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Our understanding of sterol transport proteins (STPs) has increased exponentially in the last decades with ad-
vances in the cellular and structural biology of these important proteins. However, small molecule probes have
only recently been developed for a few selected STPs. Here we describe the synthesis and evaluation of potential
proteolysis-targeting chimeras (PROTACs) based on inhibitors of the STP Aster-A. Based on the reported Aster-A
inhibitor autogramin-2, ten PROTACs were synthesized. Pomalidomide-based PROTACs functioned as fluores-
cent probes due to the intrinsic fluorescent properties of the aminophthalimide core, which in some cases was
significantly enhanced upon Aster-A binding. Most PROTACs maintained excellent binary affinity to Aster-A, and
one compound, NGF3, showed promising Aster-A degradation in cells. The tools developed here lay the foun-
dation for optimizing Aster-A fluorescent probes and degraders and studying its activity and function in vitro and

in cells.

1. Introduction

Intracellular sterol transport proteins (STPs) are responsible for the
non-vesicular transport of sterols between specific organelles.' This
transport is mediated by three proteins families: the ORPs, the STARDs
and the Asters. The Asters have been shown to transport cholesterol
from the plasma membrane (PM) to the endoplasmic reticulum (ER),*
however several reports suggest that they have additional functions that
are specific to each family member. Aster-A and -C have both been
suggested to play a role in autophagosome biogenesis, while Aster-B has
been shown to regulate mitochondrial sterol transport,” and Aster-C has
been suggested to regulate mTOR activity.® To complicate matters
further, the specific substrates of each Aster may not be limited to ste-
rols, with Aster-B reported to transfer carotenoids.” One of the major
challenges in studying STPs is the functional redundancy observed
within this protein class.>® Therefore knock-down or knock-out cell
lines may not be suitable tools to address all of their functions, given the
time allowed for cells to adapt.

Small molecule inhibitors offer a way to specifically probe the sterol
transport function of an STP, while acting in a rapid and reversible
manner.' However, selectivity amongst the structurally-related STPs has
been challenging to achieve, and infrequently measured. This has
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changed in the last years, as several groups have reported inhibitors of
all three Asters,'? with potent and selective inhibitors of Aster-A and
Aster-C now available.”!! More recently, a selectivity panel aimed at
measuring activity of a given compound against most sterol-binding
ORPs, STARDs and Asters has also been developed, enabling more effi-
cient profiling and characterization of STP ligands.'? In addition to in-
hibitors, compounds able to induce the cellular degradation of a target
protein are also gaining significant interest. These include proteolysis-,
lysosome- or autophagosome-targeting chimeras (PROTACs, LYTACs
and AUTAG:, respectively).lg’15 However, while certain natural product
inhibitors of the STP OSBP lead to its proteasomal degradation,'® no
degrader of an Aster or STARD has been reported to date.

We report the synthesis and profiling of Aster-A targeted PROTACs,
designed to engage both Cereblon (CRBN) and von Hippel Lindau (VHL)
E3 ligases. While most ligands maintained good to excellent target
binding in vitro and several acted as autophagy inhibitors in cells, only
one ligand degraded Aster-A in HelLa cells. Notably, CRBN-recruiting
PROTACs displayed fluorescence through the pomalidomide amino-
phthalimide core, which in some cases increased significantly upon
Aster-A binding. This enabled the measurement of Kgs in biophysical
measurements, and to image cell uptake using fluorescence imaging. As
such, the Aster-A probes developed can serve multiple purposes
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depending on the need. We advocate for a more comprehensive
exploitation of the pomalidomide fluorescent properties, given their
ubiquitous presence in PROTAC research.

2. Results and discussion

We initially designed our putative Aster-A PROTACs based on re-
ported Aster-A inhibitors, the autogramins (Figure 1a). Previous re-
ports highlighted a position of the core scaffold where substitution was
tolerated, and addition of a polyethyleneglycol (PEG) linker did not
adversely affect activity. Therefore, we designed compounds based on
this scaffold, employing different alkyl- and PEG-based linkers, and
coupled these to two E3 ligase recruiting ligands (Figure 1b).!”'° The
choice of flexible linkers was deliberate, to better sample the confor-
mational space around these potential degraders. Pomalidomide and
VHO032 were chosen to recruit CRBN and VHL E3 ligases, respectively. In
total, we generated a proof-of-concept library of 10 potential PROTACs
based on these design principles (see SI Figures 1 and 2 for syntheses).

We initially evaluated our compounds for their ability to inhibit the
interaction of 22-NBD-cholesterol (22-NBD-Chol) with Aster-A.>'! Two
out of three VHL-based PROTACs (NGV1 and —2) showed activity in the
low pM range, in line with autogramin-2 (Figure 2a and Table 1). Inter-
estingly, NGV3, with an alkyl linker consisting of 9 carbon atoms, did not
show any activity. We initially speculated that this may be a result of
unfavourable solvent interactions of an exposed hydrophobic linker.
Notably, NGV1, which has a shorter alkyl linker, retained inhibitory
properties. The CRBN-recruiting PROTAC candidates could not be tested
in this set-up, as they absorb light and can be excited in the 400-450 nm
range (SI Figure 3) to emit fluorescence through the pomalidomide
aminophthalimide core, which interfered with the 22-NBD-Chol fluores-
cence. However, we speculated that this property would enable us to
detect direct binding to Aster-A by monitoring changes in fluorescence
intensity (FI) or fluorescence polarization (FP) upon ligand binding.
Interestingly, although the aminophthalimide fluorescence has been used
to determine cellular uptake of pomalidomide-based PROTACs,**?! to the
best of our knowledge no reports of using this scaffold to develop bio-
physical binding assays is known.

We initially titrated all pomalidomide-based compounds (NGF1-7)
against increasing concentrations of Aster-A, using linker-pomalidomide
conjugates lacking Aster-A ligands as negative controls. Several com-
pounds showed increased FI with increasing Aster-A concentrations,
enabling the determination of dissociation constants (K4, Figure 2b).
Importantly, the change in fluorescence was not a result in the change in
fluorescence emission maxima, but rather an increase in total fluores-
cence upon binding (Figure 2c and SI Figure 4). These compounds can
thus be considered the first “turn-on” fluorescent probes for Aster-A.
Compounds NGF3, —4, —6 and —7 displayed Kgs in the sub-100 nM
range, highlighting tight binding to Aster-A (Table 1). NGF5, which
contains a long alkyl linker similarly to NGV3, was also inactive, con-
firming the SAR that suggests longer alkyl linkers to be unfavourable.

Interestingly, the FI binding data showed that NGF2 did not show an
increase in fluorescence with increasing Aster-A concentrations, sug-
gesting a lack of binding. However, an alternative explanation was that
no new interactions with Aster-A were formed, leading to a lack of turn-
on fluorescence properties. To address this, we measured FP, which is
independent of total fluorescence (Figure 2d). Ligands that were active
in the FI measurements displayed similar K4 values in the FP measure-
ments (Table 1). Notably, NGF2 showed tight binding to Aster-A with a
K4 = 149 nM, which is in stark contrast to the FI data, and supports the
notion that, while it a suitable FP probe, it does not display turn-on
fluorescence properties. To confirm these results in an orthogonal
assay, thermal shift measurements were carried out (Figure 2e and
Table 1).>'! These confirmed the FP results, where compounds that
displayed tight binding by FP also caused a larger change in thermal
stability (4 — 7 °C), whereas inactive compounds showed low thermal
shifts (<1.6 °C).
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Figure 1. Design strategy for Aster-A PROTAGCs; (a) structures of reported
Aster-A inhibitors; (b) structures of designed PROTACs NGF1-7 and NGV1-3.
Please see SI Figures 1 and 2 for syntheses.

To determine the selectivity of the newly developed Aster-A probes,
we titrated NGF3 against a panel of sterol transport proteins
(Figure 2f).'? This revealed that NGF3 displayed no binding towards the
sterol binding domains of Aster-B and -C, as well as STARD1 and good
selectivity (>10-fold) over ORP1 and ORP2. NGF1-7 were subsequently
titrated against ORP1 to determine whether the linker may play a role in
further enhancing selectivity towards Aster-A over ORP1. All ligands
showed similar binding affinities towards ORP1, as assessed by FI and
FP, with the exception of NGF7, which displayed equivalent tight
binding to both Aster-A and ORP1, and is thus less suitable as a selective
probe (SI Figure 5a and 5b). To highlight the utility of the fluorescent
probes, we sought to develop competitive FI, against which new Aster-A
inhibitors could be screened in the future. To this end, we titrated
different concentrations of NGF3 against Aster-A, which revealed that
100 nM was the optimal concentration to maintain a large assay window
(SI Figure 5c¢). Control compounds autogramin-2 and non-selective ste-
rol transport protein inhibitor U18666A were tested as competitors,
revealing ICsos which are similar to the FP assay employing 22-NBD-
Chol as a tracer (SI Figure 5d and Table 1). Similar results were ob-
tained using NGV1-3 as competitors (SI Figure 5e and Table 1), further
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Figure 2. Biophysical evaluation of Aster-A bi-functional molecules. (a) Inhibition of the interaction of 22-NBD-Chol (20 nM) and Aster-A (500 nM) by NGV1-3
as assessed by FP; (b) titration of all pomalidomide-based ligands against Aster-A assessed by FI; (c) Fluorescence emission spectra of NGF3 (100 nM) in the presence
of increasing concentrations of Aster-A; (d) the same titration as in (b), assessed by FP; (e) thermal stability of Aster-A in presence or absence of ligands, assessed by
differential scanning fluorimetry; (f) Titration of NGF3 (100 nM) against a panel of sterol transport proteins assessed by FI. All data is N = 2 and n = 3, representative
experiments shown.
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Table 1
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Summary of biophysical data of bi-functional molecules and control compounds tested against Aster-A. FP = fluorescence polarization, DSF = differential
scanning fluorimetry. All data is the mean of three independent experiments.®NGF2 did not display any enhanced fluorescence upon binding. ®Data obtained from

reference 11.

FI - Kp [nM] FP - Kp [nM] DSF - AT, [° C] FI -ICs5¢ [nM] FP - IC50 [nM]

competitive - NGF3 competitive — 22-NBD-chol
Pomalidomide > 5000 > 5000 0.1
POM-PEG > 5000 > 5000 0.3
NGF1 765 745 3.2
NGF2 > 50007 149 4.0
NGF3 83 90 5.7
NGF4 86 68 5.8
NGF5 > 5000 > 5000 1.2
NGF6 110 37 5.0
NGF7 88 49 4.9
Autogramin-2 6.8 1181 1930°
U18666A 5.6 1155 1842
Astercin-1 0.2 > 10000 >10000°
NGV1 3.6 2753 4677
NGV2 4.4 1470 3697
NGV3 1.6 > 10000 >10000

highlighting the suitability of NGF3 as a fluorescent probe in biophysical
assays.

To understand the linker requirements for probe binding to Aster-A
and the resulting differences in fluorescent behaviour, we performed
docking against a humanized homology model of a reported x-ray
crystal structure of mouse Aster-A (PDB: 6GQF).4 This showed that in all
cases the autogramin core bound deeply in the sterol binding domain, as
previously reported,” while the linkers were mostly solvent exposed
(Figure 3). However, NGF2, which contains the shortest ethylene glycol
linker and did not display turn-on fluorescence, was predicted to not
engage in productive interactions through its aminophthalimide fluo-
rophore (Figure 3a). This is in contrast to NGF3 and —4 which display
both predicted polar interactions through the linker, and a key hydrogen
bond network with Arg369 (Figure 3b and 3c, respectively), providing a
plausible explanation for their turn-on fluorescent properties.

Following this, we sought to determine whether the fluorescent
properties of our probes could be used to qualitatively determine their
cell permeability, as previously described for other aminophthalimide-
based PROTACs.””?! Fluorescence and brightfield imaging of HeLa
cells treated with the NGF compounds showed that intracellular fluo-
rescence could clearly be observed for certain derivatives (Figure 4 and
SI Figure 6). Interestingly, NGF1 showed the highest degree of intra-
cellular fluorescence, despite having a lower binding affinity (Kq = 750
nM) in biophysical measurements and being a worse turn-on fluorescent
probe, when compared to NGF2 and NGF3. This suggests that the
fluorescence is due to increased cellular uptake, most likely a result of
the alkyl linker, which is known to increase permeability compared to
more hydrophilic PEG linkers. However, we cannot conclusively deter-
mine the effect of compound binding to Aster-A in cells on the intra-
cellular fluorescence, and as such fluorescence intensity may not directly
correlate with uptake, in this case. The investigation of the intracellular
properties of aminophthalimide Autogramin-2 will be the subject of
further study and will be reported in due course. The fact that PROTACs
show cell permeability is promising, as many reports in the field high-
light poor cell permeability of PROTACs due to their large molecular
weight and the presence of numerous hydrogen bond donors and
acceptors.

Having confirmed that the designed Aster-A PROTACs maintain
good binding affinities towards Aster-A, and displayed encouraging
evidence of cell permeability we tested the Aster-A degradation ability
of all PROTAC candidates in HeLa cells by Western blot, probing with an
Aster-A antibody. Of all candidates tested, only NGF3 degraded Aster-A,
with an approximate reduction in Aster-A levels of 50 % at 10 uM. The
degradation was also dose-dependent, with a DCso = 4.8 pM and a Dpax
= 60 %. Following this, the mechanism of the degradation of Aster-A by

Homology model
Aster-A

Figure 3. Predicted binding modes of NGF-2, —3 and —4, determined by
docking to a humanized homology model of a mouse Aster-A x-ray crystal
structure (PDB: 6GQF). Most represented binding modes for NGF2 (a), NGF3
(b) and NGF4 (c) shown.
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Figure 4. Fluorescent and brightfield imaging of HeLa cells treated with aminophthalimide-based Aster-A probes. Cells were treated with the annotated
concentration of compounds for 1 h, before imaging using a Tecan Spark Cyto; N = 3, representative images shown.
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Figure 5. Effect of designed PROTACs on Aster-A protein levels. (a) Single concentration screen for Aster-A degradation in HeLa cells; (b) Dose-dependence of
Aster-A degradation by NGF-3; (c) mechanism of Aster-A degradation by NGF3. All data is mean + sem, n = 3, with representative Western blots shown.

NGF3 was explored. The degradation of Aster-A was partially blocked
by MLN4924, an inhibitor of the NEDD8-activating enzyme (NAE),
suggesting that an active Cullin-RING E3 ubiquitin Ligase (CRL) com-
plex is required. Aster-A degradation induced by NGF3 was also blocked
by MGI132, an established proteasome inhibitor, confirming that
degradation is mediated by proteasome.

A PROTAC can exhibit various degradation efficiencies across
different cell lines®?, which can be attributed to the expression levels of
the target protein and E3 ligases or the mutations on the E3 ligases.
Therefore, two additional cell lines, A549 human lung adenocarcinoma
cells, and MCF7 human breast cancer cells constitutively expressing
eGFP-LC3, were selected to investigate the effects of Aster-A degrada-
tion. The expression levels of CRBN, VHL and Aster-A vary across these
three distinct cell lines (SI Figure 7a). A549 cells are predicted to display
high Aster-A levels, while MCF7-eGFP-LC3 cells were selected to study
the effect of Aster-A modulation on autophagy.”>> However, among all
the tested cell lines, HeLa cells were the only cell line where the
degradation of Aster-A by NGF3 could be observed (SI Figure 7b).

To determine whether the compounds could still act as inhibitors of
Aster-A in cells, we tested their ability to inhibit autophagy in MCF7-
eGFP-LC3 cells.>* Similarly to the parent compound autogramin-2.

NGF2, —3 and —4 could all inhibit autophagy, with activity in the
low uM range. NGF2, which contains the shortest ethylene glycol linker,
displayed the most potent activity, while NGF1 and —5 displayed no
activity, in line with their weaker and absent in vitro potency,
respectively.

3. Conclusion

In conclusion, we have designed, synthesized and tested the first
PROTACs for the sterol transporter Aster-A. Using the fluorescent
properties of the aminophthalimide core of pomalidomide-based PRO-
TACs, we discovered compounds that show enhanced fluorescence upon
Aster-A binding. Fluorescent Aster-A probes were used in FI and FP
experiments to determine Kq values, as well as to establish competition
assays. In addition to biophysical experiments, the probes can also be
used to qualitatively determine cellular uptake. However, a quantitative
measurement is not currently possible, as the intracellular fluorescence
observed is most likely a combination of cell uptake and Aster-A bind-
ing. NGF2, —3 and —4 still behaved as Aster-A inhibitors in cells, as
assessed by their inhibition of autophagy, however only NGF3 led to the
degradation of Aster-A in a dose- and cell line-dependent manner.
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Figure 6. Aster-A ligands inhibit autophagy. All synthesized compounds
were tested for inhibition of autophagy in MCF7 cells stably expressing eGFP-
LC3. Autophagy was induced by amino acid starvation using EBSS. Auto-
mated microscopy and image analysis enabled quantification of puncta, rep-
resenting autophagosomes; (a) representative images of active compounds and
controls, scale bar = 110 pm; (b) quantification of images in (a); all data is
mean + sem (n = 3).

Further optimization of Aster-A degraders is ongoing, and will be re-
ported in due course. A more potent degrader with broader cell line
activity will be important in determining differences in phenotypic
consequence between Aster-A inhibition or degradation. Overall, the
different fluorescent probes reported herein will be valuable additions to
study sterol transport, both in vitro and in cells. This work highlights use
of aminophthalimide fluorescence for a range of applications, which
warrants increased adoption by the PROTAC field.
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