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detection of hypohalide species and therefore may be adapted

for the determination of haloperoxidase activity. The taurine

chloramine assay utilizes 3,3’,5,5’-tetramethylbenzidine in a

coupled reaction to make the chlorination of taurine visible at

650 nm. Another system is based on p-cresol, a fluorescent

probe which is sensitive to halogenation as all halogenated

derivatives lose their fluorescence properties and therefore

allow monitoring the reaction via p-cresol depletion. Other

examples include fluorescein derivatives, which are oxidized

after halogenation to fluorescein, one of the most prominent

fluorescent probes used in molecular medicine. The main

problem for an adaption of these assays as a HPO assay is the

oxidative environment of the assay. Besides the hypohalous

acid, hydrogen peroxide, as a very strong oxidant which is

capable to oxidize most of the mentioned compounds, is

required in the solution as well. For 3,3’,5,5’-tetrameth-

ylbenzidine, for instance, it is a known fact that hydrogen

peroxide may oxidize the compound itself, flawing the meas-

urement. If a qualitative answer is sufficient, the phenol red

assay is sensitive for HPO activity by halogenating phenol red

four times to yield bromophenol blue. Again, no enzyme kinetic

data can be acquired using this system.

Comparing kinetic values determined for some HPOs show

remarkable differences reported in literature (see Table 1).[7] As

these enzymes catalyze a two-substrate enzymatic reaction, the

relation between the kinetic parameters and concentration of

both substrates has to be taken into account. Kinetics fixing the

concentration of one reactant during its record yield only

apparent kinetic parameters (KM, vmax). A direct comparison of

two datasets bearing apparent values only is hardly possible.

Additionally, these partial data sets do not necessarily allow the

evaluation of the overall performance of the enzyme for

biocatalytic approaches. Therefore, we aimed at providing an

alternative system for reproducible results based on readily

available substrates to obtain a general kinetic data set for

HPOs. The fluorescent sensor 4-methyl-7-diethylamino-coumar-

in (MeDAC 4, see Scheme 1.C) which offers an activated position

for electrophilic aromatic substitution reactions was chosen.

This compound was already investigated as a sensor for

medically relevant hypohalous acid formation observed in

inflammation reactions and characterized as a very reliable and

sensitive hypohalous acid sensor, in vitro and in vivo.[8] Using

this sensor, a time-resolved quantification assay for hypobro-

mite using a mixed fluorescence readout was established. This

ultimately allowed the record of a complete set of absolute

rather than apparent kinetic data on a HPO.

2. Results and Discussion

2.1. Approach

MeDAC was used as a fluorescence reporter because it conducts

the halogenation to one specific position due to the high

nucleophilicity, which is the 3-position juxtaposed to the

carbonyl carbon of the lactone moiety. MeDAC, as a coumarin-

derivative, is a potent fluorophore, and its halogenated

derivatives have already been tested for fluorescence as well.[9]

Thus, a fluorophore promises high sensitivity, which is generally

favored for enzymatic samples with potential small concen-

trations of compound and enzyme required. Additionally, it

should be possible to use this fluorescence probe for measuring

the depletion rate of starting material and formation rate of

product simultaneously. Since the common hypothesis is that

halogenation does not occur at the active site of the enzyme,

the rate-limiting step is assumed to be the formation of the

highly reactive halogenating species (e.g. HO�X) and not the

Scheme 1. a) The haloperoxidase (HPO) forms hypohalites (OX�) from

hydrogen peroxide and halides (X�). b/c): General reaction scheme for (B)

the dimedone (1) assay and (C) the fluorescence assay presented in this

work. The halogenation causes a change in the absorption spectrum of

either dimedone (1) or the fluorescence properties of 4-methyl-7-diethylami-

no-coumarin (MeDAC, 4).

Table 1. Kinetic parameters of VClPO from C. inaequalis determined with

the MeDAC-assay at pH 6 compared to previously published parameters

using the MCD-assay.

kinetic data MeDAC-assay

this work

MCD-assay

data from ref.[5b]
MCD-assay

data from ref.[7b]

K
m
(Br�) 0.19�0.04 [mm] 0.12a [mm]

0.007 [mm]

0.026 [mm]

K
m
(H2O2) 1.48�0.23 [mm] <0.005a [mm] 0.003 [mm]

Ki(Br
�) 56.80�6.97 [mm] n.a. n.a.

Ki(H2O2) n.a. n.a. n.a.

effective

kcat

9.80�0.73 [s�1] n.a. n.a.

apparent

kcat’

7.0�8.9b [s�1]

8.5�0.8c [s�1]

100 (Br�) [s�1]d

37 (Br�) [s�1]d

33 (H2O2) [s
-1]

21.3 (Br�) [s�1]

15.2 (H2O2) [s
�1]

[a] The reported K
m

- values were determined at pH 8. [b/c] The value for kcat
was calculated using the obtained fit function (see SI ‘2D-kinetics’) and

inserting the concentrations of [b] Br� (10 mm) and [c] H2O2 (10 mm) used

in previous works to allow for a better comparison[7b] The error was

calculated using standard error propagation rules. [d] Multiple kcat-values

were given in Wever, et al..[5b]
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halogenation of the target compound itself.[10] During our

studies on the development of the assay, it was shown early on

that both MeDAC and the mono-brominated compound

BrMeDAC are subject to quenching in fluorescence and that the

components are also capable of quenching each other. This

makes the simultaneous measurement of both components

necessary. In the following, we describe how the assay was

developed and evaluated (see Figure 1). To guide the reader

through the procedure, circled numbers have been added to

each step to visualize the experiments and rationale behind the

assay development (see Figure 1 A). If the system is adapted,

the required steps to acquire HPO activity are summarized as

well (see Figure 1 B). As an application example, the perform-

ance of the assay is shown on multi-dimensional steady-state

kinetics for the haloperoxidase VClPO from Curvularia inaequalis.

2.2. Fluorescence Properties and Assay Parameters:

While MeDAC (4) is commercially available, the reference

compound BrMeDAC (5b) was synthesized following an estab-

lished protocol.[9] For both, MeDAC and BrMeDAC (5b),

concentration-normalized 2D-fluorescence spectra in 100 mm

Bis-TRIS buffer have been measured (see Figure 1a 
1 , from

which a difference spectrum was calculated in order to identify

a combination of one single excitation wavelength ( Ex) and

two emission wavelengths ( Em) with high intensity for both

fluorophores 
2 (see Figure 2). An equation with two variables

[c(MeDAC), c(BrMeDAC)] must be solved as both compounds

exhibit fluorescence and therefore influence the correlation

between fluorescence intensity and concentration of each

compound. This can be achieved by two independent intensity

measurements. Using only one excitation wavelength is

advantageous for kinetic measurements because the technical

time in between two measuring events can be reduced and the

calibration can be simplified. The phosphate-free buffer was

chosen because the subsequent experiments were performed

with a vanadium-dependent HPO from C. inaequalis, which is

inhibited by phosphate.[5b] It should be highlighted here that

the fluorophores are dependent on the buffer system used,

which makes an individual calibration necessary [corresponding

spectra and calibration in 100 mm KPi-buffer (pH 3) can be

found in the SI].

In a first step, a two-dimensional fluorescence excitation-

emission-spectrum was measured with 100 m of MeDAC and

BrMeDAC. Forming the difference of the fluorescence intensity

of MeDAC from BrMeDAC at the given excitation and emission

wavelengths ( Em and Ex) yields the difference-fluorescence

spectrum (eq. 1, see Figure 2):

fluorescence� difference ¼

I lEx; lEmð ÞBrMeDAC

cBrMeDAC

�
I lEx; lEmð ÞMeDAC

cMeDAC

(1)

From the difference spectrum (see Figure 2) the following

measuring parameters have been derived for 100 mm Bis-TRIS

(pH 6) with 100 mm fluorophore, 1% (v/v) DMSO (
3 ), ensuring

an at least 3-fold higher fluorescence intensity of the inves-

tigated compound at the given emission wavelength compared

to the other fluorophore (i. e. MeDAC emission is three-fold

higher at 450 nm emission wavelength than BrMeDAC and vice

versa at 550 nm emission, eq. 2 and 3).

l
all
Ex ¼ 425 nm; l

MeDAC
Em ¼ 450 nm (2)

l
BrMeDAC
Em ¼ 550 nm (3)

Figure 1.Workflow for the creation, calibration (A) of the MeDAC-assay and

measurement of haloperoxidase-activity (B)

Figure 2. Projection of the difference-fluorescence spectrum values (

fluorescence� difference ¼
I lEx ;lEmð ÞBrMeDAC

cBrMeDAC
�

I lEx ;lEmð ÞMeDAC

cMeDAC
) in 100 mm Bis-TRIS

(pH 6), 1% (v/v) DMSO and 100 m of fluorophore. Green encodes for values

exceeding the detector limit, blue encodes for net-fluorescence of BrMeDAC

(5b) and red for net-fluorescence of MeDAC (4).
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In an ideal case for the calibration, the individual

fluorescence intensity values for both fluorophores would

simply sum-up to the actual intensity, while each intensity

would scale linearly and independently of the other fluorophore

with its concentration. Such plane equations could be solved

analytically with two independent measurements. However,

there are fluorescence-quenching and inner filter effects for the

pure samples as well as mixtures of MeDAC and BrMeDAC. To

take all of these effects into account, the measured total

intensity at each emission wavelength was plotted against the

concentration of MeDAC and BrMeDAC in the sample, leading

to complex surfaces. The complex surfaces can be fitted by a

2nd order polynomic surface function for both emission wave-

lengths when measuring MeDAC and BrMeDAC separately – as

well as in reasonable mixtures (
4 , see Figure 3). Due to the low

solubility of BrMeDAC in aqueous solutions, the highest

concentration was set to 100 m. The obtained data points

were then fitted using a ‘Poly2D’-fit in OriginPro 2018. In

contrast to the KPI-buffer (see SI Figures 5 & 6), the pH-shift in

Bis-TRIS buffer at pH 6 led to a quenching of BrMeDAC at about

40–50 m visible through the decrease in the slope. Therefore,

the maximum concentration calculable in this buffer system for

BrMeDAC is assumed to 40 m. Technically, the fluorescence

intensity depends on the excitation intensity, detector sensitiv-

ity and integration times applied by the fluorimeter. To circum-

vent tedious calibrations with each measuring campaign the

fluorescence intensities were normalized to the intensity at c

(MeDAC)=c(BrMeDAC)=40 m measured at the emission

wavelengths of MeDAC (450 nm) and BrMeDAC (550 nm),

respectively(
5 ) (see SI Figures 7 & 8 for final calibration used).

The polynomial surface functions (
6 ) obtained by the

calibration and fit were mathematically resolved to c(MeDAC).

This yields four equations (
7 ), which still contain the second

variable c(BrMeDAC). These equations could not be further

solved analytically. However, it is also true that two of these

equations will always have the same value for a certain

concentration of MeDAC in the measuring range, respectively

the difference will be 0. This condition was used to finally solve

the system of equations numerically (
8 ) (see SI). For this

purpose, the solver was used in Microsoft Excel, which can also

be used as a macro automated solver for large tables of

measured values such as kinetics.

2.3. Proof of Principle and Evaluation

To validate the approach, different mixtures of MeDAC and

BrMeDAC, which were not part of the calibration and sum up to

a total concentration of 40 m in each sample, were tested and

the calculated concentrations plotted against the actual ones

(see Figure 4).

For an ideal correlation, the slope of the straight line should

be 1 with no axis intercept and a R2 of 1. As shown in Figure 4,

although the R2 shows a convincing precision, the slopes differ

from that value, especially for BrMeDAC. The data of these plots

have been used for introducing a correction term based on the

Figure 3. a) Fluorescence intensities in dependence of concentrations of

MeDAC and BrMeDAC in 100 mm Bis-TRIS (pH 6), normalized to the

fluorescence of 40 m MeDAC or BrMeDAC, respectively [

l
all
Ex ¼ 425 nm; l

MeDAC
Em ¼ 450 nm]. The values have been modelled using

least-square fitting (software: OriginPro 2018) with a 2nd order 2D-polynom

(R2=0.99). b) Measurements of the very same samples at

l
all
Ex ¼ 425 nm; l

BrMeDAC
Em ¼ 550 nm, R2=0.96.

Figure 4. Calculated versus factual concentrations of MeDAC (A) and

BrMeDAC (B). The red line represents the ideal case, in which the correlation

between calculated and factual concentrations is perfect (slope=1), the

black line represents the measured and calculated concentrations in

dependence of the factual ones.
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equations for both lines, which increased the accuracy (see

Figure 5).

To define the limits of the assay, the measurement limits

were determined using the limit of blank method (see SI).[11]

The limit of detection was estimated to 4 m, while the limit of

quantification lies at about 6 m with a precision of above 90%

(see SI Table 1). In conclusion, it is possible to separately

quantify MeDAC and BrMeDAC, sharing similar spectroscopical

properties, in the same solution. Using this calculation

procedure, the assay system was put to the test to determine

kinetic parameters of enzymes.

2.4. Application

To evaluate the MeDAC-assay under conditions where a

conversion from MeDAC to BrMeDAC in the presence of

oxidizing agents takes place, the kinetic parameters of a

halogenating enzyme were determined. For this purpose, the

vanadium-dependent chloroperoxidase (VClPO) from C. inaequa-

lis was chosen as it is one of the best characterized haloperox-

idases to date.[12] HPOs are dependent on two substrates, halide

ions and hydrogen peroxide, respectively. To determine un-

biased overall Michaelis-constants as well as maximal velocities,

kinetics of a two-substrate enzymatic reaction were applied.

Therefore, fluorescence intensities with varying concentrations

of potassium bromide and hydrogen peroxide were measured

with a fixed concentration of MeDAC (30 m) and recombi-

nantly produced VClPO (0.3 ng l
�1). Due to a proposed

inhibition of haloperoxidases by halide ions, the Michaelis-

Menten equation was expanded with a substrate-excess-

inhibition term according to McMurray[13] for both substrates

and used as a fit function in OriginPro 2018.[14] The kinetic data

could be fitted with an R2 of 0.88 (eq. 4, see Figure 6)

v0 ¼
vmax

1þ
KM KBrð Þ

c KBrð Þ þ
c KBrð Þ

K i KBrð Þ

� �

� 1þ
KM H2O2ð Þ

c H2O2ð Þ þ
c H2O2ð Þ

K i H2O2ð Þ

� �

(4)

with v0 initial velocity, vmax maximal velocity, KM Michaelis-

constant, Ki inhibitory constant, and c concentration

Inhibition was visible at higher concentrations for potassium

bromide (Ki=56�7 mm) but not for hydrogen peroxide. The Ki
was fitted to be 2E22 mm, thus, there is no detectable substrate

inhibition and the kinetic resembles a generic Michaelis-

Menten-kinetic in this direction. For the potassium bromide, the

inhibition is below the usual concentration of halide used in

other haloperoxidase assays of 100–200 mm.[5b] The Michaelis-

constant of 0.19 mm for (potassium) bromide lies in a similar

range compared to previously determined values. For hydrogen

peroxide, the values are apart by three orders of magnitude

(1.48 mm and <5 m) which might be an effect of different pH-

values.

The turnover number kcat of the enzyme at a concentration

of 10 mm of hydrogen peroxide and 10 mm of bromide is

comparable to results published by other groups for hydrogen

peroxide and bromide separately. A side-by-side comparison of

kinetic parameters still proves difficult; as the kinetic parameters

in literature are either determined at different pH values or the

values of the fixed concentration of substrates used are not

stated in detail; thus it is not possible to calculate comparable

values. In addition, the parameters determined in this work

represent global values for K
m
and vmax, whereas values found in

previous studies were determined with a fixed concentration of

one substrate while altering the other and vice versa, making

these values apparent ones. This is also the case for the

turnover number kcat, which has been calculated using a

combination of concentrations for hydrogen peroxide and

bromide found in literature. In conclusion, the strong inhibition

of VClPO by potassium bromide, already described in related

work, could be unfolded and quantified using the MeDAC-

Figure 5. Applying correction terms from the line equations of figure 4 to

the (new) calculated concentrations of MeDAC (A) and BrMeDAC (B) gave

precise and accurate values. The red line represents the ideal case, in which

the correlation between calculated and factual concentrations is perfect

(slope=1), the black line represents the measured and calculated concen-

trations in dependence of the factual ones.

Figure 6. Projection of the two-substrate steady state kinetic of the

haloperoxidase VClPO. The color code resembles the least-square fit of the

kinetic data to the two-substrates substrate excess inhibition-steady-state

kinetic according to McMurray, with red areas displaying highest specific

activity in the fit. The KBr-ordinate is displayed in logarithmic scale to give

an overview on the individual measurements. Residual plots are given in the

SI (see SI Figure 10).
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assay.[5b] Additionally, the kinetic data that could be deduced

for this assay, was mostly in accordance to published data.[5b]

It is notable, that during single measurements of the

reaction velocity, fluorescence dropped for both, MeDAC and

BrMeDAC after 5 minutes, depending on the concentrations of

potassium bromide and hydrogen peroxide used (see SI

Figures 11 & 12). MeDAC is preferably halogenated in its 3-

position. However, other sites can subsequently be halogen-

ated. That may be the reason why the BrMeDAC concentration

drops. For kinetic studies this is irrelevant, since the read-out is

never used until this late stage for the calculation of the initial

velocity (v0).

To finally validate the measured concentrations, samples of

VClPO with optimal concentrations of hydrogen peroxide

(3 mm) and potassium bromide (5 mm) were measured on a

HPLC system by extracting the contents with ethyl acetate after

defined time periods (120, 300 and 600 s). The peaks observed

in the HPLC chromatograms were assigned to MeDAC and

BrMeDAC, respectively.

As the chromatograms reveal, there is a significant amount

of side-product formed after 10 min, which is negligible after

5 min of reaction time (see SI Figure 13). As the conditions used

for this experiment were optimized for a maximum velocity of

the enzyme, the effect of the observed side-products may differ

for other setups. During the first two minutes of the kinetic

measurement the formation of the proposed BrMeDAC from

MeDAC could be observed.

3. Conclusions

Providing a direct assay for the determination of enzyme

kinetics is dependent on the reaction analyzed and often

difficult to monitor if starting material and product of the

reaction have similar properties. With the assay system

presented in this work, following on the bromination of MeDAC

to BrMeDAC, we describe a procedure to simultaneously

measure starting material consumption and product formation

based on a fluorescence readout, neglecting interferences

usually suffered for fluorometric measurements (quenching,

fluorescence intensity overlaps). With low limits of detection

(4 m) and quantification (6 m), the system provided is

sufficiently sensitive to determine enzymatic activity even in

low concentrated samples (0.3 ng l
�1 enzyme).

From an economical point of view, the cost of MeDAC lies

at around 8 E per gram and can be obtained at various

manufacturers like Sigma-Aldrich and Alfa Aesar.[15] In contrast,

for the broadly used dimedone assay the cost for the mono-

chlorinated compound lies at 310 E per gram, while the mono-

brominated compound is sold for 2600 E per gram.[16] Dime-

done itself is cheaper (0.88 E per g) but does not allow a proper

quantification as one molecule may be halogenated twice and

prevents a correct determination of activity.[17] For the dime-

done assay, the plethora of side-reactions have also to be

accounted for to obtain reliable results.[6a] Nevertheless, the

dimedone assay appears easier to perform compared to this

system: it does not require a complex calibration and is not as

sensitive to additives and changes in pH or molarity. However,

many technical difficulties of the MeDAC assay could be

overcome applying a normalization and inherent difficulties

such as quenching effects could be handled using a calibration,

reducing its complexity. All in all the method is mathematically

less demanding than alternative approaches e.g. singular value

decomposition. The supplemental material provides detailed

equations for the reproduction in other labs. To use our system,

it would be required to measure the fluorescence intensities of

MeDAC and BrMeDAC at their highest concentrations (i. e.

40 m) with the given experimental setup and normalize other

intensities to this value (i. e. at 450 nm emission normalize to

the intensity of 40 m MeDAC, at 550 nm to the intensity of

40 m BrMeDAC). In that case, the equations, formulae and

functions could simply be adapted without further calibrations.

To facilitate the procedure, we provided a Microsoft Excel sheet

with the equations found in the supporting information which

may be used to calculate concentrations from normalized

fluorescence intensities with our buffer system. One has to bear

in mind, however, that side-products are formed as shown in

the HPLC chromatograms which might hinder a proper read-

out if the velocity of the enzyme is too high or the reaction is

carried out for too long. The low volume used may be prone to

pipetting errors, but an adaptation to quartz cuvettes for

fluorescence photometers should yield the same results. Until

now, the synthesis of the chlorinated analogue has proven

difficult, as several side products are formed and separation of

these still proves challenging. As the spectra of MeDAC and

BrMeDAC are already quite similar, there might not be a

sufficient shift in fluorescence for the chlorinated MeDAC to

apply our methodology there, as well. Preliminary results with

MeDAC in presence of VClPO and chlorine ions have shown a

fluorescence intensity decrease for MeDAC (425 nm excitation,

450 nm emission), but no change in fluorescence at the

wavelength of BrMeDAC (425 nm excitation, 550 nm emission)

during the course of the reaction. Chlorinating activity does

seem to be measurable by monitoring MeDAC consumption

but without product measurable the calculation would relapse

to a simple linear calibration missing intel on fluorescence

interactions between both compounds. These observations

seem to align with our hypothesis, however further investiga-

tion is required in the future.

For kinetic studies, the MeDAC-assay has been shown to

yield reliable and reproducible results for reasonable kinetic

parameters. To our knowledge, this was the first two-dimen-

sional kinetic investigation on vanadium-dependent haloperox-

idases. The kinetic data, especially the Ki-value towards

potassium bromide, supports the proposed substrate-excess

inhibition hypothesis for HPOs of Wever et al. and Butler

et al..[5b,10] While the direct comparison of kinetic parameters on

this enzyme proved difficult as many experimental parameters

(and thereby values) differ between publications, the Michaelis-

constant for bromide (0.19 mm) as well as the catalytic turnover

number (7 s�1 with fixed concentration 10 mm of hydrogen

peroxide and 8.5 s�1 with 10 mm potassium bromide) fit in with

some of the published data (see Table 1).[5b] Especially the K
m
-

value for hydrogen peroxide shows a low fit with parameters
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determined elsewhere, likely due to the different pH-values

utilized. Using this assay, one complete data set of kinetic

parameters at the given conditions could be acquired. The

presented kinetic data form a coherent data set taking all

enzymatic kinetic parameters and their relations to each other

into account. These resulting parameters determined with the

MeDAC-assay may help increase the overall performance of this

enzyme and other homologues in the future.

Experimental Section

Synthesis of 3-Bromo-4-Methyl-7-Diethylamino-Coumarin

(5b)

The synthesis of the reference compound 5b, 3-bromo-4-methyl-7-

diethylaminocoumarin, was performed according to Gordeeva

et al.[9] To a solution of 0.86 mmol (204 mg) of 7-diethylamino-4-

methylcoumarin (4) dissolved in 50 ml acetonitrile, 1.06 equivalents

(0.92 mmol, 174 mg) of N-bromo-succinimide dissolved in 20 ml

acetonitrile was added under stirring drop-wisely over 60 min at

25 °C. The solvent was evaporated to dryness and purified on a

silica column using toluene-acetone as solvents in a ratio of 40 :1.

Fractions containing a single spot on a TLC were pooled,

evaporated to dryness and analyzed via NMR (see SI Figure 1). The

product was obtained in 97% (258 mg, 0.83 mmol) yield.

Fluorescence Measurements

Fluorescence measurements were performed using a TECAN Infinite

M1000 Pro Plate Reader. Greiner 96-well black flat bottom chimney

plates were used with a working volume of 250 l. The 2D

excitation-emission spectra were measured ranging from excitation

wavelengths of 300 nm to 850 nm and emission wavelengths of

320 nm to 850 nm using a wavelength step-size of 2 nm for both.

The intensity was measured with a gain of 100 and 25 flashes with

a flash frequency of 400 Hz, 20 s integration time, 0 s lag time

and 0 ms settle time with excitation and emission bandwidths of

5 nm. The single-point and kinetic measurements were performed

using the excitation wavelength of 425 nm and an emission

wavelength of 450 nm for the preferential detection of MeDAC and

550 nm for BrMeDAC, as the fluorescence intensities were at least

three-fold higher for the targeted compound respectively. The

intensity was measured with a gain of 100 and 10 flashes with a

flash frequency of 400 Hz, 20 s integration time, 0 s lag time and

0 ms settle time with excitation and emission bandwidths of 5 nm.

Calculations and Fitting

For the fitting of the 3D-calibrations for both emission wavelengths,

the ‘Poly-2D’-fit function in OriginPro 2018 was used (z=z0+a · x+

b ·y+c · x2+d ·y2+ f · x · y). The resulting equation systems were

solved for the concentration of MeDAC –still in dependence of c

(BrMeDAC)- using the analysis tool of GeoGebra (https://www.geo-

gebra.org/). The four solutions were solved numerically for

concentrations of BrMeDAC using the ‘target goal’ function in

Microsoft Excel (2016) providing a simplex algorithm. Two of the

four equations will predict the very same measured fluorescence

intensities for a pair of c(BrMeDAC) and c(MeDAC), thus the

difference should be zero. For this condition a BrMeDAC concen-

tration was solved numerically. The normalization for the relative

intensities was the measured intensity at the given conditions of

MeDAC and BrMeDAC at a concentration of 40 m. For detailed

information on the mathematical background and the solution of

the equations, see the corresponding section in the supporting

information.

For enzyme kinetics, a two-dimensional Michaelis-Menten fit was

combined with the substrate-inhibition term by McMurray as a fit

function in OriginPro 2018 (vide supra). To predefined concentra-

tions of potassium bromide and hydrogen peroxide in 100 mm Bis-

TRIS buffer pH 6, a solution of 30 m MeDAC in 100 mm Bis-TRIS

buffer pH 6, 0.3% (v/v) DMSO with 0.3 gml
�1 recombinantly

produced and His-Tag isolated VClPO from C. inaequalis (see SI

Figure 9) at 25 °C was added up to a total volume of 250 l per well

to start the reaction. The kinetic was measured for 10 min. The

measured intensities were normalized, converted to concentrations,

corrected with the corresponding term (see Figure 5) and then

plotted against the time. Of each curve obtained, the linear part

was then used to determine the slope, which is equivalent to the

velocity of the enzyme, and then divided through the enzyme

concentration used to obtain the specific enzyme activity. These

values were then plotted against the concentration of potassium

bromide and hydrogen peroxide and fitted with the 2D-Michaelis-

Menten-McMurray function.

HPLC Measurements

HPLC measurements were carried out at 25 °C using a Lux Amylose-

1 column (250*4.6 mm, Fa. Phenomex) with n-heptane:isopropanol

in a ratio of 60 :40 at a flow rate of 0.5 mlmin�1. Samples of MeDAC

and BrMeDAC, dissolved in n-heptane:isopropanol 50 :50, were

detected at 370 nm with an injection volume of 5 l. The retention

time of MeDAC was 9.3 min, the time of BrMeDAC was 10.7 min.

The enzymatic reactions were carried out at 25 °C in 15 ml tubes

with 30 m of MeDAC, 3 mm of H2O2 and 5 mm of KBr analogous to

the kinetic measurements to ensure comparability between meas-

urements. The tubes were incubated at 800 rpm in a HLC tube

shaker (Citabis) and one sample each extracted three times with

15 ml ethyl acetate after 120, 300 or 600 s. The extract was

evaporated to a small volume of ca. 1 ml, transferred into an

Eppendorf tube and evaporated to dryness. Finally, the sample was

dissolved in 150 l n-heptane:isopropanol 50 :50 and measured by

HPLC-analysis.
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