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Abstract: Mosses from the genus Polytrichum have been shown to contain rare benzonaphthoxan-
thenones compounds, and many of these have been reported to have important biological activities.
In this study, extracts from Polytrichum formosum were analyzed in vitro for their inhibitory properties
on collagenase and tyrosinase activity, two important cosmetic target enzymes involved respectively
in skin aging and pigmentation. The 70% ethanol extract showed a dose-dependent inhibitory effect
against collagenase (IC5p = 4.65 mg/mL). The methanol extract showed a mild inhibitory effect
of 44% against tyrosinase at 5.33 mg/mL. Both extracts were investigated to find the constituents
having a specific affinity to the enzyme targets collagenase and tyrosinase. The known compounds
ohioensin A (1), ohioensin C (3), and communin B (4), together with nor-ohioensin D (2), a new
benzonaphthoxanthenone, were isolated from P. formosum. Their structures were determined by
mass spectrometry and NMR spectroscopy. Compounds 1 (IC5¢ = 71.99 uM) and 2 (ICsg = 167.33 uM)
showed inhibitory activity against collagenase. Compound 1 also exhibited inhibition of 30% against
tyrosinase activity at 200 uM. The binding mode of the active compounds was theoretically generated
by an in-silico approach against the 3D structures of collagenase and tyrosinase. These current results
present the potential application from the moss P. formosum as a new natural source of collagenase
and tyrosinase inhibitors.

Keywords: Polytrichum formosum; Polytrichaceae; mosses; bryophytes; benzonaphthoxanthenones;
ohioensins; collagenase inhibitory activity; tyrosinase inhibitory activity

1. Introduction

Polytrichum formosum Hedw. is a moss that belongs to the genus Polytrichum (Poly-
trichaceae). Polytrichum species are known to have ethnobotanical applications as a hair
growth stimulant, burn and wound healing and anti-inflammatory agents, diuretic, an-
tipyretic, antidotal, and also for the treatment of pneumonia [1,2]. In addition, extracts of
P. formosum, along with other plants from the family Polytrichaceae, have been patented
with anti-skin aging activities by promoting the production of collagen and hyaluronic acid
and the inhibition of melanin synthesis [3]. Polytrichum species have been shown to contain
rare benzonaphthoxanthenones, polycyclic aromatic compounds, with a broad-spectrum
of biological activities. Ohioensins are a family of compounds with a benzonaphthox-
anthenone skeleton isolated exclusively from mosses. Ohioensins are proposed to be
obtained by the condensation of o-hydroxycinnamate with hydroxylated phenanthrenes
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or 9,10-dihydrophenanthrenes units [4]. Their well-established activities are mainly cy-
totoxicity towards several tumor cell lines [4,5] and known pharmacological activities of
ohioensins are linked to antidiabetic [6], antioxidant [7], anti-inflammatory [8], and anti-
neuroinflammatory activities [9].

Collagenases are proteinases belonging to the group of matrix metalloproteinases
(MMPs), a family of zinc-dependent endopeptidases, which comprises mmP-1 (collagenase-
1), mmP-8 (collagenase-2), and mmP-13 (collagenase-3) involved in the remodeling of the
extracellular matrix (ECM) by the degradation of collagen [10]. Collagen, type I, is the
most abundant structural protein present in the ECM responsible for maintaining tis-
sue integrity [11]. Uncontrolled collagen degradation can be involved in various human
pathologies such as arthritis, cancer, cardiovascular disease, and neurodegenerative dis-
eases [12,13]. The depletion of collagen is also one of the main causes of loss of firmness and
wrinkle formation in the skin aging process [14]. The production of mmPs can be activated
by indirectly reactive oxygen species or ROS via the MAP-kinase pathway by ultraviolet
(UV) exposure [15]. Thus, collagenase is an important target for the pharmaceutical and
cosmetic industry.

Tyrosinase is a copper-containing enzyme that hydroxylates L-tyrosine to
3,4-dihydroxyphenylalanine (L-DOPA), which is subsequently oxidized to L-dopaquinone
in the melanin pathway. This enzyme plays an essential role in the production of pigments
in the skin [16]. These pigments have a natural protective function against the damage
caused by solar radiation [17]. Although melanin has important physiological functions,
the overproduction of this pigment is associated with hyperpigmentation problems such as
melasma, freckles, solar lentigo (age spots), and post-inflammatory hyperpigmentation [18].
The increased melanin production is related to intrinsic and external factors such as UV
exposure [15]. The inhibition of tyrosinase can prevent melanin accumulation in the skin
and therefore is an attractive target for pigmentation disorders or cosmetic uses.

In the present study, P. formosum extracts and isolated constituents were investigated as
a new source of collagenase and tyrosinase inhibitors. A specific ligand-protein approach,
Target Binding® [19], was used to retrieve candidate molecules for both collagenase and
tyrosinase inhibition activities. Subsequent preparative chromatography purification was
used to isolate the bioactive compounds from the family of benzonaphthoxanthenones,
which exhibited collagenase and tyrosinase inhibitory activity. The isolated compounds
were investigated by the in-silico approach to explore the possible interactions with the
active sites of both enzymes.

2. Results and Discussion
2.1. Relative Affinity of P. formosum Metabolites to the Target Enzymes

The inhibitory potential exerted by the 70% ethanol, methanol, and ethyl acetate ex-
tracts from P. formosum on collagenase and tyrosinase activity was investigated. The tested
final concentration of 8.33 mg/mL of the 70% ethanol extract showed 71% of collagenase
inhibitory activity. The methanol and ethyl acetate extracts showed no inhibition at these
concentrations and was not evaluated further (Figure 1a). However, the 70% ethanol extract
showed lower collagenase inhibition compared to the control, ethylenediamine tetraacetate
(EDTA) [20], which had 94% of inhibition at 1.49 mg/mL.

The inhibitory effect of the 70% ethanol extract was tested at different concentrations
and the half-maximal inhibitory concentration (ICsp) was determined as 4.65 mg/mL
(Figure 1b). The collagenase inhibitory activity indicates the potential of P. formosum extract
to prevent collagen breakdown and subsequently maintain skin firmness.

The inhibition of tyrosinase activity by P. formosum extracts was tested at the final con-
centration of 5.33 mg/mL. The methanol extract demonstrated a mild tyrosinase inhibition
of 44% as compared to the reference tyrosinase inhibitor, kojic acid [21], which showed
inhibition of 99% at 0.04 mg/mL (Figure 2).
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Figure 1. (a) Inhibitory effect of the 70% ethanol, methanol, and ethyl acetate extracts of P. formosum
against collagenase activity in the preliminary screening. The final concentration of tested samples
was 8.33 mg/mL. The EDTA at 1.49 mg/mL was used as the control. The results are expressed as
the mean =+ standard deviation of 70% ethanol (n = 4), methanol and ethyl acetate (1 = 2) (data was
significant as p < 0.05). (b) Concentration-response effect and ICsy determination for the 70% ethanol
extract against collagenase activity.
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Figure 2. Inhibitory effect of the 70% ethanol, methanol, and ethyl acetate extracts of P. formosum
against tyrosinase activity. The final concentration of tested samples was 5.33 mg/mL and for kojic
acid 0.04 mg/mL. Results are expressed as the mean =+ standard deviation (n = 3) (data was significant
as p < 0.05).

The inhibitory potential of the phytochemical constituents from the 70% ethanol and
methanol extracts, against collagenase and tyrosinase, respectively, were investigated by
the Target Binding® approach [19]. Briefly, Target Binding® is based on the interactions of
a given protein target with a whole plant extract. Ligand molecules constituting the whole
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interactome for a given target are revealed through UHPLC-MS analysis. It is therefore an
efficient method to identify potential candidate ligands in complex plant extracts based
on their affinity to the target enzymes. The comparison of the UHPLC chromatograms
representing the raw extract and the Target Binding® sample shows the molecules bound
to the enzymes during the incubation step of the method. The relative affinity (RA) of each
compound for the target was measured as given in Table 1.

Table 1. Relative Affinities of the P. formosum metabolites to the target enzymes.

Compounds Ohioensin A (1) Nor-Ohioensin D (2) Ohioensin C (3) Communin B (4)
Relative affinity for collagenase * 4.76 6.76 1 2.76
Relative affinity for tyrosinase ** 1 - - 3.14

* Relative affinity (RA) for collagenase in comparison to the reference compound ohioensin C (RA = 1). ** Relative affinity (RA) for
tyrosinase in comparison to the reference compound ohioensin A (RA =1).

We concluded that compounds 1-4 were retained by collagenase (Figure 3a) and
compounds 1, and 4 by tyrosinase (Figure 3b). The RA values are proportional to the
affinity of the compounds to the target. The compound with the lowest affinity was
considered as the reference (RA = 1). For collagenase, compound 3 had the lowest affinity
for the target followed by compound 4. Compounds 1 and 2 presented the highest RA for
collagenase and are possible collagenase inhibitors. For tyrosinase, compound 1 had the
lowest affinity, followed by compound 4, which presented higher RA and could be a good
candidate as a strong inhibitor.
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Figure 3. UHPLC chromatograms of the crude extract of P. formosum and the Target binding® sample.
All chromatograms were acquired at 270 nm. (a) UHPLC chromatograms of the 70% ethanol crude
extract and collagenase Target binding® sample. (b) UHPLC chromatograms of the methanol crude
extract and tyrosinase Target binding® sample.

2.2. Bioactive Compounds Identification

Compounds 1-4 were isolated from the 70% ethanol extract by preparative liquid
chromatography and identified by a comparison of their UHPLC-DAD-MS and NMR
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data with those reported in the literature (Figure 4, Supplementary Figures S1-58 and
Tables S1-54).

Ohioensin C (3)

Figure 4. Chemical components isolated from P. formosum.

The purified compounds from P. formosum were identified as the known compounds
ohioensin A (1) [5] and ohioensin C (3) [4] previously isolated from Polytrichum ohioense and
reported with cytotoxicity toward tumor cell lines. Compounds 1 and 3 were also reported
with inhibitory activity against therapeutically targeted protein tyrosine phosphatase
1B [6]. The known communin B (4) is an unusual flavonoid previously isolated from
Polytrichum commune [22].

Compound 2, a new benzonaphthoxanthenone, was also isolated from P. formosum and
the HRMS indicated the molecular formula Cp3H1¢Og (/2 389.1020 [M + H] * and 387.0880
[M — H] 7) with UVjmax at 268 and 345 nm (Supplementary Figure S8). Comparing the
structure elucidated from the NMR data of compound 2 (Figure 4 and Supplementary
Figure S2 and Table S2) with that of ohioensin D [4] reveals that the new structure carries
a OH group at C3 instead of a methoxy group which is present in ohioensin D. This is
further supported by a similar chemical shift of C3 to that found for the OH substituted
C3 of compounds 1 and 3. The structure is also supported by the similarity to compounds
previously isolated from Polytrichum [4-6]. Thus, compound 2 is a new ohioensin isolated
from P. formosum and suggested to be named nor-ohioensin D.

2.3. Collagenase and Tyrosinase Inhibitory Effect of P. formosum Compounds

The in vitro collagenase inhibitory activity of compounds 1-4 was determined at final
concentrations ranging from 20.83 to 166.66 uM. Compounds 1 and 2 exhibited collagenase
inhibitory activity and a dose-dependent relationship (Figure 5). Compound 1 showed the
strongest inhibition of 62%, followed by 2 with 53% at the tested concentration of 166.66 uM.
The IC5( of 71.99 uM for compound 1 and ICs; of 167.33 uM for compound 2 suggested a
significant inhibitory activity compared to the positive control, EDTA, with ICs; of 2.60 mm.
Compounds 3-4 showed no inhibitory activity towards collagenase.
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Figure 5. Collagenase inhibitory activity of compounds 1 and 2, and the positive control, EDTA,
with their corresponding ICs( values are shown. Results from compounds 1 and 2 are expressed as
the mean =+ standard deviation (1 = 4).

These results are in concordance with reported studies on the inhibitory effects
on mmPs [23-25]. For instance, Sim et al. [26] suggested that the presence of hydroxyl
groups in the flavonoid structure enhances their collagenase inhibitory potential.
Madhan et al. [27] reported the inhibitory effect of green tea polyphenols, catechin, and epi-
gallocatechin gallate (EGCG) on collagenase activity by the conformational change of colla-
genase I from Clostridium histolyticum. Besides, a set of compounds belonging to subgroups
of flavonoids, such as flavanonol, flavonol, isoflavone, and flavan-3-ol, exhibited inhibitory
activity against the human fibroblast collagenase catalytic domain with a broad-ranging
ICsp from 14.13 to 339.21 1M [24].

The inhibitory potential of isolates 1 and 4 towards tyrosinase activity was also
investigated. Compound 1 exhibited 30% of inhibition at 200 uM whereas 4 showed no
inhibition at the same concentration (Figure 6). The data were compared to the standard
tyrosinase inhibitor kojic acid [21], which presented 99% of inhibition at 300 uM.
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Figure 6. Tyrosinase inhibitory effect of compounds 1 and 4, and the positive control, kojic acid.
The final concentration of 1, 4 was 200 pM and for kojic acid 300 uM. Results are expressed as the
mean =+ standard deviation of 1, 4 (n = 4) and kojic acid (1 = 3).

2.4. Mode of Action of the Bioactive Compounds

Molecular docking study was performed to explore the mode of action of the active
compounds with the target enzymes. Collagenase binding site is shallow, and the enzyme
does not show a deep binding groove. The binding energy, the number of hydrogen bonds
and the reproducibility of the binding mode in the docking trials were the employed
factors to select the most plausible binding mode. Compound 1 showed affinity toward
collagenase equal to —7.6 Kcal/mol. It formed 3 hydrogen bonds with Gly493 and Gly494
(Figure 7a). On the other hand, compound 2 showed an affinity equal to —7.4 Kcal/mol
and 3 hydrogen bonds with Gly493, Gly494, and Glu555 (Figure 7b). Since the orientations
of the re-docked and the co-crystallized native ligand were close, the obtained results of
both compounds were suggested to be reliable (Supplementary Figure S9). The catalytic
Zn was found to be essential for the accuracy of the docking process.

Ohioensin A (1)

Figure 7. 3D molecular docking poses of (a) ohioensin A (purple stick) and (b) nor-ohioensin D
(green stick) into the active site of collagenase showing the interaction with the amino acid backbone.
The catalytic Zn?* ion is shown as a yellow ball.
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Tyrosinase enzyme was found in the protein database as apoenzyme. Therefore, a known
inhibitor was selected as a docking reference to generate the parameters that would be
applied in the molecular docking trials. The docking was performed inside the Cu ions
containing binding cavity and the inhibitor of choice was EGCG [28]. The molecular
docking affinity of it reflected its proven activity. It represented a good reference as
it formed six hydrogen bonds with Glu322, Asn81, Cys83, His244, and Asn260 of the
tyrosinase-binding site (Figure 8a). This large number of hydrogen bonds was additionally
expressed in a stable interaction of binding energy equal to —8.2 Kcal/mol. Compound 1
formed three hydrogen bonds with Ala323, His244, and His85 and showed moderate
affinity of 7.1 Kcal/mol toward tyrosinase (Figure 8b).

Figure 8. (a) The proposed interaction between EGCG and the amino acid backbone in the site of
interaction of tyrosinase. (b) The binding position of ohioesin A (yellow stick) showed the amino
acid involved in the stabilization of tyrosinase. The formed hydrogen bonds are shown as yellow
dashes. While the two copper atoms are shown as golden balls.

3. Materials and Methods
3.1. Plant Material

Polytrichum formosum Hedw. (Polytrichaceae) was collected in the Black Forest,
Germany (Lat. 47.911223; Long. 8.092431), in April 2018 and taxonomically identified by
Professor Dr. Nils Cronberg (Department of Biology, Faculty of Sciences, Lund University,
Lund, Sweden). The specimen is identical to the voucher specimen with ID no MT20211
sent for deposition at the Lund University Botanical Museum (LD). In this study, the whole
plant was used for analysis.

3.2. Extraction Preparation

P. formosum was dried at room temperature and ground to a fine powder using a
bead mill. The dried powder was homogenized in 70% ethanol (v/v) in water, methanol
and ethyl acetate solvents for the extraction of small molecules. The solution (1:10 g/mL
of dry weight to solvent ratio) was macerated for 30 min by rotating mixer at room
temperature. After centrifugation, the supernatant was collected and used for analysis.
Then, 70% ethanol and methanol extracts were diluted to the final concentrations as
indicated in each experiment. The ethyl acetate extract was evaporated and the dry extract
was dissolved in ethanol absolute (1:10 g/mL of dry plant weight to solvent ratio).



Plants 2021, 10, 1271

90f13

3.3. In Vitro Collagenase Assay

Collagenase inhibition activity was measured by following the enzymatic conver-
sion of the synthetic substrate FALGPA (N-[3-(2-Furyl)acryloyl]-Leu-Gly-Pro-Ala) pur-
chased from Bachem (ref. 4006713.0025) to FAL (N-(3[2-Furyl]acryloyl)-Leu) + Gly-Pro-
Ala (GPA). The collagenase activity from Clostridium histolyticum (type 1A, specific activ-
ity > 125 CDU/mg solid) from Sigma-Aldrich was determined by the procedure previously
described by Chajra et al. [19]. Ethylenediaminetetraacetic acid (EDTA) disodium salt dihy-
drate (purity > 99%) purchased from Alfa Aesar was used as a control. The ICsj values
were calculated from the equation generated by a logarithm fit of the experimental data.

3.4. In Vitro Tyrosinase Assay

The mushroom tyrosinase inhibitory activity was determined by a spectrophotometric
method using a microplate reader, Synergy HT (Biotek), based on Kamkaen et al. [29] with
modifications. The procedure was followed by the mixture of 150 pL of 1.5 mmol/L of
L-tyrosine solution (phosphate buffer 0.05 M, pH 6.8) with 40 puL of test sample or pure
solvent of the sample (blank, control), followed by a volume of 10 uL of 0.2 mg/mL of
mushroom tyrosinase (13824-250KU, Sigma-Aldrich) in phosphate buffer (0.05 M, pH 6.8).

Tyrosinase-driven conversion of L-Tyr to dopachrome was followed by an increase in
the absorbance of the samples at 475 nm for 25 minutes. All tested samples were incubated
at 25 °C during the process of data acquisition. Kojic acid (purity 99%, Alfa Aesar) was used
as a positive control. The points in the linear range of the absorbance versus time plots were
applied to calculate the slopes, directly proportional to tyrosinase activity. Then, the values
of tyrosinase inhibition, expressed as the percent of the activity of the test samples versus
the control experiment (pure solvent), were calculated for all samples according to the
following equation:

_ Slope of sample

~ Slope of blank X100

Tyrosinase activity (TA%)

Tyrosinase inhibition activity (%) = 100% — TA%

3.5. Evaluation of Collagenase and Tyrosinase Affinity by Target Binding® Technology

The affinity of the constituents from P. formosum to collagenase and tyrosinase was
investigated by the Target Binding® technology [30], a method for pre-selection of the
inhibitor candidates in complex extracts, which is described in detail by Chajra et al. [19]
with few modifications. Collagenase from Clostridium histolyticum (type IA) was prepared
at 1.5 mg/mL in 50 mm phosphate buffer (pH 7.5). Moreover, mushroom tyrosinase
was prepared at 1.25 mg/mL in 50 mm ammonium acetate buffer. Collagenase and
tyrosinase solutions were mixed with the corresponding plant extract and incubated at
room temperature for 10 min and 5 min, respectively. After the incubation step, the mixtures
were filtered using a 10 kDa cut-off centrifugal filter. After a series of washing steps
to eliminate the unbound compounds, the target-ligand complexes were solubilized in
water and the recovery of bound compounds was obtained by the addition of acetonitrile.
All experiments were performed in duplicate.

Finally, the ligands and raw extracts were analyzed by UHPLC (Shimadzu Nexera X2,
Shimadzu) with a photodiode array detector coupled to the LCMS2020 mass spectrometer
(electrospray ionization in negative and positive ion mode). Target Binding® for collagenase
was performed using the analytical method containing water and 0.1% vol. of formic acid
(A) and pure acetonitrile (B) in 0.5 mL/min with the gradient mobile phase of B phase as
follows: 5-45% (0-12.50 min); 45-95% (12.50-17.50 min); hold at 95% (17.50-20.49 min);
95-5% (20.49-20.50); hold at 5% (20.50-22.50 min) in the Kinetex EVO C18 reverse-phase
column (150 mm X 2.1 mm, 2.6 uM; Phenomenex), maintained at 40 °C. Target Binding®
for tyrosinase was performed using the analytical method containing water and 0.1% vol.
of formic acid (A) and pure acetonitrile (B) in 0.5 mL/min with the gradient mobile phase of
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B phase as follows: 5-25% (0—6 min); 25-90% (6—15.45 min); 90-95% (15.45-15.50 min) hold
at 95% (15.50-18.90 min); 95-5% (18.90-19 min); hold at 5% (19-21.50 min) in the Kinetex
Biphenyl reverse-phase column (150 mm X 2.1 mm, 2.6 uM; Phenomenex), maintained
at 40 °C.

3.6. Isolation and Identification of Constituents

The dried and powdered plant (1:10 g/mL of dry weight to solvent ratio) was ex-
tracted with 70% ethanol (v/v) in water, three times, at 40 °C for 30 min in the ultrasound
bath followed by 24 h in an agitation mixer. The combined extracts were concentrated
under a vacuum at 40 °C. The dry crude extract (1.00 g) was partitioned in distilled water
and ethyl acetate to concentrate and remove more polar compounds. The ethyl acetate
phase was evaporated and 160 mg of dry extract was then dissolved in 2.4 mL of absolute
ethanol. The solution was used to separate the compounds 1-4 by preparative liquid
chromatography (LC) Armen Spot Prep II (Armen) with a C18 column (250 mm x 50 mm,
10 uM, Vydac Denali; Grace). The fractions were purified using water containing 0.1% vol.
of formic acid (A) and pure acetonitrile (B) with the gradient mobile phase of B of 45%
(0-12.5 min), 45-70% (12.5-18 min), 70-95% (18-20 min), 95% (20-25 min) at a flow rate of
120 mL/min and an UV detection at 250 and 270 nm. The fractions containing the puri-
fied compounds 1-4 were evaporated under vacuum which provided the corresponding
quantities: 1 (4.59 mg; purity (UV at 270 nm) >95%); 2 (1.91 mg; purity (average UV-vis
between 210-600 nm) 82%); 3 (1.04 mg; purity (UV at 270 nm) >95%) and 4 (1.55 mg; purity
(UV at 270 nm) 73%). All isolated compounds were analyzed using the HPLC Agilent
1200 system (Agilent) with an Agilent 1260 Infinity Diode array Detector (applied range:
210-600 nm) coupled to a mass spectrometer Agilent 6120 Quadrupole LC/MS (electro-
spray ionization and atmospheric pressure chemical ionization in negative or positive ion
mode, m/z 100-1000), using a Vydac Denali C18 reverse-phase column (250 mm X 4.6 mm,
10 pM; Grace) maintained at 25 °C during all analyses. The mobile phase was composed of
water containing 0.1% vol. of formic acid (A) and pure acetonitrile (B),
delivered at 1.5 mL/min with the gradient of B phase as follows: 45% (0-12.5 min), 45-70%
(12.5-18 min), 70-95% (18-20 min), 95% (20-25 min).

3.7. UHPLC-HRMS Analysis

Ultra-high performance liquid chromatography-high-resolution mass spectrometry
(UHPLC-HRMS) was realized on Agilent 1290 Infinity II UHPLC (Agilent Technologies)
with diode array detector (DAD) coupled to an Agilent 6545 QTOF with an electro-
spray ionization source. Analyses were performed in negative and positive ion mode.
Compound 2 was prepared at 250 uM in ethanol and 1 uL was used for injection. The anal-
yses were performed on a reversed-phase column Agilent Poroshell 120 Phenyl Hexyl
column (150 x 2.1 mm, 1.9 uM), using water /acetonitrile mobile phase, both containing
formic acid at 20 mm (phase A /B respectively). Phase B increased from 10% to 100% in
10 min, then held at 100% B for 2 min, returned to 10% in 0.1 min, and equilibrated for
2 min at a flow rate of 350 pL/min, and column temperature of 40 °C.

The raw data were processed by MassHunter workstation software (Agilent Technolo-
gies), Qualitative Analysis (version B.07.00).

3.8. NMR Measurement

The presented NMR spectra were recorded on either a 600 MHz Avance III HD spec-
trometer equipped with a BBFO SmartProbe or an 800 MHz Avance III HD spectrometer
equipped with a 5 mm TCI CryoProbe (Bruker Biospin). 'H and '3C chemical shifts
are reported relative to TMS (5('H) = 0.0 ppm, (5(**C) = 0.0 ppm) using the solvent sig-
nals as secondary reference (DMSO: §('H) = 2.49 ppm and 5(13C) = 39.5 ppm; acetone:
8(*H) = 2.05 ppm and 5(*3C) =29.9 ppm). The HSQC spectra were acquired using a data
matrix of 4096 x 1024 complex points with acquisition times of 200 and 15 ms in F2
and F1, respectively. Adiabatic bilevel 'H decoupling was employed during acquisition.
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The HMBC spectra were acquired using a data matrix of 4096 x 512 complex points with
acquisition times of 220 and 6 ms in F2 and F1, respectively. The DQF-COSY spectra were
acquired using a data matrix of 4096 x 1024 complex points with acquisition times of
220 and 53 ms in F2 and F1, respectively. NMR spectroscopic data are provided in the
Supplementary Materials.

3.9. Molecular Modeling

All compounds were designed by ChemBioDraw Ultra 14.0 while the protein file was
downloaded from the protein data bank (collagenase: PDB code: 2y6i [31] & tyrosinase:
PDB code: 2y9w [32]). The 3D best conformer structures were produced by the MOPAC
algorithm plugged in VEGA ZZ 3.1.1.42 which was also used for protein preparation [33].
The docking step was executed by Autodock Vina 1.1.1 [34]. The docking grid box of
collagenase had the following parameters: X=24.78,Y = —2.9, Z = 15.5 and the size was 24
*24 *24 A. While that of tyrosinase were X = 6.1, Y = 27.9 and Z = 96.7. The dimensions of
the grid box were 26 *26 *26 A. Pymol software was used for visualization of the interaction
between ligands and proteins (Schrodinger. The PyMOL Molecular Graphics System,
Version 1.8 (2015)).

3.10. Statistical Analysis

The data of the extracts were evaluated for statistical significance by one-way analysis
of variance (ANOVA). p < 0.05 was considered statistically significant.

4. Conclusions

In conclusion, this study reports the first in vitro analysis on collagenase and tyrosi-
nase inhibitory activities of P. formosum extracts and isolated ohioensins. Molecular docking
was utilized to suggest the binding modes of the compounds inside the tested enzymes.
Additional biological assays should be performed to verify the efficacy and safety of applica-
tion for human use. The obtained results encourage further investigation of the active com-
pounds from bryophytes to the cosmetic and medicinal fields. Moreover, bryophyte species
are being increasingly used in biotechnological applications, especially for their advan-
tage to grow in bioreactor-based cultivation systems [35]. In the case of Polytrichum
species, a protonema suspension culture of the species Polytrichum juniperinum was al-
ready established as a potential platform to produce bioactive compounds of interest [36].
Therefore, the scaled-up plant cultivation and increased yield of desired bioactive com-
pounds have significant economic benefits for the cosmetic and pharmaceutical industries.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/plants10071271/s1, Figure S1. Chemical structure of ohioensin A (1), Figure S2. Chemi-
cal structure of nor-ohioensin D (2), Figure S3. Chemical structure of ohioensin C (3), Figure S4.
Chemical structure of communin B (4), Figure S5. 1H-COSY NMR spectrum (800 MHz, DMSO-d6)
of nor-ohioensin D (2), Figure S6. 1H-{13C}-HMBC NMR spectrum (800 MHz, DMSO-d6) of nor-
ohioensin D (2), Figure S7. 1H-{13C}-HSQC NMR spectrum (800 MHz, DMSO-d6) of nor-ohioensin D
(2), Figure S8. ESI-MS spectra in the positive and negative ion mode of nor-ohioensin D (2), Figure S9.
Docking in collagenase, Table S1. NMR spectroscopic data (600 MHz in Acetone-d6) for ohioensin
A (1), Table S2. NMR spectroscopic data (800 MHz in DMSO-d6) for nor-ohioensin D (2), Table S3.
NMR spectroscopic data (800 MHz in Acetone-d6) for ohioensin C (3), Table S4. NMR spectroscopic
data (800 MHz in DMSO-d6) for communin B (4).
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