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The mouse cytosolic sulfotransferase, mSULT1D1, catalyzes the sulfonation of a wide range of phenolic
molecules including p-nitrophenol (pNP), a-naphthol (aNT), serotonin, as well as dopamine and its
metabolites. To gain insight into the structural basis for its broad range substrate specificity, we solved
two distinct ternary crystal structures of mSULT1D1, complexed with 30-phosphoadenosine-50-phosphate
(PAP) plus pNP or PAP plus aNT. The structures revealed that the mSULT1D1 contains an L-shaped accep-
ter-binding site which comprises 20 amino acid residues and four conserved water molecules. The shape
of the accepter-binding site can be adjusted by conformational changes of two residues, Ile148 and
Glu247, upon binding with respective substrates.

� 2008 Elsevier Inc. All rights reserved.
In mammals, the cytosolic sulfotransferases (SULTs) play
important roles in the Phase II detoxification of xenobiotics as well
as in the homeostasis of catecholamine neurotransmitters and
steroid/thyroid hormones [1,2]. SULTs utilize 30-phosphoadenosine
50-phosphosulphate (PAPS) as the sulfonate donor to catalyze the
sulfonation of substrate compounds, yielding 30-phosphoadenosine
50-phosphate (PAP) and sulfonate conjugates. Based on their amino
acid sequences, six distinct SULT gene families (designated SULT1
through 6) have been categorized and SULT1 represents the largest
of the six SULT families [3]. Members of the SULT1 family enzymes
have been shown to be capable of sulfonating a variety of small
planar phenols including 17b-estradiol, thyroid hormones, seroto-
nin, catecholamines as well as certain environmental xenobiotics
and drugs such as minoxidil. Studies have shown that not all SULT1
members are present in all mammalian species. In particular,
SULT1D1 is found in mice [4] and dogs [5], but not in humans [6].

In mice, mSULT1D1 has a widespread tissue distribution [7] and
has been shown to metabolize catecholamines [8,9] and play a sig-
nificant role in the metabolism of a broad range of xenobiotics such
as p-nitrophenol (pNP), a-naphthol (aNT) [4,10]. We have recently
reported the first crystal structure of mSULT1D1 in complex with
ll rights reserved.
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PAP, and clarified how mSULT1D1 can recognize dopamine as a
substrate [11]. In that study, a water molecule which interacts with
the main chain of Ile148 and Glu247 was found to be strongly in-
volved in recognition of dopamine by mSULT1D1 [11]. How
mSULT1D1 can accommodate other endogenous or xenobiotic sub-
strate that are structurally distinct from dopamine, however, re-
mains unclear.

To better understand the structural basis for its broad range
substrate specificity, we attempted to determine the crystal struc-
ture of mSULT1D1 in complex with a variety of xenobiotics. We
succeeded in the determination of the crystal structures of
mSULT1D1 complexed with PAP plus pNP or aNT. Data obtained
revealed that the enzyme contains two sites that recognize small
phenolic ring in its substrate binding pocket and two key amino
acid residues, Ile148 and Glu247, may undergo conformational
changes upon binding with different substrate. The mechanism
underlying the broad range substrate specificity of mSULT1D1 is
proposed based on the two newly determined crystal structures.
Materials and methods

Cloning, expression, purification, and crystallization of recombinant
mSULT1D1. Procedures for the cloning, expression, purification, and
crystallization of recombinant mSULT1D1 have previously been
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reported [11]. In brief, crystallization of the enzyme was carried
out as follows. Single crystals were grown by the hanging-drop va-
por diffusion method. The protein solution was composed of 8 mg/
ml of purified mSULT1D1 in 50 mM Tris–HCl, pH 7.9, 150 mM
NaCl, 10 mM dithiothreitol, and 5 mM PAP. After mixing protein
and reservoir solutions (16% PEG 10000, 10 mM DTT and 100 mM
Bis-Tris, pH 5.5) in a 1:1 ratio, crystals were grown following three
days of incubation at 20�C.

Preparation of mSULT1D1 crystal complexed with PAP plus pNP or
aNT. mSULT1D1 crystals co-crystallized with PAP were soaked into
saturated pNP or aNT solution (50 mM Tris–HCl, pH 7.9, 150 mM
NaCl, 10 mM dithiothreitol, 5 mM PAP, 16% PEG 10000, 100 mM
Bis-Tris, pH 5.5, 25% glycerol, and saturated with pNP or aNT) for
1 h prior being used for structural determination.

Data collection. Each of the two mSULT1D1 crystals, prepared as
described above, was mounted on a cryo-loop, then flash-cooled
with a nitrogen gas stream at 100 K. X-ray diffraction data was
collected with a ADSC CCD and synchrotron radiation at BL38B1,
SPring-8. The diffraction data were processed using the program
package HKL2000 [12]. Both crystals were found to belong to the
Table 1
Data collection and refinement statistics.

Data collection PAP–pNP PAP–aNT
Space group C2 C2
Unit cell parameters a = 156.5 Å, b = 67.6 Å,

c = 42.7 Å, b = 105.5�
a = 156.2 Å, b = 67.5 Å,
c = 42.8 Å, b = 105.5�

Beam line SPring-8 BL38B1 SPring-8 BL38B1
Wavelength (Å) 1.000 1.000
Resolution range (Å) 50.0–1.3 50.0–1.23
Number of reflections

Observed/Unique 270,484/87,253 307,686/96,125
Redundancy 3.1 (1.8) 3.2 (1.2)
Rsym

a,b 0.079 (0.507) 0.061 (0.743)
I/r(I)a 20.4 (0.8) 13.4 (0.5)
Completeness (%) 83.0 (34.8) 77.6 (9.0)

Refinement statistics
Resolution range (Å) 23.4–1.3 21.4–1.3
Number of reflections

Working set/Test
set

82,904/4339 89,192/4677

Completeness (%) 83.0 89.3
Rcryst

c (%)/Rfree
d (%) 17.5/19.0 17.3/18.9

Root mean square deviations
Bond length (Å)/Bond
angles (�)

0.008/1.2 0.008/1.2

Average B-factor (Å2)/Number of atoms
Protein 13.9/2616 11.3/2592
PAP 9.4/27 7.5/27
Acceptor substrate

pNP1 14.3/10
pNP2 21.4/10
aNT1 11.4/11
aNT2 8.7/11
aNT3 13.7/11
aNT4 6.9/11

Glycerol 49.1/6 26.9/12
Water 27.7/355 27.2/424

Ramachandran analysis
Most favored (%) 92.0 92.2
Allowed (%) 8.0 7.8
Generously allowed (%) 0.0 0.0
Disallowed (%) 0.0 0.0

a Values in parentheses are for the highest-resolution shell.
b Rsym =

P
(I – ‹I›)/

P
‹I›, where I is the intensity measurement for a given refraction

and ‹I› is the average intensity for multiple measurements of this refraction.
c Rcryst =

P
|Fobs � Fcal|

P
Fobs, where Fobs and Fcal are observed and calculated

structure factor amplitudes.
d Rfree value was calculated for Rcryst, using only an unrefined randomly chosen

subset of reflection data (5%).
space group C2. Data collection statistics are summarized in
Table 1.

Structure determination and refinement. The crystal structures of
mSULT1D1-PAP-pNP and mSULT1D1-PAP-aNT were determined
by molecular replacement using a previously reported
mSULT1D1-PAP structure (Protein Data Bank code: 2ZPT) as a
search model with the program Molrep [13]. The structures were
refined using Refmac5 [14] with diffraction data from 23.4 to
1.3 Å for mSULT1D1-PAP-pNP and 21.4–1.3 Å for mSULT1D1-PAP-
aNT. Iterative cycles of refinements and manual rebuilding in Coot
[15] were carried out until the free R-factor converged. Stereo-
chemical checks were carried out using PROCHECK [16]. Refine-
ment statistics are summarized in Table 1. The atomic
coordinates and structure factors of mSULT1D1-PAP-pNP and
mSULT1D1-PAP-aNT have been deposited in the Protein Data Bank
at Rutgers University under accession code 2ZVP and 2ZVQ,
respectively.

Results

Overall structure

Crystals complexed with PAP plus pNP or PAP plus aNT dif-
fracted up to 1.3 Å and the final structures were refined to Rwork/
Rfree values of 17.3%/19.0% and 17.3%/18.9%, respectively (Table
1). Superposition of the mSULT1D1-PAP structure [11] with those
from mSULT1D1-PAP-pNP or mSULT1D1-PAP-aNT revealed the
root-mean-square deviations (rmsd) value of 0.21 Å for 287 Ca
and 0.20 Å for 285 Ca, respectively. The overall structures of
mSULT1D1-PAP-pNP and mSULT1D1-PAP-aNT were identical to
that of mSULT1D1-PAP and residues surrounding the PAPS binding
site remains structurally unchanged (Fig. 1A) [17].

pNP binding

The mSULT1D1-PAP-pNT crystal structure revealed the pres-
ence of two pNP molecules (designated pNP1 and pNP2) in accepter
substrate binding site (Fig. 1C), similar to the previously reported
crystal structure of human SULT1A1 (hSULT1A1) complexed with
two pNP molecules [18].

Compared with mSULT1D1-PAP complex (Figs. 1B and 2A) [11],
different conformations of Ile148 and Glu247 in the mSUTL1D1-
PAP-pNP complex, designated Ile148type2 and Glu247type2, (Figs.
1C and 2B), were clearly observed. It was noted that the conforma-
tions of these residues in SULT1D1-PAP complex, designated
Ile148type1 and Glu247type1, (cf. Figs. 1B and 2A), would have in-
duced steric clashes with the nitro groups of pNP1 and pNP2,
respectively.

In mSULT1D1-PAP-pNP complex, pNP1 was bound in a catalyti-
cally competent manner, with identical position and orientation to
those of the pNP1 in hSULT1A1 [18]. Two residues, Phe142 and
Phe81 sandwiched the aromatic ring of pNP1 (Fig. 1C). These two
hydrophobic residues shaped a substrate access gate that may al-
low only planar substrates to bind in a productive or catalytic ori-
entation. The phenolic hydroxyl of pNP1 formed hydrogen bonds
with the side chains of catalytic residues His108 and Lys106 and
with a well-ordered water molecule (Wat1) which also interacted
with an oxygen of the 50-phosphate group of PAP. The nitro group
of pNP1 interacted with a water molecule (Wat2) and formed van
der Waals interactions with Phe21, Ile148, and His149.

In contrast, pNP2 did not form hydrogen bonds with any of the
catalytic residues. Instead, the phenolic hydroxyl of pNP2 formed
hydrogen bonds with two conserved ordered water molecules
(Wat3 and Wat4). The phenolic ring formed hydrophobic interac-
tions with the side chains of Leu84 and Met243, and the nitro
group formed van der Waals interactions with Ile86, Ile89, and
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Fig. 1. Overall structure of SULT1D1-PAP-a-naphthol (aNT) (A). Inner surface for donor substrate product PAP and accepter substrate aNT are shown in gray wall. Acceptor
substrate-binding site of (B) SULT1D1–PAP complex, (C) SUTL1D1–PAP–pNP complex, and (D) SULT1D1–PNP–aNT complex. Residues are shown in stick model. All atoms of
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Glu247 (Fig. 1C). The orientation of pNP2 in mSULT1D1-PAP-pNP
was different from that of pNP2 bound with hSULT1A1 [18]. Com-
pared with pNP2 in hSULT1A1, pNP2 in mSULT1D1 rotated 90�to
bind in the substrate binding site.

aNT binding

A clear Fo-Fc electron density of aNT was observed for the
mSULT1D1-PAP-aNT complex after the first refinement cycle.
The observation revealed the presence of three aNT molecules
(aNT1, aNT2, and aNT3) in the substrate-binding site (Fig. 1D)
and one aNT molecule (aNT4) near C-terminal region. The aNT4

was located on surface of mSULT1D1 and away from the sub-
strate-binding site. The three aNT molecules (aNT1, aNT2, and
aNT3) seemed not to be able to bind simultaneously in the sub-
strate-binding pocket, because their binding areas overlapped
one another (Fig. 1D). Therefore, during refinement process, we
have determined the occupancy and B-factor of these aNT mole-
cules (aNT1: occupancy 0.6, B-factor 11.4 Å2, aNT2: occupancy
0.2, B-factor 8.7 Å2, and aNT3: occupancy 0.2, B-factor 13.7 Å2).

Glu247 could assume two conformations (occupancy 0.6 for
Glyu247type1: Fig. 2C and 0.4 for Glu247type3: Fig. 2D) in response
to different ways of binding with aNT. In the case of binding with
aNT1, Glu247type1 was taken, whereas in the case of binding
with aNT2 or aNT3, Glu247type3 was taken. This might have been
because aNT2 and aNT3 would cause steric hindrance with
Glu247type1 and Glu247type2.
aNT1 was bound in a catalytically competent manner, and its
phenolic ring was oriented within the active site in the same
way as that found with pNP1. The phenolic hydroxyl group of
aNT1 formed hydrogen bonds with the side chains of catalytic res-
idues His108 and Lys106 and a conserved water molecule (Wat1)
(Fig. 1D), and the aromatic ring formed van der Waals interactions
with Met248.

In contrast, aNT2 and aNT3 formed no interactions with the cat-
alytic residues. While the naphthalene framework of aNT2 and
aNT3 bound in identical positions, the locations of their hydroxyl
groups were different. The phenolic hydroxyl group of aNT2

formed hydrogen bonds with two ordered water molecules
(Wat3 and Wat4). The phenolic hydroxyl group of aNT3 formed
hydrogen bonds with one of the conformation of Glu247
(Glu247type3) as well as an ordered water molecule (Wat2). Inter-
estingly, one of the aromatic rings of naphthalene framework of
aNT2 and aNT3 was in a position identical that of to pNP2 in
mSULT1D1-PAP-pNP complex.

Discussion

From the two ternary crystal structures determined in this
study, it can be concluded that the substrate-binding pocket sur-
face of mSULT1D1 is formed by 17 hydrophobic residues (Phe21,
Pro47, Tyr76, Phe81, Leu84, Ile86, Ile89, Thr90, Phe142, Ala146,
Ile148, His149, Phe169, Tyr240, Met243, Met248, and Phe255),
two catalytic residues (Lys106 and His108), one hydrophilic reside
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(Glu247), and four structurally conserved water molecules (Wat1,
Wat2, Wat3, and Wat4). It appears that the shape of the hydropho-
bic wall and the position of hydrophilic areas in the substrate-
binding pocket define the substrate specificity of mSULT1D1.
Hydrophilic parts of the substrates, including hydroxyl, carbonyl,
carboxyl, amino, and imino groups, can form interactions with
hydrophilic residues and/or conserved water molecules. In our pre-
vious study, we had indeed demonstrated that a water molecule
(Wat2) plays a critical role in the recognition of the amine group
of dopamine [11].

The two kinds of conformational changes of Ile148 (type 1 and
2) and the three kinds of conformational changes of Glu247 (type
1, 2, and 3) may vary both the shape and hydrophilic area locations
of the accepter substrate-binding site of mSULT1D1 (Fig. 2A–D).
Such conformational variations of the substrate-binding pocket
may expand the diversity of substrates capable of binding to the
substrate-binding pocket. While Glu247 interacted with pNP2

and aNT3 whose bindings result in no catalytic consequences,
the conformational change of Glu247 may contribute to the deter-
mination of the substrate-binding affinity and the position for
longer substrate such as catecholamines, serotonin or minoxidil.
In fact, we had previously reported a dopamine-binding model
and shown that Glu247 could interact with the amine group of
dopamine. Therefore, the conformational changes of Glu247 may
expand the range of substrate and contribute to the broad sub-
strate specificity of mSULT1D1.

The conformational changes of a specific residue present in the
accepter-binding pocket have also been reported in hSULT1A1
structures [18,19]. In hSULT1A1, Phe247 adopted an alternate rot-
amer conformation upon binding with pNP or 17b-estradiol.
Phe247 of hSULT1A1 is conformationally equivalent to Glu247 of
mSULT1D1. Our results suggest that the position for conformational
change is conserved in both hSULT1A and mSULT1D subfamilies.
The movement should have some important role for the broad range
substrate specificity. In view of that the broad range substrate spec-
ificity is a common feature for members of different SULT families,
the information derived from our current study may help under-
stand the broad substrate specificities of other SULT enzymes.
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