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Abstract

Different pharmacokinetic properties are known for the two enantiomers of the
entactogen 3,4-methylendioxy-methamphetamine (MDMA), most likely due to
enantioselective metabolism. The aim of the present work was first, the investigation
of the main sulfotransferases (SULT) isoenzymes involved in the sulfation of the
main MDMA phase | metabolites 3,4-dihydroxymethamphetamine (DHMA) and 4-
hydroxy-3-methoxymethamphetamine (HMMA) and second, the evaluation of a
possible enantioselectivity of this phase Il metabolic step. Therefore, racemic DHMA
and HMMA were incubated with heterologously expressed SULTs and quantification
of the sulfates by liquid chromatography-high resolution mass spectrometry was
conducted. As separation of DHMA and HMMA sulfate could not be achieved by
liquid chromatography, enantioselective kinetic parameters were determined using
the substrate depletion approach with enantioselective quantification of substrate
consumption by gas chromatography-negative ion chemical ionization mass
spectrometry. SULT1A1 and SULT1A3 catalyzed sulfation of DHMA and SULT1A3
and SULT1E1 of HMMA. SULT1A1 and SULT1EL1 revealed classic Michaelis-Menten
kinetics whereas SULT1A3 kinetics showed deviation from the typical Michaelis-
Menten kinetics resulting in a concentration-dependent self-inhibition. SULT1A3
showed the highest affinity and capacity of the SULT isoforms. Marked
enantioselectivity could be observed for S-DHMA sulfation by SULT1A3 and in
human liver cytosol, whereas no differences were observed for HMMA sulfation.
Finally, comparison of Km and Vmax values calculated using achiral product
formation and chiral substrate depletion showed good correlation within 2-fold of
each other. In conclusion, preferences for S-enantiomers were observed for DHMA

sulfation, but not for HMMA sulfation.
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Introduction

The chiral compound R,S-3,4-Methylenedioxy-methamphetamine [R,S-MDMA, R,S-
N-methyl-1-(3,4-methylenedioxyphenyl)propane-2-amine], also known as Ecstasy, is
known as a very popular drug of abuse, but also associated with damage of
serotonergic neurons (Kalant, 2001; Monks et al., 2004; de la Torre and Farre, 2004;
Easton and Marsden, 2006). Metabolism of MDMA may play a role in this
neurotoxicity (Miller et al., 1997; Bai et al., 1999; Mueller et al., 2009). As shown in
Fig. 1, one major pathway of MDMA includes cytochrome P450 (CYP)-catalyzed O-
demethylenation to 3,4-dihydroxymethamphetamine (DHMA), followed by O-
methylation by catechol-O-methyltransferase (COMT) mainly to 4-hydroxy-3-
methoxymethamphetamine (HMMA) and conjugation of DHMA and HMMA by
sulfotransferases (SULTs) (Maurer, 1996; Maurer et al., 2000; de la Torre et al.,
2004). In urine samples of recreational MDMA users, more than 90% of DHMA and
HMMA are excreted as conjugates, with sulfates present in higher concentrations
(Shima et al., 2008) (Schwaninger et al., Human MDMA and Phase | and Phase I
Metabolite Urinary Excretion Kinetics Following Controlled MDMA Administration, in
preparation). For the two enantiomers of MDMA, differences in their dose-response
curves and in their in vivo kinetics were observed (Fallon et al., 1999; Kalant, 2001,
Kraemer and Maurer, 2002; Pizarro et al., 2004; Peters et al., 2005).
Enantioselective metabolism is the most likely explanation for the enantioselective
pharmacokinetics of MDMA and was observed in vitro for CYP, COMT and UGT
metabolism (Meyer et al., 2008; Schwaninger et al., 2009; Meyer and Maurer, 2009).
Enzyme kinetic data for metabolic steps represent important parameters in the
understanding of (chiral) drug clearance. Conventional determination of enzyme

kinetic parameters is based on assessing the product formation rate by quantification
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of the formed metabolite. Therefore, availability of metabolite reference standards
and suitable analytic techniques for chromatographic separation of the metabolites
are necessary. An alternative was recently described for CYP enzymes by measuring
the substrate depletion rate and was shown to be applicable for various typical CYP
probe substrates (Obach and Reed-Hagen, 2002; Youdim and Dodia, 2010).

The aims of the present study was the identification of the human SULT isoforms
involved in the formation of DHMA and HMMA sulfates and to elucidate
enantioselective enzyme kinetic data in pooled human liver cytosol (pHLC) and

heterologously expressed SULT isoforms with the substrate depletion approach.

Materials and Methods

Hydrochlorides of racemic MDMA, DHMA, and HMMA were obtained from Lipomed
(Bad Saeckingen, Germany). 4-hydroxymethamphetamine (pholedrine), 3,4-
dihydroxybenzylamine (DHBA), and adenosine 3’-phosphate 5’-phosphosulfate
lithium salt hydrate (PAPS) were from Sigma Aldrich (Steinheim, Germany). DHMA
3-sulfate, DHMA 4-sulfate and HMMA sulfate were synthesized in the authors’
laboratory as described previously (Schwaninger et al., 2011b). All other chemicals
and reagents used were from Merck (Darmstadt, Germany) and of analytical grade.
The following E. coli-derived recombinant human cytosolic SULT isoenzymes
(rSULT, 20 pg) were from R&D Systems (Wiesbaden, Germany): SULT1A1,
SULT1A3, SULT1B1, SULT1E1, SULT2A1. pHLC (20 mg protein/ml of 10 individual

adult donors) was from BD Gentest (Heidelberg, Germany).

Product Formation Approach

Incubations were performed as described previously (Schwaninger et al., 2011b).
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For initial screening experiments, 2.5 pM R,S-DHMA or R,S-HMMA and 10 pg/ml
SULT1A1, SULT1A3, SULT1B1, SULT1E1, or SULT2A1 were incubated for 20 min.
Kinetic constants of DHMA and HMMA sulfation were derived from incubations (n =
2) with the following substrate concentrations: 5, 10, 25, 50, 75, 100, 250 uM
(SULT1A1) and 0.25, 0.5, 0.75, 1, 2.5, 5, 10 uM (SULT1A3) for DHMA and 0.2, 0.4,
0.6, 1, 1.5, 2.0, 2.5 (SULT1A3) and 5, 10, 25, 50, 75, 100, 250 (SULT1E1) for
HMMA. Incubation times were 30 min (SULT1A1, SULT1E1) and 5 min (SULT1A3)
and protein concentrations were 10 pg/ml for SULT1A1, 0.25 pg/ml for SULT1AS,
and 1 pg/ml for SULT1E1 and were within the linear range of sulfate formation.
Analysis was performed using liquid chromatography-high resolution mass
spectrometry (LC-HRMS) as described previously (Schwaninger et al., 2011b).
Enzyme kinetic constants were estimated by non-linear curve fitting using GraphPad
Prism 5.00 software (GraphPad Software, San Diego, CA). The Michaelis-Menten

equation was used to calculate apparent Vpyax and K, values.

Calculations of Net Clearance

The relative activity factor (RAF) approach was used to account for differences in
expression between the two enzyme sources. The turnover rates for SULT1Al
(probe substrate nitrophenol, 0.25 uM), SULT1A3 (probe substrate dopamine, 1 uM),
and SULT1E1 (probe substrate estradiol, 0.005 pM) were determined in rSULT and
pHLC. Analysis was performed by LC-HRMS as described previously (Schwaninger
et al., 2011b). The RAFs were calculated according to (Crespi and Miller, 1999;
Venkatakrishnan et al., 2000; Grime and Riley, 2006). The enzyme velocities Venzyme
for the respective metabolic reactions were calculated at different substrate

concentrations and were then multiplied with the corresponding RAF leading to the
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contribution. From these contributions, the percentages of net clearance by a

particular SULT at a certain substrate concentration were calculated.

Substrate Depletion Approach

Incubation mixtures (final volume, 275 pl) consisted of 100 mM phosphate buffer (pH
7.4), 5 mM MgCl,, pHLC or SULT1A3, substrate, and PAPS. Aliquots of 50 pl were
terminated by the addition of 50 pl of acetonitrile at different time points (0, 5, 10, 15,
and 20 min). For determination of enantioselective kinetic constants the following
substrate concentrations were used: 0.25, 0.5, 0.75, 1, 2.5, 5, and 10 uM for DHMA
and 0.2, 0.4, 0.6, 1, 1.5, 2.0, and 2.5 uM for HMMA. PAPS concentration was 40 pM
and protein concentrations were 0.5 pg/ml (SULT1A3) and 1 mg/ml (pHLC). After
termination, 10 pl of IS solution (pholedrine and DHBA, 25 uM each) were added and
the samples were worked-up and analyzed by gas chromatography-negative ion
chemical ionization-mass spectrometry (GC-NICI-MS) as described previously
(Schwaninger et al., 2011a). Analyte versus IS peak area ratios were determined and
percentages of remaining substrate were calculated. The slope of the natural log of
the percentage remaining over time represented the initial substrate depletion rates
(kgep) for each substrate concentration. If substrate decline demonstrated non-
linearity on In-percentage remaining versus time curves, only those initial time points
wherein In-linearity was observed, were used to determine kqep (Obach and Reed-
Hagen, 2002; Youdim and Dodia, 2010). Ky, values were determined by plotting Kgep
versus substrate concentration on a linear-log plot using Graph Pad Prism 5 and
curve-fitting to equation 1 (Obach and Reed-Hagen, 2002),

[S]

K, +[5]

Kaep = Ko ([S] = 0) x (1 -

(1)
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where [S] is the substrate concentration; K, is the Michaelis-Menten constant and
Kdep(si=0) IS the theoretical maximum consumption rate constant at an infinitesimally
low substrate concentration. Additionally, Vmax and K, values were estimated by

simultaneous fitting to equation 2 (Youdim and Dodia, 2010).

_dIS] _\, _Viu XIS]

dt K.,+[S]
Vmax Was normalized by dividing the calculated Vmax (UM/min) by the actual
incubation protein concentration. Stability of the substrates over the incubation period
was determined at two concentrations (0.25 and 2.5 uM for DHMA and 0.2 and 1 uM
for HMMA) as described above but without addition of PAPS. Instability would be
indicated as a negative slope significantly different from zero (p < 0.05) by regression

analysis plotting calculated concentrations versus time.

Correlation between Product Formation and Substrate Depletion

General applicability of the substrate depletion approach was checked by
comparison of Ky, and Vmax values obtained for the two approaches. Therefore, in
substrate depletion experiments, K, and Vmax Were additionally calculated after
summarizing the concentrations of both enantiomers to have comparable values to
parameters obtained after achiral product formation measurements. For DHMA
sulfation in the product formation approach, DHMA 3-sulfation and 4-sulfation were

calculated as the sum of both sulfation reactions to give total DHMA sulfation.

Results and Discussion
Incubation conditions chosen were applicable to check the general involvement of
the five major human SULT isoenzymes (Riches et al., 2009) in the sulfation of the

MDMA metabolites DHMA and HMMA. Sulfation of DHMA was catalyzed by
8
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SULT1A1 and SULT1A3 and sulfation of HMMA by SULT1A3 and SULT1E1l and
their Kim, Vimax, Vmax'Km values are listed in Table 1. The kinetic data for SULT1A1 and
SULTL1E1 followed classic Michaelis-Menten plots (Fig. 2A). In contrast, sulfation by
SULT1A3 showed deviation from the typical Michaelis-Menten kinetics in which the
substrate at higher concentrations had a marked concentration-dependent self-
inhibition. To obtain comparable kinetic values, they were calculated by the classic
Michaelis-Menten equation within a concentration range in which substrate inhibition
was not of relevance (0.25-10 uM for DHMA; 0.2-2.5 pM for HMMA). DHMA sulfation
could be observed in position 3 and position 4 by SULT1A3, with higher turnover
rates for position 3. For SULT1A1, only sulfation in position 3 could be observed.
However it should be considered that sulfation by SULT1A1 was rather low which
might result in formation of DHMA 4-sulfate below the detection limit of the used LC-
HRMS method.

SULT1A3 turned out to have the highest affinity and the highest capacity for DHMA
and HMMA sulfation with Vima/Km values about 5000 or 3000 fold higher than those
for SULT1AL or SULT1EL, respectively (Table 1). For assessment of contribution of
SULT1A1, SULT1A3, and SULT1E1 in pHLC, the RAF approach was used (Crespi
and Miller, 1999; Venkatakrishnan et al., 2000; Grime and Riley, 2006) to account for
differences in protein expression. Nitrophenol, dopamine and estradiol were used as
probe substrates to calculate RAFs and were accepted to be selective for the
described SULT isoforms (Zhang et al., 1998; Dajani et al., 1999; Wang and James,
2005; Riches et al., 2009). However some drawbacks such as the involvement of
other isoforms at higher substrate concentrations should be considered.
Concentrations of the probe substrates were therefore chosen to be selective for the

single SULT isoforms. Although SULT1A3 was claimed to be only scarcely

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 27, 2011 as DOI: 10.1124/dmd.111.041129
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 41129

expressed in human liver (Riches et al., 2009), DHMA and HMMA were
predominantly catalyzed by SULT1A3 (calculated net clearance > 90%) at low
substrate concentration. Increasing substrate concentration to 10 pM resulted in
decreasing contribution of SULT1A3 to about 70% for DHMA whereas contribution
for HMMA sulfation remained more than 90%.

The most likely explanation for the observed different pharmacokinetic properties of
R- and S-MDMA is an enantioselective metabolism. Enantioselectivity was observed
for CYP2C19 (Meyer et al., 2008), COMT (Meyer and Maurer, 2009), UGT1A9 and
UGT2B17 (Schwaninger et al.,, 2009), always with preferences for the S-
enantiomers. Although sulfation of MDMA metabolites was already studied and was
found to be the major phase Il metabolic step (Schwaninger et al., 2011b), no data
concerning enantioselectivity are available. As stereoselective separation of DHMA
and HMMA sulfates could not be achieved, a substrate depletion approach was
used, where the depletion of DHMA and HMMA was measured enantioselectively by
GC-MS (Schwaninger et al., 2011a). DHMA and HMMA were stable over the
incubation time of 20 min. The Kmn, Vmax, VmadKm values are listed in Table 1. As
shown in the sigmoidal plots in Fig. 2B, marked enantioselectivity (defined as Vmax/Km
(s-enantiomer)/ Vmax/Km (r-enantiomery > 1.5) according to Meyer et al. (Meyer et al., 2008)
was observed for DHMA sulfation by SULT1A3 toward S-DHMA. No preferences
could be observed for HMMA sulfation by SULT1A3. One reason for this difference in
enantioselectivity might be the position for sulfation. DHMA was mainly sulfated in
position 3, whereas HMMA could only be sulfated in position 4. Comparable S/R
ratios as with SULT1A3 were calculated in pHLC, indicating that in vivo
enantioselectivity with preferences for the S-enantiomer could be expected for DHMA

3-sulfate, but not for HMMA sulfate. Chiral analysis of urine samples of MDMA users

10
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analyzed after conjugate cleavage revealed preferences for S-DHMA, but no
differences between R- and S-HMMA (Pizarro et al., 2004). That is in line with the in
vitro observation that sulfation of HMMA as the major phase Il metabolic step
showed no enantioselectivity.

The general applicability for determination of enantioselective sulfation reactions was
checked by comparing kinetic parameters calculated using the product formation and
the substrate depletion approach. In the product formation approach, K, and Vimax
values for DHMA 3-sulfation and 4-sulfation were calculated after summarizing the
concentrations of DHMA 3- and DHMA 4-sulfate to give total DHMA sulfation. For the
substrate depletion experiments, K., and Vmax Vvalues were calculated after
summarizing the concentrations of both enantiomers to have comparable values to
parameters obtained after achiral product formation measurements. As shown in Fig.
2C, good correlation, with Ky, and Vnax values within 2-fold of each other, was
observed between product formation and substrate depletion experiments using
both, recombinant SULT and pHLC. However, the substrate depletion approach
possesses some practical limitations (Obach and Reed-Hagen, 2002), such as
compounds with low turnover rates and the lack of differentiation between formation
of several metabolites. Therefore, it could not be used for SULT1A1 and SULTI1E1,
as no substantial amount of the initial substrate concentration was consumed during
the incubation period. Furthermore, differentiation between sulfation to DHMA 3-
sulfate and DHMA 4-sulfate was not possible by monitoring substrate loss. However,
product formation experiments showed that sulfation mainly took place in position 3

and DHMA 4-sulfate was only a minor metabolite which might be neglected.
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Legends to the Figures

Fic. 1. Metabolic formation of R- and S-DHMA 3-sulfates, R- and S-DHMA 4-sulfates,

and R-and S-HMMA sulfates

FiG. 2.

A: Enzyme kinetics of DHMA (left side) and HMMA (right side) sulfation by SULT1A1,
SULT1A3, and SULT1E1. Data points represent means and ranges (error bars) of
duplicate measurements. On the left side, the solid curves represent formation of
DHMA 3-sulfate and the broken curves represent formation of DHMA 4-sulfate.

B: Plots of depletion rate constants versus substrate concentration for DHMA (left
side) and HMMA (right side) sulfation by SULT1A3 and pHLC. Data points represent
single measurements. The solid curves represent depletion of the S-enantiomers, the
broken curves represent depletion of the R-enantiomers.

C: Correlation between Ky and Vmax values determined using product formation and
substrate depletion experiments. The broken line represents a line of unity and the

solid lines represent the range of 2-fold error.
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Table 1. Kinetic Data for the Sulfation of racemic DHMA and HMMA by recombinant SULTs and pHLC

Product Formation Approach

Substrate Depletion Approach

_|

3.

w

)

2

D

R/S R S =

B

>

Km Vmax Vmax/Km Km Vmax Vmax/Km Km Vmax Vmax/Km g

o

3-sulfate 51+6 3.3+02 0.065 §

SULT1A1 g
4-sulfate n.d. n.d. n.d. 8

3

3-sulfate 0.8+0.2 272+ 17 340 2

DHMA | SULT1A3 04+01 81+ 17 203 0702 291+ 45 416 g
4-sulfate 05+0.2 26+ 2 52 %

&

3-sulfate 1.3+0.2 0.05 + 0.002 0.038 g

pHLC 13+07 | 0.054+0.003 0.042 1.0+ 04 0.078 + 0.007 0078 o
4-sulfate 16+0.6 0.005 + 0.001 0.003 D

=

<

SULT1A3 04+0.1 410+ 45 1025 04+01 176+ 18 440 04+0.1 151+ 15 378 §_
>

3

2

Q.

HMMA | SULTIE1 75+ 11 27+2 0.36 3
3

3

=.

pHLC 06+0.1 0.16 +0.01 0.26 05+01 | 0.040+0.005 0.08 04+0.1 0.035 + 0.003 0087 @
2

S

units are: Kmn, UM; Vimax, Nmol/min/mg
+/- represents the error of the calculated kinetic parameters
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