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Abstract: Cholesterol transport proteins regulate a vast array of
cellular processes including lipid metabolism, vesicular and non-
vesicular trafficking, organelle contact sites, and autophagy. Despite
their undoubted importance, the identification of selective modulators
of this class of proteins has been challenging due to the structural
similarities in the cholesterol-binding site. Herein we report a general
strategy for the identification of selective inhibitors of cholesterol
transport proteins via the synthesis of a diverse sterol-inspired
compound collection. Fusion of a primary sterol fragment to an array
of secondary privileged scaffolds led to the identification of potent and
selective inhibitors of the cholesterol transport protein Aster-C, which
displayed a surprising preference for the unnatural sterol AB-ring
stereochemistry, and new inhibitors of Aster-A. We propose that this
strategy can, and should be applied to any therapeutically relevant
sterol-binding protein

Introduction

Cholesterol transport proteins (CTPs) play important roles
in vesicular and non-vesicular cholesterol trafficking, reflected by
differences in both their subcellular localisation and sterol binding
capabilities.™ Major known classes of CTPs include the oxysterol-
binding protein (OSBP)-related proteins (ORPs), the
steroidogenic acute regulatory protein  (StAR)-related lipid
transfer (START)-related domain (STARD) proteins, the Aster
proteins, and the Niemann-Pick type C proteins.M In addition to
their roles in cholesterol transport, CTPs have been demonstrated
to regulate organelle contact sites, cellular metabolism,
degradative pathways such as autophagy, and viral entry.>="1
CTPs have thus been implicated and proposed as targets for the
treatment of neurodegenerative disorders, viral infections, as well
as numerous types of cancer. Despite the clear biological
importance of these CTPs, very few selective inhibitors of these
proteins are known, in part due to the inherent difficulties of
targeting their structurally related cholesterol binding domains.
Therefore, the identification of selective inhibitors of CTPs would
enable the further study and therapeutic targeting of sterol-
mediated processes. The identification of novel bioactive small
molecules has in recent years seen a trend towards the use of
natural product (NP)-like collections of high predicted biological
diversity.[ As such, a number of techniques to afford NP-like and
diverse compound collections have been described including
diversity-oriented synthesis (DOS)®19, biology-oriented synthesis

(BIOS)*Y,  complexity-to-diversity (CtD)*?,  function-oriented
synthesis*¥, and fragment-based designs®** in addition to the
pseudo-natural product approach*>€l Inspired by these
techniques, we hypothesised that a focussed compound
collection enriched in selective hits against different CTPs could
be synthesised by the fusion of a privileged sterol-like scaffold to
a diverse array of heterocyclic fragments commonly encountered
in a range of NPs. Herein, we report the design and synthesis of
a sterol-inspired compound collection composed of diverse sterol
AB ring-heterocyclic fusions. Using the Aster family of proteins,
we demonstrate the suitability of our sterol-inspired library as a
source of lead compounds against CTPs. Using differential
scanning fluorimetry (DSF), fluorescence polarisation (FP) and
cholesterol transport assays, we identify a series of pyrazole-
sterol fusions that selectively inhibit Aster-C in addition to two new
Aster-A inhibitor chemotypes.

Results and Discussion

The design of a sterol-inspired compound collection began
with the selection of an appropriate primary scaffold that would be
representative of the sterol AB-ring system. This was predicted to
function as a “bait” to engage sterol-binding proteins. One key
requirement of this scaffold was that it had to allow the fusion of
heterocyclic secondary scaffolds, which should confer selectivity
between structurally related targets, and should ideally be
accessible in a limited number of synthetic steps. We identified
the saturated trans-fused hydroxy-decalin system as a suitable
primary scaffold, owing to its previous use in a proteomic based
mapping of cholesterol-interacting proteinsi*” in addition to its
occurrence in a range of sterols (Figure 1). This would then be
coupled to secondary scaffolds predominantly, but not exclusively,
found in natural products. Ultimately, we decided upon the trans-
fused decalone 1 (Scheme 1) to serve as the core building block
for library synthesis. Exploiting the inherent reactivity of its C9
ketone, we anticipated that a diverse range of heterocycle-fused
compounds could be synthesised — either directly from decalone
1 or from readily accessible intermediates. We also established
additional guidelines to guide our synthesis efforts. For each
scaffold series, we set out to synthesise at least three analogues
featuring different substitution patterns of both electron donating
and electron withdrawing groups, intending to obtain preliminary
structure-activity relationships (SAR) of putative hits arising from
biological testing. Secondly, we chose to synthesise the
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Figure 1. Design of sterol-inspired compounds. Fusion of a primary sterol-
derived scaffold comprising the AB ring system (orange) with secondary
heterocyclic scaffolds encountered in a diverse range of natural products (blue)
affords a sterol-inspired compound collection

compound collection in a racemic manner, thereby effectively
doubling the size of our screening collection and including both
the naturally occurring and opposite enantiomers of the core
sterol primary scaffold.

Synthesis began with the construction of trans-fused
decalone 1. This was synthesised in six steps from commercial
starting materials via the known Wieland-Miescher ketone (WMK),
affording decalone 1 in an overall yield of 37% (Supplementary
scheme S1). To further the scaffold diversity of our sterol-inspired
collection, a series of intermediate compounds were synthesised
that allowed access to further heterocycle fusions, namely a-
bromoketone 2, hydroxymethylenes 3 and 4, and B-ketoester 5
(Supplementary scheme S2). A number of heterocyclic analogues
were accessed directly from ketone 1 in one step (Scheme 1a).
Quinoline fused analogues 6a — 6i were synthesised by a
Friedlander synthesis via condensation with the in situ generated
2-aminobenzaldehyde and  subsequent  base-promoted
cyclisation.
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In an analogous manner, ketone 1 was reacted with a series
of 2-aminobenzo or 2-aminoacetophenones under acidic
conditions, affording a complementary series of quinoline
analogues 7a — 7h featuring alkyl and aryl substituents at the C14
position. Indole fused analogues 8a — 8g and 7-azaindole fused
analogues 9a — 9c were obtained via the Fischer-indole synthesis
from the corresponding arylphenylhydrazines and 2-
hydrazinopyridines respectively. The ring-expanded lactam 10
was synthesised via a Beckmann rearrangement with
hydroxylamine-O-sulfonic acid in glacial acetic acid, proceeding
with acetylation of the C3 hydroxyl group. Additionally, spirocyclic
dihydroquinazolinones 11a — 11b were synthesised by reaction
with 2-aminobenzamides, yielding the products as inseparable
mixtures of diastereoisomers. From a-bromoketone 2 (Scheme
1b), imidazothiadiazole analogues 12a — 12b were synthesised
by the microwave-assisted reaction with 2-aminothiadiazoles in
ethanol. Under similar conditions, thiazole fused analogues 13a —
13d were afforded by reaction of either substituted thioamides or
with thiourea. Lastly, quinoxaline fused analogue 14 was
accessed by reaction with o-phenylenediamine.

The  methoxyethoxymethyl (MEM)  ether-protected
hydroxymethylene 3 was reacted with a series of substituted
phenylhydrazines to yield mixtures of regioisomeric pyrazole-
fused analogues (Scheme 1c). Acid-mediated deprotection of the
MEM group allowed for separation of these regioisomeric
mixtures by preparative HPLC, affording the angular pyrazoles
15a — 15e as major products and the linear pyrazoles 16a — 16¢
as the minor products. Interestingly, the 2-fluorophenyl
substituted pyrazole 15d was found to exist as a mixture of
conformational isomers due to restricted rotation around the
pyrazole-phenyl group N-C bond (Supplementary figure S3).
Similarly, pairs of regioisomeric pyrazolopyrimidine fused
analogues were synthesised through reaction of unprotected
hydroxymethylene 4 and 2-aminopyrazoles affording angular
analogues 17a — 17e and linear fused analogues 18a — 18e as
the major and minor products respectively. Reaction of
hydroxymethylenes 3 and 4 with the dinucleophilic hydrazine
hydrate and hydroxylamine hydrochloride respectively, yielded
the unsubstituted pyrazole and isoxazole analogues 19 and 20.
Condensation and cyclisation of various substituted amidines with
B-ketoester 5 and subsequent MEM-deprotection successfully
afforded pyrimidone fused analogues 21a — 21e in good yields
over two steps (Scheme 1d). Finally, spirocyclic ring-contracted
oxindoles 22a - 22c were accessed with complete
diastereoselectivity via a one-pot bromination and acid promoted
semi-pinacol rearrangement of indole fused analogues 8a — 8c
(Scheme 1e).

In total, 65 sterol-inspired compounds (Supplementary
figure S4) were synthesised for use in biological screening,
featuring 14 distinct secondary heterocyclic scaffolds of which 11
can be classed as pseudo-natural products. Cheminformatics
analysis revealed that the compound collection displayed a
similar NP-likeness and shape diversity profile to previously
reported pseudo-NP collections (see Supplementary Figure S5
and accompanying discussion). Furthermore, a novelty analysis
confirmed that none of the scaffold combinations are known in the
academic literature, while only distantly related scaffolds are
found in the patent literature.

In order to evaluate the suitability of our sterol-inspired
library as a source of leads against sterol-transfer proteins, we
chose to target the Aster family of CTPs. The Asters (Asters-A, B,
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Scheme 1. Synthesis of the sterol-inspired compound library. A) Analogue synthesis from ketone 1. a) 2-nitrobenzaldehyde, Fe/HCI (0.1M ag.), EtOH 78 °C
then ketone, KOH, 70 °C, 24 — 56%; b) 2-aminoacetophenone/benzophenone, p-TsOH.H20, 110 °C (uwave), 2 h, 44 — 79%; c) hydrazinopyridine HCI, diethylene
glycol, 250 °C (uwave), 3 h, 10 — 39%; d) phenylhydrazine HCI, p-TsOH.Hz20, 78 °C, 35 — 72%; e) hydroxylamine-O-sulfonic acid, AcOH, 120 °C (uwave), 1 h, 34%;
f) 2-aminobenzamide, NH4CI, EtOH, 78 °C, 32 h, 18 — 80%. B) Analogue synthesis from bromoketone 30. g) aminothiadiazole, EtOH, 150 °C (uwave), 2 h, 36 —
39%; h) thiourea, EtOH, 78 °C, 26 — 61%; i) o-phenylenediamine, EtOH, 78 °C, 3 d, 3%. C) Analogue synthesis from hydroxymethylenes 38/39. j) phenylhydrazine
HCI, MeOH:AcOH (4:1), r.t., then HCI (6M ag.), THF, r.t., 18 h, 5 — 47% (2 steps); k) aminopyrazole, p-TsOH.H20, toluene, 116 °C, 2 h, 21 — 26%; ) hydrazine
hydrate, AcOH, reflux, 3 h, 27%; m) NH20H.HCI, EtOH, 78 °C, 2 h, 60%. D) Analogue synthesis from B-ketoester 60. n) amidine, K2COs, MeOH, 66 °C, 24 h, 74 —
90% then HCI (6M ag.), THF, r.t., 24 h, 48 — 90%. E) Analogue synthesis from indoles 20 — 22. 0) NBS, AcCOH:THF:H20 (1:1:1), r.t., 30 min, 45 — 88%

and C, also known as GRAMDI1A, B, and C respectively) are a
family of sterol transfer proteins responsible for the transport of
cholesterol between plasma membranes (PM) and the
endoplasmic reticulum (ER).18l The roles of the Aster proteins in
autophagosome  biogenesis'®, lysosomal trafficking and
mMTORCL1 signalling®?®, as well as mitochondrial cholesterol
transport®®l  have recently been elucidated, however their
functional redundancy and relevance as drug targets still remains
to be determined. Whilst highly selective inhibitors of Aster-A are
known®l inhibitors of Aster-B and Aster-C have also been
identified but suffer from poor selectivity.??l Identification of

compounds that both selectively and potently inhibit Aster-B and
Aster-C would allow one to individually probe the Aster proteins,
facilitating the study of their specific roles without incurring into
functional redundancy, which has previously been observed when
using genetic methods to perturb the Aster proteins. With this in
mind, an ideal lead compound should be at least 10-fold selective
within the Aster family and display potential for further
improvement. This would ultimately enable us to exploit such a
compound for therapeutic purposes. We commenced our
screening efforts with a DSF assay!*%, investigating whether the
sterol-inspired compounds were able to

This article is protected by copyright. All rights reserved.
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Figure 2. DSF and FP screening data of the sterol-inspired compound collection. A DSF screening plot of the sterol-inspired collection against Aster-C ASTER
domain. Data shown are averages of two replicates. Hit cut-off set as + two s.d. from the mean Tm of the library. B Protein melting curves for the thermal-
stabilisation of Aster C ASTER domain induced by Astercin 1. C Structures of (z), (+), and (-)-Astercin 1. D Fluorescence polarisation assay selectivity of ()-
Astercin 1 against ASTER domains of Asters A, B, and C. E Fluorescence polarisation assay selectivity of (-)-Astercin 1 against ASTER domains of Asters A, B,
and C. F Fluorescence polarisation assay selectivity of (+)-Astercin 1 against Aster domains of Asters A, B, and C. Fluorescence polarisation data shown are
reported as the mean + SEM of an individual experiment run in either duplicate or triplicate.

stabilise the purified ASTER domains of Asters-A, B, and C
towards thermal denaturation. The library was tested at a single
concentration of 50 uM and hits selected using upper and lower
cut-offs of + 2 standard deviations from the mean melting
temperature (Tm) of the whole library. With these cut-offs, eight
compounds were identified that significantly stabilised the ASTER
domains towards heating compared to the negative control;
representing an overall hit rate of 9% for the compound library
(Figures 2a,b, Table 1, and supplementary figures S6, S7). Only
two compounds were found to target more than one Aster protein,
providing initial evidence that selectivity between structurally
similar proteins can be achieved with our approach. To further
investigate the activity of our initial hit compounds and to validate
their binding to the ASTER domain, all hits were screened in an
FP assay. The FP assay was performed in a competitive inhibition
mode against 22-NBD-cholesterol, a fluorescent cholesterol
derivative previously reported to bind the Aster proteins with high
affinity!*°l. Inhibition against their primary target was observed for
five of the six hits selected from the DSF screen. Subsequently,
validated hits were screened against the other Aster proteins to
determine their selectivity. Initially, angular pyrazoles 15c and
15d, hits against Aster-C (Table 1, ICso =3.89 + 0.32 uM and 2.29
+ 1.10 pM respectively), were identified as having promising
selectivity profiles, with 15d (which we have named (+)-Astercin
1) showing over 15-fold selectivity for Aster-C over Aster-A and
30-fold selectivity over Aster-B (Figure 2d).

The remaining members of the angular pyrazole series that
were not previously identified as hits in the DSF assay were
rescreened in the FP assay. Analogues 15a and 15b were
identified as hits with moderate potency (ICso = 7.42 + 3.04 uM
and 6.44 + 1.86 uM, respectively) against Aster-C (Table 1). This

finding suggests that for smaller focussed collections, such as the
sterol-inspired collection, the threshold for hit selection could be
lowered in order to include true-positives in subsequent assays.
Despite this, we were still able to observe a positive correlation
between observed AT, in the DSF assay and ICs, values
determined by FP. In addition to the Aster-C inhibitors, two linear
pyrazolopyrimidine analogues 18a and 18b, which were
identified as hits against Aster-A alongside the imidazothiadiazole
analogue 12a, showed moderate selectivity over Aster-C and
complete selectivity over Aster-B (Table 1), thus representing
promising new classes of Aster-A inhibitors. Unfortunately, we
were unable to validate angular pyrazolopyrimidine 17¢ as a hit
against Aster-B, suggesting the importance of hydroxyl
substitution to achieve high potency against Aster-B as per the
known non-selective cholesterol transport inhibitor U18666A
(Supplementary figure S7).22 In line with our aim of synthesising
our compound library to generate preliminary SAR information for
hit compounds, we could observe a clear trend in the potency of
the pyrazole fused Aster-C inhibitors. (Table 1). The unsubstituted
pyrazole 19 and isomeric linear pyrazoles 16a — 16c were found
to be inactive in both the DSF and FP assays (data not shown),
highlighting the importance of both phenyl substitution of the
pyrazole and its relative positioning in the ASTER domain binding
site. Inactivity from 3,5-disubstituted 15e (entry 8) suggests the
binding site of Aster-C is incompatible with this substitution
pattern, whereas substitution at both the 2- and 4- positions is well
tolerated (entries 2 — 5). This early SAR provides invaluable
information to guide future optimisation efforts of the pyrazole
fused analogues as Aster-C inhibitors.

With this SAR data in hand, we sought to identify the active
enantiomer of (x)-Astercin 1, and additionally gain insight into the
stereochemical preference of the ASTER domain

This article is protected by copyright. All rights reserved.
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Table 1. Change in melting temperature (ATm) from DSF assays and ICso values determined from FP experiments of sterol-inspired compounds against purified

ASTER domains of Asters-A, B, and C.
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N:( N— N N’
HO E
H
12 18
Aster-A Aster-B Aster-C
Entry Compound R AT (°C) ICs0 (UM)®] ATy (°C)R 1Cs0 (UM)P! ATy (°C)d ICso (UM)®]
1 12a 4-OMe 5.10 1.62+0.25 0.96 nd 0.79 3.69 +£0.91
2 15a H 0.46 nd 0.74 nd 1.13 7.42 +£3.04
3 15b 4-OMe 1.23 nd 0.96 nd 1.28 6.44 +1.86
4 15¢ 4-Cl 0.92 > 20 0.87 > 20 1.75 3.89+£0.32
5 15d 2-F 0.97 423+1.14 0.95 68.0£4.31 2.13 2.29+1.10
((x)-Astercin 1)
6 (-)-Astercin 1 2-F nd >80 nd 46.8 £5.78 nd 1.51+0.56
7 (+)-Astercin 1 2-F nd 23.0+1.16 nd 78.0 £ 4.26 nd 16.9£5.41
8 15e 3,5-Me 0.41 nd 0.53 nd 0.05 nd
9 17c i-Pr 1.02 nd 1.50 > 200 1.50 nd
10 18a H 3.30 6.59 +0.35 1.80 > 20 1.26 >20
11 18b 4-OMe 5.50 1.23+0.23 0.97 > 200 1.21 ~150
12 Autogramin-2 N/A nd 1.93+1.06 nd > 200 nd >20
13 Al-1l N/A nd >20 nd >20 nd 4.81 + 1.490
14 U18666A N/A nd nd nd 1.05+0.45 nd nd

[a] ATm values are reported as the mean of two replicates. [b] ICso values reported as mean = s.d. of three individual experiments run in triplicate. [c] No inhibition

observed. [d] Value is approximate owing to solubility problems at concentrations > 10 uM [e] Data were seen to plateau at ~60 % inhibition, see supporting

information for FP curves

binding sites. Utilising reported organocatalytic procedures?®24 to
access enantioenriched (S) and (R)-WMK, decalones (-)-1 and
(+)-1 were synthesised in an identical manner to (+)-1. In an
optimised procedure, both (+)-Astercin 1 and (-)-Astercin 1 were
successively synthesised from decalones (-)-1 and (+)-1
(Supplementary scheme S3). In synthesising (+) and (-)-Astercin
1, we chose to protect the secondary hydroxyl group as a TBS
ether due to its comparative ease of removal compared to MEM
ethers. Using modified conditions? to synthesise the sterol-
pyrazole fusion, we were able to efficiently access (+) and (-)-
Astercin 1 in a one-pot sequence from the corresponding (+) and
(-)-TBS hydroxymethylenes.

Subsequently, (1), (+), and (-)-Astercin 1 were screened in
the FP assay against Aster-C with (-)-Astercin 1, the enantiomer
featuring “unnatural” AB-ring stereochemistry identified as the
active enantiomer over (+)-Astercin 1 (Table 1, figure 2e,f, ICso =
1.51 + 0.56 pM and ICsp = 16.9 uM respectively). Further profiling
against Asters-A and B showed that (-)-Astercin 1 was 30-fold
selective for Aster-C over Aster-B and >50-fold selective for Aster-
C over Aster-A (Table 1, ICso = 46.8 uM £ 5.78 uM and ICso > 80
UM). Interestingly, (+)-Astercin 1 was found to have higher
potency against Aster-A (Table 1, ICso = 23.0 + 1.16 uM) than (-)-
Astercin 1, suggesting a reversal in the stereochemical
preference of Aster-A to bind the “natural” sterol AB-ring
stereochemistry over Aster-B or Aster-C. This preference could
provide a plausible way to exploit the AB-ring stereochemistry to
engineer family selectivity within one class of Aster inhibitors.

Following the recent discovery of a 20a-hydroxycholesterol
derived Aster-C modulator?? Al-1I, we sought to benchmark (-)-
Astercin 1 against it. (-)-Astercin 1 was over 3-fold more potent
than Al-1l (ICsp = 4.81 £ 1.49 pM, though FP data did not plateau
at 100% inhibition in our assay using human ASTER domains)
towards Aster-C, with Al-1I displaying a moderate selectivity-

profile against Aster-A and -B (Supplementary figure S7). Notably,
Al-1l has also been reported to modulate hedgehog signalling?®!
in addition to inhibiting sterol regulatory element binding protein 2
(SREBP2) processing®®@, suggesting that its selectively profile will
need to be evaluated further.

To further validate the ability of Astercin 1 to inhibit Aster-
mediated sterol transfer, we adapted a FRET-based liposomal
cholesterol transfer assay*¥ to a microplate formatl?”! (Figure 3a
— d). This assay monitors the disruption of the 23-BODIPY-
cholesterol (BODIPY-Chol) and rhodamine 1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine  (Rh-DHPE) FRET pair
caused by Aster-mediated transport of BODIPY-chol into
acceptor liposomes prepared without any fluorescently labelled
lipids. For both Aster-A and Aster-B, no significant inhibition of
cholesterol transfer was observed relative to the DMSO control
upon treatment with (x)-Astercin 1, in contrast to control inhibitors
autogramin-2 and U18666A (Figures 3b,c). Pleasingly, the
Astercin 1 selectivity profile determined via the FP assay was
comparable to the compounds ability to inhibit Aster-C mediated
cholesterol transfer, with (-)-Astercin 1 inhibiting transport, while
(+)-Astercin 1 did not (Figure 3d).

Conclusion

In summary, we have designed a collection of 65 sterol-inspired
compounds enriched in activity against CTPs through the fusion
of a steroidal primary scaffold to a diverse set of heterocyclic
secondary scaffolds. Screening of the library against the Aster
proteins in DSF, FP, and FRET-based assays resulted in the
identification of a pyrazole fused class of selective Aster-C
inhibitors, including (-)-Astercin 1, the most potent and selective
Aster-C inhibitor to date. Through the synthesis of both (+) and

This article is protected by copyright. All rights reserved.
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Figure 3. Modulation of Aster-mediated cholesterol transfer between donor (D) and acceptor (A) liposomes by (+)-Astercin and select tool compounds at 10 uM. A
Donor liposomes containing the fluorescent lipids N-Rh-DHPE and BODIPY-Chol exhibit a strong FRET signal upon irradiation at 488 nm. Upon mixing with acceptor
liposomes and Aster protein ASTER domains, BODIPY-Chol is transported to acceptor liposomes resulting in a decrease in FRET signal over time. Inhibition of the
ASTER domains by small molecules slows the decrease in FRET signal. B Modulation of Aster-A mediated cholesterol transfer by (+)-Astercin 1 and Autogramin-
2. C Modulation of Aster-B mediated cholesterol transfer by (+)-Astercin 1 and U18666A. D Modulation of Aster-C mediated cholesterol transfer by (+)-Astercin 1,
(+)-Astercin 1, (-)-Astercin 1, and Al-1l. Representative data from one experiment carried out in duplicate shown (overall n=3, N = 2). Data was normalised to the

initial fluorescence signal of the liposome donor+acceptor control. DOPC = 1,2-dioleoyl-sn-glycero-3-phosphocholine

(-)-Astercin 1, we also identified a clear stereochemical
preference for the sterol AB-ring within the Aster protein family.
Additionally, two new classes of Aster-A inhibitors with moderate
selectivity over Aster-C were identified, giving an overall hit rate
of 9% for our focussed library. (-)-Astercin 1 and its derivatives
could prove to become important tool compounds for use in the
study of Aster-C mediated cholesterol transport, and our newly
developed strategy may be expanded to other CTPs and sterol 3
binding proteins in the future. [4]
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A general strategy for the identification of selective cholesterol transport protein inhibitors through the synthesis of a diverse sterol-
inspired compound collection is presented. Fusion of a primary sterol scaffold to diverse secondary natural product-derived scaffolds
afforded hits against all of the Aster family of cholesterol transport proteins and selective inhibitors of Aster-C.
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