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ABSTRACT

Methyltransferases (MTs) are versatile biocatalysts capable of regio-, stereo-, and enantioselective methylation of molecules,

making them particularly valuable for late-stage functionalization of natural products and their analogues. To further broaden

the applicability of these enzymes, it is essential to gain knowledge about their mode of catalysis and develop effective enzyme

engineering and screening strategies. This, in turn, requires the development and application of robust analytical techniques,

especially when dealing with large-scale screenings, such as those involved in mutagenesis campaigns. In this study, we

have established the first uncoupled, continuous, fluorescence-based, high-throughput assay that serves as a close-to-universal

system for activity determination of S-adenosyl-L-methionine-dependent MTs. The assay is based on proton release during the

methylation, and its use is not limited to purified enzymes, but can also be applied with cell-free extracts and, in certain cases, pre-

treated whole cells. To validate its applicability, activities of three distinct MTs with different substrate acceptor atoms (C, N, and

O) were determined, and the results were benchmarked against HPLC analysis. Additionally, the assay’s utility was demonstrated

through a substrate scope screening and the determination of kinetic parameters. Finally, the Z’-factor was evaluated for two

different potential enzyme setups to assess the assay’s suitability for high-throughput applications.

1 | Introduction

Methylation is a fundamental biochemical process found across
all domains of life, ranging from DNA and RNA methylation,
which are central to epigenetic regulation and gene expression,
to the diversification of natural products. In the context of syn-
thetic chemistry and the development of active pharmaceutical
ingredients, methylation can be a valuable tool for late-stage func-
tionalization [1, 2]. The so-called ‘magic methyl effect describes
how the introduction of a single methyl group can drastically

improve a compound’s potency, selectivity, or pharmacokinetic
profile by modulating its biochemical properties [3]. However,
achieving selective methylation, especially in the final stages of
complex molecule synthesis, remains a significant challenge in
organic chemistry [4]. Chemical methylation often requires toxic
alkylating agents and harsh, environmentally unfriendly reaction
conditions [5]. The presence of multiple nucleophilic sites within
a molecule often necessitates the use of protecting groups,
a complete redesign of synthetic routes to enable early-stage
methylation, or the use of pre-methylated building blocks [6].
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S-Adenosyl-L-methionine (SAM)-dependent methyltransferases
(MTs) offer an attractive biocatalytic alternative, providing high
levels of chemo-, regio-, and stereoselectivity under mild reac-
tion conditions. These enzymes are capable of methylating
heteroatoms as well as carbon centers and have been suc-
cessfully applied in the (chemo)enzymatic synthesis of diverse
target molecules [7]. Advances in MT enzyme engineering, sub-
strate scope expansion, SAM analogue utilization, and cofactor
regeneration have significantly improved the accessibility and
practicability of MTs as biocatalysts [8-12]. While considerable
progress has been achieved in the field, identifying and engi-
neering novel MT variants continues to present difficulties, in
part due to the limited availability of robust, high-throughput-
compatible activity assays, particularly those suitable for use with
nonpurified catalysts.

Classical endpoint methods based on HPLC or GC remain
the gold standard for quantification of MT activity, but are
time-consuming and low-throughput [13]. Other direct methods
employ radioactive probes, but their handling complexity and
safety requirements limit their applicability in most laboratory
settings [14]. In addition, assay systems tailored to specific
substrate classes have been established, though their high
degree of specificity serves as both a benefit and a constraint
[15, 16]. To address these limitations, a variety of general MT
activity detection assays have been developed over the past two
decades, all being enzyme-coupled. Most methods rely on the
indirect detection of MT activity by linking the formation of
S-adenosyl-L-homocysteine (SAH), the stoichiometric by-product

of SAM-dependent methylation, to downstream enzymatic
cascades that generate a measurable photometric or fluorescent
signal (Figure 1). Many of these assays fall into two mechanistic
classes: NADH/NAD*-based dehydrogenase-coupled systems,
and thiol- or sulfide-detection assays. The first strategy relies
on NADH depletion, where SAH is enzymatically degraded to
intermediates that release ammonia or adenosine, which in turn
are processed in a coupled enzymatic reaction to oxidize NADH
to NAD*. For example, the assay by Simon-Baram et al. employs
SAH deaminase to generate ammonia, which is converted to
glutamate by glutamate dehydrogenase, depleting NADH and
decreasing absorbance at 340 nm, overall simplifying earlier
work by Duchin et al. by reducing the number of enzymes needed
for the generation of ammonia [17, 18]. Similarly, Kailing et al.
used a four-step enzymatic detection cascade, starting with SAH
hydrolase and ending with lactate dehydrogenase to achieve
NADH consumption through a parallel route via adenosine
conversion [19]. While sensitive, these approaches might suffer
from high background due to endogenous NADH-dependent
enzymes when used with nonpurified catalyst formulations. In
contrast, the second strategy relies on thiol-detection, leveraging
SAH hydrolysis to homocysteine, which is quantified using
reagents like Ellman’s reagent or monobromobimane [20,
21]. However, their lack of selectivity when reacting with
cellular thiols such as glutathione limits their use with cell-free
extracts (CFEs). To overcome this limitation and address the
discontinuous nature of these systems, more selective detection
routes based on homocysteine conversion to H,S have been
designed. These couple homocysteine o,y-lyase to sulfide-
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FIGURE 1 | Overview of different enzyme-coupled detection systems for MT activity determination, as well as the uncoupled assay system described

in this work. Enzyme-coupled assays are based on SAH formation during the methylation reaction and subsequent conversion of this molecule into a

detectable photometric or fluorescent output via enzymatic cascades. These assays may detect a readout based on adenine depletion or conversion

[24, 25], NADH depletion and detection through ammonia/adenosine conversion [17, 19], homocysteine-coupled detection [20, 21], or hydrogen sulfide-

coupled detection [22, 23]. The uncoupled assay described in this work relies on protons released during the MT-catalyzed reaction, which are detected

using the fluorescent pH-indicator pyranine (). This ultimately results in a decrease in fluorescence. For additional details, see the main text.
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responsive fluorophores such as N,N-dibutyl phenylene diamine
(DBPDA) in the work of Tan et al., or 7-azido-4-methylcoumarin
(AzMC) as shown by Menke et al., the latter enabling real-time
fluorescence monitoring using CFEs and reducing background
by targeting specifically H,S rather than thiol presence directly
[22,23]. Beyond the NADH- and thiol-/sulfur-based methods, two
other notable continuous enzyme-based assays utilize alternative
detection chemistries. Akhtar et al. constructed an enzymatic
cascade to generate H, O, starting from SAH, which can be quan-
tified using the commercially available but expensive reagent
Amplex Red, producing the measurable fluorogenic oxidation
product resorufin [24]. Alternatively, Dorgan et al. designed
a two-step enzymatic cascade that converts SAH to adenine
and subsequently to hypoxanthine, resulting in a measurable
decrease in UV absorbance at 265 nm [25]. However, this method
can suffer from relatively low sensitivity due to high background
absorbance from other biomolecules, such as nucleic acids.

Since SAH can also inhibit SAM-dependent MTs, assay systems
based on the depletion of SAH can serve two purposes [26].
However, current systems have the disadvantage of requiring up
to five different (purified) enzymes for detection, and most of
them only working with purified catalysts, as in the case of the
discontinuous and commercially available MTase-Glo assay [27].
The enzyme-coupled nature of these assays introduces variability
and increases complexity and cost, which also limits their applica-
bility, particularly in high-throughput screenings, and especially
if they can only be applied using purified MTs. Depending on
the required screening accuracy, uncoupled assays that rely solely
on a small-molecule reporter could be a convenient alternative.
pH-Shift assays are a promising class of such uncoupled systems
is, which detect changes in proton concentration resulting from
enzymatic activity [28]. These assays typically employ colorimet-
ric pH indicators and have been successfully applied to monitor
the activity of a range of proton releasing enzymatical reactions,
including dehalogenases, decarboxylases, esterases, and various
transferases [29-32].

This study builds upon previous research involving pH-shift
enzyme activity assays [32, 33], establishing the first continuous,
uncoupled, and fluorescence-based assay for SAM-dependent
methyltransferases. Since the assay directly monitors the release
of protons during methylation, it is applicable to all proton-
releasing MT-catalyzed reactions (i.e., MTs that methylate
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thioethers [34] cannot be monitored) and thus obviates the
need for any additional enzymes for detection. The applicability
of the assay was validated across different methyltransferases
(C-, O-, and N-MTs) and catalyst formulations, including puri-
fied enzymes, CFEs, and whole-cell systems. Furthermore, for
selected enzymes, a substrate scope was screened, and kinetic
parameters were determined. Lastly, the Z’-factor was deter-
mined to evaluate the potential of the assay for high-throughput
applications, such as MT mutagenesis campaigns. Experimental
results were benchmarked against HPLC analysis for validation,
and differences between both measurement techniques were
quantified through the determination of the recovery rate. This
work aims to complement existing methods by providing a cost-
effective, uncoupled, high-throughput alternative to assess the
activity of methyltransferases.

2 | Results and Discussion

2.1 | Choice of Fluorophore

Many enzymatic reactions release or consume protons, leading to
a measurable pH-shift. Most SAM-dependent MT catalyzed reac-
tions fall into this scheme, releasing one proton after the catalyzed
nucleophilic substitution, leading to the methylated product.
Fluorescence-based indicators offer the advantage of providing
higher sensitivity than absorbance-based indicators, leading to
a wider dynamic range and lower background, especially when
used with CFEs and whole-cell systems [35].

For this study, pyranine (8-hydroxypyrene-1,3,6-trisulfonic acid)
(1) was chosen as the pH indicator as it has the advantages of
showing high fluorescence, photostability, and water-solubility
as well as being inexpensive and nontoxic [36]. Furthermore,
it has been widely used in cell microscopy and fluorescence
imaging, and, more recently, in activity assays for dehalogenases
and other enzyme classes [32, 33]. One major advantage of this
dye is its use for ratiometric measurement, which allows for
intrinsic signal normalization and minimizes interference from
variables like fluctuations in excitation intensity or indicator
concentration [37].

The spectroscopic properties of pyranine were investigated with
respect to previously reported characterizations [32, 33]. The flu-
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(A) Absorbance spectra of pyranine (1) measured in the range of 300-600 nm, showing pH-dependent maxima at 405 nm and 450 nm.

(B) Depiction of the pH optima of methyltransferases (EC 2.1.1.-) according to data from the BRENDA database [38].
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FIGURE 3 | Results of a series of experiments investigating the use of the assay for initial measurement of the SgPsmC-catalyzed N-methylation

of 5-methyl indoline (2) (left). (A) The initial measurement of the reaction (diamonds) is depicted as a decrease in fluorescence (F450/F405) over time.
The reaction mixture contained 20 uM of enzyme, 1 mM of 5-methyl indoline (2), 2 mM SAM, and 50 uM pyranine in 1 mM potassium phosphate buffer
(pH 7.5) at 35 °C. For comparison, negative controls were prepared by omitting individual reaction components. Fluorescence ratio shifted to a common
intercept for visual aid. (B) Released c(H") during the SgPsmC-catalyzed reaction (‘Full Reaction’) was measured using 5 uM of enzyme, 1 mM of SAM,
1 mM of 5-methyl indoline (2), and 50 uM pyranine in 3 mM sodium phosphate buffer (pH 7.5) at 35 °C. The background control was prepared without
an enzyme. For the background-corrected data, the background control was subtracted from the full reaction. c(H") was calculated from the F450/F405

ratio using the respective calibration curve.

orophore exhibits a distinct pH-dependent absorbance behavior,
which is the basis for the ratiometric measurement (Figure 2A).
The fluorescence emission of pyranine is largely pH-independent,
with a maximum at approximately 510 nm (see Figure S2).
The large Stokes shift minimizes self-absorption and results in
a clearer signal with reduced background interference. Impor-
tantly, the excitation and emission wavelengths of pyranine are
compatible with common filter sets used in fluorescence plate
readers, and they neither overlap with the absorbance spectra
of the substrates used in this study (see Figure S3) nor the
intrinsic absorbance of polystyrene-based commercially available
microtiter plates, which predominantly absorb around 280 nm.

The apparent pK, value of pyranine was determined to be 7.36
(see Figure S4) using potassium phosphate buffer across a defined
pH range at an indicator concentration of 50 uM and 25 °C. This
value is consistent with previously reported ones [33]. Pyranine
shows sensitivity in the range of approximately pH 6-8, and the
apparent pK, defines the operational range for the assay, which
aligns well with the conditions of most MT-catalyzed reactions,
typically showing pH optima in the range of pH 7-8 according to
data from the BRENDA database (Figure 2B) [38].

2.2 | Initial Measurement of MT Activity

To assess the applicability of a pyranine-based fluorescent pH-
shift assay, the N-methyltransferase SgPsmC from Streptomyces
griseofuscus was selected as a model enzyme for the methylation
of 5-methyl indoline (2) as an initial proof-of-concept reaction
[39, 40].

Different reaction setups were used, including the complete
reaction containing all components (SgPsmC, 5-methyl indoline,
SAM, and pyranine) and negative controls lacking individual

reaction components. The ratio of the fluorescence signal after
excitation at 450 nm and 405 nm (F450/F405) was monitored
over one hour for both the enzymatic reaction and the negative
controls (Figure 3A). The results revealed a substantial decrease
for F450/F405 over time exclusively for the enzymatic reaction,
indicating that MT activity can indeed be monitored by observing
the pH-shift stemming from the acidification of the solution upon
proton release.

To quantify the proton release based on the fluorescence signal,
a calibration of F450/F405 versus defined concentrations of H*
(hereafter abbreviated c(H")) was performed using pyranine.
Notably, for the calibration, it was shown to be important to keep
the system as close to the enzymatic reaction setup as possible,
with SAM having a strong influence on the calibration curve
in general (see Figure S5). By this, the release of protons and
therefore successful methylation could be quantified (Figure 3B).
The reaction progression curves were shifted to represent the
relative formation of H* after the start of the reaction (t,) in order
to reflect the enzymatically released protons, since the absolute
values are sensitive to small pH variations prior to reaction
initiation. While the observed signal can be primarily ascribed
to the change of c(H*) due to the enzymatic reaction, it is not
specific to this very process. Instead, it reflects changes in c(H*)
of the entire system. Accordingly, background controls must be
run in parallel, for example, by omitting the purified enzyme
(Figure 3B).

2.3 | Activity Measurements on MTs With
Different Substrate Acceptor Atoms

Having shown that MT activity can generally be monitored via
a shift in pH during the course of the reaction, the assay set-
up was optimised prior to further tests. This was done regarding
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the choice of buffer and buffer strength, quenching effects,
and calibration procedure (for results and a detailed standard
operation procedure, see ‘Methods’ and Figures S6-S9).

To test the assay’s suitability for different application scenarios,
methylation activity was determined using the pH assay and
compared to results obtained by HPLC (Figure 4). To generate
more representative data, three model MTs were used: the
O-MT RnCOMT from Rattus norvegicus for the methylation of
dopamine (4), the C-MT SrCouO from Streptomyces rishiriensis
for the methylation of 2,7-dihydroxy naphthalene (6), and the
N-MT SgPsmC for the methylation of 5-methyl indoline (2) used
above (Figure 4A). This set of enzymes was chosen in order to
include a) MTs with different substrate acceptor atoms, b) MTs
targeting different synthetically interesting motifs, and c) MTs
which have already been characterized and used in biocatalysis
[40-45]. Reactions were prepared in a larger volume, and part
of this reaction solution was used for continuous fluorescence
measurement to determine released c(H*). From the remaining
reaction volume, samples were taken at dedicated time points,
quenched, and analyzed by HPLC for the determination of
c(SAH). The corresponding progress curves (Figure 4B) were
used to validate the correlation between c(SAH) and c(H") (i.e.,
between HPLC and assay measurements, Figure 4C) and to
calculate volumetric enzyme activities (Figure 4D).

Fullest control of pH is difficult to achieve: slight pH differences
between calibrations and full reactions, as well as pH fluctuations
when combining individual reaction components, cannot be
easily prevented. As such, the pH assay is better suited to
determine relative changes in c(H") since the start of the reaction,
or—to be more precise,—since the first measurement time point.
Because of this, the assay progress curves were shifted so that their
datapoint closest to the first HPLC data point (in terms of true
reaction time) indicated the same c(H") as c(SAH) (see marked
positions in Figure 4B).

SAH (HPLC data) and H* (assay data) progress curves matched
well, especially in the earlier part of the reaction, but did start
to diverge after prolonged reaction time and/or higher product
concentration (Figure 4B). The deviation differs in strength
depending on the reaction system at hand, as is also reflected in
differing recovery rates for each enzymatic reaction (Figure 4C).
After assay optimization, the recovery rates (RR)—how many
H* are detected per formed SAH—were 0.96, 0.92, and 0.89 for
RnCOMT, SrCouO, and SgPsmC, respectively, indicating close
to full recovery but also general underrepresentation of c(SAH)
when compared to c(H").

The underlying reason for varying degrees of deviation between
assay and HPLC progress curves is not known. However, two
points should be mentioned. Firstly, the different systems are
dynamic regarding pH and change over time, irrespectively of the
MT-catalyzed reaction, and the progress curves are also measured
over time. However, the individual H*-calibrations are static (i.e.,
recorded at a single time-point close to and before t,). As such,
the calibrations may reflect the entire system less closely as time
progresses, leading to higher deviations after prolonged reaction
times (Figure 2B) and to varying degrees depending on the exact
system composition. Secondly, the observed variation in recovery

rate can also in part be due to experimental error, with a value of
approximately 0.92 + 0.04.

Pearson correlation coefficients were reproducibly >0.99
(Figure 4C), validating the correlation between c(H*) and c(SAH)
formed during the reaction. Enzyme activities determined via
pH assay were 2%, 7%, and 16% below the HPLC activities,
respectively (Figure 4D). When using a two-sided t-test with
a = 5%, the null hypothesis could only be rejected for SgPsmC.
However, relative changes in enzyme concentration were
reflected correctly in the same relative changes in enzyme activity
as determined by the assay (see Figure S10). When recovery rates
are applied to the assay data, assay results match the HPLC results
more closely. This may be important to include in cases where
high data fidelity is necessary. Limits of detection (LOD) and of
quantification (LOQ) amounted to 12 pM/36 uM for RnCOMT,
5 uM/14 uM for SrCouO, and 4 uM/11 uM for SgPsmC based on
the close-to-linear range [c(H*) from 0 pM to 600 uM] of the
respective calibration curves (see Figure S15). These values were
obtained from calibrations containing 1 mM of the respective
methyl acceptor and 1 mM of SAM. For a discussion on the influ-
ence of substrate concentration on assay sensitivity, the reader is
referred to the section ‘Kinetic Measurements With RnCOMT".

To further test the applicability of the assay, SgPsmC substrate
acceptance was tested against 5-methyl indoline (2) and seven
further previously identified [40] indoline substrates (8 through
14) and compared to HPLC results (Figure 5). Both measurements
show similar normalized conversion of the different substrates,
ranking them in the same order of substrate acceptance.

The experiment also highlights the importance of individual per-
substrate calibrations when working with various substrates with
different pK, values. As the used buffer concentration is kept
low (here, 1 mM) to ensure high assay sensitivity, even typical
substrate concentrations (here, too, 1 mM) may have a strong
effect on the buffering properties of the system, depending on
the difference between pK,(substrate) and pH(system). If this
difference is large, the substrate will not substantially contribute
to the buffering capacity of the system. If, however, this difference
is small, the system’s buffering capacity will have been increased,
and the assay’s sensitivity in turn decreased. This trend can
be qualitatively observed when visualizing predicted pK, values
of the tested indolines versus the sensitivity of the individual
calibrations (see Figure S12). If, however, a set of substrates shares
asimilar pK,, a single calibration can be used without too high an
accuracy penalty. Slight deviations from the expected trend can be
explained by slightly different initial pH values at the beginning
of the calibrations, as well as the qualitative accuracy of the pK,
prediction for substrates of very similar acidity.

The importance of pK, can also be extended to the reaction
product. If both substrate and product have nearly identical pK,
values, a straightforward calibration including only the substrate
will suffice (such as for the substrate 2,7-dihydroxy naphthalene
(6)). If, however, the pK, values differ, the calibration will
introduce larger errors the further the reaction proceeds. For
the highest accuracy, the calibration should—with increasing
c(H*)—include decreasing substrate and increasing product con-
centrations to reflect the change of the buffering properties during
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FIGURE 4 | Validation of the suitability of the pH assay to measure MT activity via comparison with HPLC data. (A) Catalyzed reactions are used
as model systems. (B) Progression curves of each enzyme reaction were recorded both with the pH assay (circles, continuous measurement of c(H"))
and HPLC (squares, discontinuous measurement of ¢(SAH)). The assay progress curves were shifted so that their datapoint closest to the first HPLC
data point (in terms of true reaction time) indicated the same c(H") as ¢c(SAH) (indicated by dotted lines). This was done, as the pH assay is better suited
to measure relative changes in ¢(H') and not absolute concentrations. (C) Data pairs of c(H*) and c(SAH) for the closest (regarding true reaction time)
data points from the assay and the HPLC progression curves. The slope of the regression curve represents the system-specific recovery rate (RR). Pearson
correlation coefficients were close to 1. (D) Volumetric enzyme activities as determined by HPLC, by pH assay, and by pH assay corrected by recovery
rate (‘“+RR’). Experimental activities (without correction using the RR) were similar; using a two-sided t-test with a = 5%, the null hypothesis H, could
only be rejected for SgPsmC. Reaction conditions: 1 mM buffer, 1 mM SAM, 1 mM methyl acceptor, 50 uM pyranine, 10 uM SrCouO / 4.9 uM RnCOMT /
5 uM SgPsmC, starting pH 7.5, 25 °C. Experiments were done with n = 3 replicates. Errors denote SD.
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FIGURE 5 | Application of the pH assay for screening various indo-
line substrates against SgPsmC. Conversion (relative to concentration of
used methyl acceptor substrate) after 115 min, normalized to 5-methyl
indoline (2). 100% normalized conversion in the assay data for substrate
(2) corresponds to approximately 12% overall conversion (12 uM product),
whereas the weaker substrates (13) and (14) show only about 2% con-
version (2 pM product). The same trend regarding substrate acceptance
is shown with both HPLC and assay measurement methods. Reaction
conditions: 1 mM sodium phosphate buffer, 1 mM SAM, 1 mM indoline
substrate, 50 uM pyranine, 1 uM purified SgPsmC; starting pH 7.5, 25 °C.

the reaction course. In general, the closer the calibration reflects
the dynamic conditions of the final reaction, the higher the
fidelity of the assay data.

2.4 | Kinetic Measurements With RnCOMT

As an additional application scenario, steady-state Michaelis-
Menten kinetics were recorded for the O-methylation of
dopamine (4) catalyzed by RnCOMT with fixed c(SAM). To take
the buffering effects of the higher dopamine concentrations into
account (see Figure S13; this being necessary to sample reaction
velocities close to v,,,,), individual calibrations were recorded for
every tested dopamine concentration. Assay sensitivity decreased
with increasing dopamine concentration (5% for 1000 uM, 18% for
6000 uM; compared to 0 uM). The Michaelis-Menten equation
was fitted to the initial velocities (see Figure S14), leading to
Ky = 219 + 20 uM and k., = 0.064 + 0.001 sec™! (Table 1). The
same reactions were analysed discontinuously by HPLC measure-

TABLE 1 | Kinetic parameters obtained by using the pH-shift assay
and by HPLC measurements for the O-methylation of dopamine (4)
catalyzed by RnCOMT.

Method K, [uM] k.o [sec!]
pH-shift assay 219 + 20 0.064 + 0.001
HPLC 228 +19 0.074 + 0.001

ments, leading to Ky, = 228 + 19 uM and k,, = 0.074 + 0.001 s},
indicating general agreement between the two methods.

2.5 | Statistical Evaluation for High-Throughput
Screenings

When screening large enzyme mutant libraries (e.g., of directed
evolution campaigns), most mutants are only tested once: there-
fore, high fidelity of an assay system to identify beneficial
traits (positive hits) is crucial, and an assay’s quality for the
given application should be assessed before applying it to high-
throughput screening (HTS). As preliminary experiments with
SgPsmC (see Figure S16) showed that the assay can also be used
with CFEs and whole cells, it appeared sensible to also evaluate
the assay’s applicability in an HTS setting. Thus, the Z’-factor,
which takes dynamic range and signal variability into account,
was calculated as a statistical measure for intrinsic assay quality
based solely on positive and negative control data, using the
method described by Zhang et al. [46, 47]. Calculations were
performed using the biotechnologically relevant RnCOMT [48]
and by applying whole-cell catalysts in order to circumvent the
need for an additional lysis step.

For this, Escherichia coli BL21(DE3) cells were transformed with
DNA containing either the native MT gene (positive control)
or the backbone plasmid (negative control). Individual colonies
were transferred to FlowerPlates for protein production, and
cells were harvested and used as whole-cell catalysts. The activity
of the enzymatic reaction and negative control was determined
using the pH assay, which in turn was used for the determination
of the coefficient of variation (CV) as well as the Z’-factor
(Figure 6A).

In a first attempt, positive and negative controls were not
distinguishable, leading to a calculated Z’-factor of —3.89. At
first, this was surprising, as this did not reflect the results of the
pre-tests performed with SgPsmC. The only difference—besides
the actual choice of catalyst—was that cells had been frozen in
the pre-tests prior to their use; the Z’-factor determination for
RnCOMT was repeated by including an additional freeze-thaw
step between cell harvest and assay. Freezing the cells prior
to use led to a Z’-factor of 0.70, indicating an excellent assay
performance and suitability for HTS in this specific context
(Figure 6B). The CV of the positive control was ~6.2%, which
allows identification of mutants with ~15% increased activity to
be identified at a false-positive rate of ~1%.

Additionally, the Z’-factor was determined for the N-MT SgPsmC
using fresh, nonfrozen cells. The Z’-factor was —0.32, indicating
a poor fit of the assay for HTS screening using this particular
system. Despite this, the difference between negative and positive
controls was statistically significant (see Figure S17), suggesting
that the assay could potentially be employed for screening,
albeit with limitations in distinguishing between mutants with
marginal decline in performance and the negative control, which
can be important to quantify the effect of amino acids crucial for
catalysis.

This experiment underlines the importance of evaluating not
only the suitability of the assay system for a given application,
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FIGURE 6 | Statistical evaluation of the assay’s suitability for HTS
based on RnCOMT-catalyzed reactions using (A) freshly harvested cells
and (B) frozen and thawed cells. The activity of the MT-catalyzed reaction
(positive control) was compared to the negative control containing the
corresponding empty vector. Mean and individual values are plotted,
along with the triple standard deviation (dashed lines), and are color-
coded according to the respective datasets. A grey area indicates the
overlap of the triple standard deviation of the enzymatic reaction and
the negative control. Additionally, the coefficient of variation (CV) was
calculated. Reactions, where data could not be fitted reliably for activity
calculation (which was the case for some negative control reactions that
showed scattering around the baseline), were omitted from the final
analysis. Reaction conditions: 1 mM Tris, 3 mM Mg“; 1mM dopamine (4),
1mM SAM, 50 uM pyranine, cells at a final OD of 10; starting pH 7.5, 25 °C.

but the entire application workflow (here, including catalyst
preparation), prior to initiating an HTS. The performance of a
system must be evaluated and validated for each screening to
ensure an optimal outcome, particularly when enzyme activity
is expected to be very low, and therefore, differences between
positive and negative controls are not as pronounced. While the
assay is compatible with both purified enzymes and with CFEs—
and can as such be considered for HTS applications—whether
or not the assay is applicable with freshly harvested, untreated
whole-cells must be tested from case to case.

3 | Conclusion

Building on previous work using the fluorophore pyranine for
other enzyme classes, an uncoupled, pH-shift-based activity

assay was established for the first time for SAM-dependent
MTs. The detected increase in c(H*) during the course of the
reaction was shown to directly correlate with the formed c(SAH),
and determined activities for a set of three different model
enzymes with different methyl acceptor atoms were either close
to identical with HPLC control measurements in absolute terms
or showed similar differences in relative activity. As a further
use case example, different known indoline substrates of the
N-MT SgPsmC were tested for relative substrate acceptance, and
results were in agreement with HPLC readouts. Kinetic mea-
surements are also possible, as was shown for the O-methylation
of dopamine (4) using RnCOMT and by comparison with dis-
continuous measurements by HPLC. As was the case in previous
work [32, 33] with other enzyme classes, the pH-shift assay can
also be used with CFEs, prompting its use for high-throughput
screening. With an additional freeze-thaw step, even whole cells
could be used, which were used for the determination of the
Z’-factor and intraday CV. These values amounted to 0.70 and
~6.2%, respectively, indicating the assay’s potential applicability
for HTS.

Due to the assay’s nature, fullest control over pH is necessary for
the highest sensitivity and data fidelity. As slight pH fluctuations
are difficult to circumvent, the assay is best fit to determine
relative rather than absolute changes in c(H*). At the low
concentrations of buffering agent needed, enzyme substrates and
products can have a strong effect on the system’s total buffering
capacity and, in turn, on the assay’s sensitivity. While substrates
(and products) with pK, values far off the system’s pH value will
not have a significant effect on the system’s buffering capacity,
compounds with pK, values close to the system’s pH will. This is
more pronounced for higher compound concentrations and more
dynamic if the pK, values of substrate and product pairs differ
substantially. However, these points can be taken into account by
appropriate calibrations if the experimental conditions demand it
or the necessity arises. Since the assay is generally limited to low
buffer concentrations in order to achieve high sensitivity [49],
it is important to verify that the enzyme is active in this buffer
system. If an enzyme requires a higher ionic strength to be active,
salts such as NaCl could be added to the buffer, as these will have
only a minimal effect on the system’s buffering properties.

As addressed throughout this work, different reaction parameters
can have varying degrees of effect on the buffering proper-
ties of the assay system. Accordingly, a calibration reflecting
the chosen reaction setup as closely as possible needs to be
recorded prior to measurements of complete enzyme reac-
tions. Deviating from this initial setup may necessitate a new
calibration. This may not be the case for parameters with
weaker effects (e.g., slight variations in substrate concentra-
tion or substitution with a similar substrate of comparable
pK, relative to the system pH). However, for the highest data
fidelity—and especially after changing a more impactful condi-
tion such as buffer concentrations—a new calibration should be
considered. Inherent to the functionality of pH-based assays,
pH and temperature profiles of enzymes cannot be measured
without added effort: additional pH indicators must be used to
extend the assay’s currently limited pH window of operation, and
further temperature-dependent calibrations would be necessary,
respectively. Additionally, the dynamic nature of the system
makes careful calibrations and controls essential.
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Concluding, the pH-shift assay presented in this work aimed at
complementing existing methods: It is (with only a few excep-
tions) applicable to all SAM-dependent MTs. It is not restricted to
purified enzymes, can be used in a high-throughput setting, and
allows continuous measurement of MT activity. Furthermore, the
used pH-sensitive fluorophore pyranine is well characterized and
inexpensive, and—most importantly—no additional enzymes are
needed for the detection of MT activity.

4 | Methods
4.1 | Preparation of Solutions

Ideally, all (stock) solutions were prepared in a low-concentration
reaction buffer (Ic-RB). The Ic-RB had a pH value of 7.5 and 1 mM
of pH buffering component. Due to limited solubility in aqueous
solution, some methyl acceptors had to be prepared as concen-
trated DMSO stocks (100 mM). The final DMSO concentration in
calibrations and reactions never exceeded 2% v/v. A master mix
(MM) containing all components (including pyranine, SAM, and
methyl acceptor) except for the enzyme was prepared, its pH read-
justed once again, and incubated at room-temperature for 30 min
prior to starting the assay (see ‘Additional Notes’). Due to the auto-
oxidation of dopamine (4), this specific substrate was added to
the calibration and reaction mixtures just before measurement.
For this, the highest concentrated dopamine substrate stock was
prepared just before use, and its pH was adjusted to 7.5 before
use. For reactions with CFEs or whole cells, the methyl acceptor
was omitted from the MM. However, if the reaction rate was slow,
the MM contained all components so that the calibration would
reflect the actual reaction conditions more closely. Standard
reactions were performed using 1 mM SAM, 1 mM methyl
acceptor, and 50 uM pyranine. Reactions with RnCOMT also
contained 3 mM MgCl,. For SgPsmC and SrCouO, phosphate
buffer was used. This buffer was chosen based on previous work
[44], as it is commonly used and inexpensive. For RnCOMT, Tris
buffer was used to hinder precipitation of the cofactor Mg?* [45].

4.2 | Catalyst Preparation

Purified enzymes had to be buffer exchanged with a Ic-RB prior
to the assay. For this, a small volume concentrator (Vivaspin 500,
Sartorius) with an appropriate cut-off was used. Three consecu-
tive concentration-dilution steps (at 12,000 g and 4 °C) led to a
dilution of the initial storage buffer of at least 1:1,000. For whole
cells, frozen or fresh cells (depending on the setup) containing
the respective enzyme were washed with 0.9% w/v NaCl, pelleted
again, and resuspended in Ic-RB. For CFEs, cells were lysed by
sonication and cell debris removed by centrifugation.

4.3 | Ratiometric Measurement

Fluorescence was measured using an Infinite M1000 pro plate
reader (Tecan, Ménnedorf, Switzerland) or a FLUOstar Omega
plate reader (BMG Labtech, Ortenberg, Germany). For the
first device, excitation wavelengths were A.;= 450 nm and
Aex, = 405 nm, and emission was measured at A, = 510 nm.
For the second device, due to predefined filters, wavelengths were

Aex1 =485nm, Aoy, = 355 nm, and 4., = 520 nm. For analysis, the
FAex,114em)
F(lex,ZMem)
with F450/F405 and F485/F355. Black flat-bottom 96-well plates

were used for all reactions.

fluorescence ratio was used, which is further denoted

4.4 | Calibration

For calibration, a dilution series of a reference 1 M HCI solution
(Carl Roth, Frankfurt, Germany) was prepared in triplicate. As
a dilutant, the respective lc-RB was used. 190 uL of the MM was
mixed with 10 pL of the respective HCI solutions in a microtiter
plate, and fluorescence was measured. For calibrations intended
for reactions with CFE or whole cells, 90 pL of MM and 100 pL
of the respective catalyst solution were used instead, to which
the 10 pL of the HCI solutions were added. Depending on the
range of HCl-concentrations used in the calibration, the following
functions (Equations 1 and 2) were used for data fitting.

F (Acx,l |Acm)

e 1) +b
= (Aex,zl/lem) m - c (HCl) + €))

F (lex,l M’em) _ C (HCI) )

—F (Acx,2|/1cm) =Y A, exp < ) 2

4.5 | Reactions

Reactions were started by mixing 10 pL of the purified catalysis
with 190 pL of MM, and formation of c(H*) over time was
monitored by fluorescence measurement. In case of reactions
with CFE and whole cells, the reactions were started by mixing
10 pL of the methyl acceptor, 90 uL of MM, and 100 pL of catalyst
solution. Alternatively, if the reaction rate of CFE or whole cell
reactions was low, the MM also contained the methyl acceptor.
In this case, 10 pL of reaction buffer, 90 uL of MM and 100 pL of
catalysts solution were mixed to start the reaction. For CFEs and
whole cells, the plate was shaken prior to each measurement.

4.6 | Background Controls

Background-corrected data was obtained by subtracting the
respective background controls—run in parallel to all reactions—
from the data of full reactions. For reactions with purified
enzymes, the enzyme was omitted from the background con-
trol. For preliminary reactions with CFE and whole-cells
(see Figure S16), the substrate was omitted from the background
control. Controls were analysed using separate calibrations to
reflect their composition as closely as possible.

4.7 | Standard Analysis

Flex.1|2em)
F(dex,2|2em)
concentration in the reactions. Reaction progress curves were

shifted to represent ‘released c(H™) after t,’, that is, the change of
the c(H™) concentration over the course of the reaction relative
to the first data point obtained. Activities were determined by
linear regression of the linear part of the progression curve, or by
fitting the following function (Equation 3) to the monotonically
nondecreasing part of the reaction progress curve covered by the

The measured ratio was used to calculate the c(H*')

ChemCatChem, 2026

9 of 11

'sdny) SUoRIPUOD pue SLB | 8U) 89S *[9202/50/50] U0 Areiq1 8uIUO AB|IM *HiopESSNA XPUIo!qIasspue ] pun SIISBAIUN A] #T.T0GZ0Z 9199/200T OT/I0p/W0d* A8 M A R.q 1 puljuoadoune-AnsIueyo//sdny WwoJj pepeojumoq ' ‘9202 ‘668€L98T

fapmA

35UBD |7 SUOWILIOD dAII1D 3Rl jdde au Aq pausenob ale saolLe O '8sn JO Sa|nJ oy Afelqi]auluQ A8 I UO (SUOIIIPUOD-PLE



calibration and then calculating the first derivative of the fitted
function at time t=0s.

1

c(H") (D) =y, + A, exp <_t£> 3

4.8 | Additional Notes

(A) To guarantee that an alkaline pH-shift at the beginning of the
reaction (due to mixing of components) or during the reaction (as
observed for whole cells and CFEs not containing recombinant
MTs) would not lead to the reaction’s fluorescence data being
outside of the calibrated c(H*)-range, reactions could be started at
a slightly acidified state. For this, reactions were prepared in the
presence of 10 uL of one of the respective H*-calibration solutions.
(B) A slight increase and followed decrease of F450/F405 of MM
could be observed when SAM was present (see Figure S11). To
counter this, the MM was incubated for 30 min prior to use.
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