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ABSTRACT: We report on the spontaneous, reversible
intramolecular transesterification of natural labdane lactones.
Through extensive spectroscopic analysis, the interconversion
between the two tautomers was investigated, which could be
retarded when the free hydroxy group was acetylated or the
exocyclic double bond of the lactone ring was mutated.
Besides, a conversion mechanism was postulated, and the
energy barriers were calculated by density functional theory
calculations. Furthermore, the tautomers were found to inhibit
the virulence of the efflux pump-deficient Candida albicans
DSY654.

he abundant structural diversity of natural products has

been driven by gene-encoded biosynthesis' combined
with nonenzymatic modification” or isomerization,” which has
led to the discovery of diverse bioactive compounds.” As a
nonenzymatic isomerization method, interconversion plays an
important role in the structural diversification of natural
products (Figure 1), such as keto—enol tautomerism,’
configurational equilibrium,’ acetyl migration,” hydroxyalde-
hyde—hemiacetal interconversion or ring—chain tautomerism,”
(retro-) oxa-Michael addition,” cis—trans isomerism,"’ atropi-
somerism,'" as well as the photodriven interconversion of
diterpenoids isolated from liverworts.”"

Bryophytes are placed taxonomically between algae and
pteridophytes.'® Liverworts, as one of the three phyla of
bryophytes, are rich in lipophilic terpenoids."*”'* Terpenoids
constitute the most abundant and structurally diverse group of
natural products,’> of which labdane-type entities are widely
distributed'® and abundantly diversified via enzymatic or
nonenzymatic pathways,”'” leading to various structurally
different carbon skeletons. In recent years, a total of eight types
of new labdane skeletons (pallavicinin, pallavicinolide,'®
pallambins A-D>" hapmnioides A—C,> and haplomintrins
A—G™) have been found among more than 100 different
labdane diterpenoids reported from liverworts,”" which has led
to several studies of their total synthesis due to their intriguing
structures.””

Our ongoing investigation into the bioactive components
from Chinese liverworts’>** has led to the discovery of five
unprecedented labdane lactone pallamolides A—E (1-5)
possessing a bicyclo[2.2.2]octane moiety and two new
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labdanes (6 and 7) from Pallavicinia ambigua (Mitt.) Stephani.
(Figure 2) Among them, the tautomeric equilibriums of 2/3
and 4/5 were investigated and validated to be an intra-
molecular transesterification between the - and y-lactone
rings.

Pallamolide A (1) was isolated as a colorless crystal (in
methanol) with the molecular formula C,iH,;O; determined
by HRESIMS (m/z 366.2277 [M + NH,]* (caled 366.2275)).
The C NMR spectrum discovered two double bonds, an
ester carbonyl and a ketone carbonyl, indicating that 1 was a
three-ring structure in order to achieve its indices of hydrogen
deficiency. Its '"H NMR data (Table S1) showed four methyl
signals at &y 0.79 (s), 1.23 (s), 2.01 (s), and 1.22 (t, J = 7.5
Hz), two protons of an oxygenated methylene at &y 3.89 (d, J
= 11.5 Hz) and 3.47 (d, J = 11.5 Hz), and one terminal double
bond at 8y; 5.18 (dd, J = 10.0, 2.0 Hz) and 4.96 (dd, ] = 16.6,
1.5 Hz). The gross structure of 1 was constructed by a detailed
analysis of the 1D and 2D NMR data (Figure 3). The linkage
moieties CH,(1)—CH,(2), CH(5)—CH(6)—CH,(7), and
CH,(14)—CH,(15) were established by the analysis of the
"H—"H COSY spectrum. The existence of an a-substituted y-
lactone ring was verified by the HMBC correlations from H-12
to C-11 (8¢ 89.3) and C-16 (8¢ 172.7) and from H-14 to C-12
and C-16. Moreover, the HMBC correlation from H-2 to C-3
and C-11, from H-5 to C-4, C-10, and C-9, and from H-9 to C-
S, C-1, and C-11 implied the presence of a bicyclo[2.2.2]-
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Figure 1. Examples of nonenzymatic interconversions of natural
products.

Figure 2. Structures of labdane lactones isolated from P. ambigua.

octane moiety. HMBC correlations of H;-17/C-8 and H;-18/
C-19 suggested the assignment of the ketone carbonyl group
and the oxygenated methylene, respectively. The aforemen-
tioned data indicated a 7,8-seco-labdane skeleton with a novel
connection between C-3 and C-11 for 1, as shown in Figure 2.

The NOESY correlations of H-5/H;-20, H-5/H-9, and H,-
19/H-5 displayed the relative configuration of 1. To determine
the absolute configuration, single-crystal X-ray diffraction
analysis with Cu Ka radiation was performed (CCDC
1947742, Figure 3). Consequently, the stereochemistry of 1
was proved to be 3R, 4S, 5S, 7S, 9R, 10R, 11R.

7\ HMBC
— 'H-"H cosy

Figure 3. Selected HMBC (H — C),'H—'H COSY (H-H), and X-
ray ORTEP drawing of 1.

Additionally, two pairs of tautomers (I and II) containing
similar carbon skeletons as 1 were obtained. Interconversion
processes in deuterated solvents (CD;OD/CDCl,, Figure S1)
and the 2D-TLC plate (Figure S2) were detected, and the
tautomeric equilibriums were present in a ratio of approx-
imately 3:2 and 1:2, respectively. Tautomer pairs I
(pallamolides B (2) and C (3)) and II (pallamolides D (4)
and E (5)) were identified to have the same molecular formula
of Cy,)Hy4Os. In the 1D NMR, the signals of the major
tautomer were inferred for 2, whereas the remaining signals
from 3 proved to be well differentiated. The observation of H-
14 (8, 6.81 (qd, J = 7.3, 3.1 Hz)) and H-15 (8 2.05 (dd, ] =
7.3, 2.4 Hz)) indicated that the A'* in 1 was replaced by a A"
in 2. Besides, the NMR data of C-12 (. 82.5), together with
the HMBC correlation between H-12 and C-19, suggested a
six-membered oxygen ring in 2, which coincides with the extra
degree of unsaturation. The comprehensive analysis of the 2D
NMR showed almost identical correlative patterns for 2 and 3,
although the 1D NMR data were obviously distinguishable
from each other. Herein we hypothesized that the
interconversion occurred because of an intramolecular trans-
esterification, considering the structural characteristics of the
ortho hydroxy groups at C-11 or C-3 for the formation of a
16,3-5-lactone ring in 2 or a 16,11-y-lactone ring in 3,
respectively. To confirm this hypothesis, we performed
consecutive *C NMR experiments with equimolar amounts
of tautomer I in CD;0D and CD;0H, respectlvely (Figure 4,
Table S2). As expected, an a-isotope shift”* of 0.1 ppm was
measured at the exchangeable C-11 (2: major) or C-3 (3:
minor) of tautomer L

C-30f3 C-110f 2

S —
2.0 .5 7.0 0.5 70.0 69.5 6.0 685 8.0 67.5 67.0
J (ppm)

Figure 4. Partial *C NMR spectra of tautomer I in (a) CD;OH and
(b) CD,OD at 150 MHz.
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To retard this interconversion, we tried to methylate the free
hydroxy, a key group that initiates the reaction. The
methylation failed using CH;I/Ag,O, but an oxa-Michael
addition product 3i was obtained when using MeOH/Et;N.
(Figure Sa) The X-ray structure of 3i (Figure Sb, CCDC
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Figure 5. Chemical derivatization of tautomer I (a) and X-ray
crystallographic structures of 3i (b) and 2ii (c).

1947415) confirmed the presence of a free 3-hydroxy in 2 and
proved that this interconversion can be stopped by interfering
with the exocyclic double bond. Furthermore, acetylation”
with acetic anhydride gave two pure products, 2ii and 3ii, with
C-11 and C-3 acetylated, respectively. The structure of 2ii was
determined by X-ray single-crystal diffraction analysis (Figure
Sc, CCDC 1947743).

To gain better insight into the mechanism and probe the
spontaneity of this intramolecular transesterification reaction,
we performed quantum-chemical calculations of the transition
states (TSs) and the reaction coordinate using density
functional theory (DFT) at the PCM-B3LYP/6-31G* level.
Considering that trace amounts of water exist in the solvents,
the following cases were calculated for this interconversion
reaction: the anhydrous reaction and the water-assisted
reaction including concerted and stepwise mechanisms, with
the assistance of one or two H,O molecule(s) and 3H,0O
cluster, respectively. In the cases of the anhydrous and one or
two water-molecule-assisted reactions, all of the calculated
energy barriers (Table S4) were too high to be spontaneously
overcome for the interconversion reaction of tautomer I at
room temperature. For the 3H,O-cluster-assisted interconver-
sion, the two-step mechanism showed good agreement with
the experimental phenomena. Figure S58 describes the
potential energy surface (PES) for the tautomeric equilibrium.

The reaction barrier from 2 to 3 is 24.5 kcal/mol, which is in
accordance with the experimental conditions. Similarly, the
inverse reaction from compound 3 to 2 also goes through the
same pathway with a maximum energy barrier of 23.4 kcal/
mol. Thus we speculated that during the interconversion
between 2 and 3, H,O acted as a proton shuttle, making
hydrogen atoms easier to transfer, which was confirmed by our
experiment where we found that the interconversion rate
between 2 and 3 was enhanced in the presence of water.

The typical differences of the chemical shifts at H;-15, H-14,
and H-12 between tautomers I and II proved that the
configurations of the A' were E and Z, respectively,
considering the conjugation effect and magnetic anisotropy.”®
Besides, the NOESY correlations between H-12 and H-14 gave
an accordant conclusion. The different ratios of 2/3 and 4/5
were probably caused by the Gibbs free-energy distinctions
between the tautomers. Compounds 6 and 7 were also isolated
as highly oxidized labdane lactones, of which congener 8 was a
pivotal precursor in the proposed biosynthetic pathway
(Scheme 1).

Scheme 1. Plausible Biosynthetic Pathway of 1-5
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Because hyphae have been recognized as a crucial factor in
biofilm formation and fungal virulence, we tested the effect of
the isolated compounds (Table SS) against the Candida
albicans morphological transition under various hz;phae—
inducing conditions in vitro by microphotography.”” We
found that tautomer II inhibited the hyphal formation of the
efflux pump-deficient strain DSY654 in a dose-dependent
manner in RPMI 1640 media, as illustrated in Figure 6A. In
addition, the effect of tautomer II on the adhesion of C.
albicans DSY654-TDH3-GFP to the surface of mammalian cells
was further investigated. As shown in Figure 6B,C, tautomer II
displayed an inhibition effect against the adhesion of DSY654-
TDH3-GFP cells to A549 cells in a dose-dependent manner.
Besides, C. albicans biofilm formation has been considered as a
pivotal virulence factor because of its resistibility to antifungal
agents and the capability against host immune defenses.”®
Accordingly, we explored whether the tautomers played a role
in biofilm formation by using the XTT reduction assay. We
observed that 16 pug/mL or more of tautomer II greatly
destroyed the biofilm structure of DSY654 (Figure 6D,E). To
clue the underlying mechanisms of the morphological
transition and the cell adhesion inhibition effect induced by
tautomer II, gPCR was performed to assess the transcriptional
levels of hyphal growth and cell-adhesion-related genes in C.
albicans when treated with tautomer II. We examined the
mRNA levels of selected genes such as Rasl, Dpp3, CDC35,
EFG1, CEK1, NRG1, UME6, ALS3, HWP1, and ECEL. As
shown in Figure 6F, the transcriptional levels of three genes
encoding adhesins, ALS3, HWPI, and ECE], were significantly
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Figure 6. Inhibitory effects of tautomer II on C. albicans virulence
factors. (A) Impact of tautomer II on hyphal formation. Filamentation
was grown in RPMI 1640 medium with different concentrations at 37
°C. After 6 h of incubation, images were photographed using a
microscope (scale bar: 25 uM). (B,C) Effect of tautomer II on the
adhesion of C. albicans. A5S49 cells were coincubated with C. albicans
DSY654-TDH3-GFP cells for 90 min. The fluorescent cells were
observed using a fluorescence microscope (scale bar: S0 uM). The
number was confirmed by counting the adherent cells in the pictures.
Bars show the means + SD. *P < 0.05, **P < 0.01, **P < 0.001.
(D,E) Effect of tautomer II on the biofilm formation of C. albicans.
Biofilms were grown in RPMI 1640 medium with different
concentrations of tautomer II for 24 h. The biofilm was analyzed
by the XTT reduction assay and visualized by a microscope (scale bar:
S0 uM). *P < 0.05, **P < 0.01, **P < 0.001. (F) Expression of genes
involved in hyphal formation and adhesion. C. albicans DSY654 was
cultured in RPMI 1640 medium for 6 h under the treatment of
tautomer II at 32 pug/mL. The transcriptional levels of genes were
detected by qPCR. Bars represent the means + SD. *P < 0.05, **P <
0.01, **P < 0.001.

decreased in the presence of tautomer II. Furthermore, the
genes related to the Rasl-cAMP-Efgl pathway (Rasl, PDE2,
Dpp3, CDC35, EFG1, NRG1, and UME6) were downregulated
to varying extents, whereas PDE2, which encodes a
phosphodiesterase, was significantly upregulated after tautomer
IT treatment. Thus tautomer II inhibited the hyphal morpho-
genesis, adhesion, and biofilm formation of DSY654.

In this study, we investigated the tautomeric equilibrium of
two pairs of novel skeleton labdanes, which was validated to be
an intramolecular transesterification between the y- and §-
lactone rings by extensive NMR spectroscopic studies,
chemical derivatization, and DFT calculations. Interconversion
of the tautomers was terminated by converting the exocyclic
double bond into a single bond, as in 3i or transferring it into
the lactone ring, as in 1, possibly due to the low ring-strain
energy.”” Meanwhile, blocking the o-hydroxy group of the
lactone ring in the tautomers could also impede the tautomeric
reaction. Our findings might also stimulate further consid-
eration of the involvement of the intramolecular trans-
esterification of drugs or lead compounds that possess

exocyclic double bonds and o-hydroxy groups on a lactone
ring as well as their application in synthetic chemistry.
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