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Antarctic Moss Biflavonoids Show High Antioxidant and Ultraviolet-

Screening Activity

Melinda ]J. Waterman,” Ari S. Nugraha,;t Rudi Hendra," Graham E. Ball*® Sharon A. Robinson,”

and Paul A. Keller*™*

School of Biological Sciences and *School of Chemistry, University of Wollongong, Wollongong, NSW 2522, Australia

$School of Chemistry, UNSW, Sydney, NSW 2052, Australia

© Supporting Information

ABSTRACT: Ceratodon purpureus is a cosmopolitan moss that survives
some of the harshest places on Earth: from frozen Antarctica to hot
South Australian deserts. In a study on the survival mechanisms of the
species, nine compounds were isolated from Australian and Antarctic
C. purpureus. This included five biflavonoids, with complete structural
elucidation of 1 and 2 reported here for the first time, as well as an
additional four known phenolic compounds. Dispersion-corrected DFT
calculations suggested a rotational barrier, leading to atropisomerism,
resulting in the presence of diastereomers for compound 2. All isolates
absorbed strongly in the ultraviolet (UV) spectrum, e.g., biflavone 1
(UV-A, 315—400 nm), which displayed the strongest radical-scavenging
activity, 13% more efficient than the standard rutin; p-coumaric acid and
trans-ferulic acid showed the highest UV-B (280—315 nm) absorption.
The more complex and abundant 1 and 2 presumably have dual roles as

both UV-screening and antioxidant compounds. They are strongly bound to Antarctic moss cell walls as well as located inside the
cells of moss from both locations. The combined high stability and photoprotective abilities of these isolates may account for the
known resilience of this species to UV-B radiation and its survival in some of the toughest locations in the world.

Antarctic terrestrial flora (algae, mosses, liverworts, lichens,
and two higher plants) endure physiologically extreme
conditions such as subzero temperatures, freeze—thaw events,
desiccation—rehydration cycles, irregular water availability,"
drying winds, and enhanced ultraviolet (UV) radiation due to
stratospheric ozone depletion.” One moss species found in East
Antarctica, the cosmopolitan Ceratodon purpureus (Hedw.)
Brid., is known to be highly tolerant to these many stresses,
especially UV-B radiation (280—315 nm) and desiccation.”™®

Ultraviolet radiation (UVR) is harmful to many biologically
essential molecules including nucleic acids (e.g, DNA),
proteins, lipids, and photosynthetic pigments. Particularly for
Antarctic flora, this UVR damage exacerbates an already
stressful climate. Plants can typically protect against direct
UVR damage by employing intracellular and/or cell wall UV
absorbing (or screening) compounds (UVAC) as a first defense
strategy and indirectly via the use of antioxidants to scavenge
reactive oxygen species (ROS). "

Like vascular plants, bryophytes (mosses and liverworts)
commonly produce numerous intracellular secondary metabo-
lites with antioxidant and UV photoprotective properties,
including flavonoids® and hydroxycinnamic acids, to reduce the
direct and indirect effects of damaging UVR penetrating their
tissues.'’ High concentrations of UVAC within the cell walls of
C. purpureus have been suggested to be a major factor in the
UV-B radiation tolerance of this Antarctic moss species.’

© 2017 American Chemical Society and

-4 ACS Publications  American Society of Pharmacognosy

2224

Producing compounds with both UV-screening and antioxidant
properties would prove highly valuable for Antarctic plants such
as C. purpureus, since they are frequently exposed to periods of
desiccation or freezing. During these events, they are
physiologically inactive, and thus their ability to repair direct
damage is reduced, possibly rendering them susceptible to
harmful UV effects.’

We aimed to determine the vital chemical ecology of
C. purpureus that gives rise to its highly resilient nature both in
Antarctica, where it endures extreme cold climates, and in other
places around the globe, e.g., in Australia, where it lives in hot
deserts. Here we report the extraction, separation, isolation, and
structural elucidation of intracellular and cell wall compounds
from C. purpureus and analysis of their UV and antioxidant
capacities. In order to conserve the ecologically valuable
Antarctic samples of C. purpureus, samples of the same species
collected from more populous sites in Australia were examined
prior to comparing their HPLC profiles with extracts from the
Antarctic moss. This is the first elucidation of natural products
from C. purpureus and the cell walls of any Antarctic moss
species as well as the first study to correlate the natural
products to their function in Antarctic moss.

Received: January 29, 2017
Published: August 7, 2017

DOI: 10.1021/acs.jnatprod.7b00085
J. Nat. Prod. 2017, 80, 2224—-2231
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a) Intracellular isolates from Australian C. purpureus

b) Cell wall isolates from Australian C. purpureus
(0] (0] (0] o}
/@/\)‘\OH H3co:©)LH J@)LH H3COWOH
HO HO HO HO
6 7 8 9

Figure 1. (a) Intracellular constituent biflavonoids (1—3 and §); (b) cell wall isolates: p-coumaric acid (6), vanillin (7), p-hydroxybenzaldehyde (8),
and trans-ferulic acid (9) from Australian Ceratodon purpureus. Isolate 4 is likely also a biflavonoid, but its precise structure is unknown. The
atropisomeric chirality of 1 was determined by comparative ECD spectroscopy analysis.
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Figure 2. HMBC spectrum of biflavone 1, showing correlations confirming the location of the biaryl axis as 5'—8".

Bl RESULTS AND DISCUSSION

Isolation and Structure Elucidation of Intracellular
Constituents. In order to conserve Antarctic material, bulk
extraction and isolation were undertaken using Australian moss.
Therefore, methanol extracts of Australian C. purpureus

containing intracellular constituents were subjected to HPLC

2225

separation to afford the biflavonoids 1—5 (Figure 1) as pale
yellow solids. All biflavonoids were stable at room temperature.

NMR spectroscopic analysis of the constituents was
performed in both DMSO-dg and acetone-d;, the former
being employed, as most biflavonoids have been reported using
this solvent. However, recent evidence'' suggests that
numerous errors in the structural assignment of natural

DOI: 10.1021/acs.jnatprod.7b00085
J. Nat. Prod. 2017, 80, 2224—2231
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products, including flavones, have occurred, specifically in the
assignment of 3,5-dioxygenated aromatic moieties, when
DMSO-dg was used. Therefore, this study additionally analyzed
isolated compounds using acetone-dy.

Compound 1 was isolated as a yellow powder that
decomposed at 295 °C. The IR spectrum indicated stretches
at 1653 and 3213 cm™', assigned to carbonyl and hydroxy
stretches, respectively. The molecular formula of C3yH;50,, of
compound 1 was confirmed by HRESIMS with an assigned [M
— H]™ peak at m/z 569.0732. Compound 1 was identified as
the known biflavone 8-[5-(5,7-dihydroxy-4-oxo-4H-chromen-2-
yl)-2,3-dihydroxyphenyl]-2-(3,4-dihydroxyphenyl)-S,7-dihy-
droxy-4H-chromen-4-one (5’,8"-biluteolin or $’,3”-dihydrox-
yamentaflavone), previously identified in other moss spe-
cies.!*71* According to Seeger et al. 1990,"* the most common
methanol-soluble moss biflavonoids are dimers of luteolin and
their 2,3- or 2”,3”-dihydro derivatives.

Surprisingly, despite previous reports of the structure of
biflavone 1, there has yet to be a full NMR characterization,
including the assignment of all protons and carbons in the
spectra to their resonances, and, importantly, evidence
supporting the positioning of the biaryl axis connecting the
two flavone moieties. Therefore, we report here for the first
time the full characterization of biflavone 1, with full NMR
assignment and HRMS analysis (Table S1, Figure S16,
Supporting Information), including evidence for the precise
location of the biaryl axis. This axis is positioned at 5'—8", as
confirmed by analysis of the HMBC spectra (Figure 2), which
showed cross-peaks between proton resonances at 5y 7.64 (d, J
=2.3 Hz) (H-6") and 6.46 (H-6") with the carbon resonance at
8¢ 104.7 (C-8”). Highly useful in confirming the assignments in
both biflavonoids 1 and 2 are the correlations from hydroxy
protons. Two of the OH resonances in both 1 and 2 are sharp
in acetone-dg at room temperature, likely due to the formation
of strong intramolecular hydrogen bonds. In biflavone 1, the
OH peak at 13.21 ppm shows an HMBC cross-peak to C-4a”
(6c 105.6), highlighting that it must be the hydroxy group
attached to C-5”. The same hydroxy proton shows HMBC
correlations to C-5" at d¢ 162.5 and C-6" at d¢c 99.8. Thus, the
site of connection must be C-8”. The chirality of the
atropisomeric biaryl axis was determined by comparative
electronic circular dichroism (ECD) spectroscopy, with 1
showing a positive Cotton effect at 362 (A¢ +24.6) nm (Figure
$20, Supporting Information), which defines an M-isomer (aR
absolute conﬁéguration) by comparison with other axially chiral
biflavones.'™

Compound 2 was isolated as a yellow powder that
decomposed at 295 °C. The IR spectrum showed stretches at
1653 and 3330 cm™', assigned to carbonyl and hydroxy
stretches, respectively. The proposed molecular formula of
C30HyO, for compound 2 was confirmed by the assignment
of the [M + HJ]" to the peak observed in the HRESIMS
spectrum at m/z 573.1044. The structure of compound 2 was
defined through extensive NMR analyses as the known
biflavonoid 8-[$-(S,7-dihydroxy-4-oxochroman-2-yl)-2,3-dihy-
droxyphenyl)-2-(3,4-dihydroxyphenyl]-S,7-dihydroxy-4H-chro-
men-4-one, or 2,3-dihydro-5’,3”-dihydroxyamentoflavone.'”
Analysis of both the ECD spectrum (Figure S20, Supporting
Information) and optical rotation indicated that biflavonoid 2
was present as a racemic mixture.

The 'H and *C NMR spectra of compound 2 showed some
duplication of resonances. This may result from the presence of
diastereomers, arising from the C-2 stereogenic center in
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combination with the likely C-5'—C-8" stereogenic axis.
Although biflavone atropisomerism was reported in the
1960s, it has been recently noted'®'® that the probable
presence of biflavone atropisomerism is largely and undeserv-
edly not recognized. As compound 2 possesses three ortho-
substituents to the C-5'—C-8" axis, together with the additional
C-3’-substituent (meta to the axis) providing a buttressing
effect, it is highly likely that there is restricted rotation around
the biaryl axis leading to the stereogenic element, resulting in
diastereomers that could be identified as separate species in the
NMR spectra of 2.

To test if this restricted rotation about the C-5'—C-8”" bond
is indeed present, the model compound 10 (Figure 3), which

OH

8\0% 05" e, 0 O oS
qoo Q. Qg O ’

(o) R % HO OH

S 8 O
L model compound 10

Figure 3. Lowest energy geometry (left) and lowest energy transition
structure for rotation around the biaryl linkage (right) calculated at the
TPSS-D3/def2-TZVPP level of theory.

contains the core of compound 2 including the biaryl axis, was
subjected to calculations using dispersion-corrected density
functional theory (DFT) methods at two levels of theory, both
in vacuum and in continuum model solvent (Supporting
Information). One of the DFT methods was recommended in a
benchmark study of barriers to biphenyl rotations.'” A survey of
possible low-energy conformations and transition structures led
to identification of the lowest energy conformation and
transition structures shown in Figure 3.

Under vacuum, the transition structure was found to be
higher in free energy than the minimum energy structure by
21.3 keal mol ™" using the B97-D3 method or 19.5 kcal mol™
using the TPSS-D3 method. In acetone, the transition structure
is higher in energy by 19.9 kcal mol™' using the B97-D3
method or 17.8 kcal mol™" using the TPSS-D3 method. Even
using the lowest of these four values as an energy barrier, the
rate of exchange due to rotation around the C-5'—C-8” bond is
sufficiently slow at room temperature (0.53 s™' at 298 K for
model compound 10 based on AG* = 17.8 kcal mol™") that
sharp, separate signals should be observable for each
diastereomer in derivatives of the model compound 10, such
as compound 2, which contain a second stereogenic moiety
(Table S4, Supporting Information).

In addition to the two major constituents 1 and 2, three
additional compounds were isolated in significantly smaller
quantities. It is likely that these are also biflavonoids, based on
analysis from mass spectrometric data, UV spectroscopic data,
their antioxidative measurements, and partial NMR assign-
ments. The complete structure of compound 4 could not be
defined, whereas compound $ is likely to be a dihydrobiflavone
of the type illustrated in Figure 1. Although the moieties
defined by rings A—C and D—F—E could be reasonably
identified, the connections to ring B could not be established
due to both the weak signal-to-noise ratio in the NMR analysis
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Table 1. Concentrations (Means + SD) of Isolates 1—S within Australian (n = 7) and Antarctic (n = 8) Samples of C. purpureus

Based on HPLC Analysis

concentration (mg g~' dry wt)

cellular location 1 2 3 4 S
Australian intracellular 5.95 £ 2.71 9.68 £ 5.42 0.05 + 0.01 0.34 £ 0.17 0.37 £ 0.14
cell wall
Antarctic intracellular 3.60 + 2.09 4.76 + 2.93 0.0 = 0.02 0.44 + 0.23 1.89 + 1.03
cell wall 0.08 £ 0.05 0.72 £ 0.00
and sample contamination. Similarly, the complete structure of crude cell wall extract. In contrast, biflavonoid 2 was 1.8-fold
compound 3 could not be finalized, but is likely to be a more abundant than 1 in the Australian populations.
structural isomer of 1. The moiety defined by rings D—F—E Interestingly, these biflavonoids were present as major
could be determined as could the flavone subunit A—C, the compounds in 35% of Antarctic C. purpureus cell wall
latter connected through C-2; however, the bonds to ring B extractions but were completely lacking in the cell wall extracts
could not be defined. obtained from the Australian samples. The variation in

Isolation and Characterization of Cell Wall Constitu- abundance and their presence/absence across different
ents. After methanol extraction, compounds bound to the cell populations may be related to varied stresses and seasonal
walls of the remaining plant residue were extracted by alkaline differences between the two environments.

(NaOH) hydrolysis and subjected to successive solid phase These environmental stresses include the different temper-
extraction and HPLC separation to afford p-coumaric acid ature regimes and UVR intensities of the two regions. For
[(E)-3-(4-hydroxyphenyl)-2-propenoic acid] (6), as an off- example, East Antarctic moss is exposed to frigid, desert
white solid; vanillin (4-hydroxy-3-methoxybenzaldehyde) (7), conditions (mean monthly range of —12.6 to —5.9 °C)** and
as a vanilla-scented pale yellow solid; p-hydroxybenzaldehyde an extremely short growing season (December—February),
(8); and trans-ferulic acid [(E)-3-(4-hydroxy-3-methoxyphen- leading to very slow growth rates.”* In addition, over the past
yl)-2-propenoic acid] (9) (Figure 1). All compounds were four decades, this region has seen the largest increase in UV-B
stable at room temperature. The MS and UV spectra of these radiation due to ozone depletion.”” Antarctic moss may
isolates were identical to commercial standards. sequester these biflavonoids in its cell walls in order to prevent

Comparisons between Australian and Antarctic loss of these complex structures during the frequent freeze/
C. purpureus. Australian populations of C. purpureus were thaw and desiccation/rehydration events that characterize polar
the initial focus for the bulk extraction and isolation of life. On the other hand, southeastern Australian mosses thrive
compounds from this species due to the high conservation in more temperate conditions (mean monthly range of 11.5 to
status of Antarctic flora. Australian and Antarctic C. purpureus 22.5 °C)* as well as more constant, high UV radiation levels.
are genetically similar’””' and are highly tolerant to UV The Australian moss species can potentially grow all year round
radiation,” which suggests that they produce similar UV-active in these more temperate conditions, allowing complex
secondary metabolites. Unsurprisingly, compounds 1—5 were biflavonoids 1 and 2 to be maintained in an intracellular
present in the Antarctic population. This was confirmed by environment.
analytical HPLC (comparison and spiking experiments) and Although biflavonoids are secondary metabolites frequently
ESIMS analyses, which also showed biflavone 1 and found in bryophytes, they have been isolated only from
dihydrobiflavone 2 as some of the most abundant UV-active intracellular locations using methanol-based solvents,”*™*" with
compounds within Antarctic intracellular extracts (Figure S21, most studies ignoring the possibility that they are also located
Supporting Information). Separate spikings of 1 and 2 to within moss cell walls.””" Biflavonoids found in mosses are
several cell wall extracts from Antarctic samples confirmed that generally more ubiquitous and structurally more polar than
these biflavonoids are also bound to the cell walls of the those found in other plants,”* ™" increasing the likelihood that
Antarctic moss (Figure S23, Supporting Information). This such compounds would be also found in moss cell walls. Here,
adds to the increasing awareness of flavonoid-type compounds by analyzing both intracellular and cell wall extracts, it was
being tightly bound to plant cell walls.”* In addition, when shown that biflavonoids do exist in the cell walls of moss, the
Antarctic cell wall extracts were prepared using solid phase first definitive account of such a cellular location. Therefore,
extraction, HPLC peaks corresponding to isolates 6—9 were this is the first isolation of biflavonoids from moss cell walls as
also observed. well as from an Antarctic bryophyte.

The relative abundance of the two biflavonoids varied with The phenolic p-coumaric acid is a common precursor to
cellular location and between the populations (Table 1). The many secondary metabolites such as flavonoids. It is not
isolated yields of these compounds from Australian C. purpureus unusual to isolate or identify this compound bound to moss or
were 6.0 (1) and 9.7 mg g~ dry wt (2), which were calculated other plant cell walls,”*™" and it is commonly found in
from the integration of their corresponding peaks in HPLC bryophytes,”>** moss spores, and pollen.”*™*' Similarly, ferulic
traces. Applying this calculation to several intracellular and cell acid is a typical hydroxycinnamic acid located in plant cell
wall extracts showed how variable concentrations of biflavo- walls."”” There are several accounts of both ferulic and p-
noids can be between populations and seasons; however, coumaric acids extracted and/or identified from plant cell walls.
compound 2 was consistently more abundant than 1. More These include 54 species within the Conifer taxa:>” Graminae
specifically for the Antarctic samples, biflavonoid 2 was on plants;*> spores of Vicia faba, Betula pendula, and Helleborus
average 1.3-fold (ranging from 1- to 3-fold) more abundant fetidus;41 Pinus syl1}est1‘is;36’41 and the Antarctic species
than biflavone 1 in the crude intracellular extract but on average Deschampsia antarctica and Colobanthus quitensis.** In addition,
13-fold (ranging from 1- to 25-fold) more abundant in the either or both of these two p-hydroxycinnamic acids have been
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Table 2. Ultraviolet and Antioxidant Activities of the Nine Isolates Compared to Rutin, a Known Standard for DPPH
Antioxidant Assays”

e (M em™)? cellular location
compound Amax 1 Amax 2 AA (ICy, uM) Australian C. purpureus Antarctic C. purpureus
1 12300 (353 nm) 13110 (255 nm) 335+ 16 intracellular intracellular and cell wall
2 7030 (349 nm) 8510 (275 nm) 127.8 + 3.8 intracellular intracellular and cell wall
3 350 (350 nm) 3290 (264 nm) >400 intracellular intracellular
4 380 (332 nm) 1490 (287 nm) >400 intracellular intracellular
S 700 (332 nm) 2550 (289 nm) >400 intracellular intracellular
6 23110 (310 nm) 12700 (225 nm) (29.7 + 2.3) x 10° cell wall cell wall
7 8210 (309 nm) 8450 (278 nm) (14.4 + 0.5) x 10° cell wall cell wall
8 15670 (285 nm) 10930 (221 nm) (475.6 + 44.5) x 10° cell wall cell wall
9 29 850 (323 nm) 22410 (297 nm) 75.0 + 16.5 cell wall cell wall
rutin 6920 (359 nm) 8300 (258 nm) 386 + 0.3

“All UV and DPPH (ICy,) measurements were performed on compounds isolated from Australian C. purpureus only. ICs, values (ym) represent

means + SD (n = 3). bWavelengths specified in parentheses.

. <.
reported as chemicals that can be used as UVR proxies™****

showing correlation with past UVR levels*"* and/or have been
used for reconstructing past ozone climates.*”*’

The location of compounds 1, 2, and 6—9 within the cell wall
suggests they have a predominant role in photoprotection
against UVR damage either through screening out harmful UV
radiation or as scavengers of UV-induced radicals such as ROS.
Such secondary metabolites could also be produced in this
moss to enhance its tolerance to desiccation. In order to define
the role of these compounds, their UV-absorbing and
antioxidant capacities were analyzed.

Ultraviolet and Antioxidant Activities of Compounds
1-9. The absorbance spectra and antioxidant activities of
compounds 1—9 were compared with the high-performing
standard rutin (Table 2). All isolates absorbed UV radiation
(200—400 nm) relatively strongly compared to the standard.
Both biflavonoids showed relatively high absorbance across a
range of UV wavelengths, exhibiting peaks at 353 (& = 12 300
M~ ecm™) and 255 nm for 1 and 349 (¢ = 7030 M~! cm™)
and 287 nm for 2. However, both 6 and 9 displayed higher
absorbance over the entire UV-B (280—31S nm) spectrum,
demonstrating greater effectiveness as UVACs (&5,, = 23 100
M em™ and €5, = 22410 M™! cm™"). Compound 9 was the
most effective at absorbing the shorter UV-A wavelengths,
giving a maximum peak at 323 nm.

Not only did compounds 1—9 prove to be photoprotective
UV-screening compounds, further analysis using a 2,2-diphenyl-
1-picrylhydrazyl (DPPH) assay proved their potential as
antioxidants (Table 2). Compound 1 demonstrated consid-
erably lower IC;, values (33.5 yM) relative to the strongly
antioxidant standard rutin (38.6 4uM). Additionally, compounds
2 and 9 showed good radical-scavenging activity with ICs,
values of 127.8 and 75.0 uM, respectively. Compounds 3—8
showed much weaker antioxidant values with IC, concen-
trations in the millimolar range. Thus, radical-scavenging
efficiency in terms of ICg, ranked as follows: 1 > rutin > 9 >
2> 3-8.

Biflavone 1 was approximately 13% stronger than rutin, a
widely used positive control for antioxidant assays. Rutin
displayed greater radical-scavenging efliciencies compared to
that of the commercially available butylated hydroxyto-
luene,*”*® another positive control used in DPPH methods
and popular in the food industry. We report here for the first
time the testing of isolate 1 as an antioxidant, and the findings
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show that it could be a strong candidate for further antioxidant
applications.

Compounds 1 and 2 thus combine great potential as radical
scavengers with good UV-absorbing capacity particularly over
the UV-A wavelengths (315—400 nm). This suggests that these
biflavonoids have dual functions in photoprotection: first by
directly reducing UV radiation transmission to susceptible
intracellular components and second by quenching UV-induced
ROS. Generally, it has been reported that biflavonoids have
relatively impressive capacities as antioxidants.*” Perhaps 1 and
2 are constitutively produced and accumulate in the cell to
function predominantly as antioxidants, but when exposed to
more stressful environmental conditions such as high light or
UV stresses, these highly abundant intracellular compounds are
deposited in the cell wall, where their UV-absorbing abilities
also offer direct photoprotection. Antarctic moss may sequester
more of these compounds in its cell walls in order to prevent
loss of these bioactive compounds during the frequent freeze/
thaw and desiccation/rehydration events that characterize polar
life. In more temperate environments where growth can occur
year round, e.g, coastal Australia, an intracellular location for
such compounds may be more adaptable.

In contrast to 1 and 2, the UV spectrum of 4-
hydroxycinnamic acid (6) confirms that it is much more suited
as a UV-B-screening compound49’50 compared to 1 and 2
especially in the outermost layer of the cell as a first defense
against harsh UV-B radiation. Similarly, the benzaldehyde 8
showed poor antioxidant activity but good absorption over the
UV-B wavelengths, supporting reported studies.”’ Overall, UV
photoprotective compounds 1—9 are likely to contribute to the
resilient nature of C. purpureus.

As the Australian population used was plentiful and steady
growing, there was sufficient plant material to allow isolation of
these valuable compounds. Therefore, we took advantage of
this abundance to identify and then compare the secondary
metabolites that contribute to the resilient nature of this species
rather than utilizing the rare and highly conserved Antarctic
material. This approach enabled minimal destruction of a
precious and protected Antarctic species while identifying and
quantifying its valuable compounds.

In order to gain an understanding of the high UV resilience
of C. purpureus, we have identified the major UV-active
compounds present in both Australian and Antarctic
populations of C. purpureus. These comprised the five
biflavonoids (1—5) and the phenolics p-coumaric acid, vanillin,
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p-hydroxybenzaldehyde, and ferulic acid. All isolates absorbed
in the ultraviolet spectrum and biflavonoids 1 and 2 showed
relatively high antioxidant activities in comparison to the rutin
positive control. These properties suggest that these
biflavonoids are potentially involved in dual photoprotection
mechanisms via both direct (UV-screening) and indirect
(radical-scavenging) capacities. These were found as the
major intracellular UV-active compounds within the cytoplasm
of both Australian and Antarctic C. purpureus and also in the
cell walls of the latter, substantiating claims that cell wall
biflavonoids exist. Differing relative abundances of these
compounds were observed between and within populations,
which are likely a response to variation in the relative growth
climates.

All these compounds from C. purpureus were shown to be
chemically stable and effective photoprotective compounds. It
is suggested that these compounds reduce the amount of UVR
damage within this moss species and contribute to its high
tolerance to UVR. Whether these compounds are produced in
response to, or enhanced by, the exposure of the moss to
increasing UVR intensities can now be investigated. If these
compounds are UV-induced, then they could preserve a record
of past UV radiation over the lifetime of this Antarctic moss
(e.g,, up to 100 years*"). This could be achieved by tracing the
compounds down the shoots of long living mosses, providing a
proxy for past UVR climates in Antarctica and other polar
regions. Therefore, these valuable compounds form the basis
for larger, more complex future investigations, including their
potential for use as paleoproxies for past UV radiation in
Antarctica,3/404446,52

B EXPERIMENTAL SECTION

General Experimental Procedures. Melting points were
determined using a Buchi M 560 melting point apparatus and are
uncorrected. Optical rotations were measured on a Jasco P-2000
polarimeter. UV—visible spectra of samples diluted in MeOH were
obtained using a Shimadzu UV-1601 UV-vis spectrophotometer.
ECD spectra were recorded on a JASCO J-810 spectropolarimeter
with a path length of 0.1 cm and concentration between 50 and 100
#M in MeOH. IR spectra were recorded with a Shimadzu IR Affinity-1
FT-IR spectrometer fitted with a 1.5 round diamond crystal. 'H and
3C NMR spectra were recorded at 500 and 125 MHz, respectively, on
a Varian Inova 500 MHz. Additional 1D and 2D NMR analysis
(including gCOSY, gHSQC, gHMBC) was performed using a Bruker
Avance III 600 MHz instrument fitted with a S mm TCI cryoprobe to
confirm the structures of isolates 1—5. ESIMS spectra were obtained
from a Waters LCZ 4000 platform-mounted micromass mass
spectrometer. HRESIMS were run on a Waters Q-TOF Ultima mass
spectrometer. Low-resolution DIEI mass spectrometry was executed
on a Shimadzu QP-5050 spectrometer (equipped with a 30 m SGE
glass capillary column, temperature range from 0 to 200 °C, helium
carrier gas, controlled and analyzed by Shimadzu LabSolutions GC-MS
software v1.20). Column chromatography was performed on silica gel
60 (Merck, Germany). Solid phase extraction was undertaken using
Waters Oasis HLB 35 cm® extraction cartridges. Analytical HPLC was
performed on either a Waters (Waters 1525 pump, Waters 2487
detector, controlled by Breeze software v3.30) with a Symmetry Cq
column (5 pym, 4.9 X 150 mm) or a Shimadzu HPLC system (SOD-
MIOAVP diode array detector, CTO-20AC column oven, LC-
10ATVP pump, SIL-10Ai autoinjector, SC-10AVP system controller,
DGU-20ALVP degasser, controlled by Shimadzu Class-VP software
v6.12 SP3) with a Wakosil C;5 RS column (5 ym, 4.6 X 250 mm).
Preparative HPLC was performed on a Waters prep-LC system (LC-
600 controller, 2489 detector, LC150 pump, PD1 degasser) with a
Waters reverse-phase OBD Sunfire C g column (S gm, 19 X 150 mm)
protected with a Waters Sunfire C-18 guard column (S ym, 19 X 10
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mm). Absorbances for antioxidant assays were measured on a
Molecular Devices SpectraMax 250 microplate reader. All solvents
were of HPLC grade (Thermofisher Scientific, Australia). Rutin,
vanillin, p-coumaric acid, and trans-ferulic acid standards as well as 2,2-
diphenyl-1-picrylhydrazyl were obtained from Sigma-Aldrich (Sydney,
Australia).

Plant Material. Australian populations of C. purpureus (Hedw.)
Brid. (voucher specimen AustCPMW) were collected from Dapto,
New South Wales, Australia (34°29'36.5" S, 150°47'47" E), during
May 2015. This fresh moss was thoroughly washed to remove dirt,
allowed to air-dry, and stored at —20 °C before extraction. Antarctic
moss samples were collected in the Windmill Islands region, Antarctica
(66°16.9" S, 110°31.5" S), during February 2012 (voucher specimens
AntCPMW?2012E27-E66) under the Antarctic Treaty (Environment
Protection) Act 1980, permit number ATEP2-12-13-4046 issued by
the Commonwealth of Australia, Department of Environment, to
S.AR. Antarctic samples were air-dried upon collection and stored at
—20 °C prior to transfer to UOW, Australia. Samples were identified
either by M.J.W. or J. Williams (School of Biological Sciences, UOW).
Compounds from moss gametophytes from the Australian population
were extracted and identified before they were compared with those
found within Antarctic moss extracts. Voucher specimens of both
populations of C. purpureus are stored in the Janet Cosh Herbarium
Antarctic Reference Collection at the University of Wollongong.

Extraction and Isolation: Intracellular Sample Preparation of
Australian C. purpureus. Moss gametophytes (30.5 g dry wt) were
ground to a powder under liquid nitrogen in a mortar and pestle.
Intracellular compounds were extracted from this powder by stirring in
MeOH (0.3 L, in 1.0 L conical flask) for 24 h. The resultant extract
was filtered, and the residue was extracted 10 times. The supernatants
were pooled and concentrated in vacuo to produce 1.97 g of crude
extract. The extract (500 mg) was dissolved in EtOAc—MeOH-—
MeCN—H,0 (2:2:2:0.5, 6.5 mL). This solution was loaded into a 10
mL syringe filled with silica (to a level of S mL) and flushed with
EtOAc (10 mL), MeCN (20 mL), MeCN—MeOH—H,0 (9:0.5:0.5,
20 mL) to produce a filtrate (S0 mL). This solution was then passed
through an HPLC sample filter (0.45S pm). This procedure was
repeated for the remaining extract in applications of 500 mg.

Extraction and Isolation: Isolation of Intracellular Constitu-
ents. A gradient elution from 80% to 30% of solvent A (0.1% TFA in
H,0) within 40 min (solvent B, 0.1% TFA in MeCN) was used for the
semipreparative HPLC separation of the prepared intracellular sample.
Compounds 1—S were collected at retention times of 23.50, 24.35,
22.10, 26.80, and 27.30 min, respectively, and were vacuum-dried to
give pale yellow solids.

Compound 1: (M)-8-(5-(5,7-dihydroxy-4-oxo-4H-chromen-2-yl)-
2,3-dihydroxyphenyl)-2-(3,4-dihydroxyphenyl)-$,7-dihydroxy-4H-
chromen-4-one, or luteolin-(5'—8")-luteolin; UV-active, pale yellow
solid (76.7 mg, 3.1 mg g~' dry wt); mp, decomposed at 295 °C; [a]}
—38 (c 0.004, MeOH); A, 255 (14158) 350 (13358); ECD
(MeOH) 1 220 (Ae +67.8), 261 (Ae +53.9), 331 (Ae —49.9), 362
(Ae +24.6) nm; IR [em™] 3213 (m), 1653 (s), 1430 (s), 1339 (s),
1253 (s), 1165 (s), 836 (s); for 'H NMR (acetone-dg, 500 MHz) and
BC NMR (acetone-dg, 125 MHz) spectroscopic data see Table S1;
ESIMS* m/z 571 [M + H]* (100); ESIMS™ 569 [M — H]™ (50);
HRESIMS caled for C3H;,0;, [M — H]™ 569.0720, found 569.0732.

Compound 2: (+)-8-(5-(5,7-dihydroxy-4-oxochroman-2-yl)-2,3-
dihydroxyphenyl)-2-(3,4-dihydroxyphenyl)-$,7-dihydroxy-4H-chro-
men-4-one, or eriodictyol-(5'—8")-luteolin; UV-active, pale yellow
solid (21.0 mg, 0.8 mg g™' dry wt); mp, decomposed at 295 °C; [a]}
0 (c 0.150 MeOH); A, 211 (10047), 274 (5208), 287 (5000), 348
(4320); IR [em™'] 3330 (m), 2956 (s), 1653 (s), 1194 (s), 1189 (s),
1128 (s), 800 (s), 725 (s); for 'H NMR (acetone-dg, S00 MHz) and
BC NMR (acetone-ds, 125 MHz), spectroscopic data see Table S1;
ESIMS* m/z 573 [M + H]* (100); HRESIMS calcd for C4H,, 0y, [M
+ H]* §73.1033, found 573.1044.

Extraction and Isolation: Cell Wall Sample Preparation of
Australian C. purpureus. Cell-wall-bound compounds were
extracted using a method adapted from Schnitzler et al.*® Separate
quantities (24 X ~1.5—1.7 g dry wt) of moss residue after MeOH
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extraction were sequentially incubated at room temperature (22 °C)
twice in NaCl solution (1 M, 15 mL) for 15 min, then in MeOH (10
mL) and in MeOH—CHCI; (1:1, 15 mL) twice for 1 h, before being
washed with MeOH (10 mL). After each incubation, tubes were
centrifuged at 3600g for S min before discarding supernatants. Moss
pellets were allowed to air-dry before overnight hydrolysis (16 h) was
performed at room temperature in the absence of light using NaOH (1
M, 50 mL:1 g dry wt). This alkali extract was filtered and acidified to
pH 1 with concentrated HCl and then refiltered. Initial cleanup of the
obtained filtrate was performed using solid phase extraction.

Separate loadings (40 mL) of filtered cell wall extract (pH 1) were
passed through solid phase extraction cartridges after columns were
activated using 100% MeOH (20 mL) and equilibrated with Milli Q
water (100 mL). Loaded columns were first washed using Milli Q
water (80 mL) and 5% aqueous MeOH (40 mL) before elution using
100% MeOH (5 X 10 mL) with fractions (F1—10; 3 mL each)
collected. Fractions 5—9 (F5—9) showed similar analytical HPLC
profiles and thus were pooled (147.2 mg).

Extraction and Isolation: Isolation of Cell-Wall Constitu-
ents. Cell wall constituents within FS—9 were separated and purified
by seven applications (7 X 20.5 mg) of semipreparative HPLC using a
linear gradient from 75% to 55% of solvent A (0.1% formic acid (FA)
in H,0) within 55 min (solvent B, 0.1% FA in MeOH) to obtain p-
coumaric acid (6) (13.7 mg), vanillin (7) (1.1 mg), p-hydrox-
ybenzaldehyde (8) (3.3 mg impure), and ferulic acid (9) (0.4 mg
impure) collected at retention times of 38, 26, 19, and 40 min,
respectively. These isolates were characterized by '"H NMR, *C NMR,
gCOSY, and gHMBC spectroscopic analyses and/or EIDI mass
spectrometry, then compared with commercial standards.

Comparison of Extracts between Australian and Antarctic
Populations. Antarctic C. purpureus moss samples (10—20 mg dry
wt) were extracted using a scaled down method of that used for
extracting Australian moss. This involved grinding moss material in
microcentrifuge tubes (1.5 mL) each with a 3 mm tungsten carbide
bead and using a TissueLyser (Qiagen, Australia) at 30 Hz for 2 min;
1% HCl in MeOH (1.5 mL) was used for intracellular extraction for 3
h on ice (vortexed every 30 min) before being centrifuged and then re-
extracted (MeOH; 2 X 1.5 mL). The supernatants (intracellular
extracts) were collected and stored at —20 °C before analysis. The
remaining moss pellets were sequentially resuspended using reagents
(1.5 mL), air-dried, and extracted in NaOH (1.0 mL) as for the
Australian moss samples. Samples were centrifuged at 16000 g for S
min, and the supernatant (cell wall extract) was acidified to pH 1 with
concentrated HCl. The liquid supernatant was passed through a solid
phase extraction cartridge, as previously described.

The presence of compounds 1—9 within Antarctic intracellular
(MeOH) and cell wall (NaOH) extracts was determined via analytical
HPLC. Original and spiked samples of Antarctic MeOH extract were
separated using the Waters HPLC system at a flow rate of 1.0 mL
min~" and linear gradient from 80% to 30% of solvent A (0.1% TFA in
H,0) within 40 min (solvent B, 0.1% TFA in MeCN). Comparison of
cell wall constituents was performed using the Shimadzu HPLC
system with a 0.7 mL min~" flow rate and linear gradient from 80% to
5% solvent A (0.1% TFA in H,0) within 45 min (solvent B, 0.1% TFA
in MeOH).

DPPH Free-Radical-Scavenging Assays. The ability of the
isolated compounds to scavenge free radicals was determined using a
DPPH microplate assay adapted from a range of published methods
(reviewed in Brand-Williams et al.>*). Sample solutions (50 L) were
loaded into a 96-well plate (in replicates of four) and serially diluted. A
separate set of wells were loaded with 50 uL of either MeOH or the
model flavonoid rutin (820 #M) for the negative and positive controls,
respectively. To the first three rows of sample solution was added
DPPH (200 xM, 100 pL), and the solutions were thoroughly mixed,
allowing the last row to be used to correct for background absorbance
(Abspji)- Plates were incubated for 30 min in the absence of light
before the absorbance at 517 nm was measured using a microplate
reader. Lower absorbance signifies higher scavenging activities. Free-
radical-scavenging activities were determined using eq 1. These
percentage activities were graphed against logarithmic sample
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concentrations, and the sample concentrations that sequestered 50%
of the DPPH free radicals (i.e., loss of purple color) were interpolated
and are presented as ICsy mean + SD values. All antioxidant activity
data were tested for significant differences using ANOVA with post hoc
comparisons performed using Tukey—Kramer HSD tests (a = 0.0S).

] x 100
(1)

Calculations. Please see Supporting Information for experimental
details describing the calculations of the bond rotation restrictions.

DPPH® scavenging activity (%)

= 100 — {(Abssamp[e - Absblank)

Ab

S neg control
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