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A procedure was developed to assess the biodegradation of micropollutants in cell-free lysates produced
from activated sludge of a municipal wastewater treatment plant (WWTP). This proof-of-principle
provides the basis for further investigations of micropollutant biodegradation via native enzymes in a
solution of reduced complexity, facilitating downstream protein analysis. Differently produced lysates,
containing a variety of native enzymes, showed significant enzymatic activities of acid phosphatase, b-
galactosidase and b-glucuronidase in conventional colorimetric enzyme assays, whereas heat-
deactivated controls did not. To determine the enzymatic activity towards micropollutants, 20 com-
pounds were spiked to the cell-free lysates under aerobic conditions and were monitored via LC-ESI-MS/
MS. The micropollutants were selected to span a wide range of different biodegradabilities in
conventional activated sludge treatment via distinct primary degradation reactions. Of the 20 spiked
micropollutants, 18 could be degraded by intact sludge under assay conditions, while six showed
reproducible degradation in the lysates compared to the heat-deactivated negative controls: acetamin-
ophen, N-acetyl-sulfamethoxazole (acetyl-SMX), atenolol, bezafibrate, erythromycin and 10,11-dihydro-
10-hydroxycarbamazepine (10-OH-CBZ). The primary biotransformation of the first four compounds can
be attributed to amide hydrolysis. However, the observed biotransformations in the lysates were
differently influenced by experimental parameters such as sludge pre-treatment and the addition of
ammonium sulfate or peptidase inhibitors, suggesting that different hydrolase enzymes were involved in
the primary degradation, among them possibly peptidases. Furthermore, the transformation of 10-OH-
CBZ to 9-CA-ADIN was caused by a biologically-mediated oxidation, which indicates that in addition to
hydrolases further enzyme classes (probably oxidoreductases) are present in the native lysates. Although
the full variety of indigenous enzymatic activity of the activated sludge source material could not be
restored, experimental modifications, e.g. different lysate filtration, significantly enhanced specific
enzyme activities (e.g. >96% removal of the antibiotic erythromycin). Therefore, the approach presented
in this study provides the experimental basis for a further elucidation of the enzymatic processes un-
derlying wastewater treatment on the level of native proteins.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Biological wastewater treatment is targeted towards the
removal of phosphorous, nitrogen and organic substances by the
metabolic activity of a diverse activated sludge microbial commu-
nity. More precisely, it is based on the versatile catalytic activity of
themicrobial enzymes. It is generally recognized that themetabolic
potential of microorganisms and especially of bacteria is immense.
Despite the manifold experimental evidence that microbial isolates
Ltd. This is an open access article u
are able to transform a large variety of xenobiotics (Abu Laban et al.,
2009; Kolvenbach et al., 2014), analytical surveys have shown that
many polar organic micropollutants such as pharmaceuticals, bio-
cides and personal care products are not or incompletely removed
in conventional wastewater treatment (Daughton and Ternes,
1999). As a consequence, micropollutants and their trans-
formation products (TPs) are released into rivers and streams, from
where some even pass into ground water and drinking water,
potentially causing adverse effects on aquatic ecosystems and hu-
man health (Garcia-Rodriguez et al., 2014).

This raises the question whether it might be possible to achieve
a more complete degradation of micropollutants in biological
wastewater treatment and other engineered systems by exploiting
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the metabolic potential of complex microbial communities.
Although it is known, that the expression and kinetics of the
metabolic potential are strongly dependent on environmental
conditions, there is still little information on the enzymatic pro-
cesses underlying microbial micropollutant degradation and their
dependency on technical and physicochemical parameters (e.g.
sludge age, redox conditions, temperature).

Efforts to characterize the microbial community and its func-
tion on a molecular level have been hindered by the huge
complexity of activated sludge and the dynamics of the waste-
water treatment process (wastewater composition, seasonal
changes, geographical differences, etc.). In the past decade, at least
some of these methodological limitations were overcome through
the advent of high-throughput sequencing techniques. As in many
other research areas, the rapid increase in sequence information
pushed forward techniques which facilitated the elucidation and
systemic understanding of biodegradation pathways. These
techniques were also applied to wastewater treatment to varying
extents, ranging from qPCR (Helbling et al., 2012b) to FISH (Ettwig
et al., 2009; Lolas et al., 2012), metagenomics (Martin et al., 2006)
or metatranscriptomics (Helbling et al., 2012a), 16S-amplicon
based taxonomic community profiling (Vanwonterghem et al.,
2014) and metaproteomics (Collado et al., 2013; Hansen et al.,
2014; Wilmes et al., 2008).

The abovementioned molecular techniques are state-of-the-art
for the identification of candidate organisms, genes or gene prod-
ucts (transcripts, enzymes) likely to be involved in micropollutant
biotransformation. The advantage of these molecular techniques is
that they avoid culturing biases as they are directly applicable to
complex environmental samples. Meta-omics methodologies
furthermore aspire to characterize the entire pool of genes or gene
products present in a community at a given time, to establish sta-
tistical associations with biotransformations. These meta-omics
techniques, however, still depend on the results of biochemical
experiments with extracted, native enzymes to establish causality
to micropollutant biotransformation (Johnson et al., 2015).

Studies with native enzymes originating from specialized or
pure cultures help to reliably assign function to unknown proteins,
thereby improving database annotations (Mills et al., 2015) and
mechanistic understanding of degradation processes (Prior et al.,
2009; Xu et al., 2015). However, pure or enriched laboratory cul-
tures cannot provide reliable information about the diversity and
activity of the enzymes actually involved in micropollutant degra-
dation under environmental conditions. Therefore, the exact
identities, organismal origins and subcellular localizations of the
involved candidate enzymes in situ are still largely unknown.
Furthermore, the variety of enzymes (and organisms) and the
metabolic or co-metabolic nature of the biotransformation of a
certain micropollutant remain unclear (Fischer and Majewsky,
2014).

To unravel the complex biodegradation processes in environ-
mental systems, it is therefore essential to complement meta-omic
studies with experiments using native, i.e. active enzymes from
environmental samples (Arnosti et al., 2014). Studies of native
activated sludge enzymes so far mainly focused on enzymes which
are thought to convert conventional wastewater substrates like
organic and inorganic nitrogen and phosphorous compounds.
These are predominantly hydrolytic enzymes such as peptidases
(formerly known as proteases (Barrett et al., 2013)), phosphatases,
glucosidases, and lipases, which are being monitored via robust
colorimetric or fluorometric assays based on the turnover of
commercially available substrate derivatives (Burgess and
Pletschke, 2008a; Cort�es-Lorenzo et al., 2012; G�omez-Silv�an et al.,
2013). Also some non-hydrolytic enzymes, e.g. catechol dioxyge-
nases have been assayed, relying on the use of proxy substrates
(Grekova-Vasileva and Topalova, 2009; Khunjar et al., 2011).
Conventional assays rely on a comparable transformation of the

target analytes and the structurally similar (but not identical) proxy
substrates and are commonly used to measure individual enzyme
activities in (pre-treated) intact sludge flocs (Burgess and Pletschke,
2008a; Gessesse et al., 2003; Yu et al., 2007). These heterogeneous
samples, consisting of viable and dead cells, EPS and other com-
ponents (Arnosti et al., 2014; Flemming and Wingender, 2010) are
however dynamic micro-environments, which challenges the
analysis of enzymatic transformation processes. Cell-free systems
produced via cell disruption, centrifugation and filtration steps
therefore might be more appropriate to study enzymatic variety
and activity as they simplify the complex environment and elimi-
nate dynamic cellular processes.

Studies with extracted native enzymes from activated sludge are
rare and so far mainly focused on the extraction of specific enzymes
from the sludge EPS, which were then monitored with selected
reporter assays (Gessesse et al., 2003; Nabarlatz et al.). This
approach neglects the involvement of intracellular enzymes, which
inarguably exhibit a high metabolic versatility for the degradation
of micropollutants (Fischer and Majewsky, 2014).

The critical step for the establishment of cell-free systems is the
transfer of (native) enzymes from the activated sludgematrix into a
buffered, particle-free solution where they are tangible for down-
stream protein analytical techniques like (native) fractionation and
purification, activity testing, enzymatic digestion/modification and
identification techniques (e.g. proteomics). The extraction of solu-
ble proteins from disrupted microbial cells naturally leads to a loss
of functionality, since extraction efficiencies vary for different
proteins, such as e.g. integral membrane enzymes, which cannot be
co-extracted without greater experimental efforts (Speers and Wu,
2007).

Therefore, the aims of this study were to:

(i) produce native cell-free lysates from activated sludge with
measurable enzymatic activity towards micropollutants and
without intentional bias towards intra- or extracellular en-
zymes, but focusing on soluble enzymes,

(ii) develop an assay method for the degradation of micro-
pollutants allowing for the simultaneous monitoring of a
multitude of enzyme activities using the target compounds
themselves (not substrate proxies),

(iii) assess the variety of the observable enzymatic reactions for a
set of diverse micropollutants in dependence of experi-
mental parameters.
2. Material and methods

2.1. Chemicals

Detailed information on the chemicals, their CAS numbers,
standards and solvents used for this study is provided in the
supporting information (SI).
2.2. Experimental procedure and modifications

The tested experimental conditions are referred to by the
experimental ID (1e16) throughout the document. The basic pro-
cedure is described below, modifications of the basic procedure are
summarized in Table A.1. Fig. 1 illustrates the basic workflow and
the location of the modifications therein. Detailed information on
the modifications can be found in the SI.
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2.3. Sampling & processing of activated sludge

Activated sludge samples were collected from a German
municipal wastewater treatment plant serving 320,000 population
equivalents (Koblenz-Wallersheim, daily flow rate: 61,000 m3, hy-
draulic retention time: 12 h, sludge retention time: 12 d). The
sludge (total suspended solids (TSS): 4 gTSS L�1, total organic carbon
(TOC) per gram dry weight of sludge: 0.3 gTOC gdw sludge

�1 , pH 6.8) was
transported to the laboratory within 30 min and stored at 4 �C or
handled on ice from that point on. Cell lysis was carried out within
1 h of sampling and was preceded by a concentration step, inwhich
sludge was centrifuged for 6 min at 3500 g in a swing-bucket rotor
(HeraeusMultifuge 4 KR, rotor LH-4000). The supernatant was then
discarded and the sludge pellets were washed and resuspended
with HN-buffer (50 mmol L�1 HEPES, 50 mmol L�1 NaCl, pH 7.4).
For usage in cell lysis the pellets were resuspended in 2 mL HN-
buffer per gram pellet resulting in a TSS of ~19 gTSS L�1. For usage
as positive control in a target analyte assay the pellets were diluted
to the original sludge TSS with HN-buffer. Afterwards, all sludge
samples were mechanically homogenized for 2 min at 20,000 rpm
(IKAWorks Ultra-Turrax T8).
2.4. Production of a basic cell lysate

Using the reporter assays as indicators, a basic method for lysate
production comprising only the most necessary processing steps
was established (experiments 1e3, Fig. 1). This method was
modified (Table A.1) to test the influence of single experimental
parameters on enzymatic activities, which were assessed using the
target analyte assay.

Ultrasonication (physical disruption) was applied as a standard
method for the disruption of microbial cells from activated sludge.
Cell lysis was performedwith a sonicationmicrotip (BandelinMS73
connected to ultrasonic transducer HD3100) at 10 mm immersion
depth in 50 mL tubes filled with 25 mL of concentrated sludge
(~19 gTSS L�1 in HN-buffer). Sonicationwas applied to the ice cooled
samples with a power density of 1 W/mL for 10 min (net) in in-
tervals of 15 s with 15 s breaks to avoid sample heating.

Cell debris was removed by centrifugation for 20 min at
14,000 rpm, 4 �C (Sigma 3K30, rotor 19776-H) and the supernatant,
i.e. the crude cell lysate, was then filtered through 0.2 mm syringe
filters (Whatman 25 mm GD/X polyethersulfone (PES) membrane
with glass microfiber prefilter) to remove residual cells or cell
debris. The resulting cell-free lysate (in HN-buffer) was kept on ice
at all times and analyzed the same day.
2.5. Assays

All assay types (protein, reporter enzyme and target analyte
degradation assay) were scaled down and optimized to fit 96-well
microplates for a higher sample throughput, parallelization and a
more economical use of samples and reagents. Microplates were
measured spectrophotometrically in a multimode microplate
reader (Tecan infinite 200 pro). For all enzyme assays heat-
deactivated samples (15 min incubation at 100 �C) were run as
negative controls. If not indicated otherwise, samples were
measured in triplicate and controls in duplicate.
Fig. 1. Illustration of the basic workflow and location of the modifications therein.
The locations of the modifications (4e16) in the basic workflow (described in sections
2.3e2.5) are marked in green and summarized in Table A.1. More detailed information
is provided in the SI. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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2.5.1. Protein concentration
Protein concentrations were measured using the bicinchoninic

acid (BCA) method according to Smith et al. (1985). To limit the
interference of co-extracted biomolecules like humic substances
with protein quantification, cell lysates were diluted five-fold with
water (5 ml cell lysate with 20 ml water) prior to measurements (Ras
et al., 2008). After the addition of BCA solution (200 ml reagent, A:B
ratio: 25:1 (BCA protein quantitation kit, Interchim Uptima)) assays
were incubated at 37 �C for 30min. Bovine serum albumin (BSA)was
used as a protein standard and absorbancewasmeasured at 562 nm.

2.5.2. Reporter enzyme activity
All of the applied enzyme activity assays utilize analogues of

their natural substrates derivatized with p-nitrophenol (pNP) for
spectrophotometric quantification. Solutions of pNP in the
respective buffers served as standard. The assays (100 ml substrate
solutionwith 20 ml of cell lysate) were incubated at 37 �C for 1 h and
then stopped by addition of 0.5 mol L�1 NaOH (100 ml). Absorbance
was measured at 405 nm for all reporter enzyme assays and all
samples were analyzed in quadruplicate. The absorbance readings
of the negative controls were deducted from the respective samples
to yield the corrected activity. One unit (U) of enzyme activity was
defined as the amount of enzyme in 1mL solution forming 1 mg pNP
per hour at 37 �C.

Phosphatase activity. For measurements of (acid) phosphatase
activity the substrate solution contained 23 mmol L�1 p-nitro-
phenyl phosphate in 20 mmol L�1 bis-tris buffer (pH 6.0).

Galactosidase activity. For measurements of b-galactosidase ac-
tivity the substrate solution contained 3mmol L�1 p-nitrophenyl b-
D-galactopyranoside in 50 mmol L�1 phosphate buffer (pH 7.4).

Glucuronidase activity. For measurements of b-glucuronidase
activity the substrate solution contained 3 mmol L�1 p-nitrophenyl
b-D-glucuronide in 50 mmol L�1 phosphate buffer (pH 7.4).

2.5.3. Target analyte degradation
Target Analytes. A set of 20 selected low sorbing (solid-water

partitioning coefficients between 0.01 and 0.5 L gTSS�1 (Falås et al.,
2016)) organic micropollutants which are present in conventional
WWTPs were used as target analytes in the assays (see Table A.2).
These micropollutants were selected to span a wide range of
different biodegradabilities in conventional activated sludge sys-
tems, including e.g. N-acetyl-sulfamethoxazole (acetyl-SMX) and
acetaminophen (>90%), atenolol, codeine, 10,11-dihydro-10-
hydroxy-carbamazepine (10-OH-CBZ), iopromide, bezafibrate and
diclofenac (30e90%) as well as fluconazole and carbamazepine
(<30%) (Joss et al., 2006; Onesios et al., 2009). Since the antiepi-
leptic drug carbamazepine is usually not significantly removed in
municipal WWTPs, it served as an “internal negative control”.

Assay procedure. The assays were carried out in low protein
binding 96-well plates (Greiner non-binding F-bottom plates) with
each sample consisting of 100 ml cell lysate spiked with 20 ml an-
alyte mix (0.1 ng ml�1 per analyte dissolved in water). The resulting
spike concentration in the sample was 16.7 mg L�1 per analyte. To
prevent changes in analyte concentration due to evaporation of the
small sample volumes, the assays were conducted in a climate
chamber operated at a temperature of 30 �C and a relative humidity
of 100%. The plates were incubated for a duration of 3 days (72 h)
with destructive sampling at 5 time points (<30 min, 4e8 h, 24 h,
48 h, 72 h) and gravimetrical control of sample volumes. Exemplary
measurements showed that the oxygen saturation of the samples
was above 80% during the incubation period. For the samples of
each time point a separate 96-well plate was used to enable inde-
pendent sample handling. Every tested experimental conditionwas
represented through triplicate samples and one negative control
(heat-deactivated lysate, incubation for 15min at 99 �C, 300 rpm) at
each time point (i.e. each plate) resulting in 15 samples plus 5
negative controls per condition and assay. Intact activated sludge
flocs were used as a positive control (see section 2.3) and analyzed
in triplicate for every time point to verify that degradation was still
observable under assay conditions and to give a representation of
the optimally expectable activities. During sample preparation the
plates were kept on ice and after addition of cell lysate, negative
and positive controls the analyte mix was added simultaneously to
all samples (t0). The plates were then sealed with a breathable
sealing film (breathe easy sealing-membrane, Sigma-Aldrich)
which allows gas exchange (oxygen, carbon dioxide and water) and
was moved to the climate chamber for incubation. At the specified
time points deactivation of all samples in the respective plate was
carried out simultaneously through incubation of the plate for
15 min at 99 �C at 300 rpm. Therefore, the breathable sealing film
was replaced by a non-breathable, heat-stable sealing film (Roti-
labo microtest plate sealing film, 50 mm, C. Roth) which was tightly
adhered to the plate using a rubber roller. The first sampling (t1)
was carried out 5e30 min after t0 and was later used to determine
the initial analyte concentration in the respective series of mea-
surements. After sample deactivation each plate was centrifuged
for 7 min at 2500 g (Hettich Universal 320 R, Rotor 1460) to collect
condensate and precipitate sludge flocs in the positive controls.
Exact 100 ml of each sample were then transferred into 1.5 mL tubes
and stored at 4 �C until further usage.

2.6. Sample preparation and analysis of target compounds

The deactivated samples were diluted with ultrapure water and
a labelled surrogate mix was added (15 ml sample, 270 ml water,
15 ml surrogate mix) to a final concentration of 0.83 mg L�1 analyte
mix and 0.2 mg L�1 surrogate mix. A sample aliquot of 80 ml was
then analyzed via reversed-phase liquid chromatography (Agilent
1260 Series, Agilent Technologies) coupled to electrospray mass
spectrometry (LC-ESI-MS/MS; AB SCIEX TripleQuad™ 5500 mass
spectrometer, Applied Biosystems). For chromatographic separa-
tion a Zorbax Eclipse XDB-C18 column (2.1 � 150 mm, 3.5 mm) was
used following a method described in detail in Rühmland et al.
(2015). Human metabolites of carbamazepine and their TPs were
analyzed using a method described by Kaiser et al. (2014).

2.7. Statistical analysis

Statistical analysis of TSS, protein yield and assay data was car-
ried out using R 3.2.0. Significant differences between samples and
negative controls as well as between basic lysates and different
assay conditions were calculated by pairwise comparisons using
the “pairwise.t.test” function with Bonferroni correction. For TSS,
protein yield and the conventional reporter assays, comparisons are
based on replicate values. To increase statistical sensitivity, pair-
wise comparisons for target analyte degradation assays are based
on the degradation rate constants of first order kinetics (indicated
as prc) rather than removal values. Degradation rate constants for
target analyte assays were determined by regression analysis of log
transformed data against time using the “lm” function. The range
stated behind mean values (e.g. 59 ± 5%) indicates the standard
deviation.

3. Results & discussion

3.1. Characterization of native cell lysates with conventional
reporter assays

Four conventional colorimetric assays (see section 2.5) were used
as proxies for protein concentration (BCA assay) and general



D. Krah et al. / Water Research 95 (2016) 348e360352
enzymatic activity (acid phosphatase, b-galactosidase, b-glucuroni-
dase), to optimize the lysate production procedure. With increasing
duration and intensity of sonication the gained protein concentra-
tion increased, while the relative phosphatase activity (per protein)
decreased (Figure SI 1). Therefore, as a compromise between
maintaining enzymatic activity and maximizing protein yield, an
intermediate sonication duration (10 min (net) in intervals of 15 s
with 15 s breaks) and an intermediate sonication intensity (1W/mL)
were used to produce a basic cell lysate (see section 2.4). To assess
the enzymatic activity of this basic cell lysate, three lysates produced
from sludge sampled at different days were tested in separate assays
(1e3, Table 1). Whereas technical replicates (intra-day) of all four
conventional assays showed little variation (relative standard devi-
ation (RSD) < 5%, also see Figure SI 2), biological replicates (inter-
day) showed a higher variation of protein concentration
(RSD ¼ 13%), even though TSS values of the concentrated sludge
used for cell lysis did not (RSD ¼ 5%). This reflects the dynamic
composition of activated sludge, even if originating from the same
municipal WWTP. To consider the variations of the protein content
during the optimization of the extraction procedure, the results of
the reporter enzyme assays were normalized to the respective
protein concentration. Details on the variations of TSS values and
protein concentrations are being discussed in the SI.

All lysates showed significant enzymatic activity in the three
reporter enzyme assays, whereas heat-deactivated negative con-
trols did not. Glucuronidase and galactosidase activity largely
showed similar trends whereas phosphatase activity showed
opposing trends in some lysates. Furthermore, galactosidase and
glucuronidase activity generally seemed to be more sensitive to
experimental changes (four-fold change in activity) than phos-
phatase activity (two-fold change) (Table 1). One possible expla-
nation for this varying effect might be that the involved enzymes
differ in their (extra-)cellular localizations. In fact, the enzyme as-
says were initially chosen to distinguish between mostly intracel-
lular (b-galactosidase (Agerkvist and Enfors, 1990) and b-
glucuronidase (Bitton, 2005)) and extracellular activity (acid
phosphatase (Jansson et al., 1988)) to observe the enrichment of
cellular protein in preliminary studies. The hypothesis is further
supported by the strong impact of pre-treatment procedures (5e7),
which utilize different combinations of EDTA addition, ultra-
sonication and pressure filtration to deplete extracellular material
(EPS), including exoenzymes. After pre-treatments 5 and 6 all three
enzyme activities were reduced by 30e60% compared to the basic
lysate (p < 0.001), while the third pre-treatment (7) led to a marked
increase of glucuronidase activity from 10.0 ± 1.5 to 15.4 ± 0.9 U/mg
protein (þ54%, p < 0.001). This increase could mean, that in pre-
treatment 7 a successful enrichment of cellular biomass was
Table 1
Characterization of differently produced lysates with conventional reporter assays. Si
stars (p¼ ns� 0.05� * > 0.01� **> 0.001� ***). TSS: total suspended solids of the concen
determined by the BCA assay (n ¼ 3). All enzyme activities (n ¼ 4) were corrected for
centration; PI: peptidase inhibitors; AS: ammonium sulfate; US: ultrasonication; PF: pre

ID Category Condition Addition of PI TSS Protein concen

[g/L] [mg/mL]

1 Basic lysate Sludge A 19.1 ± 0.6 1.06 ± 0.02
2 Basic lysate Sludge B 18.0 ± 0.2 0.86 ± 0.03
3 Basic lysate Sludge C 18.9 ± 0.3 1.05 ± 0.04

Mean (basic lysates 1e3) 18.7 ± 0.9 0.99 ± 0.13
5 Pre-treatment +EDTA x 24.6 ± 0.5*** 1.29 ± 0.05***

6 Pre-treatment �EDTA x 28.7 ± 0.9*** 1.20 ± 0.03**

7 Pre-treatment +EDTA/US/PF x 26.3 ± 0.6*** 0.98 ± 0.05ns

8 Additives PI x 19.1 ± 0.6ns 0.83 ± 0.01ns

9 Additives AS x 19.1 ± 0.6ns 1.12 ± 0.01ns

10 Lysis method Bead beating 18.0 ± 0.2ns 0.44 ± 0.04***

11 Filtration No prefilter 18.9 ± 0.3ns 1.12 ± 0.04ns

12 Filtration Unfiltered 18.9 ± 0.3ns 1.25 ± 0.11***
achieved through depletion of EPS in contrast to pre-treatments 5
and 6. While the definite prove of this hypothesis was beyond the
scope of this study, the results show, that different sludge pre-
treatments change the composition of the sludge and concomi-
tantly the enzyme activity of the resulting lysates.

Interestingly, the lysate produced via bead beating (10), despite
its significantly lower protein concentration, showed a relative
enzymatic activity elevated by 13e67% in all assays compared to
the basic lysate (p < 0.01). This could imply a better maintenance of
enzymatic activity compared to the ultrasonication protocol.

In summary, none of the tested modifications led to significant
improvements in all four categories, compared to the basic lysate,
although some had pronounced effects on the lysates protein
concentration and individual reporter enzyme activities. Therefore,
it seems appropriate to avoid the application of strongly biasing
procedures (e.g. sludge pre-treatments), if the aim is to produce
lysates containing a native variety of active enzymes. Due to the
inconsistency of the observed trends it also became apparent that
the overall enzymatic variety of a lysate and its activity towards
micropollutants is difficult to assess with a small range of proxy
endpoints. As a consequence, an assay for the target analytes (i.e.
micropollutants) themselves was developed to further investigate
the enzymatic activity of cell-free lysates and the impact of
experimental parameters.

3.2. Micropollutant degradation potential of intact activated sludge
(i.e. positive control)

To determine the enzymatic activity towards micropollutants,
20 compounds were spiked to the cell-free lysates under aerobic
conditions and were monitored via LC-ESI-MS/MS over 72 h. The
micropollutants were selected to span a wide range of different
biodegradabilities observed in conventional activated sludge
treatment via distinct primary degradation reactions (see 2.5.3).

To determine the detectable enzymatic activity of the activated
sludge towards micropollutants under assay conditions, washed
and homogenized intact sludge flocs were used as a positive control
in every assay (see section 2.3). Sevenmicropollutants (acesulfame,
acetaminophen, acetyl-SMX, acyclovir, atenolol, bezafibrate,
benzophenone-4 (BZP-4)) showed a complete primary degradation
(below the limit of quantification (LOQ)) in the positive controls,
while two (carbamazepine, fluconazole) were persistent and the
remaining 11 compounds were removed to varying degrees (Fig. 2).
These results are in accordance with the degradation potential of
activated sludge from conventional WWTPs (Joss et al., 2006;
Onesios et al., 2009). To confirm that the removal could be attrib-
uted to biological activity, heat-deactivated controls were run for
gnificant differences compared to the mean of the basic lysates 1e3 are indicated by
trated sludge used for cell lysis (n¼ 3); Protein: protein concentrations of the lysates
their respective negative control and normalized with the respective protein con-
ssure filtration.

tration Phosphatase activity Galactosidase activity Glucuronidase activity

[U/mg protein]

38.0 ± 1.0 12.9 ± 0.4 9.6 ± 0.2
40.0 ± 1.8 17.4 ± 0.8 9.2 ± 0.5
35.3 ± 1.5 15.7 ± 0.6 11.1 ± 0.6
37.8 ± 4.7 15.3 ± 2.8 10.0 ± 1.5
21.7 ± 0.9*** 6.0 ± 0.4*** 5.5 ± 0.3***

25.4 ± 0.7*** 5.7 ± 0.2*** 4.7 ± 0.1***

23.6 ± 1.2*** 16.2 ± 0.8ns 15.4 ± 0.9***

35.2 ± 0.4* 11.6 ± 0.3*** 7.5 ± 0.1***

44.1 ± 0.5*** 7.2 ± 0.2*** 5.9 ± 0.2***

43.5 ± 3.9*** 25.6 ± 2.3*** 11.3 ± 1.1**

39.4 ± 1.4ns 16.5 ± 0.6ns 11.3 ± 0.6**

39.5 ± 3.6ns 16.3 ± 1.4ns 11.3 ± 1.0**
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several of these experiments (5, 6, 7, 8). These controls did not show
a significant removal of any of these 20 compounds, except for
clarithromycin and erythromycin. The removal of these two com-
pounds in the positive controls and the respective negative controls
therefore seems to be caused, at least partially, by abiotic effects.
The absence of such effects in the cell-free lysates and their
respective negative controls suggest sorption to the sludge flocs as
mode of action.

Altogether, the positive controls confirm that the activated sludge
used for lysate production possesses the enzymatic machinery
necessary to transformmicropollutants under assay conditions.

3.3. The influence of experimental parameters on lysate activity
towards micropollutants

To assess the potential of the basic lysate (without modifica-
tions) for micropollutant degradation identically produced lysates
from activated sludge sampled on different days were tested in
separate assays (1e3). Micropollutant degradation was confirmed
by dissipation of the target compound and in some cases (10-OH-
CBZ, acetyl-SMX, atenolol, erythromycin) additionally by the for-
mation of TPs. The degradation of a compound was evaluated only,
when its degradation rate constants (Table SI 3) in the active lysate
significantly differed from those in the respective heat-deactivated
negative control. For compounds which met these requirements,
pairwise comparisons between experimental parameters were
performed on the basis of degradation rate constants (significance
indicated as prc, see section 2.7).

The removal percentages for seven selected compounds are
summarized in Table 2. Out of 18 micropollutants which were
degraded in the positive controls, five compounds (acetaminophen,
acetyl-SMX, atenolol, bezafibrate, 10-OH-CBZ) showed significant
degradation in the basic lysates (prc < 0.05).

The antiphlogistic acetaminophen exhibited a complete primary
degradation (<LOQ) within less than 4 h, not only in the basic lysate
(1e3), but also for all tested modifications of experimental pa-
rameters (4e16). The human metabolite acetyl-SMX was also
transformed in extracts of all experiments, but in contrast to
acetaminophen its percentage of transformation varied for
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Fig. 2. Removal (%) of the 20 spiked compounds in positive controls of intact
sludge flocs after 48 h of incubation. Each box represents triplicate samples from four
separate positive controls (n ¼ 12) run with sludge sampled on different days. The
small square is the mean value, the solid line in the box is the median, the box edges
are the 25th and 75th percentiles, and the whiskers are the fifth and 95th percentiles.
different modifications (34 e >94% removal) in comparison to the
basic lysates (59 ± 5% removal). The original antibiotic sulfameth-
oxazole (SMX) was generated via amide hydrolysis in all experi-
ments (as shown in Fig. 3 for selected experiments). Furthermore,
the beta-blocker atenolol (26 ± 6% removal) and the lipid regulator
bezafibrate (20 ± 8% removal) were degraded to a lesser but sig-
nificant extent in the basic lysates (prc < 0.05). The degradation of
atenolol was accompanied by formation of atenolol acid (see Fig. 3),
which is in accordance with literature reporting atenolol acid as the
major primary biological transformation product of atenolol
(Barbieri et al., 2012; Radjenovi�c et al., 2008). The concomitant
formation of atenolol acid strongly indicated the transformation of
atenolol by biologically mediated amide hydrolysis. The trans-
formation of 10-OH-CBZ was statistically not significant for all but
one basic lysate (2). However, the formation of 9-carboxylic acid
acridine (9-CA-ADIN), which has been identified as one of the
major TPs of the main human metabolite 10-OH-CBZ (Kaiser et al.,
2014), confirmed its degradation in the other basic lysates and
under the conditions shown in Fig. 3.

The reduced enzymatic variety of the basic lysates, compared to
the activated sludge controls, raised the question, to which extent
the range of activities could be improved by simple experimental
measures. Therefore the basic workflow was modified at different
steps (Fig. 1) to test their individual impact on enzymatic activity
and variety. The following section provides a concise overview over
the results, more detailed information is provided in the SI.

While the impact of some experimental modifications was
negligible (freeze/thaw cycles, number and concentration of ana-
lytes), others significantly influenced the degradation of individual
micropollutants. Different sludge pre-treatments (5e7) utilizing
combinations of EDTA addition, ultrasonication and/or pressure
filtration increased the degradation of acetyl-SMX in lysates 5e7,
but impaired the removal of atenolol and bezafibrate at the same
time. In all five experiments with added peptidase inhibitors (5e9),
the removal of atenolol and bezafibrate was impaired in compari-
son to the basic lysate. The degradation of acetaminophen (>85%),
however, was not affected in the presence of peptidase inhibitors,
while acetyl-SMX showed varying removal from 34 to >94%. Even
though the primary degradation reaction of all four compounds is
an amide hydrolysis, their degradation seems to be affected
differently by the added inhibitors (see section 3.4).

Ammonium sulfate addition (9) strongly enhanced the degra-
dation of acetyl-SMX to >94% (compared to the basic lysates with
59 ± 5%), probably due to the stabilization of specific proteins
through “salting-in” effects (Richard, 2009).

Cell disruption via bead beating (10) showed promising trends
regarding the maintenance of enzymatic activity. Even though the
amount of protein released through bead beating was significantly
lower than for sonication (see section 3.1), the enzymatic activity of
both lysates was comparable.

Modifications of the lysate filtration had the biggest impact,
since they increased the rate and number of degraded compounds.
While the basic lysates, which were filtered through a 0.2 mm PES
syringe filter with integrated glass microfiber prefilter, exhibited no
significant erythromycin removal, the compound was completely
removed (>96%, prc < 0.001) in unfiltered lysates (12) and lysates
prepared with 0.2 mm PES syringe filters without integrated pre-
filter (11). Abiotic effects could be excluded since the respective
negative controls showed no significant removal. These findings
strongly indicate that certain proteins (e.g. enzymes degrading
erythromycin) are being retained in the glass microfiber prefilters
which were integrated in the routinely used syringe filters. This is
further supported by the increased formation of the TPs atenolol
acid and 9-CA-ADIN in experiments without prefilter (11/12), as
depicted in Fig. 3. While the unfiltered lysate (12) might contain



Table 2
Removal (in %) of seven selected micropollutants in cell-free lysates in dependence of experimental parameters. Only results �10% removal with significantly different
removal rate constants from the negative control (prc < 0.05) are depicted. a substance was removed below its limit of quantification (see Table SI 1), b removal was <10%, slash
(/) indicates that removal rate constants were not significantly different from negative control; n/a indicates that this substance was not spiked in the respective assay. US:
ultrasonication, PF: pressure filtration, PI: peptidase inhibitors, AS: ammonium sulfate.

ID Category Condition Addition of PI Removal [%]

Acetaminophen Acetyl-SMX Atenolol Bezafibrate Codeine 10-OH-CBZ Erythromycin

1 Basic lysate Sludge A >85a 56 ± 4 24 ± 2 19 ± 4 / / /
2 Basic lysate Sludge B >85a 64 ± 1 31 ± 3 24 ± 4 / 25 ± 4 /
3 Basic lysate Sludge C >85a 56 ± 2 24 ± 5 18 ± 6 / / /

Mean (basic lysates 1e3) >85a 59 ± 5 26 ± 6 20 ± 8 / / /
4 Basic lysate Freeze/thaw >85a 59 ± 6 22 ± 1 21 ± 10 / / /
5 Pre-treatment +EDTA x >85a 74 ± 4 17 ± 8 10 ± 7 / / /
6 Pre-treatment �EDTA x >85a 74 ± 4 18 ± 6 b / / /
7 Pre-treatment +EDTA/US/PF x >85a 74 ± 1 / / / / /
8 Additives PI x >85a 34 ± 3 / / / / /
9 Additives AS x >85a >94a b b / / /
10 Lysis method Bead beating >85a 46 ± 5 28 ± 4 34 ± 2 b / /
11 Filtration No prefilter >85a 62 ± 4 42 ± 5 31 ± 6 / / >96a

12 Filtration Unfiltered >85a 53 ± 8 54 ± 16 25 ± 14 / / >96a

13 Analyte mix Reduced >85a n/a 31 ± 8 n/a / n/a n/a
14 Spike Low >85a 67 ± 11 22 ± 6 23 ± 4 / / /
15 Spike High >85a 58 ± 5 29 ± 4 28 ± 2 / / /
16 Cofactor NADH >85a 37 ± 2 b b / / /
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residual cells or sludge flocs, lysate 11 and all other lysates should
be cell-free after filtration through 0.2 mm PES membranes. Ac-
cording to the manufacturer the glass microfiber prefilters have
Fig. 3. Effect of selected experimental conditions on the degradation of three (aec) p
diagrams) in cell-free lysates. Ratios of molar concentrations for acetyl-SMX (a), atenolol
cursor compounds were spiked at a concentration of 16.7 mg L�1. The numbers in brackets re
triplicates, which were sampled destructively.
larger pore sizes (ca. 0.7e10 mm) than the subjacent PES mem-
branes (0.2 mm), therefore proteins are probably retained by spe-
cific adsorption to the borosilicate glass surface rather than by size
arent compounds (left diagrams) and the formation of their primary TPs (right
(b) and 10-OH-CBZ (c) primary transformation from experiments in which all 20 pre-
fer to the experimental ID in Table 2. Each time point represents individually, incubated
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exclusion. These results show that different filter materials (even
low protein binding ones) can have a significant effect on specific
enzyme activities and therefore need to be evaluated prior to bio-
assays and protein analysis.

To test if the addition of cofactors could improve the degrada-
tion of compounds, the common enzyme cofactor NADHwas added
(16) as last experimental modification. NADH as an unbound
organic cofactor (i.e. coenzyme) was selected from the multitude of
existing cofactors as it is utilized by many oxidoreductases which
are known to participate in micropollutant degradation such as
monooxygenases (e.g. cytochrome P450 oxidases), dioxygenases
and dehydrogenases (Jindrova et al., 2002; Pieper et al., 2004;
Summers et al., 2011). Cofactor regenerating systems, which are
frequently applied for the in situ deployment of nicotinamide co-
factors (Kenneke et al., 2008; Weckbecker et al., 2010) were ruled
out, as their highly active recombinant enzymes might exhibit ac-
tivity towards micropollutants and cover the effects of endogenous
activated sludge enzymes. However, the addition of NADH did not
improve the degradation of analytes. On the contrary, the degra-
dation of atenolol and bezafibrate were negligible in the presence
of NADH. One reason for this might be a competitive inhibition of
the degrading enzyme(s) through NADH, since the coenzyme also
contains an amide function and therefore could serve as a substrate.

The list of the tested experimental parameters makes no claim
to be complete and further parameters, e.g. the addition of mild
detergents for the solubilization of membrane proteins, are being
tested in ongoing experiments. Furthermore, the impact of some
parameters such as lysis conditions, choice of cofactors, and the
impact of various peptidase inhibitors have to be evaluated more
systematically. The results illustrate, however, that single parame-
ters can have pronounced effects on individual activities, but none
or even opposing effects on others.

Furthermore, it became apparent that none of the tested con-
ditions could restore the full enzymatic activity of intact activated
sludge in a cell-free lysate. From 18 compounds which were
degraded by intact activated sludge (Fig. 2), 12 compounds (e.g.
acesulfame, acyclovir, codeine, BZP-4) were not degraded in cell-
free lysates under any condition. Potential reasons for this reduc-
tion of enzymatic variety, such as a lack of interaction partners or
membrane proteins, are discussed in section 3.5. On the other hand
these results also demonstrate that cell-free lysates with significant
enzymatic activity towards micropollutants can be produced and
assayed reproducibly, as shown for six micropollutants (acet-
aminophen, acetyl-SMX, atenolol, bezafibrate, 10-OH-CBZ and
erythromycin).

3.4. Observed enzymatic reactions and potentially involved
enzymes

The primary degradation of the four compounds which were
significantly degraded in most experiments (acetaminophen,
acetyl-SMX, atenolol and bezafibrate) can be attributed to amide
hydrolysis. The marked differences in their degradation efficiency
in dependence of experimental parameters, especially the addition
of peptidase inhibitors, indicate the involvement of different hy-
drolytic enzymes in the primary degradation of the four com-
pounds. Acetaminophen and acetyl-SMX, which were degraded
fastest in all experiments, are both secondary amides and more
specifically belong to the group of anilides. This is in accordance
with studies from Helbling et al. (2010) where it was shown, that
anilides react significantly faster than other amides in sludge-
seeded bioreactors. According to the authors, this indicates the
presence of aryl-acylamidases (EC 3.5.1.13) with strong specificity
for mono- or unsubstituted anilide substructures.

The impaired degradation of atenolol and bezafibrate in the
presence of peptidase inhibitors (5e9) furthermore indicates that
also enzymes acting on peptide bonds (EC 3.4.-), i.e. peptidases, are
involved in amide bond hydrolysis of non-protein compounds in
activated sludge. The enzymes targeted by the inhibitors belong to
the class of endopeptidases which is further divided on the basis of
catalytic mechanisms. A cocktail of three peptidase inhibitors was
used in these studies: E-64 inhibits cysteine peptidases (EC 3.4.22)
mainly of the papain family (C1), AEBSF addresses many serine
peptidases (EC 3.4.21) of the chymotrypsin family (S1) and pep-
statin A is an inhibitor of aspartic peptidases (EC 3.4.23), especially
the pepsin family (A1). Hence, the enzyme(s) participating in the
degradation of atenolol and bezafibrate might belong to one or
several of these families. Altogether the Merops peptidase database
(accessed on 8.5.2015 (Rawlings et al., 2014)) lists 170 known
peptidases which are inhibited emostly irreversibly, but some also
reversibly e by the three used inhibitors (E-64: 70, AEBSF: 74,
pepstatin: 26). This list is not specific for microorganisms from
WWTPs, but contains peptidases of various taxonomic origins
(including mammalian) and demonstrates the high range of pep-
tidases which are affected by the inhibitors. This implies that many
more unknown enzymes might be affected, and thus it cannot be
excluded that the applied inhibitors also affect other, non-
endopeptidase enzymes in their catalytic activity. Nevertheless,
the impact of peptidase inhibitors on the degradation of atenolol
and bezafibrate provides information on the nature of the involved
enzymes and is a promising starting point for future studies.

The degradation of erythromycin indicates the presence of
another catalytic activity in experiments without prefilter (11/12),
since the molecule does not contain amide functions. The major
transformation product was identified as TP 734, resulting from a
dehydration of the parent compound. Llorca et al. (2015) found this
to be the main degradation product after enzymatic treatment of
erythromycin with purified EreB esterase from E. coli. The proposed
degradation pathway is an initial enzymatic hydrolysis of the
lactone ring ester followed by a condensation reaction. This strongly
indicates the presence of esterase(s) in the respective lysates and
therefore another hydrolytic activity (hydrolases acting on ester
bonds (EC 3.1.-)). Finally, the formation of 9-CA-ADIN shows that the
lysate also possessed the enzymatic potential for other degradation
reactions than amide hydrolysis. Kaiser et al. (2014) showed that the
initial reaction in the transformation pathway of 10-OH-CBZ is a
biologically-mediated oxidation of a secondary alcohol to a keto
group leading to the formation of oxcarbazepine, which is then
further transformed by several (abiotic) reactions to 9-CA-ADIN. The
exact nature of the involved enzyme(s) is still unclear, but it is
assumed that the oxidation is being catalyzed by oxidoreductases
acting on the CH-OH group of donors (EC 1.1.-), similar to the
degradation of e.g. codeine (Wick et al., 2011).

3.5. Enzymatic variety in cell-free lysates

Taking into account all enzymatic reactions observed so far
(including the conventional reporter enzymes), it is striking that
eight out of nine observed enzyme activities seem to belong to the
catalytic class of hydrolases (EC 3.-). Specifically: phosphatases (EC
3.1.-), galactosidases (EC 3.2.1.23) and glucuronidases (EC 3.2.1.31)
as well as putative peptidases (EC 3.4.-) and/or enzymes acting on
amide bonds, other than peptide bonds (EC 3.5.-) responsible for
acetaminophen, acetyl-SMX, atenolol and bezafibrate degradation.
Furthermore, esterases (EC 3.1.-) seem to be responsible for the
removal of erythromycin. Only in the degradation of 10-OH-CBZ a
non-hydrolase enzyme is responsible for the initial oxidation re-
action (presumably an oxidoreductase (EC 1.-)).

Other compounds, which showed reproducible primary degra-
dation in the positive controls, did not show visible degradation in
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cell-free lysates under any assay conditions. Interestingly, their
primary (aerobic) degradation reactions, if known from the litera-
ture, are not hydrolytic reactions: Codeine is being oxidized
(through oxidoreductases acting on the CH-OH group of donors (EC
1.1.-) (Wick et al., 2011)), trimethoprim undergoes an aryl methyl
ether cleavage (i.e. demethylation, probably catalyzed by mono-
oxygenases (EC 1.14.-)), acyclovir is being oxidized (by oxidore-
ductases of EC 1.1.- and 1.2.- (Prasse et al., 2011)), BZP-4 undergoes
redox reactions (Beel et al., 2013) and iodinated contrast media, i.e.
iomeprol and iopromide, are being acetylated after an initial
oxidation reaction (carboxy-lyases (EC 4.1.1.) (Kormos et al., 2010;
Schulz et al., 2008)).

These results raise the question why the observable enzymatic
variety of cell-free lysates is reduced compared to the activated
sludge source material and biased towards hydrolases e even if
they were not specifically targeted as in other surveys.

As mentioned previously, the lysis of microbial cells for the
extraction of soluble proteins naturally leads to a loss of function-
ality. The disruption of cellular compartmentation results in a
collapse of spatial protein organization and physicochemical gra-
dients (e.g. proton-gradients), which are essential for the interac-
tion and function of certain enzymes.

Additionally, membrane proteins will not be extracted with a
protocol focused on soluble proteins due to their hydrophobic na-
ture. Some membrane-anchored proteins might co-extract, but
without the use of detergents for solubilization, integral membrane
proteins are most likely not present in the cell-free lysates.

Furthermore, different enzyme classes, e.g. cytochrome P450s,
depend on cofactors such as coenzymes, prosthetic groups or metal
ions (Hannemann et al., 2007). These might be deprived during the
extraction process which could render enzymes inactive, even if
they are present in the cell-free lysates.

The predominiant activity of hydrolases in cell-free lysates could
therefore result from their insensitivity towards the above-
mentioned biases.

Some of the hypotheses for the reduced enzymatic variety in
cell-free lysates can be substantiated through a closer look at the
biochemical properties of hydrolases.

Hydrolysis is a relatively simple enzymatic reaction, which can
be catalyzed through the nucleophilic and acid-base properties of
the amino acids functional groups alone, while many more so-
phisticated enzymatic reaction types depend on interaction part-
ners and/or non-protein cofactors to aid in catalysis (Broderick,
2001). The Swiss-Prot database query (Fig. 4) provides a general
impression of the cofactor utilization of prokaryotic enzymes and
shows that it varies strongly between the different catalytic groups
of enzymes.While 72% of cofactor dependent oxidoreductases need
one or more coenzymes only 3% of hydrolases need more than
essential metal ions for catalysis. Only ligases utilize similarly few
coenzymes (9% of entries) as hydrolases, but most need energy
equivalents in the form of nucleoside triphosphates (e.g. ATP, GTP)
for their catalytic activity, which in this function are not considered
cofactors but rather cosubstrates.

Thus, the higher resilience of hydrolases might be due to their
independency of cofactors and other interaction partners, while
enzyme classes which strongly rely on the properties of cofactors to
complement their catalytic chemistry e like oxidoreductases,
transferases or lyases e might be inactivated in lysates due to their
depletion. This is in agreement with the results from this study, as
the transformations which are lost in the lysates compared to the
positive controls are presumably catalyzed by such enzyme classes
(EC 1, 2 and 4, see above).

Besides the higher resilience of hydrolases, their predominant
activity might be caused by a higher abundance in activated sludge,
as suggested by their important role in organic matter degradation
(e.g. Burgess and Pletschke, 2008b; Nabarlatz et al., 2012; Zhang
et al., 2015). Furthermore, a better extractability due to different
subcellular localization (extracellular enzymes might extract more
readily) compared to other enzyme classes is possible. The enor-
mous diversity of enzymes and organisms in environmental sam-
ples however makes it difficult to pinpoint a single reason for the
reduced enzymatic variety in cell-free lysates.

Nevertheless, this cell-free approach does provide some informa-
tion about the physicochemical characteristics of the enzyme(s)
involved in micropollutant degradation through the experimental
modifications contributing or withdrawing their activity. This infor-
mation can aid the subsequent characterization and isolation of spe-
cific enzymes and provide experimental insight in the characteristics
of micropollutant degrading enzymes from environmental samples.

Therefore, experiments with the systematic addition of co-
factors as well as for the solubilization of membrane proteins by
detergents are currently conducted. A final assessment of the
mentioned reasons for the reduced enzymatic variety of the lysates
(and its bias towards hydrolases) is however difficult without in-
formation on the abundance of enzymes in the lysates, indepen-
dently of their activity. Metaproteomic profiling of differently
produced lysates is therefore envisaged for consecutive studies.
This illustrates another benefit of the cell-free approach, which
allows the direct subsequent use of lysates for other protein
analytical techniques, thus comprising information on the presence
and activity of enzymes.
4. Conclusions

� This study demonstrates the production of cell-free lysates from
activated sludge which can directly transform micropollutants.
The reduced complexity of these lysates compared to activated
sludge facilitates the application of downstream protein
analytical techniques. This proof-of-principle provides the
experimental basis for further investigations of the enzymatic
processes underlyingwastewater treatment (e.g. micropollutant
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biodegradation), including the prospective identification of
molecular markers for treatment efficiency.

� Out of 18 compounds which were degraded in the positive
control (activated sludge), six showed degradation in the cell-
free extracts. While it was possible to significantly enhance
specific enzymatic activities (e.g. acetyl-SMX and erythromycin)
by modifying experimental parameters, the indigenous enzy-
matic activity towards micropollutants could not fully be
restored by any of the tested modifications. For future studies it
therefore seems promising to focus optimization strategies on
certain catalytic groups with common requirements (e.g. co-
factors, hydrophobicity, etc.), rather than to device a generic
method for all types of catalytic reactions.

� Different modifications in the extraction procedure, in particular
pre-treatments and buffer additives significantly enhanced the
enzymatic activity of some enzymes, while impairing others,
suggesting that such strongly biasing procedures should be
avoided if the aim is to compare the indigenous activity and
variety of enzymes from activated sludge.

� As the degradation assays are not restricted to designated
enzymatic reactions, the assessment of micropollutants with
different primary degradation reactions gives an impression of
the enzymatic variety of a cell-free lysate. However, themajority
of observed enzyme activities (8 out of 9, taking into account the
conventional assays) belong to the catalytic class of hydrolases,
while in the degradation of 10-OH-CBZ a non-hydrolase enzyme
is responsible for the initial oxidation reaction (presumably an
oxidoreductase). Thus, despite not being specifically targeted as
Table A.1
Modifications (4e16) to the basic workflow. The basic workflow is described in sections 2
of the modifications in the basic workflow are visualized in Fig. 1.

ID Category Condition Description

4 Basic lysate Freeze/
thaw

� Basic lysate was frozen in liquid nitrogen after filtration

5 Pre-
treatment

+EDTA � Sludge pellet was resuspended in 6 ml HEN-buffer (100
� 3� centrifugation and resuspension in HN-buffer to rem
� Final resuspension in 2 mL HN-buffer per gram pellet as
� Cell-lysis in the presence of PI (as 8)

6 Pre-
treatment

�EDTA � Sludge pellet was resuspended in 6 mL HN-buffer (no ED
� Following steps as in 5

7 Pre-
treatment

+EDTA/
US/PF

� Sludge pellet was resuspended in HEN-buffer (100 mM
sludge EPS

� Dilution with 3 vol HN-buffer and pressure filtration thr
� 3� centrifugation and resuspension in HN-buffer to rem
� Final resuspension in 2 mL HN-buffer per gram pellet as
� Cell-lysis in the presence of PI (as 8)

8 Additives PI � Addition of peptidase inhibitor cocktail (AEBSF 1 mM, E-

9 Additives AS � Addition of ammonium sulfate (final concentration: 2 %
� Cell-lysis in the presence of PI (as 8)

10 Lysis
method

Bead
beating

� 7 g of concentrated sludge (TSS ~19 g/L) were lysed via b
15 mL tubes filled with lysing matrix E (MP Biomedicals

11 Filtration No
prefilter

� Filtration of supernatant through different 0.2 mm syring

12 Filtration Unfiltered � No filtration of supernatant

13 Analyte
mix

Reduced � Spike of reduced analyte mix containing only 7 microp
Table A.1)

14 Spike Low � Spike of the 20 compound analyte mix at lower concent

15 Spike High � Spike of the 20 compound analyte mix at higher concen

16 Cofactor NADH � Addition of cofactor NADH (1.8 mM NADH and 1.25 mM
in other studies, the observable enzyme activities are biased
towards hydrolases.

� The primary transformation rates of four micropollutants with
amide hydrolysis (acetaminophen, acetyl-SMX, atenolol, beza-
fibrate) as primary reaction responded differently to individual
experimental parameters such as peptidase inhibitors. This
strongly suggests the involvement of different enzymes in their
primary degradation reactions, among them possibly pepti-
dases, and demonstrates that molecules with the same func-
tional group can be targeted by different enzymes. The future
challenge is to identify the enzymes responsible for the detected
activities. Potential approaches include enrichment experi-
ments, possibly followed by native fractionation, target analyte
degradation assays and metaproteomic profiling.
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.3e2.6 and a detailed description of the modifications is provided in the SI. Locations

and thawed prior to assay

mM EDTA) per gram pellet and stirred on ice for 3 h
ove residual EDTA and EPS
basic lysates 1e3

TA) per gram pellet and stirred on ice for 3 h

EDTA) as in 5 followed by mild sonication (0.3 W/mL for 5 min) on ice to disrupt

ough 5 mm nylon net filter to separate detached cells from residual flocs
ove residual EDTA and EPS
basic lysates 1e3

64 5 mM and pepstatin 1 mM) immediately before cell lysis

saturation) immediately before to cell lysis

ead beating (3 � 15 s at 6 m/s with 2 min incubation on ice in between cycles) in
)

e filters (Pall 32 mm Acrodisc Supor PES membrane) without prefilter

ollutants (17 mg/L) and excluding biocides and potential enzyme inhibitors (see

ration (1.7 mg/L)

tration (170 mg/L)

MgCl2)



Table A.2
Chemical structures of the spiked compounds and composition of the reduced spike in experiment 13.

Compound Spiked in 13 Structure Compound Spiked in 13 Structure

10,11-Dihydro-10-hydroxy-carbamazepine (10-OH-CBZ) Carbendazim

Acesulfame x Clarithromycin

Acetaminophen x Codeine x

Acetyl-sulfamethoxazole (acetyl-SMX) Diclofenac

Acyclovir Erythromycin

Atenolol x Fluconazole

Benzotriazole Iomeprol

Bezafibrate Iopromide x

Benzophenone-4 (BZP-4) Metoprolol x

Carbamazepine (CBZ) x Trimethoprim
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Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.watres.2016.03.037.
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