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Daurichromenic acid and grifolic acid: Phytotoxic meroterpenoids that induce cell
death in cell culture of their producer Rhododendron dauricum

Futoshi Taura (2, Miu lijima, and Fumiya Kurosaki

Graduate School of Medicine and Pharmaceutical Sciences for Research, University of Toyama, Sugitani, Toyama, Japan

ABSTRACT

Daurichromenic acid (DCA) is a meroterpenoid with anti-HIV activities that is isolated from Rhododendron
dauricum L. We recently reported that DCA is biosynthesized and accumulated in the apoplast of
glandular scales attached on the surface of young leaves of R. dauricum. In the present study, we
confirmed that a cell suspension culture of R. dauricum could not produce DCA and its precursor grifolic
acid even after elicitation with methyl jasmonate and p-cyclodextrin. In addition, exogenous
supplementation of DCA and grifolic acid effectively induced cell death in the same culture, with
apoptosis-associated phenomena such as cytoplasmic shrinkage, chromatin condensation, and genomic
DNA degradation. These findings suggested that DCA and grifolic acid are phytotoxic metabolites that

have to be sequestered in the apoplast to avoid self-poisoning.

Rhododendron dauricum L. (Ericaceae), distributed in north-
eastern Asia, produces unique secondary metabolites including
daurichromenic acid (DCA) (Fig. 1), a novel meroterpenoid
composed of orsellinic acid and sesquiterpene moieties.'! DCA
has attracted considerable attention as a medicinal resource
because this compound shows a potent anti-HIV activity.' In
addition, DCA might be a metabolite specialized for defense,
because it has antibacterial and antifungal activities.>* Concern-
ing the biosynthesis of DCA, we have recently reported that
DCA is produced from grifolic acid by DCA synthase, a flavo-
protein oxidase with a covalently attached flavin adenine dinu-
cleotide (FAD) cofactor.* DCA synthase catalyzes the oxidative
cyclization of farnesyl moiety of grifolic acid, in a FAD- and oxy-
gen-dependent manner, to produce DCA and hydrogen perox-
ide, as shown in Fig. 1. The unique feature of DCA biosynthesis
is relative to its tissue distribution and localization; DCA syn-
thase is distributed exclusively in the glandular scales, the multi-
cellular epidermal tissues covering young leaves of R
dauricum.* In addition, as DCA synthase is a secreted protein,
the biosynthetic reaction presumably proceeds extracellularly,
leading to the accumulation of DCA in the apoplast of glandular
scales as we reported previously.* With respect to this unique
extracellular biosynthesis and accumulation of DCA, we pro-
posed the possibility that DCA would serve as a chemical
defense component outside of the scale cells, the outermost layer
of plants. In addition, we suspected that DCA is excluded from
cells because it might be toxic to plant cells, as in the case of
structurally related meroterpenoids, such as cannabinoids.” To
confirm this possibility, in the present study, we analyzed
whether DCA shows phytotoxic activity to newly established
cell suspension cultures of R. dauricum.
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We first attempted to induce calli in cut stem pieces of
young R. dauricum specimens. After an examination of various
supplements, including plant growth regulators, actively grow-
ing yellowish calli were successfully obtained on a solidified
Murashige-Skoog (MS) medium,® which was supplemented
with 1 mg/L of 2,4-dichlorophenoxyacetic acid (2,4-D) and 200
mg/L of KH,PO,. Interestingly, the addition of KH,PO,, as
well as 2,4-D, was crucial for efficient callus induction and suc-
cessive maintenance, indicating that phosphate ions promote
cell division in R. dauricum, as is reported for tobacco BY-2
and Catharanthus roseus cell cultures.”® The rapidly growing
cell suspension culture was then obtained in the aforemen-
tioned liquid medium. The culture consisted of cell aggregates
of round, oval, and expanded oval-shaped cells, of which the
diameter was in the range of 100-500 pm (Fig. 2A). As
described, a cell culture of R. dauricum was successfully estab-
lished using a simply modified MS medium.

We conducted HPLC analyses to confirm the production of
DCA in the cell suspension culture. As a result, peaks corre-
sponding to DCA or grifolic acid were not detected in the cell
extract nor the culture supernatant (Supplementary Fig. S1).
The detected unknown peaks were analyzed by liquid chroma-
tography-mass spectrometry as described previously,* but there
were no compounds likely to be DCA-related intermediates or
metabolites (data not shown). Thus, we next tested the effects
of elicitor treatments on DCA biosynthesis in the cultured cells
using methyl jasmonate and S-cyclodextrin. However, DCA
and grifolic acid were not detected, even after the combined
addition of 100 M of methyl jasmonate and 9 g/L of B-cyclo-
dextrin (Fig. S1), which was previously reported to be highly
effective for the production of meroterpenoid natural products,
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Figure 1. Biosynthesis of daurichromenic acid (DCA). DCA is synthesized by DCA synthase via stereoselective oxidocyclization of the farnesyl moiety of grifolic acid. Two
electrons from the substrate are abstracted by enzyme-bound flavin adenine dinucleotide (FAD), and then transferred to molecular oxygen to release H,0, as the by-

product, as described previously.*

such as prenylated stilbenoids in Arachis hypogaea cell cul-
tures.® Therefore, we assumed that the artificial control of DCA
biosynthesis in cell cultures is quite difficult to conduct. The
present study of a R. dauricum cell culture evoked previous
studies on cannabinoids in Cannabis sativa L. (Cannabaceae).
Cannabinoids are a group of meroterpenoids structurally
related to DCA, and could not be produced in C. sativa cell cul-
tures, although various conditions were tested in a number of
laboratories.'® Similarly to DCA, cannabinoids are accumulated
in the extracellular compartment of specialized epidermal tis-
sues; they are stored in the secretory cavities of glandular tri-
chomes on the flowers and young leaves of C. sativa.’

As described, we could not produce DCA, a promising medici-
nal resource, in our cell culture, likely due to its phytotoxic prop-
erties making it difficult to be produced within non-differentiated
plant cells. Thus, to confirm this possibility, DCA and grifolic acid
were exogenously added to the cell suspension culture, and the
viability of cells after the treatment of each compound was mea-
sured by trypan blue staining. Camptothecin was also used as a
chemical inducer of programmed cell death."" As was seen in the
camptothecin treatment, 100 uM of DCA and grifolic acid
induced almost 100% cell death in the culture within the 24 h
treatment (Fig. 2A), whereas orsellinic acid, their polyketide pre-
cursor, had no significant effects on the cell viability, suggesting
that the isoprenoid moieties are crucial for the phytotoxic activity
of DCA and grifolic acid. In addition, it was of interest that apo-
ptosis-related morphological properties, such as cytoplasmic
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shrinkage and chromatin condensation,'” were clearly observed
for most of the meroterpenoids-treated cells, as well as campto-
thecin-treated cells (Fig. 2A). Chromatin condensation was stud-
ied using 4',6-diamidino-2-phenylindole (DAPI) staining coupled
with fluorescence microscopy, wherein dead cells could be identi-
fied by the glandular appearance of the chromatin. Furthermore,
significant DNA degradation was also detectable in genomic
DNA samples from meroterpenoids- and camptothecin-treated
cells (Fig. 2B). These results clearly indicated that DCA and gri-
folic acid are phytotoxic meroterpenoids that induce cell death in
their producer plant R. dauricum, probably via the apoptotic path-
way, as is the case with camptothecin-mediated cell death."'
Because the DCA synthase reaction is accompanied by the
production of hydrogen peroxide (H,O,) as illustrated in Fig. 1,
the effects of H,O, on the R. dauricum cell culture were also
examined. As expected, H,O, also induced apotosis-related reac-
tions leading to cell death in the culture, however, higher concen-
trations (>10 mM) were required to effectively induce cell death
compared to DCA and grifolic acid. A previous study has simi-
larly demonstrated that more than 10 mM of H,O, is required for
apoptosis induction in tobacco BY-2 cell cultures,” although
H,0, is generally regarded as a potent cell death mediator in
plants.'* We supposed that, because H,0, is highly reactive, exog-
enously added H,O, might be decomposed considerably through
interactions with medium components such as metal ions."* In
addition, secreted class IIT peroxidases,'® commonly distributed
in the plant kingdom, would participate in detoxification of

Figure 2. Phytotoxic effects of daurichromenic acid (DCA) and grifolic acid on R. dauricum cells. (A) Trypan blue staining to evaluate cell viability. Seven-day-old cell cul-
tures were incubated with 100 M of each indicated compound for 24 h, then stained with trypan blue. Control cells were treated with the solvent dimethyl sulfoxide
(DMSO) only. White Bar, 100 m. Inserted images are the fluorescent detection of nuclei after staining with 4',6-diamidino-2-phenylindole (DAPI). Yellow bar, 10 xm. (B)
Agarose gel electrophoresis of genomic DNA from R. dauricum cells treated as in A. DNA was separated on a 2% agarose gel and stained with ethidium bromide. Lane M,
marker DNA with the indicated sizes; lane 1, control cells; lane 2, DCA-treated cells; lane 3, grifolic acid-treated cells; lane 4, orsellinic acid-treated cells; and lane 5, camp-

tothecin-treated cells.



exogenously added H,O, in the R. dauricum cell culture. Never-
theless, because DCA is highly accumulated in plants,* a large
amount of H,O, would also be produced as a by-product during
DCA biosynthesis. Thus, it is reasonable that DCA synthase reac-
tions take place extracellularly in specialized tissues to avoid cellu-
lar damage by H,O, as well as DCA. Additionally, the production
of H,0, in the apoplastic space might also be a self-defense mech-
anism, as H,0, has antimicrobial properties.'”

It is well known that plants produce a vast array of specialized
metabolites for various purposes, including self-defense and com-
munication with other organisms in their environments.'® These
specialized metabolites are often toxic, even for their host plants,
and therefore plants elaborate this process to circumvent self-poi-
soning, for example, by sequestering them into extracellular com-
partments such as the storage cavities of glandular trichomes.'**
Meroterpenoids are hybrid natural products that harbor isopren-
oid moieties in their molecules, many of which have characteristic
biological activities.* It has been reported that a number of
meroterpenoids, such as prenylated flavonoids,*' stilbenoids,’
and furanocoumarins,”” are secreted into apoplastic compart-
ments after their biosynthesis to avoid self-poisoning, and proba-
bly to serve as self-defense. This process can be seen in
cannabinoids, as we reported previously: they possess phytotoxic
properties and are localized in the storage cavities of glandular tri-
chomes.” DCA and grifolic acid, structurally related to cannabi-
noids, were found to be similar examples in this study.

In summary, we herein demonstrated that DCA is toxic to the
cultured cells of R. dauricum, and therefore has to be stored outside
of the scale cells. In addition, the precursor grifolic acid was also
phytotoxic, whereas orsellinic acid was not. Thus, grifolic acid has
to be effectively secreted after biosynthesis via the prenylation of
orsellinic acid. Generally, prenylation is a key diversification step to
changing the biological activity of specialized metabolites dramati-
cally,” and this holds true for the phytotoxicity of grifolic acid. The
molecular mechanism to secrete grifolic acid, along with the
unidentified aromatic prenyltransferase to produce it, is of signifi-
cant research interest, because few mechanisms involved in the
secretion of plant specialized metabolites have been identified and
characterized, even in the recent -omics era.”*

Methods

In this study, all chemicals were purchased from Wako Pure
Chemical Industries (Osaka, Japan), unless otherwise stated.

R. dauricum plants were cultivated at the Experimental Sta-
tion for Medicinal Plant Research, University of Toyama.
Young stems were cut into ~1 cm pieces, which were surface
sterilized with 1% sodium hypochlorite for 15 min. The steril-
ized stems were placed on a MS agar plate, supplemented with
30 g/L of sucrose, 100 mg/L of inositol, 200 mg/L of K,HPO,,
and 1 mg/L of 2,4-D, and were cultured in the dark at 25°C for
two months to induce the forming of calli. A liquid suspension
culture was then generated by transferring fresh calli into 30 ml
liquid mediums of the same composition in 100-ml conical
flasks. The flasks were shaken at 130 rpm in the dark at 25°C.
Subculture was conducted by adding 3 mL of full-growth cul-
ture into fresh medium every two weeks.

Elicitor treatments were performed with 100 uM of methyl
jasmonate and/or 9 g/L of B-cyclodextrin on seven-day old
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cultures, and incubated for 96 h prior to analyses. The cellular
extract was prepared from cultured cells by homogenization
with methanol, and analyzed with a reversed-phase HPLC sys-
tem,” together with culture supernatant. Elution was per-
formed isocratically with 75% aqueous acetonitrile containing
0.1% formic acid at a flow rate of 1.0 mL/min, and constituents
were detected by absorption at 254 nm.

The viability of the cultured cells 24 h after the addition of
the chemicals was measured as previously described” using try-
pan blue staining. For the analysis of nuclear morphology,
DAPI staining was performed following the manufacturer’s
instruction (Bio-Rad Laboratories, Hercules, CA, USA). Cells
were visualized using a BX-50 microscope equipped with a BX-
FLA fluorescent unit (Olympus, Tokyo, Japan), using a DAPI
filter set. Genomic DNA extraction and electrophoresis were
conducted as described previously.’

Abbreviations

24-D  24-dichlorophenoxyacetic acid

DAPI  4/,6-diamidino-2-phenylindole
DCA  daurichromenic acid
DMSO  dimethyl sulfoxide
FAD flavin adenine dinucleotide
MS  Murashige-Skoog
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