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Abstract: Drimane sesquiterpenoid dialdehydes are natural compounds with antiproliferative properties. Nevertheless,
their mode of action has not yet been discovered. In this publication, we have demonstrated that various drimanes are
potent inhibitors of MCL-1 and BCL-xL, two proteins of the BCL-2 family that are overexpressed in various cancers,
including lymphoid malignancies. Subtle changes in their structure significantly modified their activity on the target proteins.
The two most active compounds are MCL-1 selective and bind in the BH3 binding groove of the protein. Complementary
studies, by NMR and mass spectrometry analyses but also synthesis showed that they are covalent inhibitors of MCL-1,
via the formation of a pyrrole adduct. In addition, cytotoxic assays revealed that these two compounds show a cytotoxic
selectivity for BL2, a MCL-1/BCL-xL dependent cell line and induce apoptosis.

Introduction

Apoptosis is a well-known form of programmed cell death that is essential for tissue homeostasis through the
elimination of useless or potentially harmful cells.!"l One of the most studied protein families implicated in the
intrinsic (mitochondrial pathway) of apoptosis is the BCL-2 family.? This protein family is divided into anti- and
pro-apoptotic members. The anti-apoptotic proteins such as MCL-1, BCL-xL and BCL-2 are multidomain
proteins and they share short conserved sequenced regions (BH1 to BH4 motifs). Pro-apoptotic proteins are
of two types and play a distinct role: either multidomain like Bax and Bak with three to four domains of homology
(BH1 to BH4) or monodomain (BH3-only) like Bad, Bid or Bim. In normal conditions, the anti-apoptotic proteins
sequester the BH3 domain of the pro-apoptotic proteins at a hydrophobic groove formed by their BH1, BH2
and BH3 domains via protein-protein interactions (PPIs), thus preventing apoptosis.® Cellular stress signals
such as DNA damage lead to the up-regulation of BH3-only proteins that trigger apoptosis. They bind to anti-
apoptotic proteins, unleashing pro-apoptotic multidomain proteins that oligomerize in the mitochondrial outer
membrane leading to its permeabilization, release of cytochrome c into the cytoplasm, activation of caspases
and cell death.!!

Numerous studies have shown that overexpression of the anti-apoptotic BCL-2 proteins is involved in the
development of many kinds of cancers or confers resistance to apoptosis induced by standard anticancer
therapies.! For example, proteins of the BCL-2 family play a central role in lymphocytes biology and are very
often deregulated in lymphoid malignancies. Indeed, anti-apoptotic members of this family of proteins are
overexpressed through translocation, amplification of the gene or upon action of transforming agents (such as
oncogenic viruses for example) in haematological malignancies./®! On the other hand, a recent survey of

various solid tumours revealed that, most of the time, MCL-1 is more abundant than BCL-2 or BCL-xL, thereby



suggesting that there might be some benefit in specifically targeting MCL-1 in these tumours.l! Similarly, in
haematological cancers, patients with poor prognosis are often associated with an elevated level of MCL-1.8!
These findings are not surprising because MCL-1 is one of the most amplified genes,®' and its
overexpression is directly correlated with tumorigenicity.'” Consequently, targeting this protein family, and
particularly MCL-1, is a highly promising strategy for anticancer therapy that has emerged over the last
decades.l'? Particularly, the development of small molecules, called BH3-mimetics, able to bind the
hydrophobic cleft of the anti-apoptotic proteins, liberating the pro-apoptotic ones and restoring apoptosis has
proven its great efficiency.['® Currently, such BH3-mimetics that target MCL-1 are evaluated in clinical trials as
$63845,'Y1564315,['1 AMG-176,['® and AZD-5991.1""]

Over the past years, our team has been involved in the identification of natural compounds that target
the anti-apoptotic proteins of the BCL-2 family thanks to a large screening of ICSN extract library by polarization
fluorescence assay (FPA).['® Various original natural molecules active on BCL-xL, BCL-2, and/or MCL-1 have
been isolated,'%2%211and chemically modified or synthesized.[?2:23:2425,26.27]

A few years ago, we reported the isolation of various drimane sesquiterpenoids 1 from barks and

leaves of three Zygogynum (Winteraceae) of New Caledonia and their chemical modification.?32° Drimane
sesquiterpenoids®® are widespread secondary metabolites, produced by various higher plants (of the
Canellaceae, Taxaceae, Polygonaceae and Winteraceae families), but also fungi, sponges, ferns and
nudibranch. They are characterized by a common trans-decalin structure of type 2, decorated by a wide range
of substituents (Figure 1). This structural diversity goes along with a vast array of biological activities, including
cytotoxic, antibacterial, antifungal and antifeedant properties.
A cinnamate ester at C1 confers originality to compounds of type 1 isolated in our group. We have disclosed
that most of these molecules are cytotoxic on HCT-116, HL60 and/or KB cell lines if aldehyde functions are
present at C8 and C9. We have also shown that their reduction, oxidation or cyclisation is detrimental.?® These
results were confirmed by Fratoni et al.,*" who have pointed out that drimane derivatives with similar structures
as 1 isolated from Drimys brasiliensis (Winteraceae) are cytotoxic against various myeloid and lymphoid cell
lines. Contrarily, drimanes like polygodial 2 that do not possess a cynnamoyl group at C1 are found much less
cytotoxic.[®2 33

Albeit their promising biological activity, little is known about the mode of action and biological target
of drimanes of type 1. In this paper, we want to disclose that their cytotoxic effect is due to their interaction
with anti-apoptotic proteins from BCL-2 family, and more specifically with MCL-1.

-

1 2 Polygodial 3
When R = R2 = CHO : cytotoxicity
Figure 1. General structure of drimane sesquiterpenoids.

Results and Discussion

As part of our continuing search for novel plant-derived anti-cancer agents, the ethyl acetate bark and

leave extracts of various Zygogynum (Winteraceae) from New Caledonia were found to significantly disrupt



interactions between the anti-apoptotic proteins BCL-xL with pro-apoptotic proteins Bak. This urged us to
investigate the pro-apoptotic potency of various pure drimane sesquiterpenoids 4-9 previously isolated in our

team from these plants (Figure 2).128: 29

MeO

Figure 2. Structure of some drimane sesquiterpenoids isolated in our team from a- Zygogynum pancheri; b- Zygogynum
baillonii and evaluated for their activity on BCL-2 family proteins.

The binding affinities of these natural compounds (4-9) for human isoforms of BCL-2, BCL-xL and MCL-
1 has been evaluated by competition against fluorescently Labelled BH3 pro-apoptotic proteins, Bim, Bak and
Bid, respectively, as described by Qian et al..** They were compared to three known compounds used as
references: meiogynin A a natural pan-BCL-2 inhibitor,['® ABT 737 a dual BCL-xL and BCL-2 inhibitor,3% and
S$63845['4 that is MCL-1 selective (Table 1). We have found that all tested drimanes are MCL-1 and BCL-xL
inhibitors with no affinity for BCL-2 (Table 1). In addition, the apparent affinity of all these compounds toward
MCL-1 and BCL-xL is increased by a factor of four when they are incubated in the presence of the proteins for

a period of 6 h instead of 2. This is a noticeable result as it is not the case for the control compounds.

Table 1. Binding affinities for compounds 4-9 compared to control molecules (meiogynin A, ABT-737, and S63845) on
BCL-xL/Bak, MCL-1/Bid and BCL-2/Bim[ measured by fluorescence polarization.

Ki PI (uM)
Compd
MCL-1/Bid
MCL-1/Bid Bhi BCL:x. Bak BCLoxl Bak
4 54+18 15+ 0.06 >23 7018
5 15401 0.3+0.03 9.6+0.9 3.0+04
6 75+08 20402 >23 117408
7 29+05 0.6+ 0.03 39+0.3 13+0.05
8 14.8 + 4.1 5.7+02 >23 >23
9 175405 5.3+ 0.06 > 23 >23
Meiogynin A* 5.4+ 0.4 47+05 47+14 41411
ABT-7376 ND ND 0.1+ 0.01 0.03 + 0.01
5638451 0.2 +0.02 0.2 +0.02 ND ND




[a] Compounds 4-9 show no binding affinity for Bcl-2, [b] Ki is the concentration corresponding to 50% of inhibition of the binding of the
labelled reference compound Bak to Bcl-xL and Bid to Mcl-1, and corrected for experimental conditions according to Cheng and
Prussof,®*® The values presented (mean + S.D.) are from two independent experiments performed in triplicate, [c] Binding affinities were
determined after 2 h of incubation, [d] Binding affinities were determined after 6 h of incubation, [e] Displacement assays for control
molecule are also described in following references: meiogyinin A see [25]; ABT-737 see [35]; S63845 see [14]

The structure-activity relationship studies that can be deduced from these experiments match perfectly to those
published by us?® and Madeiros's group®"! following the cytotoxicity studies on similar compounds. Aldehyde
functions in position 8 and 9 are required as demonstrated with compound 9 that presents a low affinity for
MCL-1 with Ki = 5.26 yM and is not active on BCL-xL. In addition, position of the hydroxyl group greatly
influences the affinity when comparing compounds 4, 5 and 6: an OH at position 5 is detrimental for activity on
MCL-1. On the other hand, absolute configuration of aldehyde at C9 is decisive as compounds 9(1(15 is 16
times more potent than 911-8. On the contrary, functionalization of the cinnamoyl moiety has a low impact (see
compounds 5 and 7).

Finally, the most potent and interesting compounds are 5 and 7 that only differ by the presence of a
methoxy group on the cinnamoyl moiety. Functionalization in position 7° does not affect the affinity for MCL-1
as both present sub-micromolar activities (with Ki of 0.35 and 0.57 uM respectively) in the same range of order
than S63845. However, the presence of a methoxy group in position 7' increases the affinity of compound 7
for BCL-XL (1.27 pM) compared to compound 5 (3.03 yM). Compound 5 is more selective towards MCL-1
than compound 7 (i.e., it is 9 times more active on Mcl-1 than on BCL-xL compared to twice for compound 7).
As selectivity for MCL-1 with regard to BCL-xL is an important criteria in lymphoid malignancies, where MCL-
1 is overexpressed but where BCL-xL is constitutively present and should not be totally inhibited to prevent
thrombocytopenia,®”! compound 5 seems more promising than 7.

NMR experiments were carried out to confirm the interaction between compounds 5 or 7 and the
proteins MCL-1 and BCL-xL in order to determine more precisely their binding mode. Preliminary solubility
experiments (Figure S1) indicated that both molecules are soluble enough (= 200-400 uM) in presence of
organic co-solvent (3.5 % DMSO) for interaction studies with MCL-1 and BCL-xL proteins.

We first titrated a uniformly '>N-labeled Mcl-1 solution with increasing concentration of compound 7 (Figure 3).
The titration was followed by 2D 'H-"SN SOFAST-HMQC NMR experiments that permit the observation of 'H-
SN correlation peaks for backbone amide groups but also for the long living NH/NH: side chains from
tryptophane, arginine, asparagine and glutamine residues. During the titration, ligand 7 induced two types of
successive spectral changes of the protein, in a concentration dependent manner (Figures 3A, 3B). The first
one was characterized upon addition of compound 7 at low concentration (up to 2 eq.), by the progressive
decrease in peak intensity, without chemical shift variation, for a consequent (~ 15) set of 'H-'>N resonances.
Notably, no new cross peak appeared in the spectra, suggesting extensive line broadening for the 15 above-
mentioned residues in the formed complex. Disappearing residues were mapped on MCL-1 structure (Figure
4C). These were located within the BH3-binding groove of the protein composed by a-helices a2, a3, a4 and
a5. We observed a similar behaviour in a-helix a6 that does not directly interact with the ligand in most crystal
structures, as already reported for MCL-1 complex with BH3-derived peptides.® The second type of spectral
changes was identified at higher ligand concentration (> 2 eq.), where all signals from MCL-1 decreased
uniformly and almost no signal could be seen anymore at maximum ligand concentration (300 pM, 6 eq). In
conclusion, compound 7 binds to MCL-1 with a strong affinity in the BH3-binding pocket and likely induces the
oligomerization of MCL-1 at high concentration (> 200 uM). These experiments also showed that several NMR

signals are missing for residues in the ligand binding sites of the formed complex. This is usually indicative of



conformational sampling at the intermediate timescale (~ms) and suggests potential conformational dynamics

within the MCL-1/compound 7 complex.
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Figure 3. Compound 7 binds to human MCL-1 with strong affinity in the BH3 binding-groove. (A) Overlay of SOFAST H-
15N HMQC spectra from isolated MCL-1 (50 uM) (black) and in presence of increasing amount of compound 7 with 1
hour incubation at r. t. after each increment and prior to measurement. (B) Disappearance of 'H-1°N resonances in
presence of compound 7 (2 eq.) and corresponding residues (blue) mapped on MCL-1 structure (pdb code: 2MHS): L213,
V216, G217, G219, V220, G230, M231, L235, K238, E240, S243, R246, V251, S253, T259, W261, R263, V265, S269, F270,
G271, A272, E292,T301, K302 and F315. Residues for which no data are available are highlighted (black). Those include
prolines and others that could not be assigned to a *H->N resonances in the spectrum of free MCL-1. Side-chain of K234
residue is oriented toward the binding pocket (black dash and label); (C) Compound 7.

In order to locate the binding pocket of compound 5 on human MCL-1, 'H-"®*N SOFAST HMQC spectra
of ">N-labelled MCL-1 were recorded in presence of increasing amounts of ligands 5 up to its solubility limit
(Figure 4). For the highest ligand concentration, we incubated the sample overnight at r. t. to reach apparent
system equilibrium. Throughout the titration, spectral perturbations were clearly visible by progressive shifts of
several resonances, mainly in rapid exchange regime at the chemical shift timescale, although some peaks
also underwent some line broadening (Figures 4A and 4B). At the ligand maximum concentration (225 yM),
the protein (50 uM) was not fully saturated. Residues located in helical regions (a2, a3, a4 and a5) forming the
BH3-binding groove of the protein were predominantly affected upon ligand addition as judged from large
chemical shift perturbation upon ligand binding (Figure 4C). This indicates that compound 5 and BH3 motifs
do share a common binding pocket in the protein. Consistently, helical regions that do not form the BH3-
binding groove (a1, a6, a7, a8) did not show perturbation above threshold upon binding of compound 5.
Surprisingly, we observed a new set of cross-peaks in the spectra when increasing ligand concentration

(Figure 4B), close to cross-peaks that underwent rapid exchange shifts at lower ligand concentration. For the



appearing crosspeaks, higher ligand concentration strengthened signal intensity but did not impact on 'H-'5N
chemical shifts. This suggests a second type of events for MCL-1/compound 5. We excluded the possibility
of a second binding site since it would be of stronger affinity as indicated from the slow (or nul) exchange
between the new peaks and the first binding mode. Since we previously observed a time-dependent inhibition
mode for compound 5 in the FPA experiments, we next hypothesized that compound 5 could chemically cross-

react with MCL-1 to yield a covalent complex at longer time and large ligand excess.
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Figure 4. Compound 5 binds to human MCL-1 with micromolar affinity in the BH3 binding-groove. (A) Overlay of *H-°N
SOFAST HMQC spectra of MCL-1 alone (50 uM) (black) and in presence of compound 5 at 1 eq. (red), 2 eq. (blue) and
4.5 eq (green). We incubated samples during 1 hour (1leq., 2eq.) or overnight (4.5eq.) prior to measurement. The
spectral regions where new cross-peaks were observed at the largest ligand concentration are highlighted (dashed black
frames) and the closest neighboring residue *H-1°N resonance is labelled for each frame; (B) Close-up view of several
spectral regions for which new cross-peaks (black arrow) were observed upon increase of ligand concentration; (C)
Mapping of combined *H-°N chemical shift perturbations on MCL-1 structure (pdb code: 2MHS): red > 0.1 ppm (M231,
L235, V243, M250, V253, F270), 0.1 > orange > 0.05 ppm (V216, G217, K234, S245, 1251, G271), grey < 0.005 ppm.
Residues for which no data are available are highlighted (black). Those include prolines and others that could not be
assigned to a 'H-°N resonances in the spectrum of free MCL-1; (D) Compound 5.

NMR experiments demonstrated that compound 5 and 7 bind human MCL-1 BH3 domain with good
affinity. The same experiments performed with BCL-xL showed that compound 5 binds to BCL-xL in the BH3-
binding groove of the protein with rather low affinity (Figure S2). Although several residues from the BH3-
binding groove of the protein (a2, a3, a4 and a5) were affected upon ligand addition, the analysis of the bound
BCL-xL spectrum reveals modest changes, with most spectral perturbations in rapid exchange regime.

However, for a very limited number of residues (< 5), intermediate and slow exchange regime shifts could be



observed. BCL-xL was far (< 50%) from being saturated at the maximum used concentration of ligand (150
pM) since the rapid exchange shifts are linear regarding the concentration of ligand along the whole titration.
This indicated the apparent lower affinity of compound 5 for BCL-xI when compared to MCL-1.

A last experience was carried out to compare the relative affinity of compound 7 for MCL-1 and BCL-
xL. The 'H-"N SOFAST HMQC spectrum of free '®N-labelled MCL-1 was compared with the 'H-"°N spectra
of MCL-1 in presence of compound 7 (1 eq.) with or without BCL-xL (1 eq.). About 75 % of MCL-1 was bound
to compound 7 in absence of BCL-xL as seen from the partial disappearing of resonances from residues in
the BH3 binding groove of the protein (Figure S3). Upon addition of BCL-xL, no significant change was
observed in the spectrum of *N-labelled MCL-1 in term of both 'H-">N chemical shifts and intensity (Figure
S3). This confirmed the selectivity of compound 7 for human MCL-1 compared to BCL-xL. Considering the
relative concentration of the two proteins, this suggests that the relative affinity of compound 7 for BCL-xL
could be at least 20 times lower compared to MCL-1 in this kind of experiments.

This last NMR experiment as well as the 'H-"°N HMQC spectrum of MCL-1 in presence of 4.5 eq. of
compound 5 and intriguing FPA results, may also account for the ability of compounds 5 and 7 to form a
covalent bond with MCL-1 or BCL-xL via a Paal-Knorr condensation (Figure 5).

Lysine Paal-Knorr
reaction

HOY

S5o0r7

Pyrrole adduct

Figure 5. Suggested covalent interaction between compound 5 and MCL-1 protein via a Paal-Knorr rearrangement.

There are, indeed, few examples in the literature, of Paal-Knorr reactions between natural products
and their target.[39404142 Moreover, the activity of 94-polygodial 3 on the taste sense has been
linked, in the literature, to its ability to interact covalently with a lysine of the taste receptors by a
modified Paal-Knorr condensation.3*4 The inactive 9a-isomer 13 was supposed to be unable of
such reaction. So far, only 'H NMR spectroscopic monitoring of 3 and 13 with methylamine and,
later on, chemical reaction between 3 and 4-nitroaniline®233] were able to support this hypothesis

(Scheme 1). Indeed, newly formed pyrroles are most of the time unstable and not isolable.



Scheme 1. NMR spectroscopic monitoring between 9B- or 9a-polygodial 3 and 13 and methylamine to mimic the
covalent interaction with a lysine of the protein of the taste sense./*>**Sodano et al. have shown that only 9B-polygodial

is able to react via a Paal-Knorr rearrangement, whereas 9o isomer is unreactive.

In our case, this assumption of a covalent interaction between 9(1-5 and 911-7 and MCL-1 and BCL-xL by a
Paal-Knorr reaction is substantiated by the fact that both are much more potent on MCL-1 and BCL-xL than
9(1-8. The short residue section (231-238) encompassing lysine 234 and lysine 238 is affected upon addition
of compound 5 or compound 7 on MCL-1. Thus, these lysine residues probably contribute in ligand binding,
which consequently suggests their side-chain may orient toward the ligand. Note that due to fast solvent
exchange at neutral pH and at room temperature, the sidechain amino group of these lysines were not
observable in the NMR 2D 1H -15N SOFAST-HMQC maps. Upon the formation of the adduct, the pyrrole
nitrogen is 15N labelled. However, the poor sensitivity of 15N direct detection precluded further information
regarding the binding mode of these compounds. To support this hypothesis, MALDI experiments were carried
out on MCL-1 incubated or not with 0.5, 1 and 2 equivalents of compound 5 (Figures 6A and S4). After 2 h of
incubation with 2 equivalents of 5, more than 95% of the peak corresponding to native MCL-1 has disappeared
in favour of a peak with a higher mass of about 378 Da. This difference in mass corresponds perfectly to the
formation of a covalent adduct between compound 5 and a lysine via a Paal-Knorr rearrangement. A similar
result was obtained with 2 equivalents of compound 7 (Figure S5A). On the contrary, the same experiment
carried out with 2 equivalents of compound 8 did not show the formation of such covalent adduct (Figure 6B).
This observation corroborates that of Sodano™4 who has proposed that the ability to perform this
rearrangement depends on the configuration of C9, due to the difference in distance between the two carbonyl
functions. In our case, this information is crucial as 5 and 7 are 16 times more active on MCL-1 than compound
8. We assume that this difference in affinity is due to the formation of a covalent bond between the two
molecules and the protein. Likewise, MALDI experiments carried out on BCL-xL incubated with either 5 or 7
(2 eq.) showed the formation of covalent adducts but in less extent than with MCL-1 (i.e., of the order of 50%),

perfectly in accordance with FPA results (Figures 6C and S5B).
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of 5; (B) 1- MCL-1 alone; 2- MCL-1 with 2 equivalents of compound 8; (C) 1- BCL-xL alone; 2- BCL-xL with 2 eq. of 5

To go further and characterize unambiguously the adduct thus formed, compound 5 was engaged in a
reaction with protected lysine derivative 14 in wet dichloromethane at room temperature for 48 h (Scheme 2).
'H NMR analysis of the crude mixture revealed the disappearance of protons at 9.35 and 9.75 ppm
corresponding to the aldehyde functions, as well as the apparition of two singlets around 6.4 ppm,
characteristic of the protons of a pyrrole ring. In the flask, reactions between 5 and lysine took much more time
than within MCL-1. This suggests the protein plays a key role in orientating the aldehydes of 5 so that they
interact correctly with the lysine in the BH3 groove. Gratifyingly, the Paal-Knorr products 7a-15 and 73-16
could be isolated. They resulted from a rearrangement between 5 and lysine 14 followed by a subsequent
regioselective addition of water on C7. The 1:3 selectivity in favor of compound 73-16 can be explained by the

preferential addition of water on the less hindered side of the molecule i.e., anti to the adjacent alcohol. Both
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As it has been demonstrated that drimane derivatives are cytotoxic against myeloid and lymphoid cell
lines,B" we intended to associate the cytotoxicity of compounds 5 and 7 to their affinity to anti-apoptotic
members of BCL-2, and more particularly to MCL-1 as these proteins are known to play a central role in
haematological malignancies tumorigenicity. In vitro tests were realized on 2 haematological cells lines whose
dependences to anti-apoptotic members of BCL-2 family have been previously characterized.??® Thus, BL2, a
Burkitt lymphoma cell line, is dependent on BCL-xL and MCL-1 for their survival whereas Remb1, a
lymphoblastoid cell line (EBV-transformed normal B lymphocytes), is dependent on BCL-xL. First, cells were
treated for 24 h with increasing concentrations of compounds 4 to 9 (0-50 uM) to determine the LCso (lethal
concentration 50%). Cell viability was evaluated by MTT assays (Table 2). Results obtained on both cell lines
indicated that, apart 9, which is non cytotoxic, only compounds 5 and 7 showed a real cytotoxic selectivity for
BL2, the MCL-1/BCL-xL dependent cell line (4.0 and 3.8 uM respectively) over Remb1 (LCso > 15 pM), the
BCL-xL dependent cell line. The same selectivity was observed for S63845, an MCL-1 inhibitor. On the
contrary, ABT 737 a BCL-2 and BCL-xL inhibitor was only cytotoxic for Remb1. As expected, the cytotoxicity

associated to compounds 5 and 7 seems correlated to MCL-1 dependency.

Table 2. Cytotoxic activities of compounds 4-9 on haematological cancer cell lines.

Compd. BL2[! Remb1@
ICs0 (LM) ICs0 (LM)
4 55+11 56+£1.5
5 40x0.7 >15
6 57+0.3 89+1.0
7 3.8+£0.3 >15
8 2.3+01 53+09
9 >15 >15
S63845 0.13 £ 0.01 >15
ABT-737 >15 0.9+£0.03

[a] Dependencies: MCL-1/BCL-xL (BL2), BCL-xL (Remb1), [b] IC50 measures the drug
concentrations required for 50% cell death after 24 h. The values presented (mean £ S.D.)
are from three independent experiments.
For a better characterisation of the nature of the cytotoxicity observed, cells were then treated (or not) with
5 uM of each compound for 24 h. Apoptosis was measured by flow cytometry after labelling the cells with
Annexin V-FITC and PI (Figure 7). Compounds 5 and 7 were shown to promote a strong induction of apoptosis
on BL2 cell line (respectively 86% and 78% of AV* cells), whereas they had a much weaker effect in Remb1

cell line (respectively 35% and 40% of AV*cells).
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Figure 7. Apoptosis induction by compounds 5 and 7 on haematological cell lines. Cells were treated (or not)
with 5 yM of each compound for 24 h and apoptosis was determined by flow cytometry after labelling with
annexin V-FITC and PI the proportion of cells in apoptosis was determined by flow cytometry after labelling
with annexin V-FITC and PI. Dot plots representative of at least three independent experiments.

Conclusion

In summary, we have shown that drimane-type natural compounds 4-8 are inhibitors of proteins of the BCL-
2 family. Among them, compounds 5 and 7 are the most potent molecules, with a sub-micromolar affinity for
MCL-1. At cellular level, these two compounds are selective of BL2, a MCL-1/BCL-xL dependent cell line and
induce apoptosis. A more detailed study regarding their mode of action, based on NMR and MALDI
experiments revealed that compounds 5 and 7 are covalent inhibitors of MCL-1 and in a less extent of BCL-
xL. This was confirmed by the synthesis of the corresponding Paal-Knorr adducts 15 and 16. Although for
many years, there were reluctances to develop covalent inhibitors of a target due to safety concerns, there
has been recent renewed interest for such compounds.*>4¢l In fact, these inhibitors often present a strong
affinity for their target, a prolonged effect in patients since they are not eliminated by the bloodstream and limit
the risk of acquired resistance. The covalent bond between compounds 5 and 7 and MCL-1 is created thanks
to a selective Paal-Knorr rearrangement. If Cimino et al. have hypothesised this rearrangement for the first
time in 1984; we were able to confirm it indirectly thanks to the synthesis of compounds 15 and 16. These
drimane derivatives 5 and 7 are thus the first examples of covalent BH3-mimetics that target MCL-1.4"] These
two compounds can be isolated at multi-gram scale and could constitute good candidates for a new therapeutic
strategy.

Experimental Section

General experimental details: All reagents and solvents were used as purchased from commercial suppliers.
Purification by column chromatography on silica gel was performed using Merck Silica Gel 60 (70-230 mesh).
'H and *C NMR spectra were recorded on Bruker ARX500 or Brucker AVANCE Il 700 instruments using
CDCIs or CDsCN as internal reference. Chemical shifts (& values) are given in parts per million (ppm), and
multiplicity of signals are reported as follows: s, singlet; bs, broad singlet; d, doublet; t, triplet; q, quartet; dd,
doublet of doublets; m, multiplet. HRMS analyses were performed using a Waters LCT Premier instrument by
ElectroSpray lonization (ESI). Protein-ligand NMR experiments were recorded on a Bruker 600 or 800 (Avance
[11) and 950 MHz (Avance Il HD) spectrometers equipped with cryoprobes. A MALDI-TOF/TOF UltrafleXtreme

mass spectrometer (Bruker Daltonics, Bremen) was used for all MALDI-TOF experiments. Mass spectra were



obtained in linear positive ion mode. The laser intensity was set just above the ion generation threshold to
obtain peaks with the highest possible signal-to-noise (S/N) ratio without significant peak broadening. All data
were processed using the FlexAnalysis software package (Bruker Daltonics). Sinapic acid (SA, used as the
matrix for MALDI-TOF experiments, was of the highest grade available and used without further purification)

was purchased from Sigma Aldrich.

Plant material: For compounds 4, 5, 6, 8 and 9: Trunk barks and leaves of Z. pancheri subsp. pancheri were
collected in the rainforest of Nodela (South Province of New Caledonia) by one of us (V. D.). The corresponding
voucher specimen (DUM-578) is kept at the Herbarium of New Caledonia (NOU). See ref [29]. For compound
7: Trunk barks of Zygogynum baillonii were collected in the high-altitude scrubland of "Monts Dzumac", South
Province of New Caledonia, by one of us (M.L.). A voucher specimen (LIT-1275) is deposited in the Herbarium
of New Caledonia (NOU).

Extraction and isolation: Extraction, isolation and characterisation of these compounds have already been
described: see [29] for compounds 4, 5, 6, 8 and 9; see [28] and [48] for compound 7.

Human MCL-1 production and purification: Plasmid pET15b (AmpR) encoding for the human MCL-1
deleted for the PEST domain and C-terminal transmembrane segment (MCL-1 sequence from 172 to 329) in
fusion with an N-terminal histidine tag followed by a Maltose Binding Protein (MBP) segment was generously
shared by L. Carlier (LBM, CNRS/Sorbonne-Universités) and incorporated into BL21 Rosetta pLysS (ChloR)
using electroporation method. This biomass was made in a 1 L culture at 37 °C, to an optical density of 0.6-
0.9 prior to induction. Induction of protein expression was carried out by adding isopropyl B-D-1-
thiogalactopyranoside (IPTG) and lasted 18 h at 15 °C, and then the culture was finally harvested and the
bacterial pellet containing the protein of interest was collected. After the bacterial lysis, a histidine affinity
chromatography was performed (5 mL HisTrap FF crude, GE). The elution product from histidine-affinity
chromatography was digested by prescission enzyme. The completion of protein digestion was checked
through SDS-PAGE experiments. Once completed, the digestion product was concentrated with an adapted
centrifugal filter (Amicon) and the His-TAG was removed by a histidine affinity chromatography column (5 mL
HisTrap FF crude, GE). Finally, MCL-1 was purified by size-exclusion chromatography (SEC) with S200
column (buffer: 20 mM Tris pH 7, 300 mM NaCl).

BCL-xL, MCL-1 and BCL-2 binding affinity assays: The binding affinities of compounds for BCL-2, BCL-xL
and MCL-1 were evaluated by competition against fluorescently Labelled reference compounds, Bim, Bak and
Bid, respectively, as described by Qian et al..** Human isoform BCL-2 (isoform 2), human 45-84/C37 BCL-xL
and human 172-327 MCL-1 proteins were recombinantly produced at ICSN. Bim, FITC-Ahx-Bim-OH, Bak,
FITC-Ahx-Bak-OH, Bid and FITC-Ahx-Bid-OH peptides were synthetized by GenePep Laboratories
(Montpellier, France). Labelled and unLabelled peptides were diluted in assay buffer, which contained 20 uM
NazHPOq4 (pH 7.4), 50 uM NaCl, 2 uM EDTA, 0.05% Pluronic F-68 (without pluronic acid for storage at —20 °C).
Labelled BH3 peptide (15 nM of Bak and Bid, 3 nM of Bim), 100 nM protein, and 100 yM of unlabelled BH3
peptide or compound (first diluted in 10 mM DMSO and then buffer for final concentration from 107° to 1074 M)
into a final volume of 20 pL were distributed in a 384-well black flat-bottomed microplate (PS, Hibase, Small
Volume, Med. Binding, VWR Garnier Bio-One 784076). The microplate was then incubated at room

temperature for 2 and 6 h (except for BCL-2 not stable at RT for 6 h) and shaken before fluorescent polarization



was measured. Fluorescence polarization in millipolarization units was measured with a Beckman Coulter
Paradigm® using FP cartridge (Aex 485 nm, Aem 535 nm). The exposure time was 300 ms per channel. All
experimental data were collected using the Biomek Software® (Beckman Coulter, Inc, Brea, CA, USA) and
analyzed using Microsoft Excel 2010 (Microsoft, Redmond, WA, USA). Results are expressed as binding
activity, i.e. percentage of inhibition of the binding of labelled reference compound, converted into K, the
concentration corresponding to 50% of such inhibition, and corrected for experimental conditions according to
Kenakin rearranged equation,“® which is adapted from Cheng and Prusoff equation.i*® Unlabelled peptides
Bim, Bak and Bid were used as positive controls. The performance of the assays was monitored by use of Z'
factors as described by Zhang et al..’%) The Z' factors for these assays were 0.85 and 0.8 for BCL-xL/Bak (at
2h and 6h respectively); 0.8 for MCL-1/Bid (at 2 and 6 h); 0.7 for BCL-2/Bim indicating the robustness of such

assays.

NMR experiments: Spectroscopic measurements were performed in the NMR spectroscopy buffer (NaPOa4
20 mM pH 7.4, 50 mM NaCl, 2uM EDTA, 2 mM TCEP, 3.5% DMSO, 95% / 5% H20 / D20, 0.05% pluronic
acid 10% + Roche anti-protease EDTA free) at 298 K. Reference experiments with both isolated, *N-labelled
MCL-1 (human) and BCL-xL (human) were carried out by using 50 yM of protein in a 3 mm (200 yL) NMR
tube. For each titration point, the content of the NMR tube was added into a lyophilized aliquot of the desired
compound. After vigorous resuspension of the ligand, the solution was transferred back in the NMR tube for
measurement. Experiments for the assessment of ligand solubility were performed in the same manner, except
that the reference experiment was protein-free and buffer-only. Combined 'H-"*N chemical shift perturbations

were calculated as follows:

A8y N = /(A8)% + 0,14 * (ASy)?
With:
A8X = A8X,b0und - A8X,free

MALDI-TOF mass Spectrometry: Sample for MALDI analysis was prepared at a concentration of 50 uM in
a buffer (NaPO4 20 mM pH 7.4, 50 mM NaCl, 2 uM EDTA, 3.5% DMSO, 0.05% pluronic acid 10% + Roche
anti-protease EDTA free). The matrix solution was prepared at a concentration of 45 mM in H2O/CH3CN/TFA

1:1:0.1. The sample was prepared by mixing the sample solution with matrix solution at a volume ratio of 1:9.

Synthetic procedure and description of compounds 15 and 16: Dialdehyde compound 5 (61 mg, 0.15
mmol), lysP*HCI 14 (92 mg, 0.31 mmol, 2 eq.) and triethylamine (43 pL, 0.31 mmol) were dissolved in wet
dichloromethane. The reaction was stirred at room temperature for 48 h then concentrated in vacuo. The crude
residue was purified by flash chromatography on silica gel using a gradient of heptane and ethyl acetate to
give compound 7a-15 (4 mg, 4%) and 75-16 (11 mg, 12%). Compound 7a~15: 'H NMR (700 MHz, CDCls):
07.74 (d, J = 16.0 Hz, 1H), 7.68 (m, 2H), 7.43 (m, 3H), 6.65 (d, J = 16.0 Hz, 1H), 6.54 (s, 1H), 6.26 (s, 1H),
5.46 (s, NH), 4.76 (dd, J = 4.1, 11.3 Hz, 1H), 4.53 (t, J = 4.4 Hz, 1H), 4.19 (id, J = 4.4, 9.9 Hz, 1H), 3.98 (m,
1H), 3.68 (t, J = 6.9 Hz, 2H), 3.61 (s, 3H), 2.99 (brs, 1H, OH), 2.75 (d, J = 10.7 Hz, 1H, OH), 1.82 (m, 3H), 1.77
(m, 1H), 1.58 (m, 3H), 1.49 (m, 1H), 1.46 (m, 1H), 1.38 (s, 9H), 1.37 (s, 3H), 1.19 (s, 3H), 1.19 (m, 2H), 1.17
(s, 3H), ppm; 3C NMR (175 MHz, CDCl3): & 174.2, 167.4, 145.5, 135.7, 131.5, 131.0, 130.0 (2C), 129.3 (2C),



120.7, 120.0, 119.1, 115.0, 82.1, 80.2, 71.1, 67.0, 54.6, 52.6, 50.9, 50.0, 42.3, 41.8, 36.1, 33.9, 32.0, 31.6,
28.5 (3C), 25.8, 23.8, 225, 209 ppm; HRMS (ESI)*: m/z calcd. for CasHso0N2NaOs [M-
OH+OMe+Na]* 661.3465; found 661.3451. Compound 7B-16: 'H NMR (700 MHz, CDCl3): 6 7.74 (d, J = 16.0
Hz, 1H), 7.68 (m, 2H), 7.44 (m, 3H), 6.66 (d, J = 16.0 Hz, 1H), 6.46 (s, 1H), 6.26 (s, 1H), 5.49 (s, NH), 4.71
(dd, d = 4.1, 11.4 Hz, 1H), 4.35 (d, J = 7.8 Hz, 1H), 4.00 (m, 1H), 3.97 (m, 1H), 3.66 (brs, 2H), 3.62 (s, 3H),
3.14 (OH), 2.93 (OH), 1.83 (m, 1H), 1.76 (m, 1H), 1.58 (m, 4H), 1.48 (m, 1H), 1.44 (s, 3H), 1.41 (m, 1H), 1.38
(s, 9H), 1.21 (s, 3H), 1.19 (m, 2H), 1.16 (s, 3H) ppm; *C NMR (175 MHz, CDCls): 6 173.8, 167.0, 145.6, 135.7,
131.5, 131.2, 130.0 (2C), 129.3 (2C), 122.0, 120.3, 117.0, 115.5, 82.2, 80.4, 75.6, 75.5, 55.4, 54.7, 52.7, 49.8,
42.3, 40.7, 36.1, 34.2, 32.1, 31.6, 28.7 (3C), 25.7, 23.7, 22.5, 21.7 ppm; HRMS (ESI)*: m/z calcd. for
CssHsoN2NaOs [M-OH+OMe+Na]* 661.3465; found 661.3488. * Mass experiments were performed in MeOH

Cell lines: BL2 and Remb1 cell lines were kindly provided by the International Agency for Research on Cancer
(IARC, Lyon). All cell lines were cultured in RPMI 1640 medium (Invitrogen) containing 2 mM L-glutamine,
1 mM sodium pyruvate, 20 mM glucose, 100 U/mL penicillin and 100 pug/mL streptomycin and supplemented
with 10% heat-inactivated fetal calf serum (complete RPMI medium). Cell lines were maintained at 37 °C in a
humidified atmosphere containing 5% COs-.

MTT assay: Cell viability was measured by the MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium
bromide) assay. 7 x 10* cells (in triplicate) were incubated for 24 h at 37 °C with various concentrations
(0/0.625/1.25/2.5/10/25/50 uM) of both compounds in 100 uL of complete RPMI medium. Then, 20 uL of MTT
reagent (final concentration 1 mg/mL) was added and plates were incubated for 2h. Finally, 100 uL of lysis
buffer (30% SDS, 33% dimethylformamide, 2% glacial acetic acid, 0.025 N HCI, pH = 4.7) was added and
absorbance was recorded at 570 nm after an overnight incubation. The LCso values were calculated after

plotting the dose-response curves using the GraphPad Prism software.

Quantification of apoptosis: Apoptosis was assessed by labelling cells with annexin-V-FITC and propidium
iodide (PI). 3 x 10° cells were incubated for 24 h at 37 °C with 5 uM of each compound in complete RPMI
medium. Cells were then washed in PBS, resuspended in annexin buffer (10 mM HEPES/NaOH, pH = 7.4,
150 mM NaCl, 5 mM KCI, 1 mM MgClz, 1.8 mM CaClz) containing 2.5 pg/mL annexin V-FITC (eBioscience)
and incubated for 5-10 min. Then, 100 yL of an annexin buffer supplemented with Pl (10 pg/mL; Sigma-
Aldrich) was added. Analysis (n = 10 000) was performed by flow cytometry (Accuri C6 cytometer, Becton-

Dickinson). Annexin V-positive cells (Pl negative and positive) were considered as apoptotic cells.
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