium acetate,
200 mM NacCl, 0.005% Tween 20, pH 4.5. After each cycle at 180 s, the surface was regenerated with a pulse of 50 mM Tris/HCI at pH 8.5 and
0.5% SDS. The inset depicts the concentration dependency of the initial binding rate (dRithdhe protein concentration. The red line represents

the linear regression of the data £ 0.988). (B) Build-up of SAR using BlAcore ISA. BACE-1 protein at a concentration of®5wvas injected

over the modified CM5 surface (see conditions as described above), after preincubation for 10 min with 1 mM of the respective compounds
(identified with “cpd” and number, cf Table 1). The control contained only BACE-1 protein in the absence of any compound and served as a
reference for the calculation of the free BACE-1 concentration.

selection of fragment hits and the FRIT analogues we study For the characterization and analysis of FRIT binding to
subsequently. BACE-1, see Figure 3, we designed an inhibition in solution
The traditional, best-known BlAcore assay format is the direct assay with a target definition compound derived from 43p-
binding assay, where the protein target is immobilized on the Statin substituted substrate reported to be a potent inhibitor of
BlAcore sensor chip and compounds are passed over the surfaceBACE-127 In order to test whether identified FRITs might act
As the work with fragment-sized compounds brings in limita- as broad aspartyl protease warheads we also configured a
tions and challenges because of their low affinity and small BIAcore ISA using the renin-inhibitor H-1427%2 as im-
analyte masse® alternative assays such as the surface competi- mobilized TDC and probed the FRIT binding to the aspartyl
tion assay or the inhibition in solution assay (ISA) are important Protéase .endothlapepsm (EP) in a S|m|lgr f_a§h|on. H-142 has
alternatives to the direct binding asgayihe ISA setup consists IS0 previously been shown to bind and inhibit Roth the
of a target definition compound (TDC) that is immobilized on BACE-1 and EP TDCs form stable complexes with their target
the sensor surface, which serves as a probe for a defined binding’roteins and fu_Ifll! the aforementlc_)ned crltena_for the dissocia-
site. The protein target is kept at a constant concentration, andtion and association rates. Experimental details of the BlAcore
FRITs are mixed with the protein thus lowering the concentra- 8ssays are included in the Experimental Section.
tion of the free protein in a concentration-dependent manner. We ensured that the BIAcore measurements were done under
The concentration of the free protein is subsequently measuredconditions of mass transport limitations, by applying high
by passing the mixture over the sensor surface, which shouldimmobilization densities of the TDCs-@00 resonance units,
result in a signal decrease if the FRIT is competing for the RU) and a low flow rate (2@L/min). The response in the SPR
defined binding site with the TDC. The application of ISA has assay, expressed as the initial binding rate, was found to be
several advantages that are particularly important for the rapid linear with the free protein concentration in solution, in the range
and accurate analysis of FRIT binding. Using just a single from 0.1 to 1000 nM, both with BACE-1 and EP, see Figure 3.
compound concentration, this approach enables a fast andVioreover, in the presence of excess inhibitor none of the
qualitative affinity ranking of FRITs without the need to proteins bound to the immobilized compound. This indicated
determine the kinetic parameters or the absolute affinity for this that the ISA setup was suitable to determine the concentration
interaction. Acquiring binding data at varying concentrations of the fraction of noninhibited protein in solution as a measure
of FRITs allows determination of thekp values. A critical of inhibition by the FRIT.
factor is the choice of the target definition compound. It needs  Fragment Hit Analogues.After the primary fragment screen,
to be covalently linked to the chip, while maintaining high most FBLG approaches enter what is often referred to as the
affinity binding to the site of interest on the target. Furthermore, ‘analoguing phase’, during which corporate or commercial
proper TDCs should have high on-rates to be able to perform libraries are harnessed for nearest neighbors to the fragment
the binding studies under conditions of mass transport limitation hits. Table 1 lists four such neighbors that were present in our
and low off-rates so that the dissociation in the initial association corporate compound library. All compounds-5 were then
phase is negligible. tested both in the NMR waterLOGSY experiment and in
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Table 1. Structure-Activity Relation of Five Isocytosine Analogues

Response with .
.| Response  in | BACE-1 EP
Compound | Structure gﬁﬁ:(E)ré ]SAT waterLOGSY? | Ko (mM)¢ | Kp (mM) ¢
2 QYYO 3Il% 0.66 0.22
Nz, -NH
NH.
3 H{\f" 38 % B e LTS nd.
N, NH |
\I/ e
NH,
o piypag g
4 = 65 % | n.d. n.d.
NYNH S L
_NH ST
1 I{YO
(NMR Hit) = T2 % 4.45 n.d.
NYNH e = e v
NH,
o
5 m 83 % n.d. nd.
Sy |
\M|/Hz S S

2% free BACE-1 in presence of 1 mM compound, i.e., smaller numbers indicate higher affinity, determined from the BlAcore assay with amine-coupled
substrate analogue {S)-statin-substituted) as TD®.The NMR spectra show the3proton of the isocytosine ring. Red spectra are waterLOGSY spectra
of the ligand plus protein, showing the bound state of the ligand. Black spectra are of ligand plus protein plus OM99-2, showing the displacdd ligand (c
spectra ¢ and d in Figure 19Kp determined from BlAcore ISAd n.d. = not determined.

BlAcore. The results of both techniques correlate very well and by others®® have buffer conditions close to neutral pH, while
indicate among others that larger substituents at fheoSition substrate catalysis of BACE-1 is optimal around pH#.B.is
afford increasingly more affinity. In particular, the additional well-established that both substrate catalysis and inhibitor
phenyl group on compound increased the affinity by 7-fold  binding are pH-dependent processes in aspartyl proteases,
over the NMR hitl. Although at this stage absolute affinities strongly linked to the ionization state of the two aspartic acid
of the FRITs were still rather low, it was very comforting to residues. We had therefore chosen to perform the NMR fragment
see this crude structure activityelationship (SAR) emerging.  screen at pH 4.5, the same pH also later used in the BlAcore
In the absence of crystallographic information, this SAR was a assay. The higher pH in the crystals is likely to affect the
crucial observation, encouraging us to further pursue the isocyto-ionization states of the Asp residues, which could be disadvan-

sine FRIT. tageous for the (already low) affinities of the FRITs, thus
In order to appreciate the absolute affinities of our best hindering successful complex formation in the crystal.
compounds, we calculated ligand binding efficiencies (HE). In order to assess this apparent incompatibility of the neutral

In this report, we define LE as the free energy of binding divided pH in the crystals, with the lower, and biologically more relevant
by the heavy atom count (HAC): LE —AG/HAC = —RT pH at which the screen was run, we measured the pH
In(Kp)/HAC. If the Kp is not known, we usé; instead. For dependency of binding of compourdto BACE-1. This pH
compoundsl and2 we find LE = 0.29 and 0.27 respectively.  dependency could not be assessed using the ISA format because
In comparison, OM99-2 an@ (K; = 30 uM, in-house data) of the pH-dependent binding of BACE-1 to the TDC, which
have LE= 0.19 and 0.12, respectively. This clearly shows that resulted in a loss of the SPR signal at pH6.0. We chose,
even though the absolute affinities of our best compounds aretherefore, to monitor the thermal denaturation of the BACE-
rather modest (Table 1), they do bind efficiently to BACE-1 1—ligand complex at varying pH-values in order to probe the
and should be suitable starting points (“anchors”) for chemical binding of compoun@®. While we observed increased melting

optimization. temperature for BACE-1 in the presence of compoRrad low
Endothiapepsin as Structural Surrogate.After character- pH, there was no detectable stabilization at pH5.8. This
izing the available nearest neighbors to compoundwe suggests there is no appreciable interaction bet2esmd the

identified compoun as our most promising ligand (Table 1). protein at pH> 5.8, which indeed explained why we failed in
Unfortunately, we did not succeed in getting crystallographic obtaining crystals of the complex of BACE-1 and the isocy-
information of that compound complexed with BACE-1. At that tosines at near neutral pH.

point in time, our in-house crystallization conditions only We realized that without information on mode of binding it
allowed cocrystallization with compounds that displayed high would be difficult to progress the isocytosine fragment hit to
affinities («M to nM) toward BACE-1. An additional concern  more potent lead compounds. But we needed potent compounds
was that both of our crystallization systems, and those reportedto be successful in crystallizing them in BACE-1. To circumvent
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Table 2. Data Collection and Refinement Statistics for the Crystal
Structure of EP with Compoun?

data collection

resolution (A) 1.55

no. of unique reflections 47864
completeness (%) 99.1 (9828)
data redundancy 3.9(3.7)
Rmerge(%6) 4.7 (19.3)
I/o(1) 9.4 (3.7)
model and refinement

Rwork (%) 16.7

Riree (%) 21.0

rmsc bond lengths (A) 0.011
rmsd bond angles (deg) 1.3
averageB-factor (A2) 15.0
Protein Data Bank ID 2v00

aValues in parentheses are for the highest resolution shell;-1.589
A. P Root-mean-square deviation.

Asp35

this situation, we decided to use a surrogate aspartyl protease
to replace BACE-1 in crystallographic studies. The intention =
was that the structure information obtained with the other (/ \
protease would initially give us sufficient knowledge on the
binding mode of the isocytosines, to guide the design of more Figure 4. Compound2 bound to endothiapepsin. There are four
potent analogues that eventually could be crystallized with our gzg\z‘ggsei?ebggdgéischg"c"% Sas ﬁ?;thhedv\'/g‘:férbﬁt"gfoenezogfg‘"g thrisent
real target protein, BACE']‘.’ We chose (?nd(_)'thiapepsin (EP) aSpetween the IiFZ:jand and A.sp81 in‘the flap. Cgmpgartmrbon atopms
the surrogate, based on the in-house availability of large amountsare shown in yellow and protein carbon atoms in gray, oxygen atoms
of protein from a previous drug-discovery project, as well as red, and nitrogen atoms blue. Residue numbering according to EP amino
that the crystallization of EP has been reported to be successfulacid sequence.
under acidic conditions (pH 4.5}.The core of the active sites
of BACE-1 and EP are similar, both having two catalytic \
aspartates and a nearby, flexilfiehairpin loop, referred to as
‘the flap’. However, away from these aspartic acids, the amino
acid sequences of the two proteins are no longer homologous,
and EP would be less suitable as a BACE-1 surrogate to study
compounds binding to those regions. Using SPR, we measurec
efficient binding of compoun@ to EP (Table 1). Subsequent
soaking of an EP crystal with compoui2dat pH 4.6 readily
resulted in a crystal structure of the complex.

Structure of Compound 2 Bound to EP.High-quality apo
EP crystals were produced, which could be used for soaking.
Data from an EP crystal soaked with compo@nas collected
to 1.55 A resolution, and the structure was solved by molecular
replacement (see Experimental Section). The compound is well
defined in the electron density, and data reflecting the quality |v
of the structure are compiled in Table 2. Figure 4 shows that \
the exocyclic primary amine and the! Mitrogen atom in the Asp219 [/
core of the ligand interact with the active site aspartic acids via \
hydrogen bonds. These interactions explain the reduced affinity Figure 5. Endothiapepsin with compouri(yellow) superposed on
of the isocytosines at higher pH, as the charged aspartic acidthe published OM99-2/BACE-1 1FKN structure (cyan). The flap is
side chains lose their capability to act as hydrogen-bond donors.closed in both structures and the flap tyrosines take up similar positions.

The ligand binds to a closed flap conformation, and there is The ix”a ﬂapt:esid‘rj]e in ETS 'ibe'eld (Gly82). The ”%mim? S”gsnes
; . are shown to the right with the phenyl group on compo2ipasitione
also a hydrogen bond between the ligand carbonyl and the main in the S/S; pocket. Residue numbering according to EP sequence. The

chain nitrogen of Asp81 in the flap (corresponds to GIN73 in o proteins were super-imposed using the ‘Secondary Structure
BACE-1). An additional hydrogen bond is found between the Matching’ algorithnd® in Coot?6

N3 nitrogen atom of compoun@ and a glycerol molecule.

Glycerol is present at 15% in the cryo solution, and its presence Despite EP having an extra residue in the flap (Gly82), both
in the active site says therefore little about its potency as a structures show a similar, closed flap conformation, and a
BACE-1 ligand. It likely binds nonspecifically to the EP active hydrogen bond to a flap amide is present in both complexes.
site. Still, this hydrogen bond does show the potential for The role of the tyrosine residue on the tip of the flap is often
expanding compound into this direction to gain potency. discussed in the stabilization of the flap conformation in aspartic

Figure 5 compares the EP complex to the structure of the proteased® Tyr79 in EP and the corresponding Tyr71 in

BACE-1 complex with OM99-2 (PDB code: 1FKNy.The BACE-1 have the same orientation in both structures (Figure
primary amine of compound is in the same position as the 5), and this orientation is characteristic for the closed-flap
secondary alcohol of the hydroxy ethylene transition-state conformation®® The phenyl group on compourabccupies the
isostere of OM99-2, also interacting with the aspartic acids. Si/S; pocket of the enzyme. The structure reveals that there is

Asp219
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room for expansion of the fragment both deeper into the S manufacturer. In brief, the substrate analogue was dissolved to 0.2
pocket and on the prime side of the active site. This structure mg/mL in a 20 mM Na-acetate buffer at pH 4.5 and clarified by
was of great help in the subsequent optimization of the centrifugation to remove particulates. The functional groups of the

isocytosines, which will be further described in the accompany- CMS chip surface were first activated by injecting at Amin
ing paper: for 10 min a freshly prepared 1:1 mixture of 0.5 Methyl- N'-

In conclusion, we succeeded in using EP structural informa- (3-dimethylaminopropyl)carbodiimide and 0.5 Nthydroxysuc-
. . . o e cinimide, immediately followed by injecting the substrate analogue
tion in the design of optimized |nh|b|to_rs, and when _the for 7 min at a flow rate of 1QiL/min to 360 RU. Remaining
compounds became more potent, we switched to the higher-,tiyated carboxyl groups on the surface were blocked with 0.5 M
pH BACE-1 crystals for soaking. The binding mode for ethanolamine. For internal referencing and to correct for unspecific
compound2 found in EP, including a closed flap, was later pinding during the binding experiments, a scrambled version of
found to be very similar in BACE-1 crystal structures of the the substrate analogue (KFES-statin-ETIAEVENV) was coupled
isocytosine compounds. At this point, our compounds had grown to a reference flow channel in a similar fashion. The renin-inhibitor
into areas of the protein (beyond the catalytic Asp residues) H-142 (PHPFHEVIHK, where R depicts the reduced isostere of
where EP and BACE-1 are too dissimilar to rely on EP the scissile peptide bond between residue Leul0 and Valll in

structures for design purposes. human angiotensinogen) was coupled to a CM5 surface to 410 RU
using a similar immobilization procedure. The running buffer used
Conclusions in all subsequent binding and inhibition experiments was composed

) of 25 mM sodium acetate, 200 mM NacCl, 0.005% Tween 20, pH
We presented a fragment-based lead generation approach t@ s with varying concentrations 5%) of DMSO, dependent on
find novel small-molecule inhibitors of BACE-1. Our work the concentration and solubility of the tested compound. For the
stream consisted of 1D NMR for the primary fragment screen- analysis of FRIT binding to BACE-1 and EP, the flow-rate was 20
ing, and both NMR and BlAcore in the subsequent analoguing uxL/min and protein samples in running buffer in the presence of
phase to characterize our FRIT series and map some initialthe FRITs were injected for-12 min over both the reference and
structure-activity relationships. We saved crystallography ef- the TDC flow channel. To remove bound protein and unspecific
forts for the established binders and believe that to be the optimalPound compounds from the biosensor surfaces the flow channels

balance and order of using these biophysical methods, considerVere regenerated by a 15 s pulse of 50 mM Tris/HCI at pH 8.5

: s : d 0.5% SDS. We used the initial binding rate (dR)détermined
ing their different throughputsersus the richness of the and’ . S
delivered information. Problems arising due to our inability to within the first 15 s after the injection start of the subtracted

tals at the biologically rel H hich th sensorgrams as a measure of the free protein concentration. As this
grow crystals at the biologically relevant pH at which the screen ;5,401 s insensitive toward deviations of DMSO concentrations

was run were overcome by using endothiapepsin as a surrogat@yeqyeen the sample and the running buffer, as well as that the

aspartyl protease. We identified a series of 6-substituted pinding of a large protein to the sensor surface resulted in large
isocytosines as a novel scaffold for BACE-1 inhibitors, and the responses (see Figure 3), a solvent correction as usually done in

accompanying paper describes how these were optimized to ahe course of a direct binding assay was not necessary. The
lead series of nanomolar inhibitots. calibration procedure included the injection of varying concentra-
With this result in hand, we wondered why our HTS program tions of BACE-1 or EP enzyme (0.61 M) in the absence of
had not delivered similar compounds, and we searched ourFRITS over the reference and TDC surfaces and plotting the initial
corporate collection for compounds bearing the isocytosine Pinding rate, dRU/ against the protein concentration. For the
substructure. We did find several such compounds, but they primary characterization of FRIT binding, selected candidates at a
were either inappropriately substituted such that they could not concentration of 1 mM were preincubated for 10 min with either

. . 0.5uM BACE-1 or 20 nM EP, and the free protein concentration
bind to BACE-1 or were not large enough to afford sufficient was determined as described above. The same procedure was

potency to lit up in_our I—!TS screen. This underpins the claim adopted for the determination of thép, but using varying
of FBLG that working with fragment-sized molecules allows concentrations of the selected FRITs (95.mM), dependent on

for a more efficient sampling of compound space. the initial response at 1 mM and the solubility of the FRIT.
. . NMR Screening. NMR samples used for screening contained
Experimental Section 3—5 uM protein, in a buffer consisting of 50 mM sodium acetate

Materials. All chemicals were purchased from Sigma-Aldrich  PH 4.6, plus 2Q:M dTMSP for signal referencing. WaterLOGSY
or BlAcore AB (Uppsala, Sweden), unless stated otherwise. All experiments’ 3 were performed at 20C on a Bruker DRX600
the peptidic transition state isosteres used in the BlAcore assayinstrument, equipped with a conventional (‘warm’) probehead.
and the NMR displacement experiments have been either producedTypical interscan delay was 2 s, mixing time 1.4 s, and 640 scans
in-house or obtained from California Peptide Research. were accumulated giving an acquisition time of about 40 min per

Protein Expression and Purification. Active BACE-1 protein experiment. In order to speed up the screening process, the
was produced in HEK-293 cells as a C-terminal fusion protein with compounds were screened in mixtures of four or six, at an individual
the Fc part of human IgG1 as described previodsiy brief, the concentration of 30«M. Compounds were stored as 100 mM
BACE-1 Fc construct was produced in either batch or perfusion DMSO-ds stock solutions on 384-well plates. A SampleRail system
cultures of stably transfected HEK-293 cells to levels of about 3 (Bruker) connected to a Genesis robot (Tecan) was used for
mg/L and purified on rProtein A beads (GE Healthcare) utilizing automated, just-in-time sample preparattd&ach experiment was
expanded bed capturing. The final step included an ion-exchangerun in two steps. The first waterLOGSY experiment was run on a
chromatography step on Resource Q (GE Healthcare). Endothia-sample containing the protein and ligands. Then a strong inhibitor,
pepsin was purified to homogeneity in two steps from Suparen usually OM99-2 (K; of 1.6 nM) ¢ was added to the sample and a

liquid (Pfizer) according to a modified meth&dby affinity second experiment was recorded. This strong binder will displace
chromatography on pepstatin-agarose, followed by FPLC ion- any competitive ligands binding during the first experiment, and
exchange chromatography on Mono Q (GE Healthcare). the difference between the first and second spectrum will therefore

BlAcore Assay. All BlAcore studies have been performed at correctly identify competitive hit compounds. Spectra were pro-
25 °C using a BIAcore 3000 instrument (BIAcore AB). Coupling cessed and analyzed with Vnmrx (Varian Inc.) supplemented with
of a P (9-statin substituted substrate analogue (KTEEISEVN- a suite of in-house written macros (Per-Olof Eriksson, unpublished).
statin-DAEF) to the CM5 surface was performed using the amine- As ligand-observed NMR was used, there was no need for
coupling kit from BIAcore according to the instructions of the deconvolution of mixtures containing a hit. Nevertheless, we
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decided to rerun hits as individual compounds, to eliminate the risk
of compound-compound interactions interfering with the original
observation.

For the work described in this paper, we screened about 2000
compounds from our general fragment library, with molecular mass
in the 150-250 Da range. Stability and toxicity of functional groups
have been taken into account when building the library, as well as
the suitability of the compounds for downstream medicinal
chemistry. As we need hundreds of micromolar compound solubility
for some of our NMR screens, we used an upper limit of 2.5 for
the calculated lo@® when selecting compounds to be incorporated
into the library?

Crystallization and Structure Determination. Apo crystals of
endothiapepsin were grown at 20 using the hanging drop/vapor
diffusion method, the drops containing«2 of protein solution (5
mg/mL) and 2uL of mother liquor. The 50QeL reservoir solution
consisted of 32.5% PEG 4000, 200 mM M¢, and 100 mM
sodium acetate pH 4.5. Crystals were ready to use for soaking after
1-2 days, and they were soaked for approximately 18 h and
cryoprotected at the same time in @5 cryosolution (27.5% PEG
4000, 200 mM NHAc, 100 mM sodium acetate pH 4.6, 15%
glycerol)+ 0.5uL compound solution (200 mM in DMSO), giving
a final compound concentration of 10 mM in the soaking drop.
Apo crystals could be stored for several years without loss of
quality. Data from soaked crystals were typically collected to 1.55
A resolution in-house at 100 K on a RU300 rotating copper anode
(Rigaku/MSC) using a MAR345 image plate. The data was
processed with MOSFLRt and SCALA#2 The crystals belonged
to space grou2; with the cell dimensions for the compoud
complex beinga = 455 A,b = 73.6 A,c = 53.4 A, ands =
110.3. The structure was solved by molecular replacement using
the program MOLREf and the endothiapepsin coordinates with
the PDB code 1GVU. The first rounds of refinement and model
rebuilding were performed using CN%and O% Final refinement
and model rebuilding were done using C@Pdnd Coot!6 All
figures illustrating structures were generated using PyMOA.
summary of data collection and refinement statistics is presented
in Table 2.
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