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Colorimetric determination of sulfate via an enzyme cascade for
high-throughput detection of sulfatase activity
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ABSTRACT: High-throughput screening (HTS) methods have become decisive for the discovery and development of new biocata-
lysts and their application in numerous fields. Sulfatases, a broad class of biocatalysts that hydrolyze sulfate esters, are involved in
diverse relevant cellular functions (e.g., signaling and hormonal regulation) and are therefore gaining importance, particularly in the
medical field. Additionally, various technical applications have been recently devised. One of the major challenges in the field of
enzyme development is the sensitive and high-throughput detection of the actual product of the biocatalyst of interest without the
need for chromophore analogues. Addressing this issue, a colorimetric assay for sulfatases was developed and validated for detect-
ing sulfate through a two-step enzymatic cascade, with a linear detection range of 3.3 (limit of detection) up to 250 uM. The proce-
dure is compatible with relevant compounds employed in sulfatase reactions, including co-solvents, cations, and buffers. The assay
was optimized and performed as part of a 96-well screening workflow that included bacterial growth, heterologous sulfatase ex-
pression, cell lysis, sulfate ester hydrolysis, inactivation of cell lysate, and colorimetric sulfate determination. With this procedure,
the activity of an aryl and an alkyl sulfatase could be confirmed and validated. Overall, this assay provides a simple and fast alter-
native for screening and engineering sulfatases from DNA libraries (e.g., using metagenomics) with medical or synthetic relevance.

Current advances in enzyme discovery and engineering rely
highly on the analytical screening methods used. The deci-
sion on how to screen large mutant or metagenomic libraries
is a crucial step for the success of any enzyme optimization
or search procedure.' Microplate assays play a key role in the
screening phase because the existing compatible robotics
enables fast processing of a large number of enzyme variants.
Recently, sulfatases (EC 3.1.6.X) have attracted the interest
of various disciplines from the scientific community owing to
both their biological relevance and the technical applications
devised in different fields.” Sulfatases represent a very broad
family of enzymes that catalyze the hydrolysis of sulfate
esters from a wide spectrum of substrates. These enzymes are
involved in numerous cellular functions, such as cell signal-
ing, cellular degradation, hormone regulation, and pathogene-
sis.” As they play an essential role in several diseases, their
relevance in human health has been increasingly recognized.3
Given that the sulfation degree of their substrates is decisive
for, e.g., ligand activity (which appears to be strongly related
to certain types of cancer®), the inhibition and modulation of
sulfatases’ activity towards signaling molecules have been
increasingly studied.>® Furthermore, several technical appli-
cations of sulfatases have been developed, such as the enanti-
oselective production of sec-alcohols from alkyl sulfates’ or
the regioselective cleavage of sulfate groups from different
types of carrageenan to control its gelling or texturizing prop-
erties.® The increasing importance of this type of biocatalyst
is reflected in the recent creation of a sulfatase classification

database,” which arranges enzymes according to their sub-
strate specificity into alkyl or aryl sulfatases. Given the
enormous diversity of sulfated substrates, enzyme HTS pro-
cedures are far from being straightforward. The substrates
used as standards to detect sulfatases’ activity include p-
nitrophenyl- or p-nitrocatechol-sulfate for aryl sulfatases and
chromogenic substrate analogues for alkyl sulfatases.'’ For
example, a very sensitive sulfatase activity assay was recently
proposed in which the fluorescent compound N-
methylisoindole is produced after sulfatase cleavage of a
corresponding sulfated chromophore." However, these as-
says are only selective for sulfatases that are active on the
non-natural substrates that contain such pro-fluorescent
probes. Although the easy colorimetric or UV detection of
the corresponding de-sulfated products makes their use very
convenient, this strategy does not necessarily guarantee activ-
ity on the actual substrate of interest, and the analogues are
usually expensive. If the de-sulfated product is not chromo-
genic, instrumental analytical techniques (liquid or gas chro-
matography, mass spectrometry and nuclear magnetic reso-
nance) are required to detect the hydrolyzed product, which
impedes high-throughput processing of large enzyme librar-
ies. Direct sulfate detection would enable the screening and
discovery of sulfatases regardless of the substrate type. For a
wide range of common food and environmental applications
(e.g., sludge or drinking water analyses), sulfate is sensitively
detected (0.1 mg L") and quantified using ion chromatog-
raphy or lead ion-selective electrodes.'™” Given the long
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experimental times, large eluent volumes, and tedious sample
preparation associated with such procedures, they are rather
unsuitable to realize HTS. Turbidimetric determination of
sulfate precipitates with barium chloride has become the
method of choice when large amounts of samples are meas-
ured because the procedure is straightforward and compatible
with the microplate format. Several variants of this method
have been developed for different applications, e.g., bacterial
cultures,14 human urine,15 or industrial efﬂuents,16 and com-
mercial kits are readily available. However, the precipitation
of barium sulfate for generating a turbidimetric signal is
strongly dependent on multiple factors, e.g., suspension stabi-
lizing reagent used, ionic strength of the sample, and protein
concentration.'* Therefore, the application of turbidimetry
using barium chloride for screening sulfatases from cell ly-
sates is somewhat inappropriate; as organic components, such
as glycosaminoglycans and peptides strongly inhibit the
precipitation of BaSO,."” Recently, a study on a sensitive
colorimetric assay for sulfate detection was published in
which cysteamine-coated gold nanoparticles aggregated in
the presence of SO,> ions, inducing a detectable absorption
shift in the range of 0.34-30 pM, with a sigmoidal sulfate
calibration curve.' Also, highly sensitive phosphatase assays
have been recently developed based on the application of
various nanostructures. The output signal of these methods,
which in part involve substrate-coordinated compounds,
ranges from colorimetry to fluorescence and voltammetry.
Unfortunately, their utilization for the analysis of sulfatases
has not been shown.'”*' In this study, addressing the need for
a reliable, sensitive, and inexpensive alternative for screening
sulfatase libraries with a broad detection range, a colorimetric
assay was developed and validated for sulfate determination
based on a two-step enzymatic cascade. After optimizing the
relevant reaction parameters of the enzymatic cascade, the
assay was validated and the influence thereon of pertinent
compounds was evaluated. Sample preparation was then
adjusted for optimal sulfate detection in bacterial lysates and
the application of the assay for HTS of sulfatase activity was
demonstrated by determining the activity of heterologously
expressed aryl and alkyl sulfatases in E. coli in microplate
format.

EXPERIMENTAL SECTION

Chemicals and enzymes: All chemicals were of analytical
grade and were purchased from Sigma Aldrich, Merck
KGaA, and Carl Roth GmbH. Pyruvate oxidase (POX) and
horseradish peroxidase (HRP) were obtained from Sigma
Aldrich. The leuco dye N-(carboxymethylaminocarbonyl)-
4,4'-bis(dimethylamino)diphenylaminesodium salt (DA-64)
was acquired from Wako. The genes for pyruvate phosphate
dikinase from Propionibacterium freudenreichii (PPDK) and
APS kinase (APSk) from S. cerevisiae were purchased from
Genscript in pET-28a(+) expression vectors; they were heter-
ologously produced in E. coli BL21 DE3 and purified using
affinity chromatography according to published protocols.””
The cysDN gene encoding ATP sulfurylase (ATPs) with
GTPase activity was amplified from E. coli genomic DNA
using designed primers (see supplementary information),
cloned into pET-28a(+), and purified via affinity chromatog-
raphy with a Ni-NTA column (Aekta, GE). Aryl sulfatase
from P. aeruginosa (PAS) and alkyl sulfatase from Pseudo-
monas sp. DSM6611 (PISA1) were purified as previously
described.”** The concentrations of the purified enzymes
were determined using a nanophotometer (Implen, P-330) by
employing the parameters from the online tool ProtParam

(SIB, Switzerland; Table S1). All purified enzymes and assay
reactants were aliquoted, stored at —20 °C and used only
once. 2-heptyl sulfate (PISA1 substrate) was synthesized as
previously described” with modifications (see supplementary
material).

Assay optimization: The colorimetric assay was subsequent-
ly optimized by evaluating a K,SO, calibration curve con-
structed in the range 2.5-250 uM. Since reaction 2 of the
assay (Scheme 1) is already established for determining py-
rophosphate and pyruvate,””° the optimization was focused
on reaction 1 and each optimization round served as basis for
the next. Optimization reactions were performed in duplicate
by mixing 50 pL of K,SO, standard and 50 pL of master mix
1. After incubation at 25 °C for varying times depending on
the optimization round (see below), 100 pL of master mix 2
(K,HPO,4 100 mM pH 6.5, DA-64 100 uM, thiamine pyro-
phosphate (TPP) 50 uM, MgCl, 100 pM, phosphoenolpy-
ruvate (PEP) 500 uM, adenosine monophosphate (AMP)
500 uM, PPDK 50 mU, POX 50 mU, and HRP 200 mU;
concentrations in reaction) was added to the abovementioned
solution. The mixture was then incubated at 37 °C for 30 min.
In all cases, the absorbance (A) was measured at 727 and
540 nm (Varioskan, Thermo Scientific), and A7 s4 Was
computed for each standard and a sulfate blank. The calibra-
tion curve was then calculated by subtracting the sulfate
blank absorbance value from each calibration point (AA7,;_
s40). The first optimization round focused on finding the best
enzymatic concentrations for reaction 1 in HEPES (4-2-
hydroxyethyl-1-piperazineethanesulfonic acid) 12.5 mM pH
7.8, GTP 2 mM, ATP 1 mM, and MgCl, 3 mM (final concen-
trations, incubation time 45 min). Next, GTP and ATP con-
centrations were varied (HEPES 12.5 mM pH 7.8, MgCl,
3 mM, ATPs 0.46 uM, and APSk 5.3 uM; final concentra-
tions, incubation time 45 min). The optimal reaction time was
determined from four equal intervals between 15 and 90 min
using the previously found optimal concentrations (HEPES
12.5mM pH 7.8, GTP and ATP 1 mM, MgCl, 3 mM, ATPs
0.46 uM, and APSk 5.3 uM, concentrations in reaction).

Assay validation and characterization: All the data ob-
tained were verified for normal distribution via standard
skewness and kurtosis tests. For intra-day repeatability and
inter-day reproducibility validation, the standard deviation
(SD) and precision were calculated using the Student’s z-test
(P =95%, n = 4 and 6, respectively). The limit of detection
(LOD) was calculated as b =+ 30y, and the limit of quantifi-
cation (LOQ) was b £ 100p,,, Where b is the y-intercept of
the calibration curve. The effect of 100, 50, and 25 mM
HEPES, TRIS (2-amino-2-(hydroxymethyl) propane-1,3-
diol), MOPS (3-morpholinopropane-1-sulfonic acid), citrate,
and phosphate buffers at the corresponding pK, was evaluat-
ed by first spiking the samples with a K,SO, solution (100
uM) and then adding the buffers to a complete calibration
curve. The influence of various metal ions at different con-
centrations (1.0, 0.1, and 0.01 mM) was also investigated by
spiking with 100 pM K,SO, solutions and calculating the
recovery. Different solvents at 5% v/v (final concentration in
assay) were spiked with 100 uM sulfate as well.

Assay application in sulfatase reactions: First, the applica-
bility of the developed assay for screening sulfatase activity
was assessed using purified PAS and PISA1. The reaction for
PAS (3.0 nM) was performed using p-nitrophenyl sulfate
(250 uM) as the model substrate in TRIS 100 mM (pH 8, 1
mL reaction volume) at 30 °C overnight. The concentration
of p-nitrophenol produced was determined from the absorb-
ance at 400 nm, quantifying against a standard calibration
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curve. The reaction for PISA1 (1.8 uM) was performed with
2-heptyl-sulfate as previously described.”” The concentration
of sulfate released by both enzymes was quantified using the
optimized colorimetric assay.

The influence of different cell lysis methods on the assay was
tested. For this, E. coli BL21 DE3 bearing the pET-28a(+)
empty vector were cultured overnight at 37 °C. The cells
were centrifuged and re-suspended in HEPES (100 mM,
pH 8) containing either B-Per'™ (Thermo Scientific) or Bug-
Buster® (Merck) according to manufacturer’s instructions,
lysozyme (2.5 mg mL "), and DNase (10 pg mL™"). The cells
were incubated for 1 h at 37 °C, and the sulfate content was
measured in spiked dilutions prior to and after a 5-min incu-
bation step at 70 °C. In a second experiment, different inacti-
vation times were evaluated over the whole calibration range.
As large signal variability was observed in bacterial lysates
with encoding sulfatases, the stabilizing effect of bovine
serum albumin (BSA) at different concentrations in the lysis
solution was evaluated.

Sulfatase screening procedure: E. coli BL21 DE3 colonies
bearing the expression vectors pASK-IBAS+ PAS, and pET-
21(+)_PISALI and a corresponding empty vector were picked
from lysogeny broth (LB) agar plates (RapidPick CP-7200,
Hudson). The colonies were then inoculated into a pre-culture
deep well plate (Greiner) containing 1.2 mL of LB medium
with carbenicillin (100 pg mL™") and grown at 37 °C over-
night. 20 puL of the pre-culture was then used to inoculate an
expression plate, and the cells were incubated for 2 h at
37 °C. The expression of PAS was induced with anhydrotet-
racycline (200 pg L") at 30 °C for 2 h.” The PISA1-bearing
cells were induced with IPTG (0.5 mM), expression conduct-
ed at 20 °C for 10 h.*® After collecting the cell pellet by cen-
trifugation (3000 g, 15 min), 500 pL of lysis solution contain-
ing HEPES 100 mM, Bugbuster® protein extraction reagent
(according to manufacturers’ instructions), lysozyme
(2.5 mgmL™"), DNase (10 uygmL™), and BSA (2.5 g L")
was added to each well, and the plate was incubated for 1 h at
37 °C and 1000 rpm. After centrifugation of cell debris (4000
g, 15 min), 450 pL of cell lysates were transferred to a new
U-bottom plate (Riplate, Ritter) and incubated at the respec-
tive T%m for each sulfatase (57 °C and 1 h for PAS c,np_suifate =
1 mM” and 25 °C and 10 h for PISA1 Co-heptyl-Sulfate = O MM).
At the end of the reaction, cell lysates were inactivated in a
water bath at 70 °C for 30 min. The concentration of the p-
nitrophenol produced by PAS was determined at 400 nm and
quantified against a standard calibration curve in micro titer
plates (Greiner) using a 20-uL sample. The content of the
sulfate released by both enzymes was quantified using the
optimized assay with 5-uL samples.

Optimized assay: The final assay was performed by mixing
50 pL of the sample or standard with 50 uL of master mix 1
(HEPES 12.5mM pH 7.8, GTP and ATP 1 mM, MgCl,
3 mM, ATPs 0.46 uM, APSk 5.3 uM). An incubation step at
25 °C for 45 min followed and then 100 uL of master mix 2
was added (K,HPO, 100 mM pH 6.5, DA-64 100 uM, TPP
50 uM, MgCl, 100 uM, PEP 500 uM, AMP 500 uM, PPDK
50 mU, POX 50 mU, HRP 200 mU). The plate was then
incubated for 30 min at 37 °C and A;,; 549 Wwas computed.

RESULTS AND DISCUSSION

For any assay aiming to identify an analyte of interest, a
recognition element is required in the detection system, fol-
lowed by a transducer element, e.g., colorimetric signal,
whose intensity correlates to the analyte’ s concentration.

Analytical Chemistry

Owing to their outstanding specificity, enzymes offer unique
advantages as molecular recognition elements in analytical
chemistry.”® As sulfate ion is the analyte of interest in this
case, an enzyme that utilizes it as a substrate is required as
the recognition element. However, the unreactive nature of
sulfate makes the selection of this enzyme challenging. ATP
sulfurylase (ATPs, EC 2.7.7.4) catalyzes the universal start-
ing step in the sulfur metabolism in vivo, “activating” SO,>
by transferring it to adenosine triphosphate (ATP) through a
highly endergonic reaction (AG” = 19.5 kcal mol ").”" Aden-
osine-5"-phosphosulfate (APS) and inorganic pyrophosphate
(PP)) are formed as the products in a reaction whose equilib-
rium favors the reactant side (K = 10™*).** This issue is solved
in vivo by many organisms through channeling complexes, in
which APS is immediately transferred from the active site of
the ATPs to an embedded APS kinase (APSk, EC 2.7.1.25),
which in turn phosphorylates APS, shifting the equilibrium to
the product side.” A promising alternative for performing
this reaction in vitro, without the need of such a complex, is
the ATPs/GTPase from E. coli.”* This enzyme can couple the
chemical potential of guanosine triphosphate (GTP) hydroly-
sis with the unfavorable activation of sulfate to produce APS,
PP;, and GDP. This particular feature is not displayed by
ATPs from other organisms, e.g., S. cerevisiae.”” Given this
advantage, the ATPs/GTPase reaction was selected as the
starting step of the proposed cascade for sulfate detection
(Scheme 1). This reaction can be further driven towards
completion by the immediate phosphorylation of APS to
afford 3’-phosphoadenosine 5'-phosphosulfate (PAPS) using
APSk from S. cerevisiae. Of all the products formed to this
point, the resulting equimolar production of PP; from sulfate
enables the possibility of connection to a transducer element.
Its detection is possible owing to a second set of enzyme-
catalyzed reactions, which rely on the previously described
assays for amino acids based on PP; detection using pyruvate
phosphate  dikinase (PPDK) from Propionibacterium
freudenreichii®® The PP; released by ATPs/GTPase reacts
with adenosine monophosphate (AMP) and phosphoenolpy-
ruvate (PEP) to produce pyruvate, which is in turn oxidized
by pyruvate oxidase (POX) to afford H,O,. In the last reac-
tion of the cascade, horseradish peroxidase (HRP) catalyzes
the oxidation of the dye DA-64 to produce Bindschedler’s
green using the H,0O, produced, yielding a colorimetric signal
at 727 nm, which is proportional to the sulfate concentration
in the sample. The measurement at this particular wavelength
avoids detection in the yellow region of the spectra, in which
several disturbing compounds or matrices exhibit absorbance
(e.g., bacterial culture media or aromatic compounds).

Scheme 1. Enzymatic cascade for colorimetric detection
of inorganic sulfate.
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ATPs: ATP sulfurylase; APSk: APS kinase; PPDK: pyruvate
phosphate dikinase; POX: pyruvate oxidase; HRP: horseradish
peroxidase; DA-64: N-(carboxymethylaminocarbonyl)-4,4'-bis
(dimethylamino) diphenylaminesodium. The equilibrium of the
two reactions lies strongly on the product side.

Assay optimization: Owing to the complexity of the reaction
cascade, a number of variables need to be explored for the
assay to achieve good linearity and reproducibility over the
intended detection range. Most importantly, note that the
reaction parameters are not compatible for all the enzymes.
ATPs/GTPase and APSk act optimally at pH ~8 and 25 °C,
while the optimal conditions for the reaction cascade for
detecting PP; are pH 6.5 and 37 °C; therefore, a change of
buffer is necessary. Since determination of PP; is already a
well-established procedure,36 the optimization focused on the
first reaction. The concentration and ratio of enzymes em-
ployed in analytical assays are parameters relevant for their
robustness. In this case, the molar ratio of ATPs and APSk
was set to ~1:10 so that virtually every APS produced by
ATPs is immediately converted to PAPS by APSk. The con-
centration of these enzymes was varied as shown in Fig. S1-
A. 0.46 uM ATPs and 5.3 uM APSk were selected because
higher and lower concentrations led to lower signals with
250 uM sulfate, decreasing the assay linearity. Next, different
GTP and ATP concentrations were explored. This parameter
is very important for initiating the ATPs reaction. Ideally, a
GTP:ATP molar ratio of 1:2 is expected to generate a steady
flowing cascade as 2 ATP molecules are needed in the first
reaction: one producing APS and the other for APS phos-
phorylation to yield PAPS with GDP as the byproduct. How-
ever, the accumulation of GDP in the system decreases the
ATPs efficiency for coupling GTP hydrolysis to APS synthe-
sis and PP; release, as competitive inhibition of the guanine
nucleotide binding site occurs between GDP and GTP.”’
Accordingly, the concentration of GTP needed to direct the
reaction towards SO, consumption must be increased and
was, therefore, set to at least a 1:1 GTP:ATP molar ratio. The
GTP and ATP concentration that best fitted the curve in the
desired calibration range was 1 mM (Fig. S1-B). By setting a
higher GTP concentration (2 mM), the linearity of the assay
decreases in the low-concentration range. Lastly, different
times for reaction 1 were tested (Fig. S1-C). The sensitivity
of the calibration curve increased as reaction time increased
(15, 30, and 45 min) and then decreased again at 60 and 90
min. Too-short times may not be adequate for the complete
reaction of sulfate, especially at the higher concentrations in
the calibration curve. On the other hand, too-long times might

shift the equilibrium back to the production of ATP and
SO427, as previously described for the ATPs reaction.”’ Thus,
a reaction time of 45 min was considered optimal and em-
ployed. As a result of the optimization procedure, a linear
calibration curve was obtained: y = 0.0057x + 0.0194 with R’
= 0.9983, in the range 5.0-250 uM SO,”. The sulfate blank
of the calibration curve in water presented a moderate A7,7_s49
value of ~0.32 in deep well plates (Vgmpe=200 pL), which
was attributed to auto hydrolysis of the nucleotides to form
PP;, ATPs-catalyzed non-sulfate-dependent hydrolysis of
ATP to yield PP; and AMP, and PEP degradation to produce
pyruvate and phosphate over the course of reaction 2.

Assay validation and characterization: After confirming
the normal distribution of the data using the standard skew-
ness and kurtosis tests, validation analysis was performed.
The calculated LOD and the LOQ were 3.3 puM and 10.9 uM,
respectively. It is worth noting that commercial turbidimetric
assays with barium chloride allow a detection limit of
5mg L™ (52 uM),”® while the previously reported sulfate
assay using gold nanoparticles exhibited a LOD of 0.34 uM,
allowing quantification up to 30 uM with a sigmoidal re-
sponse curve."® The present assay allows linear measurement
of a broader range, which renders it more sensitive over the
whole calibration range. The SD, precision, and accuracy for
determining the intra-day repeatability and inter-day repro-
ducibility are shown in Table 1. The precision, as calculated
by the Student’s #-test (P =95%), ranges from 1% for 250
uM sulfate to 15% near the LOQ, while the accuracy bias
varies from —1% for the highest calibration point to 23%
around the LOQ. These results are similar to those reported
for the gold nanoparticle method and ion chromatography for
real samples ( > 95% accuracy for samples spiked with 25
and 50 ppm sulfate)'® and indicate an excellent performance
in the upper working range that tends to decrease at sulfate
concentrations lower than 25 pM.

Table 1. Analytical performance of the proposed assay

Intra-day Repeatability

S?\f Mean . Accuracy
u uM SD Precision Bias®
250 247 2.0 1.3% -1.2%
100 106 3.0 4.5% 6.6%
25 243 1.8 11.9% -2.9%
10 7.7 0.7 14.6% -23%
SO* Inter-day Reproducibility
uM Mean SD Precision” Accuracy
uM Bias®
250 247 0.5 0.2% -1.1%
100 106 1.5 1.5% 6.3%
25 23.8 1.1 4.7% -4.9%
10 7.8 0.4 5.6% -22%

Calculated using the Student’s t-test with *n =4, 'n = 6.

The influence of commonly employed compounds in sulfa-
tase reactions was also evaluated on the enzymatic assay.
First, the detection of 100 uM sulfate was assessed in the
presence of different buffers (25, 50, and 100 mM, Fig. 1A).
Citrate buffer at the tested concentrations was not compatible
with the assay as no signal was detected. The recovery of
sulfate in MOPS increased from 65% at 100 mM to 81% at
25 mM. The phosphate buffer had the most considerable
effect at different concentrations, with recoveries ranging
from 56 to 128%. TRIS and HEPES afforded the best sulfate
recoveries, 86—105%, at the tested concentrations. To inves-
tigate whether the observed effect was dependent on sulfate
concentration, calibration curves containing the buffers were
analyzed (Fig. S2-A). An absorption signal lower than that of
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pure water was observed in samples containing 100 mM
MOPS, TRIS, and HEPES over the whole calibration range;
its effect in the quantification may be hence compensated by
preparing the calibration curve in these buffers or by diluting
the samples to improve recovery. Conversely, the phosphate
buffer has a great impact in the assay, as the absorption val-
ues of the sulfate blank at 100 mM and 25 mM were higher
than that for the abovementioned buffers and nearly no sul-
fate-dependent increase in absorbance was detected. A more
pronounced slope was evident in the calibration curve at
concentrations between 0.5 and 2.0 mM phosphate with A;,;_
s40 signals higher than that for the curve prepared in water.
This effect could lead to false positive results (Fig. S2-B).
Considering that reaction 2 occurs in a phosphate buffer, it is
likely that phosphate has a great effect on reaction 1 at low
sulfate concentrations. This suggests that competitive inhibi-
tion between phosphate and sulfate may occur in the active
site of ATPs, causing a non-sulfate-dependent release of PP;,
thus producing the higher signals observed. Therefore, it is
not recommended to perform the assay when samples contain
phosphate at concentrations exceeding 0.1 mM (Fig. S2-B).
This limitation should be considered when preparing sulfa-
tase samples.

Organic solvents are commonly employed in sulfatase reac-
tions at 20% v/v to solubilize hydrophobic sulfated substrates
and to increase the selectivity of some sulfatases.' Therefore,
the tolerance of the assay towards different solvents at 5%
v/v was tested (Fig. 1B). Ethanol, methanol, DMF, and
DMSO exhibited good compatibility with the assay, with
recoveries of 100 + 10% for 100 pM sulfate. Accordingly,
samples containing these organic solvents could be measured
after dilution by a factor of 4. With a concentration of sulfat-
ed substrates of 1 mM, sulfatase activities between 10%—
100% could be easily detected. Moreover, metal ions play an
important role in some sulfatase reactions, acting as activa-
tors’ (e.g., Ca’" at 1-5 mM) and inhibitors (e.g., Zn*" at
1 mM) and even influencing the hydrolysis enantioselectivity
of sec-alkyl sulfates (Fe2+ and Co™" at 1-10 mM).”’40 The
determination of 100 uM sulfate was thus evaluated in the
presence of various cations at different concentrations (Fig.
S3). Ni**, Zn*", and Cu*" enable good detection at < 0.01
mM; Fe*™ at 0.1 mM (~75% recovery); Co’” and Rb™ at <
1 mM, and Ca®>" even at 5 mM. Nickel, zinc, and cupper are
frequently present in bacterial cultures as trace elements at
concentrations between 0.1 and 0.5 mM. Owing to the low
tolerance of the assay to iron, a removal strategy, e.g., precip-
itation may be necessary to perform the assay at concentra-
tions higher than 0.1 mM. Overall, the cation concentration
can be adjusted by diluting the samples according to each
case.
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Figure 1. Sulfate determination in the presence of various com-
pounds commonly employed in sulfatase reactions. The solid
line indicates the amount of sulfate spiked. A. Buffers at differ-
ent concentrations. B. Organic solvents at 5% (v/v, assay con-
centration).

Assay application in sulfatase reactions: After evaluating
the performance of the optimized sulfate assay, determination
of the enzymatic activity was tested using the aryl sulfatase
from P. aeruginosa (PAS). This enzyme catalyzes the hy-
drolysis of p-nitrophenyl sulfate, the model substrate for the
screening of sulfatases. This reaction generates free sulfate
and p-nitrophenol, a chromophoric product that can be readi-
ly detected at 400 nm in alkaline media. Accordingly, a paral-
lel photometric determination of both products at well-
separated wavelengths of the visible spectrum is possible
after performing the optimized sulfate assay. The initial sub-
strate concentration was set to 250 uM; after the reaction, 203
uM p-nitrophenol (82% conversion) and 188 pM sulfate
(75% conversion) were quantified, indicating an accuracy
bias of —7% between both determination methods. The ab-
sorption spectrum of the reaction containing both products
after performing the sulfate assay (Fig. 2, solid line) reveals
two peaks: one at 400 nm, corresponding to p-nitrophenol
(A400=0.53, I =1 cm) and another more intense peak at 727
nm resulting from the enzymatic conversion of sulfate to
Bindschedler’s green through the cascade (A, = 2.61, [ =
1 cm). When the substrate is absent (Fig. 2, dashed line), no
peak is observed at 400 nm and the intensity of the peak at
727 nm decreases (A;,;=0.70, /=1 cm), as was observed for
the sulfate blank in the calibration curve. Under these condi-
tions, a molar extinction coefficient of 10 160 M ' cm ™" was
calculated for Bindschedler’s green, which is directly related
to the concentration of sulfate. This coefficient is four times
higher than that of p-nitrophenol (2 611 M~ ¢cm™"), rendering
sulfate colorimetric detection more sensitive than the deter-
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mination of p-nitrophenol under the sulfatase reaction condi-
tions. For aryl sulfatases, the cleavage of the sulfate ester
bond is initiated by a nucleophilic attack of the sulfur atom.
However, there are also sulfatases acting on alkyl sulfates,
where the ester cleavage is achieved by nucleophilic substitu-
tion at the carbon atom (Fig. S4). Such enzymes exhibit no
activity with p-nitrophenyl sulfate and cannot be assayed as
easily as aryl sulfatases. To demonstrate the detection of
sulfate released from alkyl sulfatases, in which no chromo-
genic substrate is involved, PISA1 was purified and its activi-
ty was tested towards rac-2-heptyl-sulfate. The initial sub-
strate concentration was set to 22 mM.” The measured sul-
fate concentration after a proper dilution was 9.9 mM. This
represents an enzymatic conversion of 45% as previously
reported; it is worth recalling the high enantioselectivity of
PISA1 (E > 200) towards R-2-heptyl-sulfate.”®
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Figure 2. Spectra of the reaction of P. aeruginosa arylsulfatase
(PAS) on p-nitrophenyl sulfate measured in cuvettes, 1 = 1 cm.
Reactions performed overnight in TRIS 100 mM, pH 8 at 57 °C.

Sulfatase screening procedure: As the screening and engi-
neering of enzymes is conducted in bacterial lysates of ex-
pression strains, the assay was applied for quantifying sulfate
in cell lysates in order to evaluate and correct potential matrix
effects. The most common method for disrupting bacterial
cells is the use of detergents that solubilize the cell membrane
in combination with hydrolytic enzymes, such as lysozyme
and DNase. First, the determination of spiked sulfate was
conducted in various dilutions of cell lysates produced with
the two commercially available detergents B-Per™ and Bug-
Buster® (Fig. S5-A). The spiked sulfate could not be detect-
ed in 1:10 and 1:50 dilutions, and a poor recovery of 50%
was obtained at 1:100. This suggests that the surfactant com-
pounds of the lysis solution and the released cell components
interfere with the assay either by inhibiting or denaturing the
enzymes involved or by interacting with the intermediates
(Scheme 1). In order to precipitate potentially interfering E.
coli proteins, the cell lysates were incubated at 70 °C for 5
min. Afterwards, nearly 100% of sulfate recovery (100 pM)
was reached at 1:50 and 1:100 dilutions, but only 50%—60%
was reached at 1:10. When increasing the incubation time to
at least 20 min in 1.5-mL tubes (Fig. S5-B) and 30 min in 96-
deep well plates (data not shown), the detection of sulfate in
1:10 diluted cell lysates was possible over the whole calibra-
tion range.

The experiments mentioned above were performed with E.
coli cells bearing a pET-28a(+) empty plasmid. However,
large signal variability was observed when vectors encoding

sulfatases were used (data not shown). In such cases, the
matrix effects influencing enzymatic assays are difficult to
predict, and it was assumed that this resulted from varying
cell metabolism or intracellular protein concentrations.
Therefore, the protein content of E. coli cell lysates bearing
the pASK PAS plasmid was normalized by adding bovine
serum albumin (BSA) at different concentrations, spiked with
sulfate, and then inactivated at 70 °C for 30 min. BSA signif-
icantly improved the detection of sulfate in the cell lysates
with expressed sulfatases over the whole calibration range at
concentrations above 1 g L', with the best linearity at 2.5 g
L' BSA (Fig. 3). The samples were analyzed by gel electro-
phoresis before and after incubation at 70 °C (Fig. S6), and
the presence of BSA was confirmed in the incubated samples
containing at least 1 gL' BSA. Although the thermo-
stabilizing effect of BSA towards enzymes has been de-
scribed previously,"' it is not fully clear whether its presence
facilitates the thermal precipitation of disturbing E. coli com-
ponents or if it stabilizes the assay enzymes.
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Figure 3. Sulfate calibration curve in cell lysates of E. coli bear-
ing pASK PAS plasmid containing BSA at different concentra-
tions.

Once the optimal conditions for sulfate detection in bacterial
lysates were established, a 96-well workflow was designed to
create a wild-type landscape of PAS and PISA1 with their
respective substrates. While PISA1 has no activity with the
chromophore containing p-nitrophenyl sulfate, the detection
of the sulfate released by the PAS clones can be cross-
validated by quantifying p-nitrophenol as described above.
Figure 4 shows the absorption signals of the products re-
leased by both enzymes. The volumes used for each product
(20 pL p-nitrophenol and 5 pL sulfate) were chosen so that
the signals would fit in the corresponding calibration curve.
Black dots indicate E. coli sulfatase clones and white circles
represent empty vector clones (pASK-IBA5+). The output
signal A;y7_s49 Obtained using the assay was 0.82 + 0.05 (Fig.
4A-2), which was quantified as 0.97 mM SO427, while the
Ay signal for p-nitrophenol obtained was 0.97 £ 0.07 (Fig.
4A-1), resulting in a concentration of 0.95 mM, which repre-
sents a 2% bias compared to sulfate. This reflects a conver-
sion of ca. 96% under the screening conditions, considering
that the initial concentration of p-nitrophenyl sulfate was
1 mM. The absorbance values for the negative controls of
both procedures were 0.32 + 0.02 for the sulfate assay and
0.08 + 0.02 for p-nitrophenol.
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Figure 4. Absorption signals of sulfatase products. Al. pnP: p-nitrophenol (400 nm). A2. Sulfate (727-540 nm) from PAS. B. Sulfate
(727-540 nm) from PISAL1 e: Positive clones. o: Empty vector clones. Solid line: mean (u); dashed lines p+3o (standard deviation).

A relevant parameter for the qualitative evaluation of HTS
assays is the Z' factor.*” This dimensionless number evaluates
the ability of an assay to discern active clones from inactive
ones with high fidelity by computing the signal difference
between positive and negative controls in relation to the sum
of their standard deviations (noise) and is given by the follow-
ing equation:

. Boet 30c.)
Eqn. (1) Z= IHet— He-|
where p is the mean and o the standard deviation of the signals
from positive (ct+) and empty vector clones (c—). HT assays
with a Z' factor of 1 are considered ideal; for assays where 1 >
Z' > 0.5, the separation band between positive and negative
clones is considered large and the assay provides reliable
screening conditions. However, if Z' < 0.5, the separation band
is small and the assay is considered as a double assay; there-
fore, it is non-practical for distinguishing positive clones from
negative ones with high precision. The detection of p-
nitrophenol at 400 nm under the presented conditions yielded
an excellent Z’ value, 0.71, which results from a large signal
difference between positive and negative clones. Furthermore,
a value of Z'=0.51 was obtained for the colorimetric detection
of sulfate, as the separation band between positive and nega-
tive clones in this case is smaller than that for p-nitrophenol.
This value reflects the suitability of the assay for screening
aryl sulfatases via the detection of sulfate in the calibration
range with a very good correlation with the determination of
p-nitrophenol. As the volume used for p-nitrophenol was four
times higher than that for sulfate (see above), the two Z' values
cannot be compared to each other. The assay user can choose
an appropriate sample volume depending on a desired thresh-
old for the reaction yield of positive clones.

The potential of the assay developed becomes evident when
such a screening workflow is applied to alkyl sulfatases, e.g.,
PISA1, as chromogenic substrates are hardly available and do
not actually reflect the activity on the compound of interest
(Fig. 4B). The output sulfate signal A;,7_s49 With this enzyme
towards rac-2-heptyl-sulfate was 1.12 = 0.09 for positive
clones and 0.09 + 0.00 for empty vector clones. The amount of
sulfate released was 1.8 mM, indicating 36% of conversion
from a maximum of 50% enantioselective yield (initial sub-
strate concentration, 5 mM). As the clones bearing the empty
vector pET-21+ displayed lower absorbance (A7;7-540 = 0.09)
than those used in the PAS screening (As7s40 = 0.32), a
broader separation band between positive and negative clones
enabled better assay performance, as indicated by Z' = 0.73.

The lower values obtained with different empty vectors may
result from differing induction and growing cell conditions for
PAS and PISAIl, e.g., anhydrotetracycline vs IPTG or the
addition of zinc in the PISA1 culture. These results demon-
strate the efficacy of the assay for discovering new sulfatases
at the DNA level by, e.g., using metagenomic libraries. With
this assay, one can avoid the tedious and time-consuming
screening of novel sulfatase activity at the protein level in
which a large amount of microorganism, plant, or animal cells
have to be cultured and numerous extraction and drying steps
have to be executed to detect de-sulfated products via chroma-
tography, as was the case for the de novo discovery of
PISAL."

CONCLUSIONS

In this study, a colorimetric assay for detecting sulfate based
on a two-step enzymatic cascade was designed, optimized, and
experimentally validated. The linearity of the assay in the
range 10-250 pM renders it comparable to chromatographic
methods in terms of sensitivity (LOD = 3.3 uM sulfate) and
superior to established plate procedures such as barium sulfate
precipitation or utilization of chromogenic substrates. The
proposed method demonstrated good precision and accuracy.
Sulfate determination was possible in the presence of pertinent
buffers, organic solvents, and metal ions at concentrations
relevant for sulfatase reactions. A significant advantage of
this assay is its feasibility for screening sulfatase activity in
cell lysates, as optimized and demonstrated here for aryl and
alkyl sulfatases in an automatable 96-well workflow. The
assay showed a very good stability in such a plate workflow
(Z' > 0.5). Further, the enzymes employed in the assay were
still active 3 months after purification when stored at —20 °C.
The assay provides a reliable alternative for sulfate analysis
and sulfatase activity screening regardless of the substrate type
and without the need for chromophore derivatives. The proce-
dure presented herein can be employed for the HTS of large
variant libraries (e.g., from mutagenesis or metagenomes). In
addition, the assay might also be considered for the general
determination of sulfate in different types of samples such as
drinking water, bacterial and algal cultures, blood or urine, for
which high throughput is of advantage.
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