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Abstract

Oxybenzone (OBZ), known as Benzophenone-3, is a commonly detected UV filter in sun tans
and skin protectants, which enters aquatic systems mostly directly due to recreational
activities or indirectly through wastewater treatment plants discharges. To study the potential
degradation capacity of plants for OBZ in phytotreatment, a well-established model system of
a hairy root culture (Armoracia rusticana) was treated with OBZ. More than 20% of the
initial OBZ (100 pM) was eliminated from the culture medium by hairy roots after just 3 h of
exposure. Two metabolites were identified as oxybenzone-glucoside (OBZ-Glu) and
oxybenzone-(6-O-malonyl)-glucoside (OBZ-Mal-Glu) by LC-MS/MS and TOF-MS. The
formation of these metabolites was further confirmed by enzymatic synthesis, as well as
enzymatic and alkaline hydrolysis. Incubation with O-glucosyltransferase (O-GT) extracted
from roots formed OBZ-Glu; whereas B-D-Glucosidase hydrolyzed OBZ-Glu. On the other
hand, alkaline hydrolysis led to a cleavage of OBZ-Mal-Glu and yielded OBZ-Glu. In the
hairy root culture system, an excretion of OBZ-Glu into the growth medium was observed
while the corresponding OBZ-Mal-Glu remained stored in the root cells over the incubation
time. In conclusion we propose that the pathway of oxybenzone in plants involves an initial
conjugation with glucose to form OBZ-Glu which is followed by a malonylation to form
OBZ-Mal-Glu. To our best knowledge this first finding presenting the potential of plants to

degrade benzophenone type UV filters in phytoremediation based wastewater facilities.
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1  Introduction

Personal care products including stimulants, fragrances, sunscreens, antimicrobials, and insect
repellents are emerging contaminants, and have attracted much attention in recent years due to
their presence in surface water and potential effects on ecosystems [1,2]. Only recently, UV
sunscreens have become a topic of environmental research because they appear in cosmetic
products up to 6% and may also be used as indirect additives in food contact substances [3,4].
Contamination of the aquatic environment by UV filters occurs either indirectly from
wastewater treatment plant discharges, or directly via recreational activities due to the release

of chemical compounds from skin to water.

OBZ is one of the most frequently found UV filters measured in wastewater, swimming pool
water but also in surface water samples, occurring at concentrations ranging from 68-3300
ngeL" [5-9]. These results indicate that OBZ is not fully eliminated during wastewater
treatment and may be disseminated further into the environment. Hence, OBZ has been
marked as an emerging contaminant since 2005 in Richardson’s water analysis [10]. Studies
demonstrate that OBZ and its metabolites accumulate in aquatic organisms (perch, roach and
juvenile rainbow trout) [11,12], and may induce endocrine disrupting activities including
antiestrogenic and antiandrogenic activities [13—16]. A recent paper even indicated that
bleaching of coral reefs might be related to the release of sunscreens containing OBZ in coral

reef areas [13].

Amongst attempts to reduce the amount of unwanted compounds in the environment,
phytoremediation as an emerging technology which involves uptake, degradation and storage
of contaminants by plants has been proposed. Roots are the main organ for absorption and
transformation reactions [17]. In this context, hairy root cultures have been applied as a
reliable experimental model to illustrate the metabolic processes and fate of contaminants of
whole plants during phytoremediation. Products identified in hairy roots are considered to be
formed in the roots of intact plants as well [18]. Hairy roots cell cultures have advantages of

fast growth, free of photo- and microbial degradation, easy implementation and high
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production of secondary metabolites [19].

Plant cells cope with foreign compounds mainly in successive phases which have been
described by Sandermann’s “Green Liver” concept [20]. Phase I activates compounds by
oxidation, reduction or hydroxylation for the subsequent conjugation to reactive groups such
as amino acids, sugars and peptides by phase Il enzymes. Phase Il (compartmentation)
mostly refers to further conjugation or metabolism of phase II products for storage in
vacuoles or cell walls [20,21]. In phase II, glucosylation is one of the most commonly
observed detoxification mechanisms, which is employed by many organisms to maintain
metabolic homeostasis; it is catalyzed by glucosyltransferases (E.C. 2.4.1.x) to attach an
activated glucose on an acceptor molecule. By addition of sugars, the interactive aglycons are
converted into stable, more water soluble and less toxic forms [22]. Plants are known to
glucosylate a diverse range of endogenous and exogenous organic molecules, such as
flavonoids, herbicides, pesticides and other xenobiotics [23-27]. O-glucosides are often
further metabolized to form a malonate hemi-ester conjugate with the involvement of
malonyl-CoA transferase (E.C. 2.3.1.x) to add an O-malonyl substituent to a hydroxyl group
of a sugar residue of xenobiotics [20]. Malonylation is characterized by enhanced chemical
stability, improved solubility and deposition of target compounds into vacuoles [28].
Malonylation of glucosides has been reported in several plant species including thale cress,

tobacco, common duckweed, butterfly pea, and soybean [23,29-31].

So far, studies on the transformation of OBZ are mainly limited in mammals, hence, in this
study we investigate the metabolism of OBZ in plant tissues by using hairy roots cells of
Armoracia rusticana (horseradish) as a model. Structures of key metabolites are proposed and
the formations of metabolites are presented as a function of time, and a recommendation on

the phytoremediation potential is given.

2 Materials and methods

2.1 Chemicals

Oxybenzone (2-Hydroxy-4-methoxybenzophenone, pharmaceutical secondary standard) was
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purchased from Fluka (Germany), acetonitrile (HPLC grade), water with 0.1% formic acid
(LC-MS grade), acetonitrile with 0.1% formic acid (LC-MS grade) were obtained from Carl
Roth (Germany). All water used for sample preparation was ultrapure (MilliQ, Millipore

Corporation). Physiochemical properties of OBZ are shown in table 1.

2.2 Plant material

Horseradish (4. rusticana L.) hairy root culture transformed by Agrobacterium rhizogenes
strain A4 [29] was grown in 100 ml full-strength Murashige and Skoog medium containing
thiamine and inositol for 10 days [32]. OBZ was dissolved in ethanol and added to the growth
medium to give a final concentration of 100 uM. After 3 h of treatment with OBZ, roots were
washed twice with sterilized deionized water and transferred to fresh growth medium without
OBZ. Samples were harvested at 2, 4, 6 and 24 after transferring the cells, dried with lint

tissue paper, frozen in liquid nitrogen and stored at - 20°C.

2.3 Oxybenzone and metabolites extraction and sample preparation

0.5 g root material were ground under liquid nitrogen, and extracted with 1.5 mL H,O
/Acetonitrile (30/70, v/v). Samples were vortexed for 1 min, treated in the ultrasonicator for 5
min and centrifuged at 13,000 xg at 4°C for 30 min. Supernatants were collected and filtrated
through 0.45 pm pore size PVDF syringe filters (Carl Roth, Germany) prior to loading on
them on solid phase extraction (SPE) columns (3 ¢cm’ 60 mg Oasis HLB SPE cartridges,
Waters, Germany) for further purification. Cartridges had been conditioned with 3 mL of
methanol and equilibrated with 3 mL of water prior to use. 0.5 mL of samples were passed
through the cartridges and 3 mL water were used to flush impurities. The cartridges were then
dried under vacuum for 10 min, and analytes were subsequently eluted with two 0.7 mL and
one 0.6 mL aliquots of acetonitrile. For the detection of OBZ and metabolites in medium, 200

pL of growth medium was filtered through PVDF syringe filters as mentioned above.

2.4 LC-MS analysis

LC-MS analysis was performed with a HPLC system (Varian ProStar 210) coupled to an ion
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trap mass spectrometer (Varian 500-MS) as described elsewhere [33]. A Phenomenex
HYDRO-RP column (C18, polar endcapped; particle size 4 um; 50 mm x 2.0 mm) was
applied for rapid separation of analytes using the following mobile phases for elution: H,O,
0.1% formic acid as mobile phase A and acetonitrile, 0.1% formic acid as mobile phase B
with following gradient: 0—2 min 97% Buffer A (isocratic); 2—10 min 95% Buffer B (linearly
increasing); 10—12 min 95% Buffer B (isocratic); 12—12.5 min 97% Buffer A (linear
decreasing); 12.5-17 min 95% A (isocratic). The flow rate was 0.3 mL/min. Concentration of
OBZ was determined by an external standard calibration curve. The HPLC eluent was
introduced to the mass spectrometer using a pneumatically assisted electrospray source. The
mass spectrometer was operated in positive ESI mode. The interface was adjusted to the
following conditions: capillary voltage, 63 V; needle voltage, 4500 V; drying gas temperature,
350 °C. MS/MS spectra were obtained by collision-induced dissociation using nitrogen as the
collision gas. Mass transitions of OBZ and metabolites were as follows: [M+H]" m/z 229-151
(oxybenzone), [M+Na]" m/z 413-251 (oxybenzone-glucoside), [M+Na]~ m/z 499-455

(oxybenzone-malonyl-glucoside).

LC-TOF-MS experiments were conducted on an Ultimate 3000 LC system (ThermoFisher)
coupled to an ultra high resolution Maxis 4g plus TOF mass spectrometer (Bruker) equipped
with an electrospray source. The LC conditions were identical as above. The TOF-MS was
operated in the positive polarity mode with active focus under the following conditions:
Capillary voltage, 5500 V; nitrogen dry gas temperature, 225 °C; dry gas flow, 10 L/min;
nebulizer pressure, 2 bar. The TOF-MS was calibrated daily with ESI-L tuning mix (Agilent)
using the enhanced quadratic algorithm. MS scans were recalibrated using Hexakis (1H, 1H,

4H-hexafluorobutyloxy) phosphazine (Agilent) as a lock mass.

2.5 Enzyme extraction

Extraction of an O-glucosyltransferase containing enzyme fraction was conducted with some
modification as previously described [26]. In short, 3 g of hairy roots were homogenized in
liquid nitrogen with mortar and pestle to yield a fine powder and extracted with 10 mL 100

mM sodium phosphate-buffer pH 6.5 containing 10 mM DTE, 2 mM MgCl,, 1| mM EDTA, 1
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mM PMSF and 1% PVP K90 at 4°C for 30 min. After centrifugation at 15,000 xg for 30 min
at 4 °C, proteins in the supernatant were precipitated progressively by addition of ammonium
sulphate to 40% and 75% saturation in two subsequent steps. Samples were centrifuged at
18,500 xg for 30min at 4°C after each step. Consequently, the pellets were resuspended in 2.5
mL 200 mM Tris/HCI buffer with 2 mM MgCl, and 1 mM DTE, pH 7.3. Proteins were
desalted by chromatography through PD 10 columns (GE Healthcare, UK) and stored at —

80°C for further use.

2.6 Enzyme assays

Enzymatic formation of the glucosides was performed by incubating 100 uM OBZ with 2
mM uridine diphosphate glucose (UDPG), 1.25 mM 4-NPG, 1,25 mM salicin in 200 mM
Tris/HCI buffer, pH 7.5. The reaction was started by adding 100 pL glucosyltransferase
containing enzyme extract to yield a final volume of 200 puL. The incubation lasted for 60 min
at 30°C in a water bath [32]. Experiments without enzyme served as control. The reaction was
stopped by precipitating the protein with 10 pL concentrated phosphoric acid. The samples
were centrifuged at 13,000 Xg for 2 min and aliquots of the supernatants were applied to

LC-MS for identification of products.

2.7 Enzymatic hydrolysis

Metabolite extracts prepared after SPE were freeze-dried (Speedvac, Savant Instr.) and
re-dissolved in 400 pL of 50 mM sodium phosphate buffer (pH 5.0). Hydrolysis was started
by incubating samples with 300 U of B-D-glucosidase (Fluka, Germany) at 36 °C for 2 h.
Control experiments were free of glucosidase. Reaction was stopped by applying samples to

the SPE columns. Samples were analyzed by LC-MS [33].

2.8 Alkaline hydrolysis

Plant extracts after SPE were incubated with 0.1 N sodium hydroxide for 6 h at room

temperature, and control experiments were carried out with the absence of NaOH [25].
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3 Results

3.1 Formation of glucose conjugate

3.1.1 Mass spectral analysis

In extracts of root material treated with OBZ, high resolution mass spectroscopy revealed a
polar metabolite eluting well before the parent compound. It was identified as
oxybenzone-glucoside (OBZ-Glu) with its pseudo-molecular ion at m/z 413.1218 [M+Na]" on
TOF-MS, which corresponded to the molecular formula CyH»;,OgNa (413.1207) (table 2).
Further MS/MS experiment with the ion trap systems of the parent compound resulted in two
major fragments of m/z 185 and m/z 251 (figure 1A), corresponding to the dehydroglucose

and OBZ with sodium adduct during fragmentation.

3.1.2 Enzymatic hydrolysis

To confirm this glucose conjugated metabolite, samples containing the product with a m/z of
413 were incubated with 300 U commercially available B-D-glucosidase for 2 h. This
experiment resulted in the disappearance of the signal corresponding to OBZ-Glu in
LC-MS/MS (figure 2), while samples incubated with 50 mM sodium phosphate buffer at

same conditions still showed the peak representing OBZ-Glu.

3.13 Enzymatic synthesis

When glucosyltransferase extracts from horseradish roots were incubated with 100 uM OBZ
in the presence of UDP-Glucose for 60 min, LC-MS/MS analysis revealed the same retention
time and fragmentation pattern for the product formed that were previously observed in 3.1.1,

which corresponds to OBZ-Glu.

3.2 Identification of malonylated glucoconjugate

3.2.1 Mass spectral analysis

Another molecular ion that was detected at m/z 499.1223 [M+Na]’, had a molecular formula
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confirmed by exact mass measurement on TOF-MS as C,3H,,0,;Na (499.1221) with an error
of just 2.1 ppm (table 2). On ESI-MS, this molecular ion was 86 units larger than that of
OBZ-Glu (m/z 413 [M+Na]"). The mass difference of 86 suggests an additional malonyl
group, which was also proposed by MS/MS. During ESI-MS/MS of m/z 499, loss of 44 Da
resulted in a major fragment of m/z 455, and fragments of m/z 413 [M-malonyl+Na]" and m/z
251 [M-malonyl-dehydroglucose+Na]" were also generated (figure 1B). The loss of CO, (m/z
44) due to the decarboxylation of malonic acid during fragmentation of a
malonylglucopyranoside has been described in previous studies [23,34]. On this basis, our
second metabolite was identified as oxybenzone-(6-O-malonyl)-glucoside, which was formed

in a secondary conjugation step with conjugation of malonic acid on the first metabolite.

3.2.2  Alkaline hydrolysis

To confirm the structure of OBZ-Mal-Glu, root extracts containing OBZ-Mal-Glu were
incubated with 0.1 N NaOH at room temperature for 6 h. The NaOH completely hydrolyzed
the ester bond of OBZ-Mal-Glu (figure 3A, B), and released free OBZ-Glu. However, the
OBZ-Glu is resistant to alkaline hydrolysis, therefore, an increase of the glucoconjguate in

figure 3C, D was observed.

3.3 Time dependent formation of conjugated metabolites in roots

OBZ-Glu and OBZ-Mal-Glu were formed within the first 3 hours of treatment with OBZ, the
OBZ-Glu was particularly dominant. The lack of reference materials of metabolites prevents
the direct quantification of conjugates in plants; therefore, the concentrations are given as
arbitrary units (Peak area, fig. 4). In the following hours the hairy roots were incubated in
fresh medium without OBZ, but still concentrations of both metabolites increased with the
incubation time (figure 4). After 24 h, the amount of OBZ-Glu and OBZ-Mal-Glu was 3.6
times and 17.3 times higher than 0 h, respectively. Moreover, the malonylated glucoconjugate
became more abundant and accounted for a higher ratio of all metabolites after 24 h, whilst at

0 h only 15% had been identified as malonyl conjugate (figure 4).

3.4 Exudation of metabolite into medium
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OBZ glucopyranoside was not only found in the root tissues, but also in the culture medium.
After the transfer of cells into the fresh medium, OBZ-Glu released in the medium continued
to increase up to 16.8 fold toward the end of the experiment compared to 2 h (figure 5).
However, the distribution of metabolites differed from that in the cells, as no malonynated

metabolite was detected in the medium.

4 Discussion

The degradation pathway of OBZ in mammals mainly depends on hydroxylation mediated by
the cytochrome P450 enzyme system [35-38] and phase II enzymes to form glucuronide or
sulfate conjugates [36,39]. Accordingly, in plants, transformation of OBZ quickly occurs via a
direct glucosylation during phase II reactions (figure 6), which could be attributed to the
already existing hydroxyl group of OBZ. However, no free phase I metabolites of OBZ have
been detected in plants. Since plants do not possess microsomal UDP-glucuronosyltransferase
[20], they use glucose as transfer partner, and hence, a glucose conjugate of OBZ was formed
rapidly in the horseradish culture within just three hours of exposure. Although the
stereoisomeric structure of the metabolites cannot be confirmed by mass spectrometry, the
hydrolysis of OBZ-Glu by B-D-glucosidase supports that the hexose represents a
B-D-glucopyranose group, which forms an O-glucoside. Enzymatic synthesis of OBZ-Glu
with glucosyltransferases (GT) extracted from hairy roots proved the involvement of GT for

glucose conjugation.

Glucosylation provides precursor molecules for further esterification with malonic acid, of
which B-D-(6-O-malonyl)-glucoside is one of the most common products in plants [20].
Several studies have detected (6-O-malonyl)-glucoside of PCP, chlorophenols and triclosan in
soybean, wheat, common duckweed and carrots, respectively [30,31,40]. Malonylation has
been hypothesized to protect the saccharide conjugates against enzyme cleavage and to render
the products ready for storage in vacuole or cell walls [31]. The release of free OBZ-Glu
during alkaline hydrolysis supports our idea about the further malonyl conjugation of the

phase II product.
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The increasing formation of two metabolites within 24 h showed that plants have a high
potential to transform and detoxify OBZ. Conjugation with glucose is important in the
metabolism of xenobiotics, since glucosides are characterized for their potential of being
stable and indigestibly incorporated in cell walls. Secondary conjugation of glucosides with
malonic acid is of special interest, as malonylation may affect the release of xenobiotic
glucosides from plant cells and on the contrary enhance vacuole sequestration [41].
Consistent with this theory, after 24 h incubation, only OBZ-Glu was excreted to the growth
medium while leaving the malonylated metabolite inside the plants. Similar phenomena were
observed in thale cress and tabacco treated with naphthols. In that case the knockout of the
malonyltransferase gene (AtPMaT1) had increased the release of naphthol glucoside into
media, while a force expression of AtPMaT1 decreased export and increased deposition of

naphthols as malonates [29].

5  Conclusion

Our results indicate that plants may be able to take up and degrade the most common UV
filter-oxybenzone. More than 20% of the initial OBZ (100 uM) was eliminated from the
culture medium by hairy roots after just 3 h of exposure. Two novel metabolites were detected
in the treated hairy roots as OBZ-Glu and OBZ-Mal-Glu. Metabolite formation increased with
incubation time. The fragmentation pattern of metabolites in MS/MS was convincing for
identification. Enzymatic synthesis and hydrolysis as well as alkaline hydrolysis contributed

to the characterization of metabolites.

The horseradish hairy root system provides us with a simple way to explore the metabolism of
oxybenzone in plants. It is an easy-to-handle culture, and allows equal distribution of
compound throughout the tissue. This study contributes to a better understanding of
detoxification pathways of oxybenzone in plants. The results suggest the use of plants for
phytoremediation of UV filter compounds, and provide an appropriate alternative for treating
emerging contaminants in wastewater. Research about oxybenzone metabolism in aquatic

macrophytes and effects on detoxification defense enzyme systems are underway.
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Figure

Table 1 Chemical structure and physicochemical properties of oxybenzone. (single column fitting)

Table 2 Retention times (RT) of OBZ and its metabolites and suggested identities of OBZ metabolites
based on mass spectrometric data. (single column fitting)

Figure 1 MS/MS spectra of [M+Na]" of A OBZ-Glu (m/z 413) and B OBZ-Mal-Glu (m/z 499) from hairy
roots extracts. The product ion m/z 251 is formed via a cleavage of dehydroglucose; a loss of CO, resulted
in the formation of m/z 455, and the cleavage of ester bond released free OBZ-Glu (m/z 413). The analysis
was done in positive ionization mode. (2-column fitting)

Figure 2 LC-MS/MS chromatograms of samples containing OBZ-Glu (S/M mode for m/z 413). A is
untreated sample, B represents sample treated with B-p-glucosidase. (single column fitting)

Figure 3 LC-MS/MS chromatograms (MRM mode for m/z 499 and m/z 413) of samples containing OBZ-
Mal-Glu and OBZ-Glu after incubation without (A, C) and with (B, D) 0.1 N NaOH for 6 h. (2-column
fitting)

Figure 4 Increase of OBZ-Glu and OBZ-Mal-Glu in hairy roots after 2, 4, 6 and 24 h transfer in medium
without oxybenzone. (single column fitting)

Figure 5 Increase of OBZ-Glu in growth medium after 2, 4, 6 and 24 h transfer in medium without
oxybenzone. (single column fitting)

Figure 6 Proposed metabolic pathway of Oxybenzone in 4. rusticana. (2-column fitting)



Table 1

chemical structure molecular formula molecular weight pKa

OH (o}

. C14H 05" 228.24328 g/mol*  8.07 and - 4.8"

|
CH,

* Pubchem, " DrugBank

Table 2

RT (min) molecular formula accurate m/z (deviation [ppm])
OBZ 10.8 C4H 205 [M+H]" 229.0859
OBZ-Glu 6.9 CyH1,05 [M+Na]" 413.1218 (2.6)

OBZ-Mal-Glu 7.3 Cy3H,404, [M+Na]" 499.1223 (2.1)
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Figure 2

kCounts';

MS/MS m/z 413

(-) - B-D-glucosidase

MS/MS m/z 413

(+) - B-D-glucosidase

25

75 5
minutes



kCounts i
: MS/MS m/z 499 kCounts MS/MS m/z 413
5] A 10.0 C
4—; 75
3] (-) - NaOH ] (-) - NaOH
] 5.0
2 ]
Oég 0.0
kCounts_E kCounts’]
5_ 10.05
i ] B MS/MS m/z 499 ] D MS/MS m/z 413
] 7.5]
31 ]
] (+) - NaOH 5.0 (+) - NaOH
2 ]
] 2.5
14
0] 0.0
23 5 2'5minutes 2 e 12'5minutes



Figure 4
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Figure 5
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Figure 6
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Highlights (for review)

Highlights

e First finding on degradation of oxybenzone in plant tissues
e Two novel metabolites were identified
e Glucosylation and malonylation are main Phase Il mechanisms

e Phytoremediation exhibits good potential for treating sunscreen compounds



*Novelty Statement

Statement of novelty

This manuscript covers the metabolism of a widely used sunscreen in cell cultures. Recently, sunscreens have
attracted attention due to their persistence in water and their estrogenic effects. Oxybenzone is a typical UV
filter detectable water bodies. Few studies show its degradation in mammals and partial metabolism by
microbes. Evidence for alternative methods like phytoremediation is urgently required. We demonstrate for the
first time that plants degrade oxybenzone in two successive steps. No comparable literature has been published,

to our best knowledge. The scientific impact will be extremely high and meet the interest of a broad readership.



