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Abstract

Hijacking host cell lipid homeostatic pathways is a hallmark of infection by RNA-positive viruses.
A key protein exploited by these viruses to facilitate replication is the lipid exchanger Oxysterol-
binding protein (OSBP), making it an attractive target for antiviral strategies. However, the known
OSBP ligands are poorly selective, and those of natural origin, referred to as ORPphilins, exhibit
pronounced cytotoxicity. Here, we describe macarangin B, a new racemic flavonoid isolated from
a Vietnamese bushy tree. This compound features a rare hydroxy-hexahydroxanthene moiety that
confers the ability to bind OSBP. Using a bio-inspired method, we performed the total synthesis of
both (R, R, R) and (S, S, S) enantiomers, allowing us to examine their distinct interaction with OSBP,
based on their unique optical properties. Together, experimental and computational approaches
indicate that the (R, R, R) enantiomer has the highest affinity for OSBP. We show that replication
of the health-threatening Flavivirus Zika virus in infected human cells is strongly reduced by
treatment with (R, R, R)-macarangin B, which selectively targets OSBP. Importantly, both
enantiomers exhibit significantly decreased cytotoxicity when compared to the previously
characterized ORPphilins, positioning (R, R, R)-macarangin B as a promising lead for the

development of a novel family of antivirals.
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Introduction

Living organisms like plants, marine or micro-organisms produce specialized metabolites to
defend themselves against predators or pests. These molecules are designed to kill their attackers
by binding to specific protein targets to interfere with metabolic processes. They display precise
biological activities due to the optimization of their interaction with their target, which allowed
species to survive over the millennia. In this respect, most specialized metabolites are considered
to have potential therapeutic utility by binding directly either to the target for which they are
designed (e.g., antibiotics) or to a human target showing similarity to the original one [1,2].
According to Waldmann and co-workers, these specialized metabolites can be viewed as
privileged structures pre-validated by Nature [3]. They often have highly complex structures with
numerous asymmetric centers, which confer them pharmacological specificities. They also display
high chemical diversity and embrace a biologically relevant chemical space [4]. However, their
structural originality is also their Achilles heel: they are often difficult to synthesize at a multigram
scale and their supply can be problematic. Nevertheless, they constitute interesting hits for drug
discovery.

In this context, four families of natural molecules with high structural complexity and
lacking obvious similarity, produced either by marine organisms (cephalostatin-I [5], ritterazin B
[6] and stelletin-E [7]) or plants (OSW-1 [8] and schweinfurthins [9-15]), were described to
induce a similar pattern of toxicity against the NCI 60 cancer cell lines (Fig. 1). The COMPARE
algorithm predicted these specialized metabolites to have a related mechanism of action, different
to that of any of the chemotherapeutics already on the market [16]. Burgett et al. showed that
these metabolites bind to Oxysterol-binding protein (OSBP) and, to some extent, to its close

homolog OSBP-related protein 4 (ORP4) and were thus named ORPphilins [17].
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Figure 1. Natural molecules from the ORPphilin family targeting OSBP.

OSBP/ORPs constitute a large and conserved family of intracellular lipid transfer proteins
that mainly operate at regions of close apposition between organelles, referred to as membrane
contact sites (MCSs) [18]. They all contain a conserved OSBP-related domain (ORD) with a
hydrophobic cavity, structured by a near-complete -barrel fold, which stabilizes sterols and/or
non-sterol lipid ligands and enables their transport between membranes [19]. In previous studies,
we showed that OSBP transfers cholesterol from the endoplasmic reticulum (ER) to the trans-
Golgi network (TGN) by counter exchange and hydrolysis of phosphatidylinositol-4-phosphate
[PI(4)P] [20,21], and that OSW-1 4 or schweinfurthin G (SW-G) 5 inhibit this activity by binding
directly within the ORD domain of OSBP [22,23].

Although ORPphilins have been described as promising anticancer agents, the causal
relationship between their affinity for OSBP and their cytotoxicity remains elusive, as the role
played by this protein in cell survival is still unclear or may be indirect [24,25]. By contrast,
evidence suggests that OSBP inhibitors may help combat viral infection since the OSBP machinery
is hijacked by many positive-strand RNA viruses [26-31], including the medically relevant dengue
and Zika viruses from the Flavivirus family, for which no antivirals exist. However, all ORPphilins
described so far are highly cytotoxic, compromising their use as potential antiviral drugs. In

addition, they all have been isolated in small quantities and their total syntheses are long and
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complex [32-34]. For example, schweinfurthin (SW) derivatives, which are structurally the
“simplest” ORPphilins, require 16 to 20 steps for their synthesis [35].

Here, we isolated a racemic new flavonoid molecule named macarangin B 6 with
uncommon hydroxy-HHX moiety from Macaranga tanarius, an endemic plant species from
Vietnam of the Euphorbiaceae family. We determined that compound 6 is a new ligand of OSBP
and inhibits its sterol transfer activity in a dose-dependent manner. We performed the total
synthesis of both enantiomers of naturally racemic macarangin B 6, enabling us to dissect, owing
to their optical properties, their specific interaction with OSBP using biochemical and cellular
approaches. We further defined the essential OSBP residues responsible for binding macarangin
B 6 enantiomers in the ORD cavity by coupling molecular dynamics (MD) simulations to cellular
analysis of OSBP mutants. Finally, we showed that Zika virus (ZIKV) replication in infected cells
was significantly reduced upon selectively inhibiting OSBP by treatment with macarangin B 6.
Importantly, we provide evidence that both macarangin B 6 enantiomers are much less cytotoxic
than other ORPphilins described so far, paving the way for promising new applications as antiviral

molecules.

Results
Isolation of macarangin B 6

Macaranga is a large tropical genus of the Euphorbiaceae family, of which 21 species
originating from New Caledonia, Madagascar, Uganda and Vietnam are part of an in-house plant
collection. A few years ago, we reported the isolation, from Macaranga tanarius, of new cytotoxic
SW derivatives using molecular networking and mass spectrometry imaging approaches [15,36].
In the isolation process, an original flavonol 6 possessing a similar HHX unit as SW-G was also
identified (Fig. 1 and Supporting Information). This compound was isolated at 2 mg scale with a
very low extraction yield (0.00017%).

Flavonoids represent one of the most studied classes of specialized metabolites produced

throughout the plant kingdom. Their biosynthesis is well-defined and largely conserved [37].
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Among them, about 1000 prenylated flavonoids have been isolated but only in 37 plant genera
and always in small amounts. They are regarded as phytoalexins and their prenylated structure
gives them enhanced biological properties [38,39]. Alkyl chains, mainly prenyl (3,3-dimethylallyl)
but also geranyl and farnesyl, are grafted either on cycle A or B of the flavone. The chemical
diversity of these metabolites is additionally increased by oxidations, cyclizations with ortho-
phenolic hydroxyl to form a six-membered pyran derivative, dehydrations or reductions of the
prenyl chain. Nevertheless, the hydroxylated trans-HHX unit found in compound 6 has never been
described so far. However, various prenylated flavones have already been isolated in Macaranga
species and some molecules of the ugonins family with a cis-HHX unit from the rhizomes of
Helminthostachys zeylanica [40,41].

From a biogenetic point of view, the hydroxy-HHX moiety arises from the intramolecular
"head-to-tail" polyene cyclization of a phenol on an epoxidized geranyl side chain [42]. This highly
efficient reaction is one of the finest means used by Nature to create complex polycyclic molecules
from acyclic ones via concerted and stereocontrolled C-C bond formations. In 1955, Eschenmoser
and Stork independently rationalized the stereoelectronic aspects that originate the observed
stereochemistry in this reaction [43,44]: trans-decalins arise from the cyclization of E-polyenes,
and cis-decalins from Z-polyenes. Thus, the plausible biosynthetic precursor of compound 6 is (E)-
macarangin 6, already isolated from Macaranga vedeliania [45] (Fig. 2A). Unlike all SW derivatives
with a hydroxy-HHX motif described so far, compound 6 was isolated as a racemate (specific
rotation and ECD in Supporting Information), suggesting a non-enzymatic epoxidation of the
geranyl chain of macarangin 7. By contrast, the intramolecular cyclization of the geranyl chain of
compound 8 is probably enzymatic as it occurred from the less reactive phenol involved in a
hydrogen bond with the adjacent ketone.

The presence of a trans-HHX motif similar to that of SW derivatives prompted us to
examine whether macarangin B 6 inhibits the cholesterol transfer activity of OSBP. For this, we
monitored the transfer of the cholesterol fluorescent analog dehydroergosterol (DHE) by OSBP

ORD (residues 401-807) from liposomes mimicking the ER to liposomes mimicking the TGN (Fig.

https://doi.org/10.26434/chemrxiv-2024-3b08x ORCID: https://orcid.org/0000-0002-5941-9901 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-3b08x
https://orcid.org/0000-0002-5941-9901
https://creativecommons.org/licenses/by-nc-nd/4.0/

2B). As previously observed with other ORPphilins [22,23], the DHE transfer rate decreased
drastically as we increased the concentration of macarangin B 6 in the reaction mixture (Fig. 2C,

D), suggesting that it binds to the ORD domain of OSBP with a high affinity.

Macarangin 7 (Phytochem, 1990) 8 Macarangin B 6
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Figure 2. Macarangin B is a new natural OSBP inhibitor. A. Biogenetic proposal for macarangin B 6. B.
Principle of the sterol transfer assay between donor (Lp) and acceptor (La) liposomes catalyzed by the OSBP
ORD domain, as measured by FRET between DHE and DNS-PE. C. Time course of DHE transfer between
liposomes with increasing amounts Macarangin B 6, or as a comparison, with OSW-1 (1 uM, orange curve),
another OSBP inhibitor. Transfer was initiated by the addition of 100 nM ORD. D. Macarangin B 6 inhibits
DHE transfer activity in a dose dependent manner.

Bio-inspired synthesis of both enantiomers of macarangin B (R)-6 and (5)-6

It was previously shown that unnatural (S, S, S) enantiomers of SW derivatives show a
distinctive pattern of activity on the NCI 60 cell lines panel compared to their natural (R, R, R)
counterparts [48], suggesting that the two-enantiomer series may differ in their mechanisms of
action. To verify this hypothesis and because the racemate was isolated with a poor yield and at a
small scale, we sought to carry out the synthesis of both (R, R, R) and (S, S, S) enantiomers of
macarangin B 6, i.e., (R)-6 and (S)-6 respectively (Fig. 3). Conventional strategies for synthesizing
complex flavonoids are generally based on specific functionalizations on the phenolic moiety
before the formation of flavonoid cores. This overcomes the lack of regioselectivity of flavone
functionalization, as well as the stability and solubility problems that are sometimes encountered.

For example, macarangin 7 has been synthesized in six steps with an overall yield of 6% from
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benzoyloxyphloroacetophenone, which was alkylated with geranyl bromide before Baker-
Venkataraman rearrangement and acid treatment to elaborate the flavone motif [47]. However,
to further reduce the number of steps, we performed the bio-inspired synthesis of macarangin B
6 starting from commercial kaempferol 9, its probable biogenetic precursor.

OH OMOM

a. MOMCI, K,CO4 d. Sharpless
b. BTMA.ICI, dihydroxylation
—_—

c. Suzuki-Miyaura

0 10 b\ﬁ 1,EZ:21  31%fom9

OMOM OMOM
e. MsCl
then DBU f. BF;0Et, g. Dowex
—_—

529 D 99%

from 11

44%

Ho OMOM

(R112

Figure 3. Bio-inspired enantioselective synthesis of macarangin B (R)-6 and (S)-6 in seven steps from
kaempferol 9. Reaction conditions : a. K2COs (12.0 equiv.), MeCN/DMSO 10:1, 40 °C, 1 h, then dropwise
addition (1 h) of MOMCI (5.0 equiv.), room temperature (r.t.), 16 h; b. NaHCO3 (5.0 equiv.), BTMA-ICIz (1.05
equiv.), CH2Clz/MeOH 2:1, dark, r.t, 1 h; c. boronic ester 10 (1.5 equiv.), NaOH (2.5 equiv.), Pd(PPhs)4 (2
mol%), degassed THF /water 2:1, microwave irradiation, 100 °C, 4 h; d. K2CO3 (4.0 equiv.), KsFeCNs (2.8
equiv.), (DHQ)2PHAL (4 mol%), OsO4 (4 mol%) MeSO2NHz (1.3 equiv.), t-BuOH/water 2:1, 0 °C, 16 h; e. EtsN
(4.0 equiv.), MeS02Cl (2.0 equiv.), r.t, 1 h, then DBU (5.0 equiv.), 0 °C, 3 h; f. BF3-OEt: (1.5 equiv.), CH2Cl, -
78 °C, 30 min; g. Dowex 50WX8 200-400 (15.0 equiv.), MeOH, 35 °C, 22 h; h. same as d. but (DHQD).PHAL
instead of (DHQ)2PHAL.

The direct regioselective introduction of a geranyl chain on the C¢ position of flavonol 9
was first considered. As described previously, the ortho position of a phenolate can be alkylated
with prenyl bromide, albeit often with low regioselectivity when several phenols are present. The
procedures of Baron [48] and Urones [49] (i.e., tetraethylammonium iodide in methanol and
aqueous tetramethylammonium hydroxide) did not lead to the C-alkylation of kaempferol 9. The

use of other bases (DBU [49], NaH, K>COs3 or EtzN) or solvents (THF, toluene, acetone or TFE) led
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mainly to the formation of O7 or Cg geranylated compounds, revealing that direct Cs alkylation of
flavonol 9 would not be possible with reasonable yields.

Another strategy, based on a Suzuki-Miyaura coupling reaction, was then envisaged to
introduce the geranyl chain (Fig. 3). For that, the phenol functions of kaempferol 9 were first
protected as methoxymethyl acetal, except the poorly reactive phenol on Cs engaged in an
intramolecular hydrogen bond with the carbonyl moiety. This free phenol was then used to direct
regioselective iodination on Cs in the presence of benzyltrimethylammonium dichloroiodate
(BTMA.ICI,) [51,52]. The iodinated intermediate was obtained with a good regioselectivity of 7:1
in favor of the functionalization of Cs versus Cg position. The next step consisted in introducing the
geranyl chain by a Suzuki-Miyaura coupling using geranyl boronic acid pinacol ester 10 [53]. The
choice of appropriate solvents and base turned out to be crucial. The optimal conditions finally
involved the use of Pd(PPhs). as a catalyst along with NaOH as a base in a mixture of THF /water
1:1 at 100 °C under microwave irradiation for 4 h. With these conditions, the desired coupling
product 11 was obtained in 60% yield over two steps and in 31% yield from kaempferol 9.
However, this reaction was accompanied by partial isomerization of the E allylic double bond (E/Z
2:1). None of the tested catalysts or conditions could prevent or reduce this side reaction.

When performing direct enantioselective epoxidation of the terminal double bond of
compound 11 following Shi or Jacobsen strategies, we observed a lack of chiral induction,
regioselectivity and/or very low yield. The desired epoxides (R)-13 and (S)-13 were thus
prepared by dihydroxylation followed by cyclization. First, a Sharpless dihydroxylation was
carried out in the presence of (DHQ).PHAL or (DHQD),PHAL to afford (S)-12 and (R)-12,
respectively. After mesylation of the secondary alcohol obtained, the use of DBU afforded the
desired epoxides (R)-13 and (S5)-13 with 52% and 44% yield, respectively from geranyl
intermediate 11. The hydroxy-HHX moiety was then obtained by a cascade cyclization induced by
a Lewis acid. The use of a stochiometric amount of BF3-OEt; in dichloromethane at -78 °C afforded
the cyclized compounds (R, R, R)-14, i.e. (R)-14 and (S, S, S)-14, i.e. (S)-14. Both could be easily

separated from their respective diastereomers arising from the cyclization of (R,Z)-13 and (S,Z)-

https://doi.org/10.26434/chemrxiv-2024-3b08x ORCID: https://orcid.org/0000-0002-5941-9901 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-3b08x
https://orcid.org/0000-0002-5941-9901
https://creativecommons.org/licenses/by-nc-nd/4.0/

13 (see Supporting Information). The two enantiomers of protected macarangin B (R)-14 and (S)-
14 were obtained with good enantiomeric ratios (e.r.) of 90:10 and 97:3, respectively (see
Supporting Information). Gentle deprotection of the phenols using Dowex acidic resin 50WX8
200-400 in methanol at 35 °C for 22 h yielded the two enantiomers of macarangin B (R)-6 and (S)-
6 quantitatively. By contrast, classical deprotection with 2 M HCI or p-toluenesulfonic acid led to
complete degradation. Spectroscopic data (H and 13C NMR) and mass spectra of (R)-6 and (5)-6

were identical to those of isolated natural macarangin B 6.

Intrinsic fluorescence of macarangin B (R)-6 and (S)-6 reveals their enantioselective
binding to OSBP

Similarly to 3-hydroxy-flavones, which are known as green or yellow fluorescent
metabolites [54-56], natural macarangin B 6 exhibits intrinsic fluorescence with excitation and
emission spectra in the UV-visible range (Fig. S1A,B), with two excitation peaks at 280 and 370
nm and two emission peaks at 475 and 550 nm. Interestingly, spectral data analysis revealed high
sensitivity to the environment. First, we observed a change in the maximal wavelength and
intensity of emission depending on the solvent used (Fig. 4A, S1D). A switch from a polar solvent
(methanol, orange curves) to an aqueous medium (black curves) resulted in a red shift with a
complete disappearance of the emission peak at 475 nm and a further increase of the emission
peak at 550 nm. Second, the addition of detergent micelles (Thesit®) or phosphatidylcholine (PC)
liposomes to the aqueous buffer increased the fluorescence signal. Last, upon the addition of the
ORD construct of OSBP, the emission peak at 550 nm strongly increased in the case of (5)-6 (Fig.
S1D) and even doubled for (R)-6 (Fig. 4A, right panel, blue curve), suggesting the insertion of both
compounds within the ORD. These experiments were performed in the presence of PC liposomes

to facilitate ligand exchange within the ORD, which was purified with bound cholesterol [23].

10
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Figure 4. Fluorescence properties of (R)-6 and (S)-6 enable affinity and dissociation rate constant
determination. A. Emission spectra of (R)-6 (200 nM) upon excitation at 370 nm in methanol or in
the presence of the indicated amount of Thesit® in HKM bulffer (left panel), or in the presence of PC
liposomes (100 pM), with or without of ORD (200 nM) in HKM buffer (right panel). B. Emission
spectra of (R)-6 (200 nM) upon FRET excitation at 290 nm in the presence of PC liposomes (100 pM)
with or without ORD (200 nM) (left panel) or N-PH-FFAT (200 nM) (right panel) in HKM bulffer. C.
Example of binding measurement of (R)-6 to ORD under FRET conditions (left panel). Increasing
amount of (R)-6 was added in HKM buffer containing Thesit® (0.02%) in presence (blue curve) or
absence (black curve) of ORD (200 nM). The right panel shows the corrected fluorescence increase
of (R)-6 bound to ORD after deduction of (R)-6 fluorescence increase without ORD at the same
concentration. D. Curve fit allows determination of (R)-6 apparent affinity for ORD. Affinity
measurements of (5)-6 and SW-G for ORD under the same conditions are detailed in Fig S1. E. Time
course of (R)-6, (S)-6 and SW-G (200 nM) (blue, green and red curves, respectively) binding to the
ORD (200 nM), and release upon OSW-1 addition (500 nM) as measured by FRET (excitation 290 nm;
emission 550 nm for (R)-6 and (S)-6; excitation 280 nm; emission 410 nm for SW-G). The reaction
was performed in the presence of PC liposomes (100 pM). Maximum fluorescence intensity was
normalized to 100 for comparison between the three compounds. F. Dissociation constants after
OSW-1 addition were determined by mono exponential fitting of the curves in E.
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To confirm the specific binding of compounds 6 to ORD, we performed fluorescence
resonance energy transfer (FRET) experiments. We previously demonstrated that tryptophan
(Trp) residues located in the vicinity of the lipid binding cavity of the ORD were close enough to
SW-G to form fluorophore pairs, which resulted in a FRET signal [23]. We thus compared the
emission spectra of the ORD alone, of compounds (R)- or (5)-6 alone, and of mixtures containing
stoichiometric amounts of both ORD and (R)- or (S)-6 upon Trp excitation at 290 nm. As shown in
Fig. 4B and S1E (left panels), the emission signal at 550 nm of (R)- or (5)-6 had a ~10-fold higher
intensity in the presence of ORD (colored curves) as compared to (R)- or (S)-6 alone. As a control,
we performed the same experiments with the membrane tethering region of OSBP (N-PH-FFAT;
res. 1-408) instead of the ORD (Fig. 4B, S1E, right panels). Under these conditions, no FRET was
observed. These experiments demonstrated that both (R)- and (S)-6 molecules bind specifically
to the ORD of OSBP.

We next used this specific FRET signal to assess the affinity of both enantiomers of
macarangin B 6 for the ORD. These experiments were performed in the presence of Thesit®
micelles, which allow very fastligand exchange kinetics within the ORD [23], thus facilitating rapid
equilibration. The increase in signal, upon the addition of an incremental amount of each
compound, was measured both in the absence and presence of the ORD (Fig. 4C, left panel and Fig.
S1F). The specific FRET signals obtained for (R)- and (S)-6 were then plotted against compound
concentration (Fig. 4C, right panel and Fig. S1G), and curve fitting enabled determination of their
apparent affinity for ORD (Fig. 4D and Table 1). For comparison, a similar experiment was
performed with SW-G 5 but at a different emission wavelength (Fig. S1C,F,G). The affinity of (R)-
6 (80 £30 nM) for ORD was five times higher than that of (5)-6 (401% 38 nM), but four times lower
than SW-G (22 +2 nM) (Fig. 4D).

We then performed FRET experiments to monitor the time course of (R)-6, (5)-6 and SW-
G binding into the ORD, as well as their dissociation constants upon competition with an excess of
0OSW-1, which is not fluorescent (Fig. 4E). These experiments were performed in the presence of

PCliposomes, which, in contrast to Thesit® micelles, resulted in slow ligand exchange kinetics that
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could be readily resolved. The association kinetics of (R)-6, (S)-6 and SW-G were similar, probably
because of the rate-limiting dissociation of the initially bound cholesterol. By contrast,
dissociation kinetics of (R)-6, (S)-6 and SW-G upon OSW-1 addition showed significant
differences. Dissociation of (R)-6 (ko = 24.10-4 s-1) was three times slower than that of (5)-6
(73.10-4 s1) but four times faster than that of SW-G 5 (6.10-4s1). These relative differences in kot
are parallel to those observed for the apparent Kq of the compounds in the presence of Thesit®.
Altogether, these experiments demonstrate that macarangin B 6 exhibits enantioselective binding
to OSBP. As a result, (R)-6, (S)-6 and SW-G form a series of ORD inhibitors with distinct affinities

that extend over a 25-fold range.

Direct imaging of macarangin B (R)-6 and (S5)-6 shows their specific interaction with OSBP
in cells

We next took advantage of the fluorescence properties of (R)-6 and (S)-6 to directly
visualize them in a cellular context using a confocal microscope (Fig. 54, S2). hTERT-RPE-1 cells
(hereafter RPE-1) were transiently transfected with OSBP-mCherry and then treated with (R)-6
or (5)-6 (2 pM) for 30 min at 37 °C. Strikingly, both compounds co-localized well with OSBP-
mCherry and the TGN marker TGN-46 (Fig. 5B). (R)-6 and (5)-6 also labeled other intracellular
regions, albeit weakly, most likely due to their partial hydrophobicity. Interestingly, their
fluorescence level at the TGN perfectly correlated with that of OSBP-mCherry (Fig. 5C), suggesting
that cellular incorporation of (R)-6 and (S)-6 largely depends on OSBP. Moreover, co-treatment
with the non-fluorescent compound OSW-1 4 prevented TGN labeling by (R)- or (5)-6 (Fig. 5B, C,
bottom panels). We also noticed that compound (S)-6 accumulated slightly less at the TGN than

(R)-6, in good agreement with their respective affinity for OSBP measured in vitro (Fig. 4C).
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Figure 5. Direct fluorescent imaging of macarangin B (R)-6 and (S)-6 and their effect on OSBP dynamics. A.
Sketch summarizing the microscope settings used to observe the compounds. B. Confocal images of RPE-1
transfected with OSBP-mCherry for 18 h, labelled with either (R)-6 or (5)-6 (2 uM) for 30 min in the
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TGN-46. Scale bars: 10 pm. C. (R)-6 (left panel) or (S)-6 (right panel) fluorescence intensity at the TGN as a
function of OSBP-mCherry expression levels in the presence of the indicated amount of OSW-1.
Measurements were performed on 130-160 cells for each condition. Curves and shaded area are mean + SE
of linear fits from 3 independent experiments. D, E. Same experiments as presented in B and C except that
RPE-1 cells were transfected with ORP4-mCherry. Measurements were performed on 125-145 cells for
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bars: 10 um. F. Time-lapse microscopy of RPE-1 cells co-transfected with OSBP-mCherry and the TGN
marker TagBFP-BGalT1 for 18 h and treated with (R)-6 (500 nM). G. Individual frames from a time series
featuring the TGN area of the cell showed in F. Upon (R)-6 addition, OSBP rapidly concentrates to fGalT1-
positive perinuclear regions. Scale bar: 10 pm. H. Normalized intensity of OSBP-mCherry at the TGN. The
arrow indicates the addition of compounds (R)-6 (blue curve), (5)-6 (green curve) or DMSO as control (grey
curve) to the extracellular medium. Curves are mean * SE of 3 independent experiments with 14 to 18
kinetics each.

Since most ORPphilins, but not SWs, bind not only to OSBP but also to its closest ortholog
ORP4 [17], we also transfected RPE-1 cells with ORP4-mCherry. We further measured the cellular
incorporation of macarangin B 6 enantiomers in order to assess their target specificity. Our results
indicated that ORP4 overexpression did not help recruit (R)-6 or (5)-6 to TGN (Fig. 5D, E), thus
demonstrating that these compounds prefer to interact with OSBP.

As previously described, OSBP is strongly recruited to ER/TGN MCS upon inhibition by
ORPphilins. This effect is due to the accumulation of PI(4)P produced by PI-4-kinases in TGN
membranes, which is no longer transported to the ER by OSBP and hydrolyzed by the phosphatase
Sac1l [22]. The difference between compounds (R)-6 and (S)-6 in their affinity for OSBP (Fig. 4C)
prompted us to compare their ability to recruit OSBP-mCherry to the perinuclear region, where
ER/TGN MCSs were observed by live cell imaging. In control RPE-1 cells, OSBP-mCherry was
mostly cytosolic and decorated slightly the TGN marked by TagBFP-BGalT1 (Fig. 5F, left panel).
Upon (R)-6 addition to the extracellular medium, OSBP-mCherry rapidly relocated to the TGN at
the expense of the cytosolic pool (ti2 = 1.28 min), suggesting that (R)-6 rapidly crosses cell
membranes to inhibit PI(4)P transport and hydrolysis (Fig. 5G, H). This was confirmed by direct
imaging of (R)-6 alongside OSBP at the TGN just 1 min after its addition to the extracellular
medium (Fig. S2). Interestingly, (5)-6 addition also caused a rapid shift (ti/2 = 1.11 min) of the
OSBP pool towards the TGN, except that in this case, the increase in TGN-associated OSBP-
mCherry fluorescence was significantly lower (1.6- and 2.1-fold increase, respectively with (5)-6
and (R)-6) (Fig. 5H). Taken together, these experiments demonstrate that both macarangin B 6

enantiomers act directly on OSBP at the TGN. However, compound (R)-6, which has a better
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affinity for OSBP, concentrates in the perinuclear region and impacts OSBP dynamics and activity

more strongly than (5)-6.

Molecular dynamics simulations suggest that macarangin B (R)-6 and (S5)-6 adopt different
orientations in OSBP

Considering the different biochemical and cellular properties of the two macarangin B 6
enantiomers, we further investigated their interaction with OSBP at the structural level using
computational approaches. We first performed docking simulations of cholesterol (as a control),
(R)-6, (S)-6, SW-G and OSW-1 to the known crystal structure of the OSBP ORD (PDB: 7V62 [31])
(see Methods). Docking was run with AutoDock, which ranks clusters of target-ligand poses using
energy-based scoring. Analysis showed that cholesterol, SW-G, OSW-1 and (S)-6, but not (R)-6,
bind to ORD according to single conformations. In agreement with the OSBP:cholesterol crystal
structure, the hydroxyl group of cholesterol was oriented towards the bottom of the ORD cavity
[31], as was that of the SW-G HHX moiety, consistent with previous SAR studies [35]. We found
that the HHX of (5)-6 was similarly oriented.

Unexpectedly, two large clusters of low-energy poses were obtained for compound (R)-6,
showing two possible orientations (“up” and “down”) within the ORD pocket. The best pose
conformations for each ligand (i.e., with the most favorable binding energy values) were then used
to perform all-atom molecular dynamics (MD) simulations (Fig. 6A, S3A). All compounds
remained in the OSBP ORD binding pocket throughout the simulations. Estimation of the
interaction energies indicated similar stability of cholesterol, (R)-6 and (5)-6 in the ORD pocket
(Fig. 6B). Notably, no significant difference was found between values for (R)-6 “up” and “down”
orientations, suggesting that there is no conformational preference for this interaction. These data
also confirmed that SW-G and especially OSW-1 form highly stable complexes with OSBP ORD. To
assess whether the compounds influence the stability of the ORD, we next calculated the root-
mean-square fluctuation (RMSF) of the residues involved in the ligand binding region over the

simulation time in the presence of the different compounds (Fig. S3B,C). To facilitate the analysis,
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RMSF results were normalized to values obtained with cholesterol. The results showed that
different sub-regions became more flexible (higher RMSF values) or conversely more stable
(when RMSF values decreased) depending on the bound compound. In particular, residues from
the lid (aa. 415-451) showed greater flexibility with (R)-6 “down” and SW-G, but not with (R)-6
“up” and (S)-6, compared to cholesterol (Fig. S3C). By contrast, OSW-1 strongly stabilized all
residues of the ligand binding region. To better understand these differences, we analyzed the
formation of hydrogen bonds (H-bonds) between each molecule and the ORD as well as their
occupancy during simulations (Fig. 6C). H-bonds frequently occurred between Lys577 and
cholesterol (38.8 % of the simulation time), (R)-6 “down” (14.9 %) and (5)-6 (20.8 %), whereas
(R)-6 “up” was involved in an OH-m H-bonding with the aromatic ring of Phe440 (18.4 %) (Fig.
6A,C, Movies S1-3). In comparison, SW-G and OSW-1 formed two, three or even more H-bonds
with ORD residues, with much higher frequency (up to 56.2 % of the time between OSW-1 and
Ser547), thereby explaining their stronger interaction with the ORD (Fig. 6C, S3A).

To experimentally test the contribution of the H-bonding residues Lys577 and Phe440 in
the interaction between OSBP and macarangin B 6 enantiomers, we transfected RPE-1 cells with
OSBP-mCherry constructs containing or not the point mutations K577A or F440A4, and analyzed
with a confocal microscope the fluorescence distribution of (R)- or (5)-6 upon cell treatment (Fig.
6D). As observed before, (R)- and (S)-6 concentrated with OSBP-mCherry WT in the TGN region,
and the compounds’ fluorescence level correlated with that of OSBP-mCherry (Fig. 6E), indicating
that (R)- and (S)-6 bind to OSBP (see also Fig. 5B,C). By contrast, the K577A and F440A mutations
strongly reduced the ability of (R)- and (5)-6 to co-distribute with OSBP, indicating that these
residues play a significant role in these interactions. Although our in silico analysis predicted that
F440 formed a H-bond only with (R)-6, the F440A mutation also interfered with (S5)-6 and SW-G
binding to a significant extent (Fig. 6D,E, S4), suggesting that F440 promotes hydrophobic

interactions with these ligands.
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Figure 6. MD simulations of ORPphilins in OSBP ORD domain. A-C. Results are averaged over three
replicates of 500-ns simulation for each complex. A. Most representative conformations of cholesterol, (R)-
6 “up”, (R)-6 “down” and (S)-6 in the ORD pocket, as obtained from clustering the simulations of each
compound. Residues that frequently form H-bonds with ligands are colored in pink. B. Interaction energy
between ligands and the ORD. One point represents one simulation frame. C. H-bond frequency between
the indicated ligands and ORD pocket residues expressed in percentage of simulation time. D. Confocal
images of RPE-1 cells transfected with OSBP-mCherry WT, K577A or F440A, labelled with either (R)-6 or
(8)-6 (2 uM) for 30 min, then fixed, permeabilized and immunolabelled with anti-TGN-46. Scale bar: 10 pm.
E. Quantification of (R)-6 (blue), (S)-6 (green) and control (no labelling, grey) fluorescence intensity at the
TGN as a function of the expression level of the indicated OSBP-mCherry constructs. Measurements were
performed on 30-56 cells for each condition. Curves and shaded area show mean * SE of linear fits from 3
independent experiments.

Taken together, our results indicate that macarangin B 6 enantiomers associate
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differentially with the ORD of OSBP at the structural level, (R)-6 being able to take two different
orientations, and that H-bonds play a crucial role in maintaining these compounds in the pocket.
These findings further indicate that (R)- and (S)-macarangin B 6 are specific OSBP inhibitors and

that they do not interact with OSBP as tightly as SW-G and OSW-1.

Macarangin B (R)-6 and (S5)-6 have low cytotoxicity and potent antiviral properties

Next, we sought to evaluate the cytotoxicity of (R)- and (S)-6. As previously described, SWs
show a distinctive cytotoxicity profile on the NCI-60 cancer cell line screen, with highly sensitive
cell lines (e.g., derived from the CNS like U87-MG) and low-responsive ones (such as A549 lung
cells). Of note, the activity pattern of unnatural (S, S, S) enantiomers of SWs was shown to correlate
poorly with that of natural (R, R, R)-series on the NCI-60 cell lines [45]. We used a panel of eight
cell lines to assess (R)- and (S)-6 cytotoxicity, which was also compared to that of SW-G and OSW-
1 (Fig. 7A). Strikingly, (R)-6 and (S)-6 showed cytotoxicity in the micromolar range, significantly
lower than that measured with SW-G and OSW-1. Surprisingly, however, the stereochemistry of
the HHX moiety had little impact on cytotoxicity, as (R)-6 and (S)-6 showed roughly the same ICs
on all cell lines, contrasting with their distinct affinities for OSBP. Furthermore, we could highlight
a strong decorrelation between OSBP affinity and cytotoxicity, particularly on U87-MG: (R)-6 was
300 times less cytotoxic than SW-G while its affinity for OSBP is reduced only fourfold (Fig. 4D,
7A). This difference in cytotoxicity is unlikely to be due to cell penetration issues, as indicated by
our live cell imaging experiments (Fig. S2) and suggests instead that SW-G-mediated cell death
pathway might be, at least partially, OSBP-independent.

OSBP was previously shown to play an essential role in the growth of positive single-
stranded RNA viruses, such as flaviviruses or enteroviruses, by promoting the biogenesis of
organelle-like structures, which serve as platforms for the viral replication machinery [30].
Previous studies showed that OSW-1 potently inhibits the replication of various enteroviruses
[57]; however, its high cytotoxicity likely hinders its application as an antiviral. Given that

compounds (R)- and (S5)-6, and, to a lesser extent, SW-G, are much less cytotoxic than OSW-1 but
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interact with a good affinity with OSBP, we wondered whether they could inhibit the growth of
the flavivirus ZIKV in human epithelial A549 cells with similar efficacy but a much higher
selectivity index.

We first determined the concentration range of the compounds (R)-6, (5)-6, SW-G and
OSW-1 at which we could perform antiviral assays without inducing toxicity on host cells. For this,
we treated A549 cells for 24, 48 and 72 h with increasing concentrations of each compound and
evaluated cell metabolic activity by MTT assays (Fig. S5A). Compounds (R)- and (S)-6, as well as
SW-G, were not cytotoxic after 24 h up to 20 uM concentration and compounds (R)- and (S5)-6 did
not affect cell viability at 72 h post-addition up to 2 pM. By contrast, at 48 and 72 h post-addition,
OSW-1 induced cytotoxicity at nanomolar concentrations, whereas SW-G affected cell viability at
micromolar concentrations. Therefore, we chose a maximum dose of 2 uM for a 24-hour treatment
with each of the inhibitors for the following experiments. To evaluate their antiviral activity
against ZIKV, A549 cells were infected with the French Polynesia 2013 epidemic strain and
incubated 24 h with increasing doses of each compound up to 2 pM. We observed that at 200 nM,
SW-G, (R)- and (S)-6 reduced extracellular viral progeny production by 2 decimal logs (logio),
whereas OSW-1 showed much weaker antiviral activity (Fig. 7B). We next determined whether
the anti-ZIKV effect was attributable to a decrease in viral RNA replication. As shown in Fig. 7C, all
inhibitors induced a dramatic reduction in RNA production, as measured by RT-qPCR, suggesting
that these compounds act at late stages of viral infection. Nevertheless, they showed notable
differences in activity: 20 nM of SW-G, (R)-6 and (S)-6 were sufficient to reduce the amount of
viral RNA in ZIKV-infected A549 cells by at least 2 logios, whereas a 100-fold higher concentration
of OSW-1 (2 uM) was required to achieve similar inhibition. Furthermore, (R)-6 and SW-G were
more effective in suppressing viral RNA production in ZIKV-infected cells than (5)-6.

To determine whether the higher activity of (R)-6 and SW-G was related to their higher
affinity for OSBP, A549 cells were transfected either with OSBP-mCherry or ORP4-mCherry before
infection with ZIKV (Fig. 7D, S5B). Previous studies have shown that cell sensitivity to ORPphilins

strongly correlated with OSBP expression level: cell lines with high amounts of endogenous OSBP,
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or overexpressing OSBP, were more resistant to ORPphilin treatment, suggesting a titration effect
[17,23]. In agreement with this, we found that overexpressing OSBP-mCherry attenuated the
antiviral activity of (R)-6, (5)-6, SW-G and OSW-1 (Fig. 7E). In this case, all four compounds
decreased the viral titer similarly by ~1.5 logios compared with untreated cells, whereas a
decrease of up to 2.5 logios was obtained without OSBP overexpression (Fig. 7B). We then
performed the same analyses with ZIKV-infected A549 cells transfected with ORP4-mCherry (Fig.
7F). Surprisingly, upon ORP4-mCherry overexpression viral growth increased by one logio as
compared to non-transfected cells or cells transfected with an EGFP-expressing plasmid.
Nevertheless, virus progeny production was strongly reduced by up to 2.4 logios in the presence
of (R)-6 and SW-G, and by 2 logios with (S)-6. Of note, this reduction was less pronounced with
0OSW-1, reflecting its weaker antiviral effect, as seen in Fig. 7B, and probably because both OSBP

and ORP4 titrate OSW-1, resulting in less inhibition when ORP4 is overexpressed.
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Figure 7. (R)-6 and (S)-6 are weakly cytotoxic and prevent cellular infection by epidemic strain of ZIKV. A.
Cytotoxicity on a panel of eight cell lines of (R)-6 and (S)-6 compared to SW-G and OSW-1. Data represent
means = SD from three independent experiments. B-C. A549 cells were infected with ZIKV (PF-25013-18)
at MOI of 2 and continuously incubated with increasing concentrations (0-2000 nM) of (R)-6, (S)-6, SW-G
or OSW-1. B. ZIKV progeny production was quantified by plaque-forming assay. C. The amount of viral
genomic RNA in ZIKV-infected cells was determined by RT-qPCR. Data represent means + SD from four
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independent experiments. D. Protocol for synchronized cell transfection followed by ZIKV infection and
drug treatment. E. A549 cells were transfected with EGFP alone (light grey) or OSBP-mCherry. 18 h post-
transfection, drugs (20 uM, colored bars) or DMSO (dark grey) were used for treatment throughout the
infection. 24 h post-infection, the virus titer was evaluated by plaque forming assay. Data represent the
means * SD from three independent experiments. One-way ANOVA and Dunnett’s test (*** p<0.001). F.
Same as E with ORP4-mCherry instead of OSBP-mCherry.

Taken together, these results demonstrate that (R)-6, which has a higher affinity than (S)-
6 for OSBP but lower than SW-G and OSW-1, couples its specificity towards OSBP to strong anti-
ZIKV activity. Given its straightforward synthesis and its low cytotoxicity, we consider macarangin

B (R)-6 to be a promising antiviral agent.

Discussion

In this study, we isolated from a Vietnamese bushy tree a new racemic compound,
macarangin B 6, bearing a rare hydroxy-HHX moiety, which has been described only for the SW
derivatives so far. SWs, like other families of natural compounds, have been named ORPphilins
because they bind to and inhibit OSBP. We have shown that macarangin B 6 inhibits the sterol-
transfer activity of OSBP in vitro as effectively as other ORPphilins (Fig. 2). Since it was isolated at
a very small scale, and considering that the absolute configuration of the HHX motif of SWs
influences their biological properties [46], we performed the asymmetric synthesis of the two
enantiomers (R, R, R) and (S, S, S) of macarangin B 6. A bio-inspired strategy provided a concise
and cost-effective approach to obtain compounds (R)-6 and (S)-6 in only seven steps from natural
kaempferol 9 (Fig. 3), which contrasts with the complex syntheses required for other ORPphilins
[32-35]. In particular, the hydroxy-HHX moiety was efficiently elaborated by an enantioselective
polyene cyclisation of (R)-13 or (S5)-13 chiral epoxides. Using the fluorescent properties conferred
by their 3-hydroxy-flavone scaffold, we performed equilibrium and kinetic measurements by
FRET between OSBP ORD tryptophans and (R) and (S) enantiomers of macarangin B 6. We
showed that both bind the ORD domain of OSBP, albeit with distinct affinities: in the tens of
nanomolar range for (R)-6 and in the sub-micromolar range for (5)-6 (Fig. 4C-F). Consistently,

(R)-6 can be regarded as an eutomer and (S)-6 as a distomer [58]. Compared with SW-G, (R)-6
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and (S)-6 displayed a 4-fold and 15-fold reduced affinity for the ORD and could be displaced by
0OSW1, another ORPphilin. Since this latter has a stronger affinity than SW-G, the four compounds
form a repertoire of OSBP inhibitors with a wide range of affinities and residence times in the
ORD, which may facilitate future cellular and physiological studies and applications.

The emission of (R)-6 and (S)-6 in the visible spectrum enabled us to precisely define their
intracellular distribution close to OSBP in the TGN region. Moreover, their accumulation in cells
varied as a function of OSBP expression levels but not ORP4, indicating that (R)-6 and (S)-6 are
selective towards OSBP (Fig. 5A-E). In addition, (R)-6 had a stronger tendency to concentrate at
the TGN and showed a more potent effect in recruiting OSBP at ER/TGN MCS compared to (S)-6.
In silico approaches further indicated that the binding site for (R)-6 and (S)-6 overlapped with the
sterol-binding site into the hydrophobic cavity of the ORD. Most interestingly, molecular docking
and MD simulations predicted that (R)-6, but not (5)-6, is able to adopt two different orientations
within the ORD binding site (Fig. 6A). Depending on its orientation, (R)-6 was allowed to form H-
bonds either with F440, which is close to the entrance of the pocket, or with K577, located at the
very bottom of the pocket. K577 also formed an H-bond with (S)-6 very frequently during
simulations. Site-directed mutagenesis confirmed the importance of these two residues in the
interaction with macarangin B 6 enantiomers.

Taken together, the structural, biochemical and cellular properties of macarangin B 6
described here classify this molecule as a new member of the ORPphilin family (Fig. 1). However,
all ORPphilins described so far show a similar pattern of sensitivity against the NCI 60 cancer cell
lines and are highly cytotoxic for specific cell lines, such as glioblastoma [5-16]. By contrast,
compounds (R)-6 and (S5)-6 had a lower cytotoxicity (Fig. 7A), which did not correlate with their
affinity for OSBP. These results sharply deviate from our recent findings on various SW
derivatives, where a good parallel between Ki for OSBP and cytotoxicity on MG U-87 cells was
observed, with the highest affinity for OSBP coinciding with maximum cytotoxicity [59].
Moreover, whereas the absolute configuration of the HHX moiety of (R)- and (S)-6 influenced their

affinity for OSBP, it had no impact on their cytotoxicity, which was both modest and similar. This
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result also differs from the data obtained for SW-F, where the (S)-enantiomer was less cytotoxic
than the (R)-enantiomer [45]. One plausible explanation is that, in addition to OSBP, the
ORPphilins that have been previously described target other protein(s) that play a critical role in
cell death. This hypothesis is reinforced by recent findings showing that OSBP deficiency had little
effect on OSW-1-induced cell death in NeuroZ2a cells [60]. In fact, among ORPs, only ORP3, 4, 5 and
8 but not OSBP have been implicated in cell proliferation and tumor transformation [24]. For
example, ORP4 is involved in hematologic malignancies [61]. Importantly, our overexpression
experiments suggest that neither (R)-6 nor (5)-6 could bind to ORP4, indicating a high specificity
of these compounds for OSBP. As ORP4 is the target of OSW-1 but not of SWs [23], these
differences suggest that beyond OSBP, other target(s) responsible for their cytotoxicity remain to
be identified.

Many RNA viruses, like flaviviruses, coopt the host lipid metabolic network to facilitate
their replication. Notably, OSBP activity is hijacked by viruses to transport cholesterol in their
replication organelles [26-31]. Evidence suggests that targeting OSBP by inhibitors blocks viral
infection [26-31, 62] and this could be an attractive therapeutic approach to treat viral illnesses,
like Zika fever. Indeed, ZIKV infection has become a pervasive viral disease, exerting a profound
socio-economic influence yet lacking both vaccines and curative treatments [63]. Despite their
good affinity for OSBP, ORPphilins are too cytotoxic to be used as antivirals. Various other non-
natural OSBP inhibitors have been reported to have antiviral properties: TTP [64], AN-12-H5 [65],
THEV [29] and itraconazole (ITZ) [28, 66]. Most of them were identified by chemical screening
thanks to their anti-enterovirus activities. However, none is selective towards OSBP. The antiviral
effect of AN-12-H5 is mediated by its interaction with OSBP but also with another unknown target
[64]. The other compounds bind not only OSBP but also ORP4: THEV within the ORD [67] and ITZ
and TTP through other unidentified binding sites [68]. As ORP4 plays a role in cancer cell survival
and proliferation, an OSBP-selective molecule such as (R)-6 is highly desirable for designing
effective antiviral compounds. We showed that this compound had high anti-ZIKV activity (Fig.

7B, C) and, owing to its low toxicity, a high selectivity index. (R)-6 also offers the advantage of
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being easy to modulate, making it a perfect hit for subsequent modifications. Our strategy is in
line with the growing view that specifically targeting lipid metabolism pathways, in particular
cholesterol metabolism, to interfere with flavivirus infection should provide effective antiviral

therapeutic avenues [69].
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