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UV light–driven late-stage skeletal reorganization to
diverse limonoid frameworks: A proof of concept for
photobiosynthesis
Jun Wu1†, Shi-Jun Li2†, Long Jiang3, Xiao-Chi Ma4*, Yu Lan2,5*, Li Shen1‡*

Late-stage skeletal reorganization (LSSR) is a type of fascinating organic transformation processes in natural
product total synthesis. However, few facile and effective LSSR methodologies have hitherto been developed.
Here, LSSR of limonoid natural products via photochemical cascades is first reported. Starting from xyloelves A
and B, nine distinct limonoid products with five unprecedented scaffolds are generated. The photocascade path-
ways of these natural products and mechanistic rationale via intramolecular triplet energy transfer are revealed
by quantum mechanical calculations. Most notably, ultraviolet light–driven transannular and stereoselective
C → C 1,4-acyl migration is first found as a photochemical approach, particularly for LSSR of natural products.
This approach holds promise for designing LSSR strategies to access bioactive cage-like molecules. Besides that,
our findings provide a clear proof of concept for natural product photobiosynthesis. Xyloelf A, substantially
ameliorating concanavalin A–induced liver injury in mice, could be used as a unique molecular template for
hepatoprotective drug discovery.
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INTRODUCTION
Compared to stepwise synthetic approaches, late-stage diversifica-
tion of natural products will not only reduce synthetic efforts but
also enable access to valuable analogs and derivatives toward iden-
tification of therapeutic targets. In recent years, considerable efforts
have been devoted to the development of facile and effective meth-
odologies for late-stage diversification of complex natural products.
At present, site-selective C─H functionalization approaches, such
as the transformation and insertion of site-specific functional
groups, are the main strategy, namely, peripheral editing (1–6).
Conversely, skeletal editing, i.e., modification of the underlying mo-
lecular skeleton, has limited precedents (7). Skeletal reorganization
is a type of fascinating skeletal editing organic process, featuring the
marked change in bond connectivity of a framework (8). Typically,
it involves multiple steps of bond cleavage and formation through a
concerted mechanism (9). Because of synthetic versatility and high
atom/step economy, particularly the capability of accessing complex
and challenging organic scaffolds from easily accessible feedstocks,
skeletal reorganization is of perennial importance in the field of
natural product total synthesis (10–12).

Acyl migration reactions, involved in multiple bioprocesses,
have been widely applied in the field of organic synthesis, particu-
larly natural product synthesis. Typical intramolecular acyl migra-
tions include the O ↔ N bidirectional 1,4-acyl migration (Fig. 1A)
(13), Baker-Venkataraman O → C 1,5-acyl migration (Fig. 1B) (14),

and transition metal–catalyzed C → C acyl migrations triggered by
C─C activation of ketones (Fig. 1C) (15). Most notably, transition
metal–catalyzed C → C intramolecular acyl migration approaches
offer a valuable tool for creating various carbocyclic ring systems.
The representative construction process involves cleavage of the
acyl-carbon bond and reassembling fragments across an olefin
moiety, thereby generating an anticipated carbocyclic ring
(Fig. 1C) (15). However, the C → C intramolecular 1,4-acyl migra-
tion in this pattern is unlikely to occur for the construction of a
strained three-membered carbocycle. In recent years, great progress
has been achieved in the development of transition metal–catalyzed
C → C intramolecular acyl migration reactions. Nevertheless, sub-
strates of these reactions must contain either a strained ketone or a
directing group, hampering the application of this methodology
(16, 17).

Photochemical transformations, a powerful tool of high value in
natural product synthesis, have the potential to access architectur-
ally complex scaffolds. Typical types of photoreactions include
various [n + 2] photocycloadditions and photochemical rearrange-
ments, such as Norrish-Yang cyclization, meta-photocycloaddition,
and oxa-di-π-methane rearrangement (Fig. 1D) (18). Notably, ul-
traviolet (UV) light–induced skeletal rearrangement of the bicy-
clo[3.2.1]octene moiety resulted in the interconversion between
ent-kaurane and jungermannenone type of Isodon plant diterpe-
noid skeletons. This late-stage photoradical process might
proceed via the C → C intramolecular 1,3-acyl migration of the β,
γ-unsaturated ketone moiety (Fig. 1E) (19). Undoubtedly, photo-
chemical 1,2-acyl and 1,3-acyl migrations represent a powerful
tool to construct various polycyclic carbon backbones of complex
natural products (20–23). To the best of our knowledge, photoin-
duced C → C intramolecular 1,4-acyl migration has never been re-
ported. Here, we report the natural product–inspired discovery of
this photochemical approach and its remarkable capability of creat-
ing diverse and complex limonoid scaffolds via late-stage skeletal
reorganization, along with photoinduced C → C intramolecular
1,2-acyl migration and photooxidation of the furyl moiety.
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RESULTS
Discovery of limonoid natural products featuring an
unprecedented scaffold
Limonoids, highly oxidized natural products with various intrigu-
ing tetranortriterpenoid frameworks, have attracted extensive inter-
ests for total syntheses in recent years (24–26). From the perspective
of biosynthetic strategy, skeletal rearrangement is deemed to be the
crucial step for the generation of diverse limonoid scaffolds (27, 28).
However, photoinduced late-stage skeletal rearrangement of limo-
noids has never been reported. Mangroves of the genus Xylocarpus
are known to produce fascinating limonoids with architecturally
cage-like scaffolds (29). Notably, krishnadimer A, the first dimeric
limonoid representing an undescribed class of axially chiral non-
biaryl natural products, was isolated and biomimetically synthe-
sized by atroposelective 2,3-dichloro-5,6-dicyanobenzoquinone–

mediated dienol-oxidative radical coupling (30). During our
ongoing projects in search of mangrove natural products with
unusual frameworks and remarkable bioactivities, two structurally
intriguing limonoids named xyloelves A (1a) and B (1b) (Fig. 2, A
and B), containing a cyclic 2-oxo-30-hemiketal moiety, were ob-
tained from seeds of Xylocarpus moluccensis, collected in the trop-
ical mangrove swamp of Trang Province, Thailand. The structures
and relative configurations of these limonoids were established by
high-resolution electrospray ionization mass spectrometry (HR-
ESIMS) and one-dimensional (1D) and 2D nuclear magnetic reso-
nance (NMR) spectroscopic data (fig. S1; see the Supplementary
Materials for detailed structural elucidation). Most notably, the con-
stitutions of 1a and 1b, each containing an unprecedented cage-like
5/6/6-tricyclic 7-oxatricyclo[4.3.1.13,10]undec-8-ene-5-one nucleus
(from C1 to C5, from C8 to C10, C29, and C30), and absolute

Fig. 1. Background for intramolecular acyl migration reactions. (A) O↔ N 1,4-acyl migration. (B) O→ C 1,5-acyl migration. (C) C→ C acyl migrations triggered by C─C
activation of ketones. (D) C → C 1,2-acyl migration. (E) C → C 1,3-acyl migration.
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configurations of the two compounds, viz.,
(1R,4S,5S,6R,10S,13R,17R,30R) and (1R,4S,5S,6R,10S,13R,17R,
30R,33S) for 1a and 1b, respectively, were unambiguously estab-
lished by single-crystal x-ray diffraction analyses, conducted with
Cu Kα radiation (CCDC 2159544 and 2159461, respective-
ly; Fig. 2A).

Photoinduced late-stage skeletal reorganization of
limonoid natural products
Under natural sunlight irradiation with an average intensity of 5000
lux for 16 hours, neat compounds of both xyloelves A (1a) and B
(1b) generated trace amount of 6 (Fig. 2B and table S1), which
was produced via the C → C intramolecular 1,2-acyl migration.
Upon treatment of 1a with the same average intensity of sunlight
irradiation in acetonitrile for 16 hours, 7 (Fig. 2B and table S1)
was obtained in 30.1% isolated yield along with 28.0% of recovered
1a. When the solvent of the above sunlight irradiation experiment
was replaced by dichloromethane, either with or without FeCl2,

both 1a and 1b were decomposed at last. Treatment of 1a or 1b
in methanol under average 5000 lux of sunlight irradiation for 1
to 3 hours, 2a/3a or 2b/3b (Fig. 2B and table S1), was observed in
pairs as photoproducts but in less than 2.0% yield. Disappointingly,
both 1a and 1b were ultimately decomposed when the time of sun-
light irradiation was extended to 16 hours. To figure out the light
wavelength band that really triggered the above photochemical re-
actions, different light sources, including blue and white light-emit-
ting diode tubes; green, yellow, and red halogen bulbs; and UV 254-,
302-, and 365-nm lamps, were thoroughly investigated (table S1).
However, only UV light irradiation at 302 nm notably generated
photoproducts. Pleasingly, 2a and 3awere simultaneously produced
in methanol in 35.3 and 21.1% yields, respectively, when 1a was ir-
radiated with 302-nm UV light for 1.5 hours. In the same way, 2b
and 3bwere concurrently obtained in 30.2 and 15.1% yields, respec-
tively, when 1b was chosen as the substrate (table S1). Therefore,
UV at 302 nm was selected as the right wavelength for further op-
timization of photochemical reaction conditions.

Fig. 2. X-ray crystal structures and photoinduced late-stage skeletal reorganization of limonoid natural products. (A) ORTEP plots of x-ray crystal structures of
xyloelves A (1a) and B (1b), as well as 3b. (B) UV light–driven late-stage skeletal reorganization of xyloelves A (1a) and B (1b) generating photoproducts 2a, 2b, 3a, 3b, 4p,
and 4 to7. (C) The thermodynamic retrotransformation of 2b into xyloelf B (1b), monitored by the variable-temperature 1H (600 MHz) NMR spectroscopy analysis in
dimethyl sulfoxide (DMSO)–d6.
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Optimization of photochemical reaction conditions and
discovery of thermodynamic retrotransformation
As expected, upon 302-nm UV light irradiation at room tempera-
ture in different solvents, xyloelves A (1a) and B (1b) underwent
skeletal reorganization to afford eight photoproducts containing
five unprecedented limonoid scaffolds, viz., 2a/2b, 3a/3b, 4p/4, 5,
and 6, and a derivative with a 17-substituted γ(23)-hydroxybuteno-
lide group (7) (Fig. 2, B and C). To find the optimal reaction con-
dition, the influence of solvent and UV light irradiation time on
photochemical transformation rates of the above substrates, viz.,
1a and 1b, was scrupulously investigated (tables S2 to S4). As a
result, UV light irradiation in the solvent mixture of dimethyl sulf-
oxide (DMSO) and water (1:1) for 1.0 hour was the optimal reaction
condition for the transformation of 1a into both 2a and 3a, isolated
in 43.1 and 30.5% yields, respectively. Under the same condition, 2b
and 3b were obtained from the substrate 1b in 67.2 and 17.3% iso-
lated yields, respectively. UV light irradiation of 1a in benzene for
1.5 hours afforded 4p in 53.1% isolated yield, whereas that in ethyl
acetate generated 7 in 26.3% isolated yield (Table 1 and table S2).
Upon treatment of 1awith UV light irradiation in dichloromethane
for 0.5 hours, followed by addition of methanol, 4 and 5 were ob-
tained in 13.0 and 10.2% isolated yields, respectively (Table 1 and
table S3). The optimal reaction condition for the transformation of
1a into 6 was in dichloromethane with excess FeCl2 for 1.5 hours.
To our delight, 6 was obtained in 33.6% isolated yield (Table 1).
Notably, three photosensitizers, viz., methylene blue, rose bengal,
and ferroporphyrin, were screened for the improvement of photo-
initiation efficiency in the transformation of 1a into 6. However, no
notable effects were observed at last (table S4).

The thermodynamic retrotransformation of 2a into 1a and that
of 2b into 1b, respectively, was observed when the pure compound
2a or 2b was kept away from light in common solvents, such as
acetone, acetonitrile, and methanol, at room temperature (normally
20° to 30°C) for several days. To unveil the fast thermodynamic ret-
rotransformation of 2b into 1b, variable temperature 1H-NMR
spectroscopy analyses were carried out. The photoproduct 2b was
dissolved in DMSO-d6 in an NMR tube and then heated to 90°C.
Every 10 min, the 1H-NMR spectrum was recorded to monitor
the retrotransformation rate of 2b into 1b, which could be calculat-
ed on the basis of the peak area ratio of characteristic proton signals
of both compounds, such as H-6 and H-22. As expected, 40% of 2b
was transformed into 1b after maintaining the temperature of the
NMR tube at 90°C for 50.0 min (Fig. 2C).

The structures and relative configurations of all the aforemen-
tioned photoproducts, viz., 2a, 2b, 3a, 3b, 4p, and 4 to 7, were

established by 1D and 2D NMR spectra, whereas the absolute con-
figurations of these limonoids were determined on the basis of
the same absolute configuration of the remained δ-lactone ring-
D, i.e., (13R,17R), occurring in substrates (1a/1b) and all the
photochemical products (figs. S1 and S2) (see the Supplementary
Materials for detailed structural elucidation). Most notably,
the constitution of 3b and its absolute configuration, i.e.,
(1R,4S,5S,6R,9R,10S,13R,17R,33S), were unequivocally established
by single-crystal x-ray diffraction analysis, conducted with Cu Kα
radiation [Flack parameter of 0.09 (9) and Hooft parameter of
0.08 (7)] (CCDC 2159543; Fig. 2A).

Energy landscape, photocascade pathways, and
mechanistic rationale
To gain mechanistic insights into photoinduced late-stage skeletal
reorganization of limonoid natural products, density functional
theory (DFT) and time-dependent DFT (TD-DFT) calculations at
the M06/6-31G(d, p)/the integral equation formalism variant with
the solvent dichloromethane [IEFPCM(DCM)] level of theory were
performed (31–34). Xyloelf A (1a) was chosen as a model substrate,
which could be transformed into five products, viz., 2a, 3a, and 4 to
6, via different photocascade pathways. The thermodynamic retro-
transformation of 2a into 1a was also confirmed by theoretical cal-
culations (tables S5 to S7).

Two excited singlet states of 1a, viz., S1 and S2, were found by
means of TD-DFT calculations (Fig. 3A). The energy levels of S1
and S2 were well matched with the UV absorption wavelengths of
298 and 313 nm, respectively. Once formed, the singlet diradical S1
could undergo a spin forbidden intersystem crossing process to
produce the excited triplet state T1, of which the energy level was
1.89 eV lower than that of S1. The two corresponding singly occu-
pied molecular orbitals (SOMOs), namely, SOMO and SOMO-1,
located on the 17-furyl group and the 8,8a-dihydro-1H-isochro-
men-3(7H )-one moiety of 1a, respectively, were obtained by DFT
calculations for the excited triplet state T1 (Fig. 3A). Hence, the UV
light excitation process could be considered as an intramolecular
single-electron transfer. That is to say, the 17-furyl group of 1a
donated one electron to the electron-deficient 8,8a-dihydro-1H-iso-
chromen-3(7H )-one moiety of the limonoid skeleton, with the aim
for further transformations.

In the absence of water, three products could be obtained. Free
energy profiles for the transformation of the complex substrate 1a
into three products, viz., 4, 5, and 6, were obtained by DFT calcu-
lations (Fig. 3B). The energy of T1 was set to relative zero. Starting
from T1, an intramolecular radical-type acyl shift from C30 to C9,
with cleavage of the C2─C30 bond and generation of the C2─C9

Table 1. Optimum conditions for photochemical reactions.

Substrate Solvent Metal ion UV at 302 nm, room temperature, (t) Products (isolated yield)

1a DMSO/H2O (1:1) – 1.0 hours 2a (43.1%) and 3a (30.5%)

1b DMSO/H2O (1:1) – 1.0 hours 2b (67.2%) and 3b (17.3%)

1a Benzene – 1.5 hours 4p (53.1%)

1a CH2Cl2 (add MeOH) – 0.5 hours 4 (13.0%) and 5 (10.2%)

1a CH2Cl2 FeCl2 1.5 hours 6 (33.6%)

1a EtOAc – 1.5 hours 7 (26.3%)
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bond, i.e., C → C 1,4-acyl migration, would occur via the transition
state TS1 to afford the intermediate INT1. Then, the isobutyryloxy
moiety of INT1 could be activated by an intramolecular hydrogen
bond between the carbonyl group of the isobutyryloxy moiety and
the C30─OH group. Sequent proton transfer via the transition state
TS2, overcoming an energy barrier of only 3.0 kcal/mol, would lead
to a rapid C─O bond cleavage and the loss of one molecule of iso-
butyric acid, irreversibly generating the key pyranolate intermediate
INT2. Notably, INT2-1 was another essential resonance structure of
INT2. On the basis of INT2, three possible pathways might be con-
sidered for the generation of diverse photoproducts. The orbital
analysis for the SOMO of INT2 revealed the electronic sharing

between C8 and C15. Thus, the cleavage of the C30─O ether
bond, activated by radicals, would occur via the transition state
TS4, surmounting an energy barrier of only 5.7 kcal/mol, to yield
the ketene intermediate INT3, of which the energy level was 6.1
kcal/mol lower than that of INT2, indicating a reversible process
between INT2 and INT3. Hence, the final photoproducts might
be dependent on solvents. In the presence of methanol, 4 was
found as the kinetic product for the above reaction.

Alternatively, INT2 could undergo a C9─C10 bond cleavage via
the transition state TS5 to afford INT4, of which the energy level was
7.4 kcal/mol lower than that of INT3. The calculated activation
barrier for the transformation of INT2 into INT4 was 15.4 kcal/

Fig. 3. Energy landscape, computed cascade pathways, and mechanistic rationale for the photochemical transformation of xyloelf A (1a) into five products,
along with those for the thermodynamic retrotransformation of into 2a in 1a. (A) The diagram for the light process and the SOMOs for the excited triplet state of 1a.
(B) Free energy profiles for the photochemical transformation of 1a into 4, 5, and 6 in the absence of water, including the SOMO for the key intermediate INT2 (the iso
value = 0.05 atomic unit). (C) Free energy profiles for the photochemical transformation of 1a into 2a and 3a in the presence of water, including the spin density for the
key intermediate INT3′, along with the free energy profile for the thermodynamic retrotransformation of 2a into 1a.
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mol. With the aid of methanol, INT4 could be successfully trans-
formed into the thermodynamic product 5. In the absence of meth-
anol, however, INT2 would undergo the C → C 1,3-acyl migration
via the open-shell singlet transition state TS3 to give 6 as the final
product (Fig. 3B).

In the presence of water, either 2a or 3a could be provided from
the same substrate 1a. DFT calculations were used to unveil the de-
tailed transformation mechanism. Starting from the common T1
state of 1a, the formation of INT1 could share with the former
pathway via the transition state TS1 with a free energy barrier of
4.4 kcal/mol (Fig. 3C). In presence of the water, the intermediate
INT2′ could be obtained with bridged hydrogen bonds of carbonyl
and hydroxyl moieties in the INT1 with an exothermic process of
4.1 kcal/mol. Subsequently, a water-assisted intramolecular hydro-
gen shift could occur and then resulted in a rearrangement of the
hydroxyl alkyl radical in the intermediate INT3′ via the transition
state TS2′ with a free energy barrier of 3.2 kcal/mol. In the triplet
intermediate INT3′, the spin density was majorly shared by C2,
C15, and C30. Therefore, either water-assisted hydrogen atom
transfer to C15 or radical-type substitution onto C30 was possible,
leading to two possible pathways for the generation of different
products. The spin density on C15 exhibited the hydrogen-acceptor
character, where C15 could achieve a hydrogen atom transfer from
the hydroxyl alkyl moiety. In the presence of a water bridge, this
hydrogen atom transfer could occur via the transition state TS3′
with a free energy barrier of only 0.8 kcal/mol. After releasing a mol-
ecule of water, the product 3a could be formed by this pathway. Al-
ternatively, TS4′ could be considered as an initial radical addition of
C2 onto the lactone moiety, accompanied by the cleavage of C30─O
ether bond. After releasing a molecule of water, another product 2a
would be yielded. The calculated relative free energy of the transi-
tion state TS4′ was only 1.0 kcal/mol higher than that of TS3′.
Therefore, both 2a and 3a could be experimentally observed.
Once 2a was formed, a water-assisted retro-Michael addition
could occur via the transition state TS5′, leading to the cleavage
of the C2─C9 bond. Meanwhile, the water bridge resulted in the
acetalation for the formation of the C30─O ether bond. The
above synergetic process lastly afforded the substrate 1a, which
was 4.3 kcal/mol more stable than 2a. Notably, the direct thermo-
dynamic retrotransformation from 2a into 1awas hard to overcome
an energy barrier of 34.9 kcal/mol via the transition state TS6′, in-
dicating the pivotal role of the water bridge for the above intramo-
lecular proton transfer.

Identification of xyloelf A as an agonist of human pregnane
X receptor
Nowadays, human pregnane X receptor (hPXR) is regarded as the
key nuclear receptor target for the treatment of cholestasis and liver
injury diseases (35). To find promising drug leads for treating these
metabolic diseases, xyloelves A (1a) and B (1b) and their LiOH hy-
drolysate 1c (fig. S1), as well as all the photoproducts, viz., 2a, 2b, 3a,
3b, 4p, and 4−7 (Fig. 2B), were screened for agonistic effects on
hPXR by the luciferase assay based on the hPXR-luc reporter in
human embryonic kidney (HEK) 293T cells (36). Rifampicin
(RIF) was used as the positive control at the concentration of 10.0
μM. To our delight, 1a ameliorated a potent agonistic effect on
hPXR in a dose-dependent manner within the concentration
range of 10.0 nM to 10.0 μM (Fig. 4A), whereas all the other com-
pounds showed relatively weak activation effects (fig. S3). Multidrug

resistance gene 1 (MDR1) and cytochrome P450 3A4 (CYP3A4)
were recognized as the well-documented downstream targets of
hPXR. To further confirm the activation effects of 1a toward
these targets, the mRNA and protein levels of MDR1 and
CYP3A4 were analyzed by Western blot after the treatment of
human hepatic carcinoma (HepG2) cells with 1a for 24 hours.
RIF was used again as the positive control. 1a remarkably up-regu-
lated the mRNA (fig. S4A) and protein (Fig. 4B) levels of MDR1 and
CYP3A4 in HepG2 cells, particularly within the concentration
range of 100.0 nM to 10.0 μM.

To elucidate the underlying mechanism for the agonistic effect
of 1a on hPXR, molecular docking study was performed on the
basis of the crystal structure of the ligand 1a and the receptor
hPXR (36–38). The defined hPXR_1a interaction model, obtained
from the residual energy–based stable election protocol, was well-
converged to afford an ideal equilibrium state with the root mean
square deviation value of less than 2 Å in molecular dynamics (MD)
study (fig. S4B). As a result, 1a could bind to the ligand-binding
domain (LBD) of hPXR and then form a rather stable complex
(Fig. 4C). The interaction scenario of 1a with the LBD of hPXR
was further analyzed. The energy decomposition analysis unveiled
that 11 residues, viz., Leu240, Met243, Ser247 (S247), Phe281, Cys284,
Phe288 (F288), Trp299 (W299), Tyr306, Met323, His407 (H407), and
Leu411, remarkably contributed to the ligand-receptor interaction
that helps to stabilize the binding (Fig. 4C and fig. S4C). Most
notably, the residue S247 formed a stable hydrogen bond with the
7-keto group of 1a, whereas residues F288 and W299 participated
largely in the electrostatic interactions with the 17-furyl ring of 1a.
The residue H407, exhibiting an unusual protonation state, should
be a preferred center for the polar interactions with the Me-19 and
1-O-isobutyryl group of 1a. To further validate the molecular inter-
action between 1a and the LBD of hPXR, four key residues—S247,
F288, W299, and H407—were selected and mutated to S247A,
F288D, W299D, and H407D, respectively. As a result, these muta-
tions, particularly S247A, F288D, and H407D, significantly dimin-
ished the response of hPXR to 1a (Fig. 4C). Together, we may
conclude that 1a is a potent hPXR agonist targeting the LBD
of hPXR.

Xyloelf A ameliorates concanavalin A–induced liver injury
in mice
The protective effects of xyloelf A (1a) on concanavalin A (Con A)–
induced liver injury in mice were thoroughly investigated. Before
the treatment with intravenous Con A at a sublethal dose (15.0
mg/kg), two groups of mice were intraperitoneally pretreated
daily with 1a at a dose of 20.0 or 40.0 mg/kg for 3 days (Fig. 4D
and fig. S5A). On the fourth day, after the treatment of Con A for
10 hours, mice were euthanized. Then, mice liver tissues and blood
samples were collected. The Con A–treated mice resulted in notable
liver injury. As expected, the pretreatment of 1a remarkably reduced
Con A–induced liver damage in mice (fig. S5A). In line with these
findings, livers of mice only treated with Con A exhibited typical
damage featuring focal necrosis, which could be markedly
reduced by the pretreatment of 1a (Fig. 4D). As shown in Fig. 5A,
the plasmatic levels of alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) in mice could be up-regulated by
Con A. However, the pretreatment of 1a noticeably decreased the
plasmatic levels of the above enzymes. Terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick end labeling
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(TUNEL) assay unveiled that both doses of 1a decreased the
number of apoptotic liver cells, thereby indicating the potent anti-
apoptotic effect of 1a on Con A–induced liver injury (fig. S5B).
Western blot analysis demonstrated that levels of antiapoptotic
Bcl-2, proapoptotic Bax, cleaved caspase-3, and cleaved caspase-9
were reversed by the pretreatment of 1a (fig. S5C Most notably,
the quantitative real-time polymerase chain reaction (qPCR)
results revealed that the pretreatment of 1a markedly repressed
the Con A up-regulated mRNA levels of proinflammatory cyto-
kines, viz., tumor necrosis factor–α (TNFα), interleukin-1 (IL-1),
interleukin-2 (IL-2), interleukin-6 (IL-6), C-C motif chemokine
2 (CCL2), > C-X-C motif chemokine 2 (CXCL2), Fas antigen
ligand (FASL), intercellular adhesion molecule–1 (ICAM-1), and
interferon-γ (IFN-γ) (Fig. 5B). In addition, Con A–up-regulated
levels of Beclin-1, microtuble-associated proteins 1A/1B light
chain 3 (LC3 I/II), inducible nitric oxide synthase, and p65, regard-
ed as important factors in processes of autophagy and inflammato-
ry, were markedly reversed by the pretreatment of 1a (fig. S5, D and
E). In summary, 1a substantially ameliorated Con A–induced liver

injury in mice. It could be used as a lead compound for hepatopro-
tective drug discovery.

DISCUSSION
Historically, high-energy UV light–driven photochemical reactions
have been applied in organic synthesis for over a century (18). On
our earth, the tropics and plateaus are the areas with the strongest
UV radiation. As a result of long-term adaptation to natural envi-
ronment, living organisms, particularly animals and plants in the
above areas might use UV light–driven photochemical reactions
in natural product biosynthetic processes, especially late-stage skel-
etal editing of polycyclic terpenoids. From the standpoint of biosyn-
thesis, intricarene (39) and bielschowskysin (40), highly oxidized
and congested diterpenoids isolated from the Caribbean coral Pseu-
dopterogorgia kallos, are furanobutenolide-derived polycyclic cem-
branoids (41). Starting from the biosynthetic precursor, bipinnatin
J, a common macrocyclic furanocembranoid of corals, photochem-
ical synthesis of intricarene, involving a magic step of UV light–
driven skeletal rearrangement, was successfully achieved, although

Fig. 4. Xyloelf A (1a), identified as an agonist of hPXR, ameliorates Con A–induced liver injury in mice. (A) Activation effects of 1a on hPXR at the concentrations of
10.0 and 100.0 nM and 1.0 and 10.0 μM, assessed by the PXR-luciferase reporter assay in human embryonic kidney (HEK) 293T cells. Data represent themeans ± SD, n = 4 to 6
for each group. *P< 0.05 and **P< 0.01 compared to the control group. RIF was used as the positive control at the concentration of 10.0 μM. (B) Western blot analysis revealing
the significant up-regulation of the protein levels of MDR1 and CYP3A4 after the treatment of 1a in HepG2 cells for 24 hours. Data represent the means ± SD, n = 3 for each
group. *P < 0.05 and **P < 0.01 compared to the corresponding control group. (C) Top: Molecular docking unveiling the 3D structure binding of 1awith the ligand-binding
domain (LBD) of hPXR. Bottom: Site mutagenesis analysis revealing activation effects of 1a on thewild-type (WT) andmutant hPXR. Data represent themeans ± SD, n = 4 to 6
for each group. *P < 0.05 and **P < 0.01 compared to the corresponding control group. (D) Left: Representative images showing hematoxylin and eosin staining in liver
sections after mice were treated with or without concanavalin A (Con A) and 1a. Right: Statistical analysis of liver damage area after mice were treated with or without Con A
and 1a. Data represent the means ± SD, n = 4 for each group. ***P < 0.001 compared to the DMSO/saline group; ###P < 0.001 compared to the DMSO/Con A group.
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the 2-OH group and furan ring of bipinnatin J had to be methylated
and oxidized, respectively, before UV light irradiation. The under-
lying mechanistic scenario was revealed by quantum chemical cal-
culations as the continuous photocascade process via a series of
triplet intermediates (42). Note that bielschowskysin was ultimately
synthesized from late-stage skeletal rearrangement of the same pre-
cursor, bipinnatin J. The whole process, however, included multiple
steps, viz., UV light–induced Entgegen/Zusammen (E/Z) isomeri-
zation, epoxidation, dearomatization, and transannular [2 + 2] pho-
tocycloaddition (43). In addition, sunlight-induced 1,3-allyl shift of
bipinnatin J afforded the pseudopterane-type diterpenoid kallolide
A (44). Undoubtedly, UV light–driven late-stage skeletal rearrange-
ment ought to play a pivotal role in the biosynthesis of furanobute-
nolide-derived coral cembranoids.

Mangroves of the genus Xylocarpus, belonging to the plant
family Meliaceae, are widely distributed across tropical and subtrop-
ical estuarine swamps, from southern Africa to west and central
Pacific Ocean. Limonoids are the main type of natural products
of these mangroves. Our phytochemical investigations over the
last 20 years revealed that environmental factors, such as tempera-
ture, salinity, and light, should play the leading role for these man-
groves to produce unique and diverse limonoids, whereas the
genetic background might be secondary (29, 30, 45, 46). In this
study, experimental and computational investigations unveil late-
stage skeletal reorganization of Thai Xylocarpus mangrove limo-
noids, enabled by UV light–driven photochemical cascades. Our
discovery combined with the previously reported UV light–driven
late-stage skeletal rearrangement of Chinese Isodon plant diterpe-
noids (19) and Caribbean coral furanobutenolide-derived cembra-
noids (42) constitutes a chain of evidence for a previously
unimaginable concept, here termed as natural product photobio-
synthesis—in other words, living organisms, particularly tropical
and plateau animals and plants, have the capability of synthesizing
natural products by direct utilization of sunlight energy, the ulti-
mate driving force of biosynthesis on the earth, instead of
enzymes in the body. Incontrovertibly, photobiosynthesis is of

great importance in natural product biosynthesis, although this
concept has been unappreciated and undervalued all along. It is
not only an essential part of natural product biosynthesis but also
a necessary supplement to multifarious enzyme-catalyzed biosyn-
thetic pathways, which might be correspondingly termed
enzymobiosynthesis.

In the past decade, visible light photoredox catalysis has become
an immensely valuable tool in natural product synthesis. With the
aid of this photocatalytic strategy, the construction of structurally
elaborate natural products has been successfully achieved.
However, most synthetic processes of these natural products only
use one step of visible light photoredox catalysis. In general,
organic compounds do not absorb visible light. Fundamentally,
visible light photoredox catalysis is not advantageous to the skeletal
reorganization/rearrangement of natural products (47, 48).

In summary, two limonoid natural products, named xyloelves A
and B, each containing a cage-like 5/6/6-tricyclic 7-
oxatricyclo[4.3.1.13,10]undec-8-ene-5-one nucleus and a cyclic 2-
oxo-30-hemiketal moiety, are identified from seeds of a Thai trop-
ical mangrove X. moluccensis. UV light–driven late-stage diversifi-
cation of xyloelves A and B generates nine distinct products with
five unprecedented limonoid scaffolds. This is the first report that
photoinduced late-stage skeletal reorganization of natural products
has been observed to afford a collective of products with diverse and
stereospecific frameworks. Notably, UV light–driven transannular
and stereoselective C → C 1,4-acyl migration is first unveiled as a
promising photochemical approach, particularly for late-stage skel-
etal reorganization of natural products. The photocascade pathways
of the above limonoid products and mechanistic rationale via intra-
molecular triplet energy transfer are unraveled by quantum me-
chanical calculations. The role of water not only associates with
the substrate through hydrogen bonds, thus remarkably reducing
the activation energy and triggering the proton transfer under UV
light irradiation, but also maintains the molecular integrity of
natural products. These results might be considered as the long-
term stress response of the mangrove X. moluccensis to the Thai

Fig. 5. Xyloelf A (1a) ameliorates Con A–induced liver injury in mice (continued). (A) Plasmatic levels of ALT and AST after mice were treated with or without Con A
and 1a. Data represent the means ± SD, n = 4 for each group. ***P < 0.001 compared to the DMSO/saline group; ###P < 0.001 compared to the DMSO/Con A group. UI,
Unit International. (B) mRNA levels of liver proinflammatory cytokines, including TNFα, IL-1, IL-2, IL-6, FASL, CCL2, CXCL2, ICAM-1, and IFN-γ, after mice were treated with
or without Con A and 1a. Data represent the means ± SD, n = 4 for each group. *P < 0.05 compared to the DMSO/saline group; #P < 0.05 and ##P < 0.01 compared to the
DMSO/Con A group.
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estuarine environment of tropical intertidal zones. The skeletal re-
organization divergence of xyloelves A and B for selective entry to
different scaffolds is summarized. Pivotal and mild photochemical
cascades in this study hold promise for further extensive applica-
tions in the field of organic synthesis, particularly natural product
total synthesis. Most notably, our findings provide a tangible proof
for the inspiring concept—natural product photobiosynthesis,
often resulting in late-stage skeletal editing of complex polycyclic
terpenoid natural products. Evidently, photobiosynthesis is essen-
tially complimentary to the traditional enzymobiosynthesis. In ad-
dition, xyloelf A exhibits a marked agonistic effect on hPXR in a
dose-dependent manner. As a valuable agonist targeting the LBD
of hPXR, it substantially ameliorates Con A–induced liver injury
in mice. Accordingly, xyloelf A can be used as a unique molecular
template in medicinal chemistry for hepatoprotective drug discov-
ery. This work not only opens a door to the future for natural
product–inspired discovery of unknown and exciting photochemis-
try but also creates a facile and effective skeletal editing methodol-
ogy to access challenging and polycyclic organic molecules with
complex, diverse, and even bioactive scaffolds.

MATERIALS AND METHODS
Experimental design
The overall workflow has the following steps: (i) collection of man-
grove seeds; (ii) extraction, isolation, and structure elucidation of
undescribed natural products, viz., xyloelves A (1a) and B (1b);
(iii) alkaline hydrolysis of the above natural products to afford 1c;
(iv) photochemical preparation of nine compounds, viz., 2a, 2b, 3a,
3b, 4p, 4, 5, 6, and 7 from the above natural products; (v) optimi-
zation of photochemical reaction conditions; (vi) structure elucida-
tion of the above photochemical reaction products; (vii) DFT and
TD-DFT theoretical calculations; (viii) various bioassays; (ix) stat-
istical analysis; and (x) protein docking analysis.

General experimental procedures
HR-ESIMS data were obtained on a Bruker maXis ESI quadruple
time-of-flight mass spectrometer in the positive-ion mode. 1D
and 2D NMR spectra were measured on a Bruker AV 400-, 600-,
or 700-MHz NMR spectrometer. UV spectra were recorded on a
GENESYS 10S UV-visible spectrophotometer (Thermo Fisher Sci-
entific), and optical rotations were determined on an MCP500
modular circular polarimeter (Anton Paar GmbH) with a 0.5-cm
cell at 25°C. Electronic circular dichroism spectra were recorded
on a Jasco J-810 spectropolarimeter with a 1.0-mm cell at room
temperature. High-performance liquid chromatography (HPLC)
was performed on a Waters 2535 pump equipped with a 2998 pho-
todiode array detector and YMC C18 reversed-phase columns (250-
mm by 4.6-mm internal diameter, 5 μm, for analysis; 250-mm by
10-mm internal diameter, 5 μm, for preparation; YMC, Kyoto,
Japan). For column chromatography, silica gel (100 to 200 mesh)
(Qingdao Mar. Chem. Ind. Co. Ltd.) and C18 reversed-phase silica
gel (12 nm, 50 μm; ODS-A-HG, YMC, Japan) were used. Quartz 5-
mm NMR tubes were chosen for photochemical reactions. A UV
analyzer (ZF1-II), containing ten UV lamps (each 6 W) and a
visible light lamp (60 W), was purchased from Shanghai Jiapeng
Technology Co. Ltd. Three UV wavelengths, viz., 254, 302, and
365 nm, could be selected. The distance between the liquid
surface of samples inside NMR tubes and the UV light source was

about 20.0 cm. The averaged intensity of UV irradiance was about
20.0 μW/cm2. RIF was purchased from Sigma-Aldrich (St. Louis,
MO, USA). All chemicals used in bioassay were dissolved in DMSO.

Mangrove material
Seeds of the mangrove, X. moluccensis, were collected in June 2013
from mangrove swamps of the Trang Province, Thailand, with the
help of P. Pedpradab (Rajamangala University of Technology Srivi-
jaya, Trang Province, Thailand). The identification of the mangrove
was performed by one of the authors (J.W.). Voucher sample (no.
ThaiXM-03) is maintained in the Guangdong Key Laboratory of
Natural Medicine Research and Development, Guangdong
Medical University.

Extraction and isolation
The air-dried seeds (10.0 kg) were powdered and extracted with 95%
(v/v) EtOH (5× 20 liters) at room temperature to afford the resulting
extract (680.0 g), which was partitioned between EtOAc and water
to provide an EtOAc portion (296.0 g). The EtOAc portion was
chromatographed on a silica gel column (120-cm by 10-cm internal
diameter), eluted with a gradient mixture of CHCl3/MeOH (100:0
to 5:1), to yield 160 fractions (49–52). Fractions 29 to 40 (110.7 g)
were combined and further separated by an RP-18 column (100.0-
cm by 5.0-cm internal diameter), eluted with a gradient mixture of
acetone/H2O (50:50 to 100:0), to yield 175 subfractions, among
which subfractions 116 to 131 (2.20 g) were combined and purified
by preparative HPLC (250-mm by 10-mm internal diameter;
MeCN/H2O, 38:62; YMC-Pack) to afford xyloelf A (1a) (320.0
mg, retention time (tR ) = 38.5 min), whereas subfractions 157 to
175 (1.20 g) were combined and purified by preparative HPLC
(250-mm by 10-mm internal diameter; MeCN/H2O, 37:63; YMC-
Pack) to afford xyloelf B (1b) (120.0 mg, tR = 52.7 min).

Alkaline hydrolysis of xyloelves A (1a) and B (1b) to
afford 1c
A portion of 1a (2.0 mg, 0.0034 mmol) or 1b (2.0 mg, 0.0033 mmol)
was dissolved in the mixture of methanol and water (2:1, 3.0 ml). A
15.0 eq of LiOH were carefully added and stirred at room temper-
ature overnight until the completion of the reaction (monitored by
thin-layer chromatography, i.e., TLC). Then, the solution was neu-
tralized with glacial acetic acid and concentrated under reduced
pressure. The resulting residue was dissolved in methanol,
whereas the insoluble matter was precipitated by centrifugation.
The supernatant was further purified by HPLC (250-mm by 4.6-
mm internal diameter; MeCN/H2O, 40:60; YMC-Pack) to afford
compound 1c (1.6 mg, 0.0031 mM, tR = 6.3 min).

Photochemical preparation of compounds 2a, 2b, 3a, 3b,
4p, 4, 5, 6, and 7
Oven-dried quartz NMR tubes were each charged with 1a (0.5 mg,
0.85 μmol) or 1b (0.5 mg, 0.825 μmol) that was dissolved in 0.6 ml of
different solvents. The mixtures were then irradiated with UV light,
visible light, halogen light, or sunlight at room temperature. The re-
actions were monitored by TLC. The last reaction mixtures were
concentrated under reduced pressure and analyzed by HPLC. The
conversion rates were determined by the integral area ratios of the
resulting chromatographic peaks observed at UV 210 nm (UV λmax
of the 17-furyl ring within the structure of limonoid) or by isolat-
ed yields.
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Computational detail
All the theoretical calculations in the study were performed using
Gaussian 16 program package (31). The M06-2X method with the
6-31G(d, p) basis set was used for the optimization in the solvent
phase (32). The solvent effect was considered by using the polariz-
able continuum model using the integral equation formalism
variant (IEFPCM) with the solvent dichloromethane (DCM). The
harmonic vibrational frequency calculations were performed at
the same level to confirm the local minima and transition state.
All the optimized stationary points had been identified as minima
(zero imaginary frequencies) and transition states (one imaginary
frequency) via the vibrational analysis. TD-DFT studies were con-
ducted at same level within the adiabatic approximation to predict
the excitation energies (33, 34).

Cell culture
The HEK cell line HEK293T and hepatic carcinoma cell line HepG2
were cultured in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum. Cells were all placed in an incubator at
37°C and maintained in a humidified atmosphere containing
5% CO2.

Luciferase assay
hPXR expression vector and hPXR reporter (CYP3A4XREM-lucif-
erase) were provided by C. Zhou at University of Kentucky (53).
HEK293T cells were cultured and transiently transfected with
hPXR expression vector and hPXR reporter by using the Lipofect-
amine 3000 Transfection Reagent (Invitrogen, Carlsbad, CA, USA).
The null Renilla luciferase plasmid was used as an internal control.
After 24 hours, the cells were treated with compounds 1a, 1b, and 1c
at different concentrations. DMSO (0.1%) was used as vehicle. RIF
(10 μM) was used as the positive control for the activation of hPXR.
The cells were then harvested for the determination of luciferase ac-
tivity using the Dual-Luciferase Reporter Assay Kit (E1960,
Promega, Madison, WI, USA). The fluorescence intensity was mea-
sured using a luminometer (Turner BioSystems, USA). The results
were normalized by Renilla luciferase activity.

Construction of mouse Con A–induced liver injury model
All animal experiments in this study were conformed to interna-
tional guidelines for animal usage in research. All protocols for
this animal study conformed to the guide for the care and use of
laboratory animals. All animal experiments were performed in ac-
cordance with guidelines approved by the Ethics Committee of
Dalian Medical University (AEE19047). Pxr knockout (Pxr−/−)
mice on C57BL/6N genetic background, generated by deleting
exons of Nr1i2 (17,138 base pairs), were provided by Cyagen Bio-
sciences (Suzhou, China). All comparisons used littermate Pxr−/−

and Pxr+/+ mice that were generated from Pxr+/− breeders. The
wild-type and Pxr−/− mice used in the study were housed in a stan-
dard specific pathogen–free environment. Male wild-type C57BL/6J
mice (8 weeks old) were obtained from the Beijing Vital River Lab-
oratory Animal Technology Co. (Beijing, China), housed in a tem-
perature of 22° ± 1°C with a 12-hour light-dark cycle (6:00 to 18:00)
and 65 ± 5% humidity, and fed with an ad libitum diet. Mice were
randomly divided into four groups with four to six animals each:
DMSO/saline, DMSO/Con A, 1a (20 mg/kg)/Con A, and 1a (40
mg/kg)/Con A. Two groups of mice, viz., 1a (20 mg/kg)/Con A
and 1a (40 mg/kg)/Con A, were intraperitoneally pretreated daily

with 1a for 3 days, whereas the additional two groups, viz.,
DMSO/saline and DMSO/Con A, were administrated with equal
volume of DMSO for 3 days. On the fourth day, three groups of
mice, viz., DMSO/con A, 1a (20 mg/kg)/Con A, and 1a (40 mg/
kg)/Con A, were intravenously administrated with Con A (15 mg/
kg), whereas the other group, i.e., DMSO/saline, was intravenously
treated with saline. Ten hours after administration, mice were eu-
thanized. At the time of euthanasia, liver tissues and blood
samples were collected for further bioassays.

Hepatic pathological assessments and measurements of
plasma samples
The liver tissues were formalin-fixed and paraffin-embedded. The
sections were stained with hematoxylin and eosin according to the
standard protocols. The serum and urine samples were collected
and stored at −80°C. Serum AST (C010-2) and ALT (C009-2)
were measured by using commercial kits purchased from Jiancheng
Bioengineering Institute (Nanjing, China).

RNA isolation and qPCR
Mice liver samples (100 mg each) were collected for the extraction of
RNA by TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The
quantity and purity of the RNA extraction samples were determined
by measuring the sample absorbance at 260/280 nm using a Nano-
Drop spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). Two micrograms of the total RNA from each sample was
used for cDNA preparation by the reverse transcriptase (AT-341-
01, Tiangen Biotech, Beijing, China). Then, cDNA was used as
the template for the qPCR reaction using an Applied Biosystems
7500 Real-time PCR System (Thermo Fisher Scientific, Waltham,
MA, USA) with TransStart Tip Green qPCR SuperMix (Transgen,
Beijing, China). β-Actin was used as the internal control. Primers
used in this study were designed by the Software Oligo 6.0
(Marrone Bio Innovations (MBI) Inc., Colorado, USA) and listed
in table S5.

Western blot
Tissues were dissolved in radioimmunoprecipitation assay lysis
buffer (Merck, Darmstadt, Germany) with protease inhibitor and
phenylmethylsulfonyl fluoride. Protein concentrations were mea-
sured by bicinchoninic acid assay kit (Thermo Fisher Scientific,
Waltham, MA, USA). Samples were denatured by heating the
mixture of the lysates and loading buffer for 10 min at 95°C.
Thirty micrograms of total protein were separated by 10% SDS–
polyacrylamide gel electrophoresis and transferred onto a nitrocel-
lulose membrane (Thermo Fisher Scientific, Waltham, MA, USA).
Membranes were then blocked with 10% (w/v) skim milk and sub-
sequently incubated with primary antibodies overnight at 4°C.
Horseradish peroxidase–conjugated secondary antibodies were
added for 1.0 hour after washing, followed by signal detection on
a Tanon 5200 system (Tanon, Shanghai, China). The ImageJ soft-
ware (Rawak Software Inc., Germany) was selected for protein ex-
pression level quantification and densitometric analysis.

TUNEL assay
The TUNEL assay was applied using an in situ cell death detection
kit (Roche, Mannheim, Germany) according to the manufacturer’s
protocol. Briefly, the formalin-fixed sections were deparaffinized
before rehydration with a series of decreasing concentrations of
ethanol. After washing with 0.85% NaCl and phosphate-buffered
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saline (PBS), the sections were fixed with 4% formaldehyde for 15
min. The sections were covered with proteinase K solution for 15
min and then TUNEL reaction mixture for 1.0 hour. After termi-
nating the reaction by three washes with PBS, the sections were in-
cubated in the Converter Peroxidase (POD) at 37°C for 30 min and
then stained with diaminobenzidine to detect apoptotic cells. The
sections were examined and photographed using a bright-field/
fluorescence microscope (Leica, Wetzlar, Germany). Apoptotic
cells were quantified by the ImageJ software (Rawak Software
Inc., Stuttgart, Germany).

Statistical analysis
Statistical analyses were performed using the GraphPad Prism 8.0
(GraphPad Software, CA, USA). Data were presented as
means ± SEM. Comparisons were determined using Student’s t
test or one-way analysis of variance (ANOVA). Statistical signifi-
cance was set at a P value of <0.05.

Protein docking analysis
In the simulation studies, the tertiary structure of hPXR was collect-
ed from Palm Database (PDB) with the entry identifier 1ILH (36).
The casual force field ff14SB (37) was applied for protein descrip-
tion. The protonation states of hPXR residues were carefully as-
signed according to the predicted pKa (where Ka is the acid
dissociation constant) values that were calculated by the
PDB2PQR online server (38) or the available information of the
previous literature (36), from which His407 was optimized into
Neutral HIS, proton HD1 present (HID) as protonated at the
delta position. For the ligand 1a, geometrical optimization was
first carried in Gaussian 16 A03 package (31) at level of B3LYP
theory (54–56) with a 6-311G* basis set (57). The partial charge
was then assigned with the restrainged electrostatic potential
(RESP) calculation method (58). Atom types and parameters of
the bonds, angles, dihedrals, and van der Waals for 1a were de-
scribed on the basis of the general AMBER force field (GAFF)
force filed (59). The initial binding complexes of 1a with the recep-
tor hPXR were collected from the docking process with the Auto-
Dock Vina module (60). The final interaction model was selected on
the basis of binding energy (enthalpy) calculation from MD trajec-
tory with Amber16 package (61). In the operation of the MD sim-
ulation, a total of 2 ns with a 2-fs time step calculation was
performed, among which the solvation effects, long-range electro-
static interactions, and bond restriction were described with the
transferable interatomic potential with three points (TIP3P)
model (62), the particle mesh Ewald method (63), and the
SHAKE algorithm (64), respectively. Energy decomposition study
was then carried out from the last 1-ns MD trajectory to ensure
the necessary equilibrium state.
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