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ABSTRACT: Parabens are emerging environmental contaminants
with known endocrine-disrupting effects. This study created a novel
biocatalyst (named as SDFsC) by expressing the enzyme Fusarium
solani pisi cutinase (FsC) on the cell surface of Baker’s yeast
Sacchromycese cerevisiae and demonstrated successful enzyme-
mediated removal of parabens for the first time. Parabens with
different side chain structures had different degradation rates by the
SDFsC. The SDFsC preferentially degraded the parabens with
relatively long alkyl or aromatic side chains. The structure-
dependent degradability was in a good agreement with the binding
energy between the active site of FsC and different parabens. In real
wastewater effluent solution, the SDFsC effectively degraded 800
μg/L of propylparaben, butylparaben, and benzylparaben, either as a
single compound or as a mixture, within 48 h. The estrogenic activity
of parabens was considerably reduced as the parent parabens were degraded into 4-hydroxybenzoic acid via hydrolysis pathway
by the SDFsC. The SDFsC showed superior reusability and maintained 93% of its initial catalytic activity after six rounds of
paraben degradation reaction. Results from this study provide scientific basis for developing biocatalysis as a green chemistry
alternative for advanced treatment of parabens in sustainable water reclamation.

1. INTRODUCTION

Parabens, the esters of para-hydroxybenzoic acid with alkyl or
aryl groups substituted as their side chains, are one category of
contaminants of emerging concerns due to their ubiquity in the
environment and potential health risks.1,2 Parabens are
extensively used as preservative agents in cosmetics, pharma-
ceuticals, and food products due to their antibacterial and
antifungal activity in a wide range of pH.3−5 The widespread use
of parabens and inappropriate disposal have led to their frequent
occurrence in the natural and engineered environments,6−9 and
accumulation in aquatic organisms through food webs.10,11

There is an increasing concern about the risks of parabens on
human and other animals because of their endocrine-disrupting
effects.12,13 Numerous in vivo or in vitro toxicology research has
reported that parabens exhibit both estrogenic and antiandro-
genic activities via binding to the estrogen or androgen
receptors, which could result in reproductive disorders and
fertilization incapability of the organisms.14−17

There is a critical need to develop innovative technologies to
effectively and efficiently treat parabens in wastewater
reclamation. Wastewater treatment plants are identified as the
main channel for emerging contaminants such as parabens to
enter the environment because conventional wastewater
treatment processes are not designed to eliminate these
contaminants. Parabens are frequently detected in secondary
wastewater effluents at the concentration level up to micrograms

per liter.2,18 Advanced treatment options for parabens have been
extensively investigated in recent years, particularly with a focus
on advanced oxidation processes (AOPs) such as H2O2/UV
system, ozone oxidation, photoassisted Fenton reaction, and
heterogeneous photocatalysis.19−22 However, the high energy
input required for UV illumination, expensive chemical reagents,
and generation of unknown or more toxic byproducts in AOPs
might impede their wide applications in practice.23,24 Therefore,
developing more effective, economical and environmentally
sustainable advanced treatment alternatives is critically needed
for removing parabens in water reclamation.
Biocatalysis, which uses biological enzymes to catalyze

beneficial chemical transformations, has received increasing
attention as an emerging green chemistry alternative for
degradation of environmental contaminants25−29 Compared
with the AOPs, biocatalysis can perform under ambient
conditions with low energy consumption and generate little
hazardous byproducts.29,30 Several classes of enzymes, such as
oxidoreductases, hydrolases, and lyases, have demonstrated their
applicability in catalyzing the degradation of recalcitrant organic
pollutants.30,31 Parabens can be potentially degraded through
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enzymatic cleavage of their ester bond by a proper hydrolase.
Cutinase (EC 3.1.1.74), originally found in phytopathogenic
fungi that can hydrolyze plant cutin polymer,32 is one promising
candidate of such hydrolases. Cutinase can catalytically degrade
high-molecular-weight synthetic polyesters, low-molecular-
weight soluble esters, and short- and long-chain triacylglycer-
ols.33 Previous studies have reported that cutinases were capable
of degrading some emerging contaminants such as phtha-
lates,34,35 malathion,36 and polyester plastics.37 However, the
role of cutinase in enzymatic treatment of environmental
pollutants is still underexplored and its potential in paraben
degradation has not been reported in existing literature so far.
This study aimed to develop a renewable biocatalyst that

harnesses the hydrolytic activity of cutinase for enzymatic
removal of parabens in water. Since cutinase can catalyze the
hydrolysis of ester bonds, we hypothesized that this enzyme
could mediate the paraben degradation. Using enzyme
biocatalysts for cost-effective applications generally requires
enzyme immobilization to enhance stability and reusability.38

The conventional ways of enzyme immobilization include
covalent binding of enzymes to solid carriers, cross-linking of
enzyme aggregates, and entrapment or encapsulation of
enzymes within polymeric matrices.39 However, the chemical
reagents used in these methods could denature the enzyme,
leading to the loss of enzyme functionality. Additionally, there is
still need for time-consuming enzyme purification and
preparation.39 An innovative strategy for enzyme immobiliza-
tion known as cell surface display has been developed to
overcome the above-mentioned drawbacks.40 The cell surface
display technique exploits synthetic biology to engineer
renewable biocatalysts by expressing the target enzymes on
microbial cell surface.41 Enzyme functionality and activity can be
greatly retained in the cell surface display system while stability
and reusability are enhanced as the enzyme is essentially
immobilized on the supporting cells. Moreover, this technique
circumvents the laborious and costly processes of enzyme
isolation and purification because the target enzyme is
synthesized intracellularly and then automatically localized on
the microbial cell surface through engineered biological
machinery.42 The cell surface display techniques have been
applied in the development of biosensors for organic pollutant
detection and whole cell biocatalysts for renewable biofuel
production.43−46 Our recent study showed a proof-of-concept

demonstration that cell surface display could be used to develop
functional, stable, reusable and regenerable biocatalysts for
contaminant degradation in water reclamation.47 Therefore, we
exploited the cell surface display platform technology to
construct a novel cutinase biocatalyst for degradation of
parabens (Figure 1).
In this study, we constructed a new enzyme biocatalyst by

expressing the Fusarium solani pisi cutinase (FsC) on the cell
surface of the Baker’s yeast Saccharomyces cerevisiae and
demonstrated the biocatalytic approach to remove parabens
for the first time. We investigated the degradation of various
parabens with different side chains by the surface-displayed F.
solani pisi cutinase (SDFsC) and observed structure-dependent
degradability. Molecular docking analysis revealed that the
structure-degradability relationships could be explained by the
binding interactions of different parabens with FsC.Degradation
of parabens by SDFsC substantially reduced estrogenic activity.
Analysis of the degradation products confirmed that degradation
occurred through hydrolysis of the ester bond. Additionally, the
SDFsC could effectively remove single paraben or mixture of
parabens in both buffer solution and secondary wastewater
effluent. Results from this study provide scientific basis for
developing biocatalysis as an innovative advanced treatment
alternative to remove parabens and reduce their estrogenic
activity in water reclamation.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents. The structure and

physicochemical property of parabens used in this study are
summarized in Supporting Information (SI) Table S1.Methyl 4-
hydroxybenzoate (methylparaben, MePB), ethyl 4-hydroxyben-
zoate (ethylparaben, EtPB), propyl 4-hydroxybenzoate (pro-
pylparaben, PrPB), butyl 4-hydroxybenzoate (butylparaben,
BuPB), benzyl 4-hydroxybenzoate (benzylparaben, BzPB), and
4-hydroxybenzoic acid (4-HbA) were purchased from Sigma-
Aldrich (St. Louis, MO). Methyl 3-chloro-4-hydroxybenzoate
(monochlorinated methylparaben, Cl−MePB) and iso-propyl 4-
hydroxybenzoate (iso-propylparaben, i-PrPB) were purchased
from Alfa Aesar (Tewksbury, MA) and TCI (Tokyo, Japan),
respectively. The purity for all parabens is higher than 98%.
HEPES buffer, para-nitrophenyl acetate (pNPA), para-nitro-
phenyl butyrate (pNPB), D-(+)-galactose, bovine serum
albumin (BSA), and 17β-estradiol were supplied by Sigma-

Figure 1.Overview of the design of cell surface-displayed cutinase for biocatalytic degradation of parabens. (A) The 3D structure of the Fusarium solani
pisi cutinase (FsC). (B) The schematic diagram of the surface-displayed FsC. The FsC is fused with Aga2p subunit of the cell wall protein a-agglutinin
which is covalently linked to Aga1p subunit through two disulfide bonds.
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Aldrich (St. Louis, MO). Restriction enzymes, ligase, and
reagents for cloning work were obtained from New England
Biolabs (Beverly, MA).
2.2. Strains and Medium. S. cerevisiae EBY100 strain

(MATa ura 3−52 trp 1 leu2Δ1 his3Δ200 pep4:HIS3 prb1Δ1.6R
can1 GAL) (ATCC, Manassas, VA) was used as the host strain
for surface display system. Escherichia coli TOP10 strain was
used for recombinant DNA cloning and manipulation.
Recombinant E. coli TOP10 was cultured in Luria−Bertani
(LB) medium supplemented with 100 mg/L ampicillin. S.
cerevisiae strains were cultivated in yeast peptone dextrose
(YPD) medium or synthetic complete medium without
tryptophan (SC-Trp).
2.3. Construction and Preparation of SDFsC Biocata-

lyst.Themicrobial strains and plasmids in this study are listed in
SI Table S2. The CUT1 gene encoding the cutinase from a
fungal plant pathogen, F. solani pisi, was codon-optimized for
functional expression in S. cerevisiae and synthesized by
Genscript (Piscataway, NJ). The signal peptide and stop
codon of the CUT1 were excluded. The CUT1 was cloned
into the pCTcon2 plasmid backbone with NheI and BamHI
restriction enzyme sites at the 5′ and 3′ ends, respectively (SI
Figure S1A). The plasmid was transformed into E. coli TOP10
competent cells, followed by screening on LB agar plates with
100 mg/L ampicillin. Plasmid extraction from E. coli TOP10
cells was then conducted using the QIAprep Spin Miniprep Kit
(QIAGEN Inc., Germantown, MD). The resulting recombinant
plasmid was confirmed using Sanger sequencing and named as
pCTcon2-FsC (SI Figure S1B). Transformation of pCTcon2-
FsC into S. cerevisiae EBY100 strain was performed using the
LiAc/PEG method.48 The control strain was constructed by
transformation of empty pCTcon2 without CUT1 gene into S.
cerevisiae EBY100. Yeast transformants harboring pCTcon2-FsC
were selected on SC-Trp agar plates and single colonies were
isolated to obtain as the SDFsC biocatalyst.
To prepare active SDFsC biocatalyst, the yeast cells harboring

pCTcon2-FsC were first cultured in SC-Trp liquid medium for
∼30 h to reach their early stationary growth phase. Then, the
cells were pelleted by centrifugation and inoculated into fresh
SC-Trpmedium supplemented with 20 g/L D-(+)-galactose and
2 g/L dextrose and grown in flasks at 260 rpm and 30 °C to
induce expression of the target enzyme. After ∼18 h cultivation
(when OD600 = 3−4), the induced cells were harvested by
centrifugation and washed three times using 10 mM HEPES
buffer (pH 7). Yeast cells with pCTcon2 backbone as negative
control cells were grown and induced in parallel.
2.4. Enzyme Activity Assay. The enzyme activity of the

SDFsC was determined by colorimetrically measuring the
hydrolysis rate of para-nitrophenyl ester using a method adapted
from a previous study.49 Briefly, 20 μL of SDFsC was added to
180 μL of 10mMHEPES buffer (pH 7) containing 5mMpNPA
and 10% DMSO. The increase of absorbance at 405 nm due to
the hydrolytic release of para-nitrophenol (ε 405 nm = 6225
M−1 cm−1) wasmonitored every 2min for 30min at 30 °Cunder
continuous shaking condition in a Synergy HT microplate
reader (BioTek, Winooski, VT). A blank control was set up by
adding all the reagents except SDFsC, and the background
hydrolysis rate of pNPA obtained from blank control was
subtracted from each assay. The enzyme activity was calculated
and expressed in units (U), where 1 U is defined as the amount
of enzyme required to catalyze 1 μmol of substrate per minute
under the given assay conditions. All measurements were
performed in triplicates.

2.5. Immunofluorescence Assay. The immunofluores-
cence assay was performed to determine the functional
expression and appropriate localization of cutinase. The method
was slightly modified from previously published protocols,50,51

and described in detail in the SI.
2.6. Paraben Degradation Experiments. The paraben

degradation experiments using SDFsC as the biocatalyst were
performed in 14 mL test tubes at 30 °C with 260 rpm shaking.
Each tube contained 5 mL of 10 mMHEPES buffer (pH 7) with
10 mg/L each kind of paraben and 0.2 U/mL SDFsC. At
predetermined time intervals, aliquots of solution were sampled
and immediately centrifuged to separate the SDFsC from
solution, and the supernatants were collected for quantifying
paraben concentration. Negative control experiments were also
conducted in parallel using yeast cells harboring the empty
pCTcon2 plasmid without surface display of FsC. Reactions
with no yeast cells was set up as abiotic control. Triplicates were
conducted for all experiments.
Degradation experiments in actual wastewater effluent with

low concentrations of parabens were also performed. The
wastewater effluent samples were collected from the outlet of
secondary clarifier from the municipal wastewater treatment
plant in South Bend, IN. The detailed characteristics of the
effluent sample were listed in SI Table S3. The effluent was
filtered through a 0.2 μm poly(ether sulfone) membrane, and its
pH was adjusted to 7.0. The degradation experiments were
performed in 14 mL test tubes containing 5 mL of wastewater
effluent with either single or mixture of parabens. The
concentration of each paraben in single or mixture for
degradation was chosen as 800 μg/L to mimic the environ-
mentally relevant real-world scenario.2,18 The working enzyme
activity of SDFsC added was 0.2 U/mL, which was consistent
with that in the degradation experiments in HEPES buffer.
Abiotic and negative controls were included, and all experiments
were conducted in triplicate.
Kinetic studies were performed for analyzing the degradation

process of parabens and the reactions were found to fit the
pseudo-first order kinetics.52

− =C
t

kC
d
d (1)

(1)Where k is the pseudo-first order reaction rate coefficient and
C is the paraben concentration at time t.

2.7.Molecular Docking.Molecular docking was conducted
to simulate the binding modes of each paraben to FsC using
Autodock 4.2.53 The 3D crystal structures of FsC (PDB ID:
1OXM) was obtained from RCSB (Research Collaboratory for
Structural Bioinformatics) Protein Data Bank (http://www.
rcsb.org/pdb) and then refined by the removal of the ligand and
water molecules, addition of missing hydrogens and computa-
tion of Gasteiger charges. The structural models of parabens
were generated by ChemDraw 16.0 and the energy minimiza-
tion was performed using the molecular mechanics method
(MM2). Then, rotations and torsions for parabens as the ligands
were automatically set in the Autodock Tools (ADT). A 3D
affinity grid of 40 × 40 × 40 Å centered around the binding
active site cavity of FsC with 0.375 Å space between grid points.
The Lamarckian genetic algorithm (LGA) was employed for
determining the binding of parabens with FsC. Other docking
parameters were set to defaults, including a medium number of
2.5 million energy evaluations, a population size of 150, a
maximum of 2700 generations, a mutation rate of 0.02, and
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crossover rate of 0.8. For each simulation, at least 10
independent docking runs were performed.
2.8. Estrogenic Activity Assessment. The estrogenic

activity of parabens and their degradation products were
determined using a recombinant yeast two-hybrid estrogen
screening (rYES) assay as previously described.54 Specifically,
the S. cerevisiaeW303α with the deletion of the pleiotropic drug
resistance gene (PDR5) was cotransformed with pG/ER and
pUCΔSS-ERE plasmids for the expression of the human
estrogen receptor α (ERα) and estrogen-inducible β-galactosi-
dase reporter, respectively. The strain was cultivated in the SC-
Trp-Ura medium at 30 °C with shaking at 260 rpm overnight.
Then, the yeast cells were collected and grown in fresh SC-Trp-
Ura medium with an initial OD600 of 0.08 at 30 °C with shaking
at 260 rpm. After the OD600 reached 0.1, the yeast cells were
harvested by centrifugation and subsequently exposed to the
parent paraben or the degradation solutions at 30 °C with
shaking at 260 rpm for 2 h. Then, 100 μL of the exposed culture
was mixed with 100 μL of Gal-screen in Buffer B (Applied
Biosystems Inc., Foster City, CA) in an opaque 96-well
microplate and incubated at room temperature for another 2
h. The chemiluminescence produced by the activity of β-
galactosidase was quantified by the Synergy HT microplate
reader. The 17β-estradiol was included as a positive control. All
the assays were performed in triplicates.
2.9. Analytical and Instrumental Methods. Quantifica-

tion of paraben concentration was performed by using a high-
performance liquid chromatography system (Waters Alliance
2690, Milford, MA) equipped with a 2996 photodiode array
(PDA) detector using an Eclipse XDB-C18 column (Agilent
Technologies, Santa Clara, CA). A mixture of methanol and
water (v/v = 60:40) was used as the mobile phase with a flow
rate of 1 mL/min at 25 °C. The analytes were detected by the
PDA detector at the wavelength of 260 nm.
Analysis of the paraben degradation products was carried out

by using a Dionex Ultimate 3000 Rapid Separation ultra-
performance liquid chromatography (UPLC) system equipped
with a Dionex Ultimate 3000 PDA coupled with a Bruker
MicrOTOF-Q II quadrupole time-of-flight hybrid mass
spectrometer. Chromatographic separations were performed
on aDionex Acclaim RSLC 120 C18 column (2.2 μm, 120 Å, 2.1
mm i.d. × 100 mm) at 40 °C with flow rate of 0.4 mL/min. The
mobile phase (A = 0.1% formic acid in water; B = 0.1% formic

acid in acetonitrile) gradient consisted of 95%A/5% B for 2min,
followed by a 11min linear gradient to 0%A/100%B, an 0.1 min
linear gradient to 95% A/5% B, and then 95% A/5% B for 1.9
min. The Bruker electrospray ionization source was operated in
the negative ion mode with the following parameters: end plate
offset voltage =−500 V, capillary voltage = 2200 V, and nitrogen
as both a nebulizer (5 bar) and dry gas (10.0 L/min flow rate at
220 °C temperature). Mass spectra were accumulated over the
mass range 100−1600 Da at an acquisition rate of 5000 per
second.

3. RESULTS AND DISCUSSION

3.1. Functional Display of FsC on Yeast Cell Surface.
The surface display of FsC is built on the yeast a-agglutinin
system that consists of Aga1p and Aga2p protein subunits (SI
Figure S1C). These proteins possess an N-terminal secretion
signal sequence for localizing to the cell surface and a C-terminal
glycosylphosphatidylinositol (GPI) attachment sequence for
anchoring to cell wall.55 The gene expression cassette in the
recombinant plasmid contained the CUT1 gene encoding the
FsC, and two downstream genes encoding the human influenza
hemagglutinin (HA) epitope tag and Aga2p respctively and was
regulated by the GAL1 promoter (SI Figure S1B). Upon
induction by galactose, theCUT1 fused with HA epitope tag and
Aga2p is expressed, and the N-terminal secretion signal
sequence of the Aga2p would subsequently guide the fusion
protein to transport outside the cell. Finally, the fusion protein
would be automatically immobilized on the yeast cell surface
through two disulfide bonds covalently linking the Aga2p to the
Aga1p which is attached to the cell wall via the GPI anchor (SI
Figure S1C).
The correct surface display of FsC on the yeast cells was

confirmed by immunofluorescence labeling technique. The HA
epitope tag can bind to the primary anti-HA tag antibody,
followed by the binding to the secondary FITC-conjugated
antibody with green fluorescence. The SDFsC after induction
and labeling exhibited green fluorescence on the cell surface
when observed under fluorescence microscope, and it also
showed strong fluorescence intensity (Figure 2A). In contrast,
the fluorescence intensity of noninduced SDFsCwas the same as
the background signal of the PBS buffer negative control.
Additionally, the enzyme activity of SDFsC was quantified by
measuring the hydrolysis rate of pNPA, a model substrate

Figure 2. Surface display of functional FsC on yeast cells. (A) Fluorescence intensity of SDFsC cells before and after induction. Inset: Fluorescence
microscopy of induced cells with SDFsC labeled with fluorescent antibody. (B) Enzyme activity of SDFsC normalized to the dry cell weight of yeast
cells. N.D. denotes not detectable. The experiments were conducted in triplicates and values represent the mean ± standard error.
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commonly used for hydrolase activity assay.56,57 The SDFsC had
the enzyme activity of 228 ± 14 U/g dry cell weight, whereas
there was no detectable activity for control yeast cells harboring
empty pCTcon2 after induction (Figure 2B). These results
demonstrated that functional FsC was successfully expressed on
the yeast cell surface.
We further characterized the fundamental enzyme kinetic

properties of the SDFsC biocatalyst using the Michaelis−
Menten model:

= [ ] + [ ]V V S K S/( )max m (2)

where V is the initial reaction rate, Vmax is the maximum reaction
rate at saturating substrate concentration, [S] represents the
substrate concentration, Km is the Michaelis−Menten constant,
representing the substrate concentration at which the reaction
rate reaches to 50% of Vmax. The assays were performed under
the same reaction condition as the enzyme activity test using two
common p-nitrophenyl ester substrates for cutinase, pNPA and
pNPB, at the concentration ranging from 200 to 8000 μM and
from 100 to 3000 μM, respectively.
The enzyme kinetics for SDFsC fitted the Michaelis−Menten

model (SI Figure S2). The Km values of the SDFsC for pNPA
and pNPBwere 3.1± 0.5mM and 0.67± 0.15mM, respectively,
which are well consistent with the values tested using the
isolated and purified free FsC reported in previous research (3.0
± 0.7 mM and 0.47 ± 0.03 mM for the pNPA and pNPB,
respectively),58 indicating that surface display of FsC did not
substantially influence the interactions between the substrates
and enzyme. The observation was in agreement with prior
reports regarding the advantage of the cell surface display
strategy compared to conventional enzyme immobilization
approaches: enzyme cell surface display could reduce mass
transfer limitations because the enzyme is exposed to external
environment and could directly interact with the substrate.40,59

The data suggest that the SDFsC has greater affinity toward
pNPB than pNPA. TheVmax for pNPBwas almost twice as much
as that for pNPA (SI Figure S2), which means that the SDFsC
could catalyze the conversion of pNPB at a faster rate than that

of pNPA. The enzyme kinetics data indicate that the hydrolytic
activity of SDFsC for the p-nitrophenyl ester with longer chain
length (e.g., four carbon atoms in pNPB) would be higher than
the one with shorter chain length (e.g., two carbon atoms in
pNPA). Similarly, it was reported that when using purified FsC
to hydrolyze triglyceride analogues, the enzyme activity
increased as the acyl chain length increased from 1 to 4 carbon
atoms.60

3.2. Structure-Dependent Degradability of Parabens
by SDFsC. Considering that the substrate structure variations
might affect the degradation activity, we chose a series of
commonly used parabens with different side chain structures (SI
Table S1) to access their degradation by SDFsC. They include
parabens with an alkyl side chain of varied lengths (e.g., MePB,
EtPB, i-PrPB, PrPB, and BuPB) and one with an aromatic side
chain, BzPB, all of which have been widely found in both
municipal sewage and natural water environments.2,8 In
addition, a chlorinated paraben, Cl−MePB, was also included
since it is a chlorinated derivative commonly generated during
the disinfection process in wastewater treatment. It was found
that chlorinated paraben byproducts were more toxic and
recalcitrant than their parent compounds.6,61,62 The degradation
experiment results showed that only ∼3% of MePB was
degraded by the SDFsC after 24 h, but the degradation
efficiency of EtPB was substantially higher (∼20%) though still
at a relatively low level (Figure 3). In a sharp contrast, the
SDFsC could effectively degrade PrPB and BuPB with an
efficiency of 89% and 97%, respectively after 24 h. In
comparison, it was reported that the UVC or UVC/H2O2
system removed ∼50%−60% of PrPB and BuPB in previous
research,63,64 suggesting the high efficacy of SDFsC in treating
these two kinds of parabens. Besides, as for the paraben with an
aromatic side chain BzPB, the degradation efficiency was 93% at
24 h, suggesting that the SDFsC can also effectively degrade this
kind of paraben. No degradation was observed for all the
parabens by the control yeast cells without expressing FsC on
their surface (SI Figure S3). A small amount of adsorptionmight
contribute to the paraben concentration decrease in the

Figure 3.Degradation efficiencies of different parabens by the SDFsC. The initial paraben concentration was 10mg/L. Experiments were conducted in
HEPES buffer (pH 7) with 0.2 U/mL SDFsC. The experiments were conducted in triplicates and values represent the mean ± standard error.
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experiments with control cells: 0.8% for MePB, 1.7% for Cl−
MePB, 2.4% for EtPB, 2.9% for i-PrPB, 8.5% for PrPB, 13.8% for
BuPB, and 18.2% for BzPB. Also, the paraben degradation by the
SDFsC was further investigated by analyzing the reaction
kinetics using linear regression method. According to the kinetic
parameters in SI Figure S4 and Table S4, the degradation of all
parabens followed the pseudo-first order reaction, similar to the
observation when using AOPs to remove parabens.19,52 The
reaction rate coefficients were 0.0013 h−1, 0.009 h−1, 0.092 h−1,
and 0.143 h−1 for MePB, EtPB, PrPB, and BuPB, respectively,
increasing with their alkyl side chain length. These results
suggest that the parabens with relatively long alkyl side chain
(e.g., PrPB and BuPB) would be preferentially degraded by the
SDFsC compared to the ones with relatively short alkyl side
chain (e.g., MePB and EtPB). Currently, no existing research
data are available on the cutinase-mediated paraben degrada-
tion, but a study characterizing an esterase from Aspergillus
oryzae also reported an elevated enzyme activity toward
parabens as their alkyl side chain length increased.65

Additionally, the Cl−MePB exhibited improved degradation
efficiency compared to its parent compound MePB (SI Figure
S3A and B), with a reaction rate coefficient five times higher than
that of MePB (SI Figure S4 and Table S4). Chlorinated
parabens are normally found to be more recalcitrant than their
parent compounds in ozonation processes,6 but our data
indicated that biocatalysis by the SDFsC would favor the
degradation of chlorinated parabens. The results suggest that
biocatalysis could be a promising treatment alternative to
degrade chlorinated parabens and future work to this end is
worthwhile to pursue. Notably, the SDFsC also showed
stereoselectivity to the paraben isomers PrPB and i-PrPB.
Nearly 90% of PrPB was degraded after 24 h. whereas only 4% of
i-PrPB was removed (Figure 3A and SI Figure S3D), which
could be due to that the paraben isomers have different
interactions with the FsC active site. In summary, the results
demonstrate that the degradability of different parabens by the
SDFsC is structure-dependent.
3.3. Molecular Interactions of FsC with Parabens. To

gain further insights into the structure-dependent degradability
of parabens by the SDFsC, molecular docking analysis was
performed to investigate the molecular interactions between
FsC and different parabens. Molecular docking is a useful tool
for simulating and predicting the interaction of an enzyme of
interest with the substrate molecule in biocatalysis.66−68 The 3D

crystal structure of FsC is shown in SI Figure S5, and the paraben
molecules were docked into its catalytic active site cavity. FsC
has a classic catalytic triad as its active site, which consists of
SER120, ASP175, and HIS188, and it also has an oxyanion hole
that comprises two main-chain nitrogen atoms from SER42 and
GLN121.69−71 In the enzyme biocatalysis, the oxyanion hole
plays a crucial role in stabilizing the transition state of the
substrate and lowering the activation energy, which facilitates
the reaction.32 Binding of the substrate carbonyl group with the
oxyanion hole is essential for initiating the reaction catalyzed by
FsC.69 When the carbonyl group is held in the place of oxyanion
hole composed of SER42 and GLN121, it will undergo a
nucleophilic attack from the side chain oxygen of SER120 which
is deprotonated by the proton shuttle HIS188, and this serves as
the starting step for the enzyme biocatalysis.71 Therefore, a
structure is considered to be correctly docked for catalytic
reaction if the carbonyl headgroup of parabens interacts with the
oxyanion hole and is also within the appropriate distance (1.5−
3.0 Å) to SER120 hydroxyl group for nucleophilic attack.72

The representative binding complexes between FsC and
various parabens are illustrated in SI Figure S6. According to
these docked structures, the carbonyl oxygen of all parabens
formed two hydrogen bonds with the peptidic amine groups of
SER42 and GLN12, respectively. Meanwhile, their carbonyl
carbon was at an ideal catalytic distance from SER120 (2.6−2.9
Å). Also, these modeled molecular interactions are similar to the
crystallographic binding patterns between FsC and other
substrates in previous studies,71,73 suggesting the accuracy of
the docking method used herein. The binding energies for
correctly docked complex structures of FsC with different
parabens were calculated (Figure 4). The binding energy values
for parabens with different alkyl side chains were: MePB (−4.28
kcal/mol) < i-PrPB (−4.52 kcal/mol) < EtPB (−4.74 kcal/mol)
< PrPB (−5.00 kcal/mol) < BuPB (−5.15 kcal/mol), indicating
that the binding of different parabens with FsC generally became
stronger as their side chain size increased. Furthermore, the
trend of binding energies for these parabens with different alkyl
side chains was in a good agreement with that of their reaction
rate coefficients for degradation by SDFsC (Figure 4A). For the
BzPB with an aromatic side chain, its binding energy and
reaction rate coefficient are both higher than parabens with alkyl
side chain except BuPB. A good correlation between the binding
energy and reaction rate coefficient was also observed for MePB
and its chlorinated derivative, Cl−MePB (Figure 4B). These

Figure 4. Correlation of binding energy between FsC and parabens with the degradation kinetics of parabens. (A) Parabens with different alkyl or
aromatic side chains. (B) Parent MePB and its chlorinated derivative Cl−MePB.
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results showed that the degradability of different parabens
generally increased with their binding energy with FsC. Similar
trends were also reported for other enzyme−substrate
interactions. For example, Arun et al. reported that pyrene
with the highest binding interaction with ligninolytic enzymes
also showed the maximum degradation efficiency compared
with other polycyclic aromatic hydrocarbons.74 More recently, it
was also found that the mutant poly(ethylene terephthalate)
(PET) degrading enzyme was capable of hydrolyzing PETmore
efficiently than the wild-type enzyme, which might be attributed
to its higher binding energy with the substrate as modeled by
molecular docking.75 In summary, the structure-dependent
degradability for parabens by the SDFsC could result from their
different binding abilities with FsC, which directly influences the
interaction between paraben and the active site cavity and thus
degradation efficiency.
3.4. Estrogenic Activity of Paraben Degradation

Products. We quantified the estrogenic activities of parabens
and their degradation products to determine how biocatalytic
degradation by the SDFsC would reduce the risk of endocrine
disrupting effects of the contaminants. The estrogenic activity of
17β-estradiol, a natural estrogen steroid hormone to human
ERα, was measured in parallel as a positive control in the rYES
assay (SI Figure S7A). Because PrPB, BuPB, and BzPB could be
efficiently removed by the SDFsC and they were also previously
reported to have stronger estrogenic activity than other paraben
analogues,15 these three parabens were used to evaluate the
estrogenic activity during the degradation by the SDFsC. The
EC50 values for PrPB, BuPB, and BzPB were 2.78 × 10−6, 1.39 ×
10−6, and 1.26 × 10−6 M, respectively, as determined by their
dose−response curves (SI Figure S7B), which were close to the
results reported previously,76 validating the assay performed
herein. Figure 5 shows that the estrogenic activity of each

paraben was significantly reduced along the degradation process
and was almost eliminated after 24 h. The results suggest that the
degradation catalyzed by the SDFsC could effectively deactivate
the estrogenic effects of these parabens. Watanabe et al. also
found that the estrogenic activity of BuPB was considerably
diminished when treated with rat liver microsomes, probably
due to the hydrolytic effect of carboxylesterase.15

To better understand the degradation mechanism, we
analyzed the degradation products of PrPB, BuPB, and BzPB
after 10 h incubation using UPLC coupled with PDA detector
and MS. The chromatograms showed that there was a new peak
representing the degradation product at the retention time of
around 4.2 min besides the parent parabens (at the retention
time of 7.4−7.9 min) for all the three parabens (SI Figure S8B−
D). This new peak had an identical retention time to the
commercial 4-HbA standard (SI Figure S8A). The mass
spectrometric fragmentations of the degradation product and
4-HbA standard were shown in SI Figure S9. The precursor ion
of the degradation product with the m/z value of 137 Da is the
[M−H]− fragment of the 4-HbA with a molecular weight of 138
Da. Therefore, based on the matched chromatograms and MS
spectra, the paraben degradation product could be identified as
the 4-HbA. The data indicate that the ester bond of parabens is
cleaved by SDFsC via the hydrolysis pathway, yielding 4-HbA
and the corresponding alcohols, which have negligible estro-
genic activity.15,77 Besides the endocrine disrupting effect, prior
studies have reported that 4-HbA exhibited no significant
toxicity to a variety of organisms using both in vivo and in vitro
acute or chronic toxicity tests.78,79 For example, 4-HbA showed
no remarkable cytotoxicity in mitochondrial dysfunction toward
the rat hepatocytes.80 Also, no evidence of blood damage or
histological changes in mice tissues was observed when treated
with 4-HbA through oral, intravenous, and intraperitoneal
administration.81 Collectively, the SDFsC could degrade the
harmful parabens into environmentally benign product.

3.5. Paraben Degradation by SDFsC under Environ-
mentally Relevant Conditions. Experiments on the degrad-
ability of parabens by the SDFsC in actual wastewater effluent
were performed, with themotivation to examine the feasibility of
the biocatalytic process as an advanced treatment alternative in
water reclamation. Secondary wastewater effluent sample was
collected from South Bend Wastewater Treatment Plant. PrPB,
BuPB, and BzPB were selected considering their efficient
removal by the SDFsC in HEPES buffer solution and relatively
high endocrine-disrupting effects as discussed above. It is worth
mentioning that the degradation experiments were not only
performed for single paraben system but also for mixture of
parabens (i.e., mixture of PrPB and BuPB as well as mixture of
PrPB and BzPB) because they are frequently used as a blend in
personal care products and detected concomitantly in waste-
water.2,3 For comparison, experiments using HEPES buffer
under the same incubation conditions were conducted in
parallel.
As shown in Figure 6, the SDFsC could effectively degrade the

three parabens, whether for the single paraben or their mixtures,
in both the HEPES buffer solution and wastewater effluent
matrix. More than 98% of PrPB and all of BuPB and BzPB were
removed within 48 h incubation, and their degradation profile
followed the pseudo-first order kinetics (SI Figure S10).
Comparing the degradation kinetics between the wastewater
effluent matrix and HEPES buffer, the degradation rate for PrPB
was only slightly lower in wastewater effluent than in HEPES
buffer, and there was no significant difference (t test, P > 0.05)
observed for BuPB or BzPB degradation between the two
systems (SI Figure S10 and Table S5). The results suggest that
the wastewater effluent matrix condition had negligible adverse
impacts on the performance of the SDFsC. A previous study on
characterizing purified FsC also reported that there was no
significant inhibition from some metal ions commonly found in
wastewater, such as Mn2+, Co2+, Ni2+, Mg2+, Cu2+, and Ca2+, on

Figure 5. Estrogenic activity during the paraben degradation by the
SDFsC. The estrogenic activity is presented as the percentage response
normalized by the maximum activity of 17β-estradiol observed at the
concentration of 1 × 10−7 M. The experiments were conducted in
triplicates and values represent the mean ± standard error.
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the enzyme activity,82 and this feature is advantageous when
using FsC in wastewater treatment. Furthermore, the SDFsC
also exhibited excellent performance in the degradation of
parabenmixtures, and the degradation efficiency and kinetics for
each paraben in the mixture were almost the same with those in
the single compound solution (Figure 6 and SI Figure S10 and
Table S5). Research on removal of mixed parabens is quite
scarce so far.19,83 In a previous study using UVC and UVC/
H2O2 treatment processes, it was found that the degradation for
each paraben was retarded in the mixture compared to that in
the single compound system.83 In contrast, the enzymatic
degradation of parabens by the SDFsC had similar efficiencies in
single and mixture systems, suggesting the capability and
feasibility of SDFsC in treating concomitant parabens in
wastewater.
An important and desirable feature of the SDFsC for practical

application in wastewater treatment lies in its reusability, which
would considerably lower the operation cost. The SDFsC, which
can be essentially viewed as biocatalytic microparticles with the
size of 5−10 μm, will be easily recovered from aqueous solutions
by simple filtration, and the collected biocatalyst then can be
reused. To determine the reusability of SDFsC, we performed
repeated batch experiments for degrading 800 μg/L BuPB with
an initial amount of SDFsC equivalent to 0.2 U/mL enzyme
activity. At the end of each cycle of the degradation experiment,
the SDFsC cells were pelleted by centrifugation, resuspended
and washed in HEPES buffer solution. The washing steps were
repeated for three times and then the SDFsC cells were used
again for the next cycle of experiment. As shown in SI Figure
S11, the relative degradation efficiency after six cycles of reaction
still retainedmore than 90% compared to that in the initial cycle.
The results demonstrate that the SDFsC has good stability in
reuse and such feature would be advantageous in developing
cost-effective treatment technology for practical use.

4. ENVIRONMENTAL IMPLICATIONS

This study created a novel biocatalyst based on surface display of
a fungal cutinase on yeast cells using synthetic biology and
demonstrated successful enzyme-mediated removal of parabens
for the first time. The SDFsC could catalyze efficient
degradation of parabens and considerably mitigate their
endocrine disrupting activity, especially for the ones with
relatively long alkyl or aromatic side chains which are of greater
concern for their risks to human health and ecosystems.84 The
biocatalytic process is distinct from existing methods (e.g.,
membrane processes, AOPs) in that it operates at ambient
temperature and pressure without need to add other chemical
reagents or high energy input, and the SDFsC biocatalyst could
be recovered and reused. As demonstrated in this study, the
SDFsC biocatalyst could perform well in real-world secondary
effluent, which holds great promise for eventually developing an
efficient and cost-effective technology as an innovative advanced
treatment alternative in water reclamation. The biocatalytic
treatment could either operate alone or in combination with
other treatment technologies for a polishing step. A recent study
on perchlorate treatment also reported that enzyme biocatalysis
would be more competitive than existing methods in terms of
costs and environmental impacts.26 Future work will develop a
biocatalytic reactor system for continuous processes while
retaining the biocatalyst in the system for easy recovery and
reuse.
Additionally, it is worth noting that cutinases have a wide

range of substrates33 and hold great promise for enzymatic
degradation of various environmental pollutants other than
parabens. Cutinase-mediated degradation could be exploited for
contaminants which have ester bonds in their structure and have
reduced risks after hydrolysis of ester bonds.85 Examples include
recalcitrant polyester and polyamide plastics,37 fats, oils, and
grease (FOG) generated from the waste of kitchen cooking and

Figure 6.Degradation of parabens by the SDFsC inHEPES buffer and secondary wastewater effluent. The initial paraben concentration was 800 μg/L.
Experiments were conducted in HEPES buffer or wastewater effluent at pH 7 with 0.2 U/mL SDFsC. (A) Single PrPB. (B) Single BuPB. (C) Single
BzPB. (D)Mixture of PrPB and BuPB. (E)Mixture of PrPB and BzPB. The experiments were conducted in triplicates and values represent the mean±
standard error. Error bars indicating standard deviations are not visible when smaller than the symbol size.
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food processing,86 and ester plasticizers used in material
processing.87 With the proof-of-concept demonstration of
using SDFsC as a novel biocatalyst for parabens, similar
biocatalytic treatment processes for a broader array of
contaminants as mentioned above could be developed in future
work, opening up new opportunities of using enzyme
biocatalysis as a green chemistry alternative to address more
environmental challenges.
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