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Highlights

The causes behind the incomplete biotransformation of micropollutants remain unknown.
Reversibility of enzymatic reactions were investigated in vitro assays.

Bisphenol A might be phosphorylated by kinase enzymes in anaerobic processes.
Acetate kinase and hexokinase transform bisphenol A in a reversible way.

Reversible reactions might lead to an equilibrium impeding a total biotransformation.
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ABSTRACT

Biotransformation of many organic micropollutants (OMPs) in sewage treatment plants is
incomplete leading to their release into the environment. Recent findings suggest that
thermodynamic aspects of the reaction as chemical equilibrium limit biotransformation,
while kinetic parameters have a lower influence. Reversibility of enzymatic reactions might
result in a chemical equilibrium between the OMP and the transformation product, thus
impeding a total removal of the compound. To the best of our knowledge, no study has
focused on proving the reversible action of enzymes towards OMPs so far. Therefore, we
aimed at demonstrating this hypothesis through in vitro assays with bisphenol A (BPA) in
the presence of kinase enzymes, namely acetate kinase and hexokinase, which are key
enzymes in anaerobic processes. Results suggest that BPA is phosphorylated by acetate
kinase and hexokinase in the presence of ATP (adenosine 5-triphosphate), but when the
concentration of this co-substrate decreases and the enzymes loss their activity, the
backward reaction occurs, revealing a reversible biotransformation mechanism. This
information is particularly relevant to address new removal strategies, which up to now

were mainly focused on modifying the kinetic parameters of the reaction.

Keywords: anaerobic digestion; bisphenol A; chemical equilibrium; kinases;

phosphorylation; sewage treatment plant.



1. INTRODUCTION

Biological systems can transform a wide variety of organic micropollutants (OMPS);
actually, biotransformation is a key removal mechanism of OMPs in sewage treatment
plants (STPs). However, most compounds are not fully biotransformed and concentration
kinetic plateaus are reported in a wide variety of aerobic (Blair et al., 2015; Fernandez-
Fontaina et al., 2014; Gulde et al., 2018; Xue et al., 2010) and anaerobic (Gonzalez-Gil et
al., 2018b; Xue et al., 2010) reactors operating in batch or continuously. Since no substrate
limitations are expected in steady-state continuous reactors, a decrease of the metabolic
activity and thus of the cometabolic transformation of OMPs is excluded. Yet, several
hypotheses can be postulated to explain this behavior. It was recently proved through a
modelling approach that thermodynamic constraints (i.e., reversibility of the biological
reactions and/or sequestration of OMPs) rather than kinetic limitations (hydraulic retention
time, OMPs concentration, inhibition by the transformation product (TP) and
biotransformation rate constant) are responsible for the incomplete biotransformation of
several OMPs in anaerobic systems (Gonzalez-Gil et al., 2018a). Although there are some
experimental evidences of reversible reactions affecting OMPs, such as the conversion of
sulfamethoxazole (SMX) into acetyl-SMX (Achermann et al., 2018) and the
phosphorylation of different bisphenols (Zlhlke et al., 2016), so far no study was focused

on demonstrating the reversibility of the enzymatic transformation of OMPs.

Kinases are a class of enzymes (EC 2.7.-) that catalyze the transfer of phosphate groups
from high-energy phosphate-donating molecules (e.g., adenosine 5-triphosphate, ATP) to

specific substrates. This reaction, known as phosphorylation, is reversible
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(dephosphorylation). Kinases are key enzymes in STPs; for instance, they catalyze the first
step of glycolysis and acetate methanization (Figure 1) during anaerobic digestion.
Hexokinase (HK, EC 2.7.1.1) was found in acidogenic bacteria (i.e., Clostridia,
Alphaproteobacteria and Bacteroidetes) (Canback et al., 2002; Guo et al., 2015; Hylemon
etal., 1977; Kotze, 1969) and is mainly responsible for glucose phosphorylation during
glycolysis (Figure 1), although it can also phosphorylate other hexose substrates (BRENDA
The Comprehensive Enzyme Information System; Cardenas et al., 1998). Acetate kinase
(AK, EC 2.7.2.1) is involved in the last acetogenic reaction (dephosphorylation of acetyl
phosphate to acetate; Figure 1) in fermentative bacteria (Ferry, 2011). Moreover, this
enzyme catalyzes the reverse reaction (phosphorylation of acetate to acetyl phosphate;
Figure 1) in Methanosarcina species, that is, the first step in acetoclastic methanogenesis
(Gorrell and Ferry, 2007). It was demonstrated that AK can transform OMPs with carboxyl
(i.e., diclofenac, naproxen and ibuprofen) and hydroxyl groups (i.e., bisphenol A (BPA),
triclosan, octylphenol and nonylphenol) (Gonzalez-Gil et al., 2017). Therefore, both HK
and AK are key enzymes in anaerobic processes and might be candidates that catalyze
reversible transformation reactions of OMPs, in particular of BPA, whose phosphorylated
TP was already detected in the presence of bacterial species from sewage sludge (Zihlke et
al., 2016). Based on these previous results and taking into account its widespread presence
in the environment and its harmful endocrine disrupting activity (Rubin, 2011), BPA seems

to be an appropriate OMP to further investigate its enzymatic transformation mechanisms.
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Figure 1. Schematic representation of the steps of anaerobic digestion, including the roles
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of the enzymes hexokinase (HK), acetate kinase (AK) and phosphotransacetylase (PTA).

The objective of this study was to demonstrate that the enzymatic transformations of OMPs
might occur in a reversible way, which could lead to a chemical equilibrium between the
parent compound and the TP, and thus to removal efficiencies below 100%. In particular, in
vitro assays with HK and AK enzymes were performed in the presence of BPA, which was
selected as a model compound to prove this behavior. To the best of our knowledge, this is

the first attempt to clarify the role of enzymes on the reversible biotransformation of OMPs.



2. MATERIALS AND METHODS

2.1 Commercial enzymes and enzymatic activities

2.1.1 Acetate kinase

AK catalyzes the reversible transfer of the Y-phosphoryl group from ATP to acetate
(Reaction 1) (Gorrell and Ferry, 2007). AK from Methanosarcina thermophila was
preferred for this study because Methanosarcina species are key organisms in anaerobic
digestion (De Vrieze et al., 2012) and their action towards OMPs was already demonstrated
in previous experiments (Gonzalez-Gil et al., 2017). However, AK from M. thermophila
was anymore available at Sigma-Aldrich; hence, AK from E. coli was purchased as
lyophilized powder (= 150 U/mg protein (biuret)). One unit (U) of this enzyme

phosphorylates 1.0 umol of acetate to acetyl phosphate per min at pH 7.6 and 25 °C.

AK
Acetate + ATP «— Acetyl-P + ADP (Reaction 1)

The hydroxamate assay described by Gonzalez-Gil et al. (2017) was scaled down to be
performed in 96-well plates with 40 uL of sample. The calibration curve (Figure S1) was
prepared with a standard of lithium potassium acetyl phosphate purchased from Sigma-
Aldrich. Plates were measured spectrophotometrically in a BioTek Synergy 2 plate reader
(BioTek Instruments Inc., USA). Preliminary activity assays were carried out to estimate

the amount of enzyme that should be added in AK experiments with BPA.



2.1.2 Hexokinase

Hexokinases catalyze the ATP-dependent phosphorylation of several hexoses to hexose-6-
phosphate. Depending on the organism, hexokinases present different kinetic and molecular
characteristics (Cardenas et al., 1998). Although HK from bacteria would be preferred in
this study to simulate enzymatic reactions during anaerobic digestion, the only HK
commercially available was the produced by the yeast Saccharomyces cerevisiae. It was
purchased from Sigma-Aldrich in suspension form (3.2 M ammonium sulfate, pH = 6.5)
with a specific activity > 450 U/mg protein (at 25 °C and pH 7.6 with D-glucose and ATP
as substrates).

HK activity was measured by the hexokinase colorimetric assay kit (Sigma-Aldrich). The
procedure is detailed in the corresponding technical notice of Sigma and summarized in
Supplementary Data (Section I1). In brief, HK phosphorylates glucose into glucose-6-
phosphate. The latter is oxidized by glucose-6-phosphate dehydrogenase to form NADH,
which generates a colored product (450 nm) proportional to the HK activity. Thus, one unit
of HK corresponds to the amount of enzyme that generates 1.0 umole of NADH per minute
at pH 8.0 and room temperature. Preliminary activity assays were carried out to estimate

the amount of enzyme that should be added in HK experiments with BPA.

2.2 Enzymatic experiments with radiolabeled BPA
Radiolabeled BPA (**C-BPA, phenol ring 1*C(U)) was purchased from Hartmann Analytic
(Germany) with a specific radioactivity of 3.92x10° Bg/mmol, a radiochemical purity of

98.8% and a concentration of 218.58 pg/mL in ethanol.



2.2.1 Experiments with AK

Enzymatic experiments with AK were run in triplicate (n = 3) at similar conditions as the
experiments previously performed by Gonzalez-Gil et al. (2017) (25 °C, pH 7.6, 145 mM
of Tris-HCI, 10 mM of MgCl»-6H20, and 705 mM of hydroxylamine hydrochloride).
Acetate was not supplied. The initial concentration of ATP was 10 mM (in excess), the
initial activity of AK from E. coli was set at 50 U/L, and the concentration of BPA was

10 uM (4 uM of 4C-BPA and 6 uM of BPA, in total 2.3 mg/L). Higher concentrations of
BPA and AK than those used by Gonzalez-Gil et al. (2017) were set in order to facilitate
the detection of possible TPs, but no changes in the enzymatic transformation mechanisms
(i.e., reversibility of reactions) are expected. The final volume of the assay was 10 mL.
Negative controls (without AK) were also conducted in triplicate. Moreover, a blank
without BPA was performed to test the possible inhibitory effect of this compound on the
AK activity and to identify false TP peaks due to background signals. 100 pL samples were
withdrawn at different reaction times and mixed with 50 pL of trichloroacetic acid to stop
the reaction prior to HPLC or LC-MS/MS analyses. AK activity (see section 2.1.1), pH and

temperature were also monitored along time.

2.2.2 Experiments with HK

The action of HK on BPA was tested in assays with a similar experimental layout as those
performed with AK. The assays were conducted at 25 °C, pH 7.6, in 100 mM phosphate
buffer with 6.5 mM of MgCl,-6H20 (Fromm et al., 1964; Souza et al., 2002), 10 mM of
ATP (excess) and 10 pM (2.3 mg/L) of BPA (4 uM of *C-BPA and 6 uM of BPA).

Glucose was not supplied. HK was added to achieve an initial activity of 50 U/L, 5-times



above the estimated maximum activity in a typical anaerobic digester (assuming that
acetate is exclusively produced from glucose). Under these conditions, the equilibrium
should be displaced to the forward reaction (phosphorylation of glucose) (Fromm et al.,
1964). These assays were conducted in triplicate (n =3) with a final volume of 5 mL.
Besides, triplicated negative controls (without enzyme) and a blank (without BPA) were
performed. Samples of 80 pL were withdrawn at different times and mixed with 40 uL of
trichloroacetic acid to stop the enzymatic reaction prior to HPLC or LC-MS/MS analyses.

Enzymatic activities (5—10 pL), pH and temperature were also monitored along time.

2.3 Radiolabeled BPA analysis

In order to determine the concentration of **C-BPA, HPLC analyses were carried out using
Agilent Tech. HPLC 1200 Series coupled to a radioisotope detector Ramona Star (Raytest,
Germany). A Zorbax SB C18 (3.0 x 150 mm, particle size 3.5 pm) was thermostated at 30
°C and 150 bar and the flow-rate was set at 0.5 mL/min. The mobile phase consisted of 20
mM ammonium formate without pH adjustment (solvent A) and acetonitrile (Ultra gradient
HPLC grade, J.T Baker) (solvent B). A linear elution gradient from 10 to 80% B was
applied for the 10 first minutes and then 80% B was maintained for 10 minutes. Sample
aliquots of 65 pL were immediately injected in the HPLC to avoid back-transformation of

BPA.

2.4  Statistical analysis
All of the enzymatic assays with BPA and the negative controls (without enzyme) were
conducted in triplicate (n = 3). The variance homogeneity of data was determined by

applying Levene’s test. Significant differences between the enzymatic assay and the
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corresponding negative control were assessed by Student’s t-test. All of the statistical tests

were performed at a 5% significance level by using IBM SPSS statistics software 22.0.

3. RESULTS AND DISCUSSION

3.1 Reversible transformation of BPA by AK

Figure 2 suggests that the biotransformation of BPA by AK is reversible. 3 h after starting
the reaction in the presence of AK, the concentration of 1*C-BPA significantly decreased
with respect to the negative control (Student’s t-test; p <0.05). However, as reaction time
elapsed, the AK activity decreased (Figure 2) and concomitantly the BPA transformation
went backwards. After 46 h, a pulse of AK (75 U/L) and ATP (10 mM) was added (2% of
the initial assay volume). As a result, the AK activity rose and again the concentration of
BPA significantly (Student’s t-test; p <0.05) decreased with respect to the negative control
until the AK activity fell again (after 160 h). To explain this behavior, the phosphorylation
of acetate by AK (Reaction 1) is taken as a reference. Rose et al. (1954) proved that acetate
phosphorylation is reversible and the backwards reaction (dephosphorylation of acetyl
phosphate, Reaction 1) is favored kinetically and thermodynamically. Thereby, when
equilibrium is attained, the conversion of acetate into the phosphorylated product is very
low. This equilibrium could be shifted by increasing the concentration of reagents (i.e.,
ATP) or decreasing the concentration of products (if consumed in later reactions), but not
by the presence of a catalyst (i.e., AK), which only increases the transformation rate until
equilibrium is achieved. Therefore, at the beginning of the assay with BPA and after the
second pulse of ATP and AK, the excessive concentration of ATP and the high AK activity

make possible to detect a significant decrease of BPA in few hours (Figure 2). However,
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since AK losses its activity with time (Figure 2) and ATP concentration may decrease
because of its poor stability in neutral solutions (it is hydrolyzed to ADP or even AMP,

Sigma Product Information), the spontaneous dephosphorylation of BPA might be favored.
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Figure 2. Comparison of the relative concentration of *C-BPA in negative controls without
AK (white bars, n =3) with respect to the assays with AK (green bars, n=23). The asterisks
highlight significant differences (Student’s t test; p <0.05) between both concentrations due
to the enzymatic action. The AK activity (diamonds, n = 3) during the assay is plotted on
the secondary y-axis. The arrow indicates the second addition of ATP and AK. n.m. stands

for not measured.

The reversible pattern observed in Figure 2 is supported by the work of Zihlke et al.
(2016), who first reported the formation of phosphate conjugates with BPA and other
bisphenols in microorganisms, namely Bacillus amyloliquefaciens isolated from a STP.

According to the authors, phosphorylated bisphenols were considerably less toxic and
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estrogenic than the parent compound. They speculate that dephosphorylation might have
occurred due to cell lysis, but no evidences were provided. Since AK is present in B.
amyloliquefaciens (Feng et al., 2017), we hypothesize that this enzyme could have been
involved in the reported reversible phosphorylation of bisphenols. Apart from B.
amyloliquefaciens, few microorganisms have shown the ability to form phosphate
conjugates so far. Under anoxic conditions, the denitrifying bacteria Pseudomonas sp.
(Lack and Fuchs, 1994) and Thauera aromatica (Schmeling et al., 2004) phosphorylate
phenol as a first step of phenol degradation. The novel enzyme phenylphosphate synthase
catalyzes this reaction in T. aromatica (Schmeling et al., 2004) and its presence in

anaerobic digestion and role in the phosphorylation of OMPs cannot be ruled out.

3.2 Reversible transformation of BPA by HK

Results (Figure 3) prove that HK was able to slightly but significantly (Student’s t-test; p <
0.05) decrease the concentration of **C-BPA compared to the negative control after 4 h of
reaction time. Similarly to the experiments with AK, the loss of HK activity (Figure 3) and
the possible decrease in the ATP concentration could explain the recovery of the initial
BPA concentration observed after 21 h. Thus, at this time, a pulse of HK (50 U/L) and ATP
(10 mM) was added (4% of the initial assay volume). Consequently, the enzymatic activity
rose and again the BPA concentration significantly decreased (Student’s t-test; p<0.05)
until the end of the experiment (Figure 3). Besides, a slight reduction in the BPA
concentration of the negative controls after 21 h was observed due to the volume increase
(4%) of the assays by the pulse. This difference is lower in the experiments with AK

(Figure 2) because the ATP and AK pulse only represents a 2% of the initial assay volume.
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The transformation of BPA by HK also seems to be reversible, since it followed a similar
pattern as the assays with AK. However, during the second step of the assay (after the
second pulse of ATP and HK), a recovery of the BPA concentration was not observed,
probably because of the much lower reaction time (52 h) than that in the AK assays (215 h),
which likely was not enough to have a significant decrease in the ATP concentration that

shifted the equilibrium.
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Figure 3. Comparison of the relative concentration of 1*C-BPA in negative controls without
HK (white bars, n = 3) with respect to the assays with HK (blue bars, n =3). The asterisks
highlight significant differences (Student’s t test; p <0.05) between both concentrations due
to the enzymatic action. The HK activity (diamonds, n = 3) during the assay is plotted on

the secondary y-axis. The arrow indicates the second addition of ATP and HK.

Finally, it should be noticed that the maximum removal efficiencies achieved in the in vitro

experiments with AK (Figure 2) and HK (Figure 3) are lower than the reported values in
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some anaerobic reactors (40-80%) (Gonzalez-Gil et al., 2018b; Samaras et al., 2014;
Wijekoon et al., 2015). This is an expected result, since many other enzymes are involved
in anaerobic processes that could also participate in the biotransformation of BPA.
Moreover, the substrate affinities and specificities of the purified AK from E. coli and HK
from S. cerevisiae might differ from the real enzymes present in the anaerobic reactors. For
instance, AK from E. coli is more specific than AK from M. thermophila (Allen et al.,
1964; Nakajima et al., 1978; Rose et al., 1954), which could explain why the
biotransformation degree in these experiments was lower than that previously achieved by

Gonzalez-Gil et al. (2017).

3.3 Reversible cometabolic pathway of BPA

A cometabolic transformation can only occur if the OMPs have a chemical structure
compatible with the active site of the enzymes. Therefore, AK and HK, which are key
enzymes in anaerobic processes (Canback et al., 2002; Gorrell and Ferry, 2007; Hylemon et
al., 1977; Kotze, 1969), could cometabolically phosphorylate a hydroxyl group of BPA in a
reversible way (Figure 4), as they do with their metabolic substrates (i.e., acetate and
glucose, respectively). Despite being not possible to identify the resulting phosphorylated
BPA in this study, Zihlke et al. (2016) have measured this TP and have proved its
reversible conversion into BPA by B. amyloliquefaciens. These authors did not find the
causes behind the reversibility of this reaction, but the presence of AK in this bacteria

(Feng et al., 2017) might explain it supporting our findings.
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Figure 4. Proposed cometabolic pathway for the reversible transformation of BPA by the
enzymes (a) acetate kinase (AK) and (b) hexokinase (HK) during methanogenesis and

glycolysis, respectively.

Although we have demonstrated the reversibility of biological reactions with BPA and
kinase enzymes, the same behavior could be expected for other OMPs and enzymes. For
instance, based on previous findings (Gonzalez-Gil et al., 2017), it can be hypothesized that

AK could reversibly transform other OMPs with carboxyl and hydroxyl groups and
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moderate steric hindrance. Likewise, larger compounds that have attached the hexose sugar
cladinose, such as roxythromycin, clarithromycin and erythromycin, could undergo a
reversible phosphorylation of their hydroxyl groups by HK. In a recent study, Gonzalez-Gil
et al. (2019) observed a reversible biotransformation pattern of clarithromycin,
erythromycin, citalopram and climbazole in experiments with enzymes extracted from
anaerobic sludge. Moreover, apart from Zuhlke et al. (2016), there are also some studies
reporting reversible biotransformation reactions of OMPs in activated sludge, such as the
conversion of SMX into acetyl-SMX (Achermann et al., 2018) and the N-oxidation of
tertiary amines as venlafaxine (Gulde et al., 2016). Therefore, reversibility of enzymatic
reactions might explain the incomplete biotransformation of several OMPs (once

equilibrium with the TP is attained) in STPs.

4, CONCLUSIONS

This study contributes to elucidate the enzymatic pathways of the cometabolic
transformation of OMPs under anaerobic conditions, which is essential to predict possible
TPs and to better understand the removal limitations of OMPs in STPs. We have
demonstrated that kinases, namely AK and HK, are likely involved in the reversible
transformation of BPA under anaerobic conditions, which may undergo a phosphorylation
at its hydroxyl group. These findings support the hypothesis that reversible enzymatic
reactions (thermodynamic limitations) could hinder a complete biotransformation of OMPs
in biological systems, i.e. once equilibrium is reached between OMPs and TPs respective

concentrations, the biotransformation stops.

17



Further experiments are needed to confirm the reversible action of other enzymes towards
OMPs (and their TPs) that are not fully biotransformed in anaerobic digestion or in other
biological systems. Future approaches should bear in mind the role of enzymes on OMP
biotransformation to achieve a complete removal via operational strategies. For instance,
the addition of specific nutrients could favor particular cometabolic transformation
activities towards OMPs or even allow a further transformation of TPs (shifting the
chemical equilibrium between OMPs and TPs). This study clearly confirms that efficient
and feasible mitigation strategies cannot be developed without understanding the

biotransformation pathways of OMPs.
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