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ABSTRACT (1R)-Normetanephrine is the natural stereoisomeric substrate for sulfotransferase
1A3 (SULT1A3)-catalyzed sulfonation. Nothing appears known on the enantioselectivity of the
reaction despite its potential significance in the metabolism of adrenergic amines and in clinical
biochemistry. We confronted the kinetic parameters of the sulfoconjugation of synthetic
(1R)-normetanephrine and (1S)-normetanephrine by recombinant human SULT1A3 to a docking
model of each normetanephrine enantiomer with SULT1A3 and the 30-phosphoadenosine-50-
phosphosulfate cofactor on the basis of molecular modeling and molecular dynamics simula-
tions of the stability of the complexes. The KM, Vmax, and kcat values for the sulfonation of
(1R)-normetanephrine, (1S)-normetanephrine, and racemic normetanephrine were similar. In silico
models were consistent with these findings as they showed that the binding modes of the two
enantiomers were almost identical. In conclusion, SULT1A3 is not substrate-enantioselective
toward normetanephrine, an unexpected finding explainable by a mutual adaptability between
the ligands and SULT1A3 through an “induced-fit model” in the catalytic pocket. Chirality,
00:000-000, 2012. © 2012 Wiley Periodicals, Inc.
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INTRODUCTION
The physiological effects of norepinephrine and epinephrine

are terminated by various conjugation pathways, notably
3-O-methoxylation to produce normetanephrine and meta-
nephrine followed by sulfonation at the para-hydroxyl
group (Fig. 1).1 Among the 13 known human cytosolic
sulfotransferases, sulfotransferase 1A3 (SULT1A3) (EC 2.8.2.1)
is the enzyme that catalyzes the transfer of a sulfonyl group
from the cofactor 30-phosphoadenosine-50-phosphosulfate
(PAPS) to the free remaining para-hydroxyl group on the
phenyl ring of metanephrine and normetanephrine.2

(1R)-Normetanephrine present in food or produced by our
body is sulfonated during enterohepatic cycling by SULT1A3
located in the gastrointestinal tract.3 Importantly, in the
context of this study, normetanephrine is used as an important
biomarker in the diagnosis and monitoring of patients suffering
from pheochromocytoma/paraganglioma, which are tumors
that secrete excessive amounts of catecholamines and free
metanephrines.4 In such bioanalyses, sulfoconjugated normeta-
nephrine must first be hydrolyzed. The sole commercially
available source of authentic sulfoconjugated normetanephrine
is the racemate, which is normally used for calibration and
quality control.5 However, this is a potential source of problems
because measurements involve an acid-catalyzed or enzymatic
hydrolysis step to hydrolyze the sulfoconjugate to the free
metabolite prior to analytical measurement by HPLC with
electrochemical detection. For these reasons, we considered
it significant to determine the substrate enantioselectivity
of the sulfonation of normetanephrine enantiomers by
SULT1A3 and find out whether their substitution by the
dicals, Inc.
racemic sulfated calibrator we previously described does or
does not influence the results.5

There are indeed several reports on the substrate enantio-
selectivity of SULT1A3, which for example shows a unique
sulfoconjugating activity toward (2S)-tyrosine and (2S)-(30,40-
dihydroxyphenyl)alanine (L-DOPA), with a high enantios-
electivity for their non-physiological (2R)-enantiomers.6 The
important role of Glu146 in the substrate specificity of
SULT1A3 was demonstrated,7,8 and the crystal structure of
SULT1A3–PAPS–ligand complexes confirmed that residues
Glu146 and Asp86 are crucial to the L-DOPA/tyrosine-
sulfonating activity of SULT1A3 and play also a role in the stereo-
selectivity of the reaction.6–8 There is also strong evidence that
the sulfonation of b-adrenoceptor agonists and antagonists is
enantioselective.9–14 Extrapolating from the existing literature,
we therefore expected the sulfoconjugation of synthetic (1R)-
normetanephrine and (1S)-normetanephrine to be notably
enantioselective and used recombinant human SULT1A3 to
challenge this hypothesis. Experimental investigations were
carried out to determine the enzymatic kinetic constants for each
enantiomer of normetanephrine. The results were compared
with computational models obtained by molecular modeling



Fig. 1. The SULT1A3-catalyzed reaction whose substrate enantioselectivity is investigated here.
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(MM) and molecular dynamics (MD) to explain the observed
(and unexpected) lack of enantioselectivity of the reaction.

MATERIAL AND METHODS
Chemicals and Reagents

Racemic normetanephrine (rac-normetanephrine) was purchased from
Sigma-Aldrich (St. Louis, Mo, USA). PAPS was provided by Calbiochem
(Laeufelfingen, Switzerland). Plasmid carrying the SULT1A3 cDNA was
a kind gift of Dr. Sakakibara, Department of Biochemistry, University of
Miyazaki, Miyazaki, Miyazaki 889-2192, Japan.
Scheme 1. The chemical synthesis of (1R)-normet
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The chemical protocols used for the synthesis of normetanephrines
(compounds 8 and 9, Scheme 1) are available as Supplementary Material,
as is the procedure for determining enantiomeric excess and absolute config-
urations of intermediates4 and5. All commercially available reagents and sol-
vents (Fluka/Aldrich, Buchs, Switzerland and Acros, Wohlen, Switzerland)
were used without further purification. For reactions requiring anhydrous
conditions, dry solvents were obtained by filtration (Innovation Technology).
Unless stated otherwise, experiments were carried out under an argon
atmosphere. Reactions weremonitored by thin-layer chromatography (Merck
anephrine (8) and (1S)-normetanephrine (9).
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silica gel 60F254 plates), detection by UV light, KMnO4, or Pancaldi reagents
[(NH4)6MoO4, Ce(SO4), H2SO4, H2O]. Purifications were performed by
flash chromatography on silica gel (Merck, Zoug, CH, N� 9385 silica gel 60,
240–400 mesh) and reverse phase HPLC. 1H-NMR spectra: Bruker ARX-
400, Bruker DPX-400 spectrometers at 400MHz, and Bruker AVII-800 spec-
trometers at 800MHz. Chemical shifts in ppm relative to the solvent’s residual
1H signal as internal reference were as follows: MeOD, 3.34ppm; CDCl3,
7.27ppm; C6D6, 7.30ppm. 1H assignmentswere confirmed by 2D-COSY spec-
tra. Multiplicity reflects apparent patterns. Coupling constants J are in Hz (b
stands for broad). 13C-NMR spectra: same instrument as above at 101MHz.
Reference values for solvents used as internal reference in ppm were as fol-
lows: MeOD, 49ppm; CDCl3; 77ppm; C6D6, 128.5ppm. Coupling constants
J are in Hz. 13C assignments were confirmed by 2D-HSQC spectra. IR spectra:
Perkin-Elmer Paragon 1000 FTIR spectrometer. Mass spectra: MALDI-TOF
spectrometer (Axima-CFR+, Kratos, Manchester, UK), ESI-Q spectrometer
(Finnigan SSQ 710C, Thermoquest, UK), and HRMS-ESI spectrometer
(Q-TOF Ultima spectrometer, Micromass, Manchester, UK).
The strategy envisaged for the enantioselective synthesis of (1R)-

normetanephrine and (1S)-normetanephrine relied on asymmetric
epoxidation or dihydroxylation to introduce the secondary alcohol of the
side-chain with high enantioselectivity. Starting from vanillin, protection of
the phenol as silyl ether followed by Wittig olefination of the aldehyde15

delivered intermediate 3 in high yield (Scheme 1). Treatment with
Jacobsen catalyst, in the presence of meta-chloroperbenzoic acid and
N-methylmorpholine-N-oxide,16–18 induced epoxidation of the olefin
followed by subsequent opening of the oxirane by the meta-chlorobenzoic
acid by-product. All our attempts to prevent opening of the epoxide during
this step did not meet with success.
Gratifyingly, asymmetric dihydroxylation in the presence of AD-mix-a19,20

delivered diol 4 in good yield and 98% enantiomeric excess (the enantio-
meric excess and absolute configuration of the newly formed alcohol were
determined from the 1H-NMR spectra of the corresponding Mosher’s
esters21,22 and supplementary data section). The use of AD-mix-a led to the
formation of the other enantiomer 5 in 76% yield and 98% enantiomeric
excess. Selective tosylation of the primary alcohol was a delicate trans-
formation as migration of the tert-butyldimethylsilyl moiety from the phenol
to the secondary alcohol was observed as side process. Portion-wise addition
of tosyl chloride over 8h was necessary to avoid this side reaction and
delivered tosylate 6 in 68% yield. Nucleophilic displacement with an excess
of sodium azide (10 eq) followed by Staudinger reduction of the resulting
azide and cleavage of the silyl ether delivered (R)-normetanephrine8 in high
purity. The use of polymer bound triphenyl phosphine was necessary to
avoid decomposition during the purification procedure. The same pathway
was performed on diol 5 to afford (S)-normetanephrine 9 in 20% overall
yield (four steps).

Preparation of Recombinant Sulfotransferase 1A3
The SULT1A3 gene was cloned and expressed in Escherichia coli BL-21

strain (Promega, Walliselen, Switzerland) using the pGEX-2TK glutathione
S-transferase gene fusion system and purified using glutathione Sepharose
in conjunction with thrombin cleavage.23

Sulfotransferase Assay
(1R)-Normetanephrine, (1S)-normetanephrine, and rac-normetanephrine

were incubated along with the sulfotransferase and PAPS, the universal
sulfonyl group donor for SULT-catalyzed sulfonations. The reaction gives
rise to a sulfated product and adenosine 30,50-diphosphate (PAP). The
sulfotransferase assay was performed in 0.1ml of 10mM sodium phosphate
buffer pH 6.8 containing 80mM PAPS and (1R)-normetanephrine,
(1S)-normetanephrine, or rac-normetanephrine at concentrations of 2.5, 5,
10, 20, 30, 40, 50, and 70mM. The enzyme reaction was started by the
addition of 300ng of recombinant SULT1A3, and the incubation was stopped
after 4min at 37�C by adding one volume of mobile phase prior to injection
on HPLC (50ml). The rate of sulfonation was measured as a function of
normetanephrine concentration, and the kinetic parameters were deter-
mined by fitting the Michaelis–Menten equation from which were derived
the KM and Vmax constants. The reactions were performed in three separate
experiments for each compound.
HPLC Method
The HPLC analyses were performed with an Alliance Instrument from

Waters coupledwith the correspondingUVdetector set to 280nm. Separation
was carried out using a C18-reversed phase column (Macherey-Nagel,
Basel, Switzerland). The mobile phase consisted of 217mM sodium
phosphate (NaH2PO4), 42.8mM citric acid, and 546mM octanesulfonic
acid at pH 2.9 containing 2% acetonitrile. The flow rate was 0.9ml/min;
25ml of the incubation mixture was injected, and areas under the curve
were determined for each substrate and metabolite (unconjugated and
sulfoconjugated normetanephrine) and converted into concentrations on
the basis of a calibration curve determined with synthetic free and sulfo-
nated compounds. The reaction components had the following order of
elution: PAPS (2.5min), PAP (2.9min), sulfonated normetanephrine
(3.6min), and free normetanephrine (9.8min). KM and Vmax constants were
determined from initial velocity measurements plotted versus different
substrate concentrations using hyperbolic representations (GraphPad
Prism Software, San Diego, CA, USA). KM and Vmax values were expressed
as mM and pmol/min.

Docking Analysis by Molecular Modeling
The resolved structure of the human sulfotransferase SULT1A3 in

complex with dopamine and PAP was retrieved from the PDB database
(Id: 2A3R).6 After deleting water molecules and adding hydrogen atoms,
the structure was minimized keeping fixed the backbone atoms to
conserve the experimental folding. The resulting structure was updated
by manually modifying PAP into the PAPS cofactor whose atomic charges
were attributed by PM6 semi-empirical calculations using MOPAC. The
enzyme–cofactor complex was further minimized keeping fixed the
atoms outside a 15-Å radius sphere around the modified cofactor and then
used in the following docking analyses. The two enantiomers of normeta-
nephrine were built in their protonated forms, and their conformational
profile was investigated by a clusteredMonteCarlo analysis as implemented
in the VEGA suite of programs to produce 1000 minimized conformers.24

A sphere of 12.0 Å radius was defined around the bound dopamine, so
encompassing the entire binding cavity. The resolution of the grid was
60� 50� 45 points with a grid spacing of 0.450Å. The dopamine
molecule was then removed, and the lowest energy structures of the
two enantiomers of normetanephrine were inserted in turn into the
enzyme–cofactor complex within the 12.0-Å sphere using the AutoDock
4.0 software.25 The ligands were then docked into this grid with the
Lamarckian algorithm as implemented in AutoDock, and the flexible
bonds of the ligand were left free to rotate. The genetic-based algorithm
ran 20 simulations per substrate with 2,000,000 energy evaluations and
a maximum number of generations of 27,000. The crossover rate was
increased to 0.8, and the number of individuals in each population to 150.
All other parameters were left at the AutoDock default settings. The
obtained complexes were ranked considering both the AutoDock scores
and the distance between the substrate’s hydroxy group and cofactor.
The chosen complexes were finally minimized keeping fixed the atoms
outside a 15-Å radius sphere around the bound substrate and then used to
recalculate docking scores and in the subsequent MD simulations.

Molecular Dynamics Simulations
The MD simulations involved SULT1A3 in complex with PAPS and the

two normetanephrine enantiomers as generated by docking simulations.
The complexes were firstly neutralized by adding nine Na+ ions whose
location was computed by the SODIUM software and then inserted into
a 50-Å radius sphere of water molecules. After a preliminary minimization
to optimize the relative position of solvent molecules, the systems underwent
5nsec of all-atoms MD simulations with the following characteristics:
(1) spherical boundary conditions were introduced to stabilize the simulation
space; (2) Newton’s equation was integrated using the r-RESPA method
(every 4 fsec for long-range electrostatic forces, 2 fsec for short-range non-
bonded forces, and 1 fsec for bonded forces); (3) the temperature was
maintained at 300� 10K by means of Langevin’s algorithm; (4) Lennard–
Jones interactions were calculated with a cutoff of 10Å, and the pair list
was updated every 20 iterations; (5) a frame was stored every 10psec,
yielding 500 frames; and (6) no constraints were applied to the systems.
Chirality DOI 10.1002/chir
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The simulations were carried out in two phases: an initial period of heating
from 0 to 300K over 6000 iterations (6psec, i.e., 1K/20 iterations) and a
monitored phase of simulation of 5 nsec. Only the framesmemorized during
this last phase were considered. All described minimizations were
performed using the conjugate gradient algorithm. The calculations
described here were carried out on a 16 CPU Tyan-VX50 system using
Namd2.6 with the force field CHARMM and Gasteiger’s atomic charges.26
RESULTS AND DISCUSSION
Enantioselective Synthesis of Normetanephrines

The challenges associated with the synthesis of optically
pure normetanephrines relied on the high degree of functio-
nalization of the aromatic core and the introduction of a chiral
center on the lateral side chain, with high enantioselectivity.
The use of vanillin as inexpensive starting material provided a
good template for the sequential introduction of the different
functional groups of normetanephrines, and Sharpless asym-
metric dihydroxylation afforded both good yields and high
enantioselectivities for the elaboration of the chiral secondary
alcohol. The synthetic pathways disclosed herein represent
reliable routes toward both enantiomers of normetanephrines
with high optical purities, in seven steps and 11–13% overall
yield from vanillin. The experimental procedures could be
easily scaled up to produce meaningful quantities of these
valuable biomarkers.

Incubations of Normetanephrines with Sulfotransferase 1A3
The maximum concentration of normetanephrine used to

establish kinetic parameters was set at 50mM because product
inhibition was observed at higher normetanephrine concentra-
tions (Fig. 2). The KM values obtained for the production of the
sulfoconjugated (1R)-normetanephrine, (1S)-normetanephrine,
and rac-normetanephrine were similar: 1.90� 0.30, 1.82� 0.08,
and 1.97� 0.66mM, respectively (P = 0.87). The Vmax values for
the formation of the sulfoconjugates were 51.3� 1.5, 45.8� 2.8,
and 46.8� 1.2 pmol/min, respectively (P = 0.22). SULT1A3
exhibited similar specificity constants toward the two enan-
tiomers and the racemate of normetanephrine at 5.89, 5.26,
and 5.38min�1 (P = 0.22).
These experimental data suggest that the absolute configura-

tion at C(1) bearing the hydroxyl group does not play a signifi-
cant role in substrate affinity for SULT1A3 and that, at least
for normetanephrine, the enzyme also binds and metabolizes
the non-natural (1S)-enantiomer, in agreement with its broad
tolerance to different substrates.27 We are not aware of the
existence of experimental results assessing the enantio-
selectivity of SULT1A3 toward norepinephrine and epinephrine.

Molecular Docking of the Sulfotransferase
1A3–Normetanephrine�30-Phosphoadenosine-50-

phosphosulfate Complexes
Figure 3 compares the optimized poses of (1S)-

normetanephrine (Fig. 3A) and (1R)-normetanephrine (Fig. 3B)
in the catalytic cavity of the SULT1A3 enzyme. Except for the
orientation of the hydroxyl group, a very similar arrangement
of the two enantiomers is obvious in these figures. In other
words, the two enantiomers adopt a comparable conformation
in the optimized complexes.
Specifically, Figure 3 shows that the target para-hydroxyl

group is very close to the PAPS cofactor and to the catalytic
Lys106 and His108, a proximity conducive to the subsequent
transfer of the SO3 moiety.28 The protonated amino group of
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both isomers is involved in ionic bonds with Asp86 and
Glu89. For (1R)-normetanephrine, it also seems that Glu146
contributes to the negatively charged cage that surrounds
and binds the protonated amino group. Furthermore, the
two isomers share a similar network of apolar contacts that
include p–p stacking of the substrate phenyl ring with
Phe24, Phe81, Phe142, and Tyr240 plus hydrophobic interac-
tions with Val84, Leu247, and Met248 (most of which not
displayed in Figure 3 for reasons of clarity).
The only noteworthy difference between the two complexes

lies in the orientation of the substrate’s hydroxyl group. In the
(1S)-normetanephrine complex (Fig. 3A), the hydroxyl group
forms a strong intramolecular H-bond with the protonated
amino group and seems to interact more weakly with Glu89.
In the (1R)-normetanephrine complex (Fig. 3B), however, the
hydroxyl group donates a H-bond to Glu146 and interacts
weakly with a few other polar residues in its vicinity.
Another interesting difference between the two complexes

lies in the position of some residues, most notably Asp86 and
Glu89. It thus appears that while the two substrates adopt a
comparable conformation in their respective complex, the
enzymatic binding site alters and adapts the position of some
of its key residues to maintain comparable weak bonds
with functional groups close to C(1), the center of chirality
in the substrate.
Various models have been proposed over more than a

century to account for chiral recognition in protein–ligand
complexes. The “Lock-and-Key Model” proposed in 1890 by
Emil Fischer is far too limited as it does not account for the
critical role played by ligand and target flexibility and mutual
adaptability in increasing affinity.29 An insightful model has
been proposed to depict this process of mutual adaptability
in biochemistry and pharmacology, namely the “induced-fit
model”.29–32 In a metaphoric view, we may interpret our
results by combining the “lock-and-key” and “induced fit”
models such that the “lock” adapts itself to two enantiomeric
“keys” of comparable conformation.
In summary, docking results indicate that the two enantiomers

stabilize very similar patterns of interactions, thus suggesting a
similar capacity to interact with SULT1A3. This is confirmed by
the almost identical docking scores of the two complexes,
namely �8.04kcal/mol for (1S)-normetanephrine versus
�8.11 for (1R)-normetanephrine. Further confirmation comes
from the low value (0.91Å) of the root-mean-square deviation
(RMSD), a measure of the mean difference between the
positions of the heteroatoms in the two docked enantiomers.

Molecular Dynamics of the Sulfotransferase 1A3–
Normetanephrine–30-Phosphoadenosine-50-

phosphosulfate Complexes
The computational methods used here are able to monitor

conformation changes but in no way can they simulate the
cleavage and formation of covalent bonds. This implies that
they cannot monitor the course of an enzymatic reaction.
Nevertheless, MD can assess the relative stability of docking
complexes by simulating simultaneously conformational
and translational movements.
With a view to further confirm the remarkable analogy

between the poses of the two normetanephrine enantiomers
in the SULT–normetanephrine–PAPS complexes, 5-nsec
MD runs were performed that allow the stability of both
complexes to be monitored for the duration of the simulations.
A preliminary analysis concerned the folding stability of the



Fig. 2. Michaelis–Menten (A, C, and E) and Lineweaver Burk (B, D, and F) plots of the rate of sulfoconjugation of (1R)-normetanephrine, (1S)-normetanephrine,
and rac-normetanephrine by recombinant human SULT1A3. The substrates were incubated at concentrations ranging from 5 to 70mmol/l (x-axis). The products
were quantified by HPLC. The reactions were performed in three separate experiments for each compound, and the error bars represent the standard deviations.
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simulated protein as assessed by RMSD values (computed
from backbone atoms only) and by the percentage of residues
falling in the allowed regions of the Ramachandran plot. In
the MD runs with either enantiomer, the enzyme protein
showed a remarkable stability because the RMSD values
remained constantly in a narrow range around 5Å and the per-
centage of allowed residues did not vary significantly, remain-
ing around 70% during the whole simulations (plots not shown).
Such a folding stability suggests that the results described be-
low are mainly due to the dynamic response of the enzyme
and bound ligands and not to the random structural distortions.
The first major analysis concerned the stability of the cofac-

tor binding as monitored by the distance between the Arg130
and the 3-phosphate group in PAPS. This ion-pair belongs to
the network of ionic bonds (also involving Lys48, Lys106,
Lys197, Arg257, and Lys258) that play a pivotal role in PAPS
binding. Figure 4 clearly shows that PAPS remained stably
bound within the catalytic cavity during both simulations.
First, this result confirms the expected stability of the PAPS
binding mode as resolved by X-ray analysis.6 Furthermore,
Figure 4 confirms the stability for the whole architecture of
the catalytic site, thus indicating that the behavior of normeta-
nephrine enantiomers truthfully mirrors the stability of the
complexes and the absence of random distortions in the
catalytic cavity.
The second major MD analysis concerned the stability for

the computed poses of normetanephrine enantiomers as
assessed by the length of the ionic bond between Asp86
and the protonated amino group in the substrate. Figure 5
shows that the length of this ionic bond fluctuated inside a
narrow range (2.7 to 3.0 Å). Even more importantly, there
was no detectable difference between the two enantiomers,
a finding compatible with their similar enzyme affinity and
productive stability in the cavity.
Chirality DOI 10.1002/chir



Fig. 3. Docking simulations showing the main interactions stabilizing the
complexes between SULT1A3 and (1S)-normetanephrine (Figure 3A) or
(1R)-normetanephrine (Figure 3B). See text for computational details.

Fig. 4. Dynamic profile of the distance (in Angström) between Arg130 and
the 3-phosphate group of PAPS in the SULT1A3–normetanephrine–PAPS
complexes as obtained by molecular dynamics simulations. The gray line
corresponds to the complex with (1S)-normetanephrine, and the black line
to the complex with (1R)-normetanephrine. No meaningful difference exists
between the two complexes, implying their similar stability. See text for
computational details.

Fig. 5. Dynamic profile of the length of the ionic bond (in Angström)
between the Asp86 and the protonated substrate amino group in the
SULT1A3–normetanephrine–PAPS complexes as obtained by molecular
dynamics simulations. The gray line corresponds to the complex with (1S)-
normetanephrine, and the black line to the complex with (1R)-normetanephrine.
No meaningful difference exists between the two complexes, implying their
similar stability. See text for computational details.

GROUZMANN ET AL.
The enzyme kinetics investigations reported herein yielded
an unexpected finding, namely the complete lack of substrate
enantioselectivity of the SULT1A3-catalyzed sulfoconjugation
of (1R)-normetanephrine and (1S)-normetanephrine. The

Chirality DOI 10.1002/chir
results were obtained using the ad hoc synthetized normeta-
nephrine enantiomers and expressed human SULT1A3.
Although this finding appears compatible with the broad

substrate selectivity of SULT1A3,27 it remains difficult to
interpret. MM and MD simulations were therefore carried out
in an attempt to understand the biomolecular mechanisms
underlying this lack of enantioselectivity.

CONCLUSIONS
Taken together, docking computations and MD simulations

have confirmed the substantial equivalence of the two computed
binding modes in terms of both strength of stabilizing contacts
and dynamic behavior during the simulation time. In other
words, the computational results are compatible with and offer
a molecular interpretation to the experimental finding that
SULT1A3 conjugates both enantiomers of normetanephrine
with undistinguishable affinity (KM) and maximal rate of
reaction (Vmax).
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