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We report the crystal structure of mouse sulfotransferase, mSULT1D1, complexed with donor substrate
30-phosphoadenosine 50-phosphosulfate and accepter substrate p-nitrophenol. The structure is the first
report of the native Michaelis complex of sulfotransferase. In the structure, three proposed catalytic res-
idues (Lys48, Lys106, and His108) were in proper positions for engaging in the sulfuryl transfer reaction.
The data strongly support that the sulfuryl transfer reaction proceeds through an SN2-like in-line dis-
placement mechanism.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Sulfonation is a widespread biological sulfuryl transfer reaction
catalyzed by members of a family of enzymes, called cytosolic
sulfotransferases (SULTs) [1]. SULTs utilize 30-phosphoadenosine
50-phosphosulfate (PAPS) as the sulfonate donor to catalyze the
sulfonation of various substrate compounds, yielding 30-phospho-
adenosine 50-phosphate (PAP) and sulfonate conjugates [1]. It has
been reported that SULTs may also catalyze the reverse reaction
(Fig. 1) [2]. These enzymes are involved in the Phase II detoxifica-
tion of xenobiotics as well as in the homeostasis of catecholamine
neurotransmitters and steroid/thyroid hormones, as well as cho-
lesterol and its metabolites [3,4]. SULTs have recently become a
focus of intense research with regard to their roles in cancer, drug
metabolism, and pharmacogenetics [5,6].

Mouse SULT1D1 (mSULT1D1) has recently been shown to exhi-
bit sulfonating activities toward catecholamines [7] and play a sig-
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nificant role in the metabolism of a broad range of xenobiotics [8].
We have been studying the structure and function of mSULT1D1
[8–10]. By solving the crystal structure of mSULT1D1 at a high res-
olution, we demonstrated that a water molecule, through interac-
tions with Ile148 and Glu247 of the main chain, is critical to the
recognition of dopamine by mSULT1D1 [9], and these two key ami-
no acid residues (Ile148 and Glu247) may undergo conformational
changes upon binding with different substrate, thereby allowing
mSULT1D1 to recognize a variety of accepter substrate compounds
[10].

To date, a number of structural and functional studies designed
to clarify the reaction mechanisms of SULTs has been reported [11–
13]. In particular, SULT1E1 is the most thoroughly studied SULT
with respect to the sulfuryl transfer mechanism. This is mainly be-
cause that the crystal structures have been determined for mouse
SULT1E1 (mSULT1E1) complexed with PAP/estrogen (T2 (PDB
Code: 1AQU) [14] or PAP/vanadate (1BO6) [15]; human SULT1E1
(hSULT1E1) complexed with PAPS (1HY3) [16]. These structures
have helped us to project a ternary complex of the SULT with donor
and acceptor substrates, i.e., the Michaelis complex, and this infor-
mation, in turn, has been used to design the mutational analysis
[15], kinetic isotope effect experiments [17] and the calculation
of reaction pathway by QM/MM method [18] to gain insight into
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Fig. 1. The scheme of sulfuryl transfer reaction catalyzed by mSULT1D1.
p-Nitrophenol (pNP) is illustrated as a model acceptor substrate.
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the sulfuryl transfer mechanism. These studies have resulted in the
identification of three crucial active site residues, Lys48, Lys106,
and His108, and led to the proposal of a concerted, in-line sulfuryl
transfer mechanism. The presumed Michaelis complex thus has
furnished a considerable amount of information concerning the
sulfuryl transfer reaction mediated by SULT. In spite of the infor-
mation that has been generated, however, no crystal structure of
a Michaelis complex of SULT has been reported.

We report here the structures of four distinct mSULT1D1 crys-
tals prepared using co-crystallization and soaking method. The
crystal structures determined were those of mSULT1D1 complexed
with PAPS alone, PAPS plus pNPS, PAPS plus pNP, and PAP plus pNP.
Among them, the mSULT1D1–PAPS–pNP complex represented the
first crystal structure of a Michaelis complex of the SULT family
which illustrates the reactive state prior to the sulfuryl transfer
reaction. Our data on the structure of the Michaelis complex are
consistent with those previously reported in the structural and
functional studies on the reaction mechanisms of members of
the SULT family.

Materials and methods

Preparation of four distinct mSULT1D1 crystals. Procedures for the
expression, purification, and crystallization of recombinant
mSULT1D1 have previously been reported [8–10].

mSULT1D1–PAPS complex. Crystallization was carried out using
the hanging drop vapor diffusion method. The protein solution
contained 8 mg/ml of purified mSULT1D1, 50 mM Tris–HCl, pH
7.9, 150 mM NaCl, 10 mM dithiothreitol (DTT), and 5 mM PAPS.
After mixing protein and reservoir solutions (16% PEG 10,000,
10 mM DTT, and 100 mM Bis–Tris, pH 5.5) in a 1:1 ratio, crystals
were grown following a 3-day incubation at 20 �C.

mSULT1D1–PAPS–pNPS complex. The mSULT1D1–PAP crystals
were soaked into a solution containing 50 mM Tris–HCl (pH 7.9),
150 mM NaCl, 10 mM DTT, 5 mM PAP, 16% PEG 10,000, 100 mM
Bis–Tris (pH 5.5), 25% glycerol, and 100 mM pNPS for 30 s.

mSULT1D1–PAPS (PAP)–pNP complex and mSULT1D1–PAP–pNP
complex. The mSULT1D1–PAPS–pNPS crystals were soaked into a
solution containing 50 mM Tris–HCl (pH 7.9), 150 mM NaCl,
10 mM DTT, 5 mM PAP, 16% PEG 10,000, 100 mM Bis–Tris (pH
5.5), 25% glycerol, and saturating pNP for 30 s (for mSULT1D1–
PAPS (PAP)–pNP complex) and for 90 s (for mSULT1D1–PAP–pNP
complex).

The crystals prepared as described above were individually
mounted on a cryo-loop, and flash-cooled with a nitrogen gas
stream at 100 K using a cryosystem (Rigaku).

Data collection, structure determination, and refinement. X-ray
diffraction data were collected with Jupiter210 CCD (Rigaku/
MSC) and synchrotron radiation at beamline BL38B1 of SPring-8.
All diffraction data were processed using the program package
HKL2000 [19]. All crystals were found to belong to the space group
C2. Data collection statistics are summarized in Table 1.

The crystal structures of mSULT1D1 complexes were deter-
mined by molecular replacement using Molrep [20]. The previ-
ously reported mSULT1D1 structure (Protein Data Bank Accession
Entry 1ZPT) [9] was used as a searching model. All refinements
of data were carried out using refmac5 [21]. Iterative cycles of
refinements and manual rebuilding in Coot [22] were carried out
until the free R-factor converged. Stereochemical checks were per-
formed using PROCHECK [23]. Refinement statistics are summa-
rized in Table 1.

The atomic coordinates and structure factors of mSULT1D1–
PAPS complex, mSULT1D1–PAPS–pNPS complex, mSULT1D1–PAPS
(PAP)–pNP complex, and mSULT1D1–PAP–pNP complex have been
deposited in the Protein Data Bank at Rutgers University under
Accession Codes 2ZYT, 2ZYU, 2ZYV, and 2ZYW, respectively.

Results and discussion

Crystal structure of the mSULT1D1–PAPS complex

The mSULT1D1 crystal complexed with PAPS diffracted up to
1.55 Å and a clear electron density of PAPS was observed (Fig. 2C).
In the structure, the SO3 moiety of PAPS formed interaction with a
few amino acid residues and waters. One oxygen of the SO3 moiety
was coordinated to the side chain of Lys48 (3.2 Å). Another oxygen
was in position to form interaction with the side chain of Lys106
(3.2 Å) and a water molecule (3.2 Å) which interacted also with the
side chain of Thr52, Lys106, and Tyr240. The third oxygen was in po-
sition to form interaction with the side chain nitrogen (Ne2) of
His108 (3.0 Å) and the backbone amide of Lys48 (2.9 Å). The side
chains of Lys106 and His108 were coordinated to a well-ordered
water molecule which corresponded to an acceptor phenolic hydro-
xyl group of pNP when the mSULT1D1–PAPS structure was superim-
posed with the mSULT1D1–PAP–pNP structure [10].

Compared with the hSULT1E1–PAPS structure (PDB Code:
1HY3) which is the only PAPS-bound SULT structure solved to date
[16], the amino group of the side chain of the catalytic Lys48
adopted a different orientation in the mSULT1D1–PAPS structure.
In the hSULT1E1–PAPS structure, the side chain nitrogen of the cat-
alytic Lys47 (which corresponds to Lys48 in mSULT1D1) formed
interaction with the side chain hydroxyl of Ser137 (which corre-
sponds to Ser138 in mSULT1D1). Whereas in the mSULT1D1–PAPS
structure, the side chain of the catalytic Lys48 formed interaction
with the bridging oxygen (2.9 Å) between the 50-phosphate and
sulfonate groups of the PAPS molecule as is seen in the PAP-bound
structures [9]. The structural difference of the catalytic Lys residue
between mSULT1D1 and hSULT1E1 suggested that the residue may
be able to adopt two different conformations in PAPS-complexed
structure.

Crystal structure of the mSULT1D1–PAPS–pNPS complex

We first attempted to prepare a mSULT1D1–PAP–pNPS complex
(the enzyme–product (EP) complex) by soaking mSULT1D1–PAP
crystal (Fig. 2A) in 100 mM pNPS solution for 30 s. Afterwards,
the crystal was mounted on a cryo-loop, and flash-cooled with a
nitrogen gas stream at 100 K. Unexpectedly, mSULT1D1 crystal
complexed with PAPS and pNPS was obtained due to the reverse
reaction catalyzed by mSULT1D1 (Fig. 1). The reverse reaction cat-
alyzed by SULT had previously been reported in the enzymatic as-
say of hSULT1E1 [2]. In the reverse reaction, the sulfonate group
was transferred from pNPS to PAP under the action of mSULT1D1,
resulting in the formation of PAPS and pNP in the crystal. More-



Table 1
Data collection and refinement statistics.

Data collection PAPS PAPS–pNPS PAPS (PAP)–pNP PAP–pNP

Space group C2 C2 C2 C2
Unit cell parameters a = 160.2 Å a = 152.9 Å a = 155.2 Å a = 155.3 Å

b = 65.2 Å b = 66.6 Å b = 67.8 Å b = 67.8 Å
c = 46.8 Å c = 42.6 Å c = 42.9 Å c = 42.9 Å
a = c = 90.0� a = c = 90.0� a = c = 90.0� a = c = 90.0�
b = 104.2� b = 106.1� b = 105.2� b = 105.3�

Beam line SPring-8 BL38B1
Wavelength (Å) 1.0000 1.0000 1.0000 1.0000
Resolution range (Å) 50.0–1.55 50.0–1.70 50.0–1.81 50.0–1.80

No. of reflections
Observed/unique 177,072/55,335 128,209/44,210 139,140/38,650 143,074/39,743

Redundancy 3.2 (2.5) 2.9 (2.5) 3.6 (3.3) 3.6 (3.4)
Rsym

a,b 0.093 (0.527) 0.0043 (0.817) 0.044 (0.404) 0.044 (0.387)
I/r(I)a 14.2 (1.2) 27.5 (1.1) 24.2 (1.9) 23.9 (2.1)
Completeness (%) 81.4 (42.8) 95.7 (93.7) 98.4 (94.7) 99.7 (99.3)

Refinement statistics
Resolution range (Å) 34.67–1.55 24.66–1.80 21.45–1.81 26.17–1.80
No. of reflections

Working set/test set 52,526/2782 34,757/1865 36,700/1940 37,750/1990
Completeness (%) 81.3 96.2 98.1 99.7
Rcryst

c (%)/Rfree
d (%) 19.1/21.0 19.3/22.4 17.9/20.3 18.2/19.5

Root mean square deviations
Bond length (Å) 0.008 0.011 0.010 0.007
Bond angles (�) 1.2 1.4 1.3 1.2

Average B-factor (Å2)/No. of atoms
Protein 22.1/2510 26.7/2451 24.4/2468 23.2/2452
PAPS 19.7/31 24.4/31

PAP moiety 20.0/27 [1.0]e

SO3 moiety 22.1/4 [0.4]e

PAP 18.0/27
pNPS 48.8/14
pNP1 29.9/10 24.3/10
pNP2 39.2/10 30.1/10
Glycerol 52.8/12 54.6/12 47.2/36 42.4/18
Water 30.8/229 34.2/173 35.8/223 33.6/226

Ramachandran analysis
Most favored (%) 92.8 92.7 93.1 92.0
Allowed (%) 7.2 7.3 6.9 8.0
Generously allowed (%) 0.0 0.0 0.0 0.0
Disallowed (%) 0.0 0.0 0.0 0.0

a Values in parentheses are for the highest-resolution shell.
b Rsym = R(I � hIi)/RhIi, where I is the intensity measurement for a given refraction and hIi is the average intensity for multiple measurements of this refraction.
c Rcryst = R|Fobs � Fcal| RFobs, 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%).
e Values in [ ] are for the occupancies.
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over, the pNP molecule appeared to have quickly diffused out into
the solution and the pNPS was simultaneously bound, since the
soaking solution contained a relatively high concentration
(100 mM) of pNPS. Therefore, both PAPS and pNPS were observed
in the crystal structure (Fig. 2B).

Superposition of the mSULT1D1–PAPS–pNPS structure with the
mSULT1D1–PAPS structure revealed the rmsd value of 0.19 Å for
264 Cas. Overall, the two structures were virtually identical. The
binding mode of PAPS to the active site in the mSULT1D1–PAPS–
pNPS structure was also identical to that in the mSULT1D1–PAPS
structure. The side chain of the catalytic Lys48 in mSULT1D1–
PAPS–pNPS also formed interaction with the bridging oxygen
(3.0 Å).

In mSULT1D1–PAPS–pNPS complex, pNPS was bound in a non-
productive manner and formed no interactions with the catalytic
residues. The SO3 moiety of pNPS formed interactions with two
water molecules. One oxygen of the SO3 moiety formed interaction
with a water molecule which was strongly involved in recognition
of dopamine in the previously reported model of mSULT1D1–dopa-
mine complex [9], and another oxygen formed interaction with a
different water molecule. The phenolic ring of pNPS formed
hydrophobic interactions with the side chains of Leu84, Met243,
and Met248, and the nitro group formed interactions with
Glu247 and a water molecule. The structure in which the pNPS is
bound in a nonproductive manner implies pNPS may inhibit re-
verse reaction (substrate inhibition) at high concentrations.

Crystal structure of the mSULT1D1–PAPS (PAP)–pNP complex

Because reproducibility of co-crystallization with PAPS for
obtaining the PAPS-bound mSULT1D1 crystal was very low,
mSULT1D1–PAPS–pNPS crystals were used in following experi-
ments. The mSULT1D1–PAPS–pNPS crystal was soaked in the
pNP-saturated solution for 30 s. Afterwards, the crystal was
mounted on a cryo-loop, and flash-cooled with a nitrogen gas
stream at 100 K. Clear electron densities of both PAPS and pNP
were observed at 1.8 Å resolution (Fig. 2D). The complex structure
revealed the presence of two pNP molecules (designated pNP1 and
pNP2) in accepter substrate binding pocket (Fig. 2D). The binding
manner of the two pNP molecules was identical to that in
previously reported mSULT1D1–PAP–pNP structure [10]. During
refinement, we noticed the crystal was the mixture of



Fig. 2. Active site structures of mSULT1D1 complexed with (A) PAP alone, (B) PAPS plus pNPS, (C) PAPS alone, (D) PAPS plus pNP and PAP plus pNP, and (E) PAP plus pNP. The
three key residues are shown in a stick model. The electron density maps in the active site are shown. The gray and green omit Fo–Fc maps were contoured at 5 r and 3 r,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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mSULT1D1–PAPS–pNP structure and mSULT1D1–PAP–pNP struc-
ture. To estimate the occupancies of PAPS, PAP, and pNP in the
crystal, we tried refinement with possible occupancies of them
(Supplementary Table). Based on the results, it was estimated that
the occupancy of the sulfonate group of PAPS was 0.4, indicating
that PAPS and PAP were present at a ratio of two to three in the
crystal. In contrast, the occupancy of the pNP1 was estimated to
be around 1. In addition, no multiple conformations of residues
were observed in the active site. These results therefore revealed
that the ratio of the mSULT1D1–PAPS–pNP complex and the
mSULT1D1–PAP–pNP complex was two to three in the crystal
and these two structures were virtually identical except for the sul-
fonate group of PAPS. The structure in which mSULT1D1 com-
plexed with PAPS and pNP may indeed represented an ‘enzyme–
substrate complex’ (ES-complex), i.e., the Michaelis complex. In
the mSULT1D1–PAPS–pNP complex, pNP1 was bound in a catalyt-
ically competent manner, and the acceptor phenolic hydroxyl
group formed hydrogen bonds with the side chains of catalytic res-
idues His108 (2.5 Å) and Lys106 (2.9 Å), located closely to the sul-
fonate group of PAPS with the hydroxyl group of pNP being
approximately 3.1 Å away from the sulfur atom of PAPS.

Crystal structure of the mSULT1D1–PAP–pNP complex

Upon a 90-s soaking of the mSULT1D1–PAPS–pNPS crystal in a
solution containing saturating pNP, electron densities of PAP and
pNP were clearly observed (Fig. 2E). The occupancies of PAP and
the two pNP molecules were estimated to be 1 by refinement pro-
cess. Compared with the mSULT1D1–PAPS (PAP)–pNP structure,
the electron density of SO3 moiety of PAPS was not observed in
the active site and, instead, a water molecule was bound at the
same location. These could be shown in the clear positive electron
density of sulfate moiety in the Fo (30 s pNP soak)-Fo (90 s pNP
soak) map (Supplementary Figure). Therefore, the phenolic hydro-
xyl group of pNP1 appeared to form hydrogen bonds with the water
molecule (2.7 Å), which was also found in the previously reported
mSULT1D1–PAP–pNP structure [10]. The electron density data ob-
tained for mSULT1D1–PAPS–pNPS crystal soaking for 30 s and that
soaking for 90 s in pNP-saturated solution revealed the sulfuryl
group transfer from PAPS to pNP and the diffusion of the product,
pNPS, out into the solution and the concomitant replacement with
pNP. Upon soaking for 30 s, a reduction in the occupancy of SO3
moiety of PAPS was observed in the mSULT1D1–PAPS(PAP)–pNP
structure, which could be attributed to the transfer reaction cata-
lyzed by mSULT1D1 using the some 60% of bound PAPS in the crys-
tal. Upon soaking for 90 s, the PAPS originally present was
completely converted to PAP under the action of mSULT1D1.

Michaelis complex of the mSULT1D1-catalyzed sulfuryl transfer
reaction

The above-mentioned results indicate that the mSULT1D1–
PAPS–pNP complex structure may in fact represent an active
Michaelis complex that is ready to engage in the forward reaction.
We have thus determined the bona fide Michaelis complex without
the use of mutants of catalytic residues and/or nonreactive sub-
strate analogs. Previous studies showed that SULTs may catalyze
a sequential transfer reaction with the formation of a ternary com-
plex between the enzyme, PAPS and an acceptor substrate, i.e., a
Michaelis complex [24,25]. The sulfonation reaction has been pro-
posed to involve an SN2-like in-line displacement mechanism
through a nucleophilic attack on the PAPS sulfonate by the phenox-
ide of the substrate [14]. Three residues (Lys48, Lys106, and
His108) have been proposed to be important for catalysis [15].
The Lys48 may serve to donate its proton to the bridging oxygen
as a catalytic acid and stabilize the transition state by interacting
with the SO3 moiety that is being transferred. The Lys106 may
function in substrate positioning and in stabilization of the transi-
tion state. The His108 may serve as a catalytic base that removes
the proton from the acceptor phenolic hydroxyl group and stabilize
the transition state by interacting with the SO3 moiety [15].

In the Michaelis complex (Fig. 3) detected in the present study,
the side chain nitrogen of Lys48 was coordinated to one oxygen
(3.1 Å) of the SO3 moiety as well as with the bridging oxygen
(2.8 Å). The side chain nitrogen of Lys106 was in a position to form
interaction with another oxygen (3.3 Å) of the SO3 moiety and the
acceptor phenolic hydroxyl group (2.9 Å) of the pNP1 molecule.
Similarly, the side chain nitrogen (Ne2) of His108 was coordinated
with another oxygen (3.2 Å) of the SO3 moiety and the acceptor
phenolic hydroxyl group (2.5 Å). The sulfur atom was found to be
located 3.1 Å from the acceptor phenolic hydroxyl group of the
pNP1 molecule, and the S–O bond distance of PAPS was determined
to be 1.6 Å. The bridging oxygen, the sulfur atom, and the acceptor
phenolic hydroxyl group lay approximately in a straight line. The
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angle formed by these three atoms (O–S–O) was 166�. The hydro-
xyl group of pNP was in a proper position for in-line nucleophilic
attack. These observations of the Michaelis complex structure
strongly support the proposal of a SN2-like in-line displacement
mechanism of the reaction catalyzed by members of the SULT fam-
ily and are fully consistent with previously reported structural and
functional studies [12–18].

In summary, we reported in this paper the structures of four
distinct mSULT1D1 crystals prepared using co-crystallization and
soaking method. The crystal structures determined were those of
mSULT1D1 complexed with PAPS alone, PAPS plus pNPS, PAPS plus
pNP, or PAP plus pNP. These structures revealed that mSULT1D1
may catalyze both forward and reverse reactions in respective
crystals, with the mSULT1D1–PAPS–pNP structure being that of
the native Michaelis complex. The data concerning the Michaelis
complex reported here strongly supports that the sulfuryl transfer
reaction proceeds through an SN2-like in-line displacement mech-
anism. The structure of the Michaelis complex is of great impor-
tance in understanding precise details required for QM type
calculation. Further structural studies on similar Michaelis com-
plexes are warranted in order to understand the mechanism of
catalysis of other members of the SULT family.
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