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Crystal structure of SULT2A3, human hydroxysteroid sulfotransferase
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Abstract The crystal structure of SULT2A3 human hydroxy-
steroid sulfotransferase has been solved at 2.4 A resolution in the
presence of 3’-phosphoadenosine 5’-phosphate (PAP). The
overall structure is similar to those of SULT1 enzymes such as
estrogen sulfotransferase and the PAP binding site is conserved,
however, significant differences exist in the positions of loops
Prol14-Ser20, Glu79-11e82 and Tyr234-GIn244 in the substrate
binding pocket. Moreover, protein interaction in the crystal
structure has revealed a possible dimer-directed conformational
alteration that may regulate the SULT activity. © 2000 Fed-
eration of European Biochemical Societies. Published by Else-
vier Science B.V. All rights reserved.
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1. Introduction

Sulfation plays a role in the metabolism, transport and syn-
thesis of steroids. Dehydroepiandrosterone (DHEA) is pro-
duced in the adrenals and secreted as a DHEA sulfate
(DHEA-S). DHEA-S provides the major source of estrogens
that is aromatized in human placenta during pregnancy [1].
The 100-fold higher plasma concentration of DHEA-S over
DHEA suggests that DHEA-S is also the main source that
may be converted into other steroid hormones in adult pe-
ripheral tissues [2,3]. DHEA-S has been reported to have anti-
obesity, -aging and -carcinogenic effects [2,3]. A protective
effect of DHEA-S against cardiovascular disease is also sug-
gested [2,3]. DHEA sulfation is catalyzed by hydroxysteroid
sulfotransferase, an enzyme that transfers the sulfuryl group
of the co-factor 3’-phosphate 5’-phosphoadenosine sulfate
(PAPS) to the 3-hydroxyl of DHEA [2]. Solving the structure
is essential for the development of clinical reagents to target
this enzyme.

Cytosolic sulfotransferases or SULTs are divided into two
subfamilies. The subfamily 1 (SULT1) includes specific en-
zymes that sulfate phenolic steroids, whereas subfamily 2
(SULT2) enzymes are characterized by sulfating hydroxyste-
roids such as DHEA. The structures of mouse estrogen and
human catecholamine/dopamine sulfotransferases (SULT1E1
and SULTI1A3, respectively) from the SULT1 have been
solved [4-6]. In addition, the Golgi-membrane heparan sulfate
N-sulfotransferase structure has been determined [7,8]. Here
we report the first crystal structure of a SULT2 enzyme, hu-
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man hydroxysteroid sulfotransferase or SULT2A3. The over-
all structure of SULT2A3 shows striking similarities with the
SULTI enzymes. Significant differences do exist in the sub-
strate binding pocket that may be responsible for high sub-
strate specificity toward hydroxysteroids. The SULT2A3
structure also displays significant contacts between two mole-
cules in the asymmetric unit, which provides motivation for
future research on the enzyme dimerization and activity.

2. Materials and methods

2.1. ¢<DNA cloning, expression, purification and crystallization

A SULT2A3 DNA was amplified from a human liver cDNA library
using a set of proper primers generated from a published sequence [9]
and cloned into pET2la vector (Novagen) using Ndel and HindIIl
sites. The carboxy-terminal sequence was substituted with
Leuy77ProArgLysLeuAlaAlaAlaleuGlu(His)s. The carboxy-terminal
His-tagged protein was expressed in Escherichia coli BL21DE3
(4 days at 25°C, in 2X YT medium supplemented with 0.25% glucose)
and purified using Ni-NTA Agarose (QIAgen). Crystals were grown
by mixing equal volumes of SULT2A3 protein at 25 mg/ml in 25 mM
HEPES pH 7.5 and 4 mM PAP with 0.8 M citrate and 80 mM
cacodylate, titrated to a pH of 5.75. These crystals (0.4X0.4X
0.6 mm in size) belong to space group P2;2;2; with unit cell dimen-
sions of 73.19X96.82x127.38 A and diffracted to 2.4 A.

2.2. Crystallographic data collection and structure determination

Data were collected at BNL on beam line x9B on crystals which
had been transferred to 0.9 M citrate, 90 mM cacodylate, 4 mM PAP,
saturated DHEA and 10% ethylene glycol. Phases for the structure
factors were calculated using molecular replacement with the model
built from the SULTIEL1 (previously known as mEST) coordinates [4].
The SULT2A3 search model contained all backbone atoms of mono-
mer A from the IAQU coordinates minus residues 84 to 92. Side-
chains that are identical between the two structures were included
while non-identical sidechains were substituted with serine or alanine
residues. Initial attempts to solve the molecular replacement with the
synchrotron data set failed. Therefore multiple isomorphous replace-
ment methods were employed. A data set of a crystal soaked in 10 mM
trimethyl-lead-acetate was collected on an in house Raxis IV detector.
Although these crystals did not appear to be isomorphous to the
native data, soaking of the crystals in trimethyl-lead-acetate reduced
the mosaicity of the crystal from 1.0 to 0.4. Due to apparently im-
proved crystal packing upon soaking with trimethyl-lead-acetate, mo-
lecular replacement using the previous model was attempted on this
data set using AMoRe [10]. Peaks 17 and 28 of the rotation function,
with correlation coefficients of 7.2 and 6.8, respectively, gave inde-
pendent correlation coefficients of 19.9 and 20.0 in the translation
function. After fitting, these values improved to 28.8 and 28.2 both
with independent R-factors of 53.4%. When the two solutions were
placed at the same origin and refined, the solution gave a combined
correlation coeflicient of 40.1 with an R-factor of 49.7%. After multi-
ple steps of model building and refinement using CNS [11] a final
R-factor of 21.9% and Rgee of 25.75% were obtained. This model
contained residues A5-A226, A242-A286, B5-B234, B242-B286,
PAP for both monomers, 156 waters and six Pb sites. At this point
the model (minus waters and Pb atoms) was refined against the native
data to 2.4 A. After multiple stages of manual rebuilding and refine-
ment an R-factor of 20.2% and an Ry of 23.9% were obtained. This
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model includes residues A4-A241, A244-A287, B4-B239, B241-B286,
both PAP molecules and 185 waters. However, there is no density
present for the DHEA package [12]. All data were processed using
the Denzo and Scalepack method [13] and all model buildings were
carried out by the program ‘O’ [13] (see Table 1).

3. Results and discussion

3.1. Overall structure and reaction mechanism

The overall structure of SULT2A3 is comprised of a single
o/pf domain with a five-stranded parallel B sheet that consti-
tutes the PAPS binding site and catalytic center (Fig. 1). A
strand-loop-helix motif that contains the PSB-loop (41-
TYPKSGT-47) forms specific hydrogen bond interactions
with the 5’-phosphate of the PAP molecule. The 3’-phosphate
binding site is comprised of interactions from residues along
B-strand 8 and o6 helix (Argl21 and Ser129, respectively) as
well as backbone interactions with the residues Lys248 and
Gly249 near the carboxy-terminal. SULT2A3 appears to cat-
alyze an in-line sulfuryl transfer reaction that has been sug-
gested for other SULT enzymes [14]. His99 and Lys44 of
SULT2A3 are in positions to assist in the deprotonation of
the acceptor group and the dissociation of the sulfuryl group
from PAPS (Fig. 2), as has been proposed for other SULT
enzymes [2,3,7,14,15]. Thus, these structural features and re-
action mechanisms appear to be well conserved in all SULTs.

3.2. Putative substrate binding site

Residues from o4, a6, al2, B4 and three loops (Prold—
Ser20, Glu79-11e82 and Asnl136-Lys144) constitute the major-
ity of the hydrophobic substrate binding pocket (Fig. 2). In
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Fig. 1. Topological presentation of the SULT2A3 structure.

addition, residues from loop Tyr231-GIn244 cover the face of
the binding pocket in the SULT2A3 structure. These same
secondary structural elements are utilized to form the sub-
strate binding pockets of SULTIEl and SULTI1A3 [4-6],
although residues 216-240 are disordered in the latter.

The differences between the SULT2A3 and SULTIEL
pockets increase gradually from the catalytic site to the out-
side of the molecule. There are large differences at the opening
of the two pockets (Fig. 3): whereas only four residues (Glu79
to 11e82) constitute a loop forming the opening of SULT2A3,
the same loop of SULTIEI contains nine residues from Glu§3
to Asn91 (Fig. 4). In addition, the loops Prol4-Ser20 and
Tyr231-GIn244 have collapsed on the opening in the structure

Table 1

Crystallographic data statistics

Data set Trimethyl-lead-acetate Native

Unit cell dimensions a=7291, b=97.20, ¢=128.44, =90°, B=90°, a="73.19, b=96.82, ¢=127.375, a=90°,
6=90° £=90°, 6=90°

Space group P2,2,2; P2,2,2,

No. of observations 110204 113997

Unique reflections 33275 34110

Rgym (%) (last shell)* 5.5% (16.4%) 5.0% (14.3%)

I/ol (last shell) 24.2 (6.0) 15.3 (6.7)

Mosaicity 0.49 1.0

Completeness (%) (last shell) 91.3 (66.4) 94.4 (86.9)

(A) Refinement statistics

Resolution (A) 50-2.4 50-2.4

Reryst (%0)° 21.93 20.2

Riree 25.75 239

No. of waters 126 185

No. of Pb 6 -

(1) Rms deviation from ideal values

Bond length (A) 0.007 0.007

Bond angle (°) 1.2 1.2

Dihedral angle (°) 21.8 21.6

Improper angle (°) 0.81 0.77

Mean B value (AP) 45.0 36.9

(2) Ramachandran statistics

Residues in:

Most favored regions (%) 91.5 91.1

Additionally allowed regions 7.9 8.9

Generously allowed regions 0.6 0.0

Disallowed regions 0.0 0.0

The coordinates for the final refinement of the SULT2A3 native data set have been submitted to the Protein Data Bank and have the PDB ID

code 1EFH.
aRsym = 2( I 17<1> I )2(1)

bRcryst =3 Fo| = F I I/Z|F,| calculated from working data set. Rge. is calculated from 5% of data randomly chosen not to be included in re-

finement.
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Fig. 2. Active site region of SULT2A3. Residues involved in the
catalytic mechanism and residues that line the substrate binding
pocket are displayed in dark cyan as is PAP. A semi-transparent
model of E2 has been placed in the active site based on the super-
position of SULTIEl to SULT2A3. This figure was created with
MOLSCRIPT [18] and Raster3D [19].

of SULT2A3. As a result, Leu234 of SULT2A3 places its
sidechain in direct contact with the E2 molecule in the super-
position with the SULTI1EL1 structure.

Positions of Tyr160, Phel33 and Phel8 in the substrate
binding pocket of SULT2A3 superimpose with those of
Tyrl69, Phel42 and Phe24, respectively, in the SULTIEI
structure. Phel42 and Tyr81 form a substrate-access gate
that confers high estrogen specificity to this enzyme and mu-
tations of Tyr81 to a smaller hydrophobic amino acid de-
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Fig. 3. Superposition of the substrate binding pockets of SULTIE]
(green), SULT1A3 (yellow) and SULT2A3 (brown). The rms for
254 of the most similar Cot’s is 1.46 A? for SULTIEI and 1.36 A?
for 205 Ca’s for SULT1A3. Residues 79b-94b of SULTIA3 are
from the second monomer in the crystallographic dimer. BPLI,
BPL2 and BPL3 are the loops that constitute the surface of the sub-
strate binding pocket. This figure was created with MOLSCRIPT
[18] and Raster3D [19].

creased estrogen and increased activity toward DHEA sulfa-
tion [16]. Trp77 of SULT2A3 superimposes with Tyr81 and is
in position to form a gate-like structure with Phel33. If, in
fact, DHEA binds in the same orientation as E2 in the
SULTIEL structure, conformational alterations of Trp77

[ p1 I B2 |
SULT2A3 ~reesmmeemeee ~MSDDFLWFE GIAFPTMGFR SETLRKVRDE FVIRDEDVII LTYPKSGTNW 49
SULT1E1l ~~~~METSMP EYYEVFGEFR GV..LMDKRF TKYWEDV.EM FLARPDDLVI ATYPKSGTTW 53
SULT1A3 MELIQDTSRP PLEYV....K GV..PLIKYF AEALGPL.QS FQARPDDLLI NTYPKSGTTW 53
BPL2
B7
SULT2A3 50 LAEILCLMHS KGDAKWIQSV PIWERSPWVE SEI..... GY TALSETESPR LFSSHLPIQL 104

SULT1E1l 54 ISEVVYMIYK EGDVEKCKED AIFNRIPYLE CRNEDLINGI KQLKEKESPR IVKTHLPPKL 113
SULT1A3 54 VSQILDMIYQ GGDLEKCHRA PIYVRVPFLE VNDPGEPSGL ETLKDTPPPR LIKSHLPLAL 113

SULT2A3 105 FPKSFFSSKA KVIYLMRNPR DVLVSGYFFW KNMKFIKKPK SWEEYFEWFC QGTVLYGSWF 164
SULT1E1 114 LPASFWEKNC KMIYLCRNAK DVAVSYYYFL LMITSYPNPK SFSEFVEKFM QGQVPYGSWY 173
SULT1A3 114 LPQTLLDQKV KVVYVARNPK DVAVSYYHFH RMEKEHPEPG TWDSFLEKFM AGEVSYGSWY 173

SULT2A3 165 DHIHGWMPMR EEKNFLLLSY EELKQDTGRT IEKICQFLGK TLEPEELNLI LKNSSFQSMK 224
SULT1El 174 DHVKAWWEKS KNSRVLFMFY EDMKEDIRRE VVKLIEFLER KPSAELVDRI IQHTSFQEMK 233
SULT1A3 174 QHVQEWWELS RTHPVLYLFY EDMKENPKRE IQKILEFVGR SLPEETMDFM VQHTSFKEMK 233

BEL3

SULT2A3 225 ENRMSNYSLI SVDYVVDK.A QLLRKGVSGD WKNHFTVAQA EDFDKLFQEK mn@ 283
SULT1E1 234 NNPSTNYTMM PEEMMNQKVS PFMRKGIIGD WKNHFPEALR ERFDEHYKQQ MKDCTVK.FR 292
SULT1A3 234 KNPMTNYTTV PQELMDHSIS PFMRKGMAGD WKTTFTVAQN ERFDADYAEK MAGCSLS.FR 282

SULT2A3 284 [WE=]285
SULT1E1l 293 MEL 295
SULT1A3 293 SEL 295

SULTI1E1I vs.

SULT2A3 vs. SULT1E1 37% identity
SULT2A3 vs. SULT1A3 38% identity
SULT1A3 48% identity

Fig. 4. Sequence alignments of SUTL2A3, SULTIEl and SULT1A3. Secondary structure elements of SULT2A3 are numbered based upon
that previously described for SULTIEL [4]. In addition, the PSB loop is displayed with a blue box. Residues implicated in the catalytic mecha-
nism are shown in magenta, while those that line the substrate binding pockets are shown in green. The loops that have significant conforma-
tional changes between the substrate binding pockets are highlighted in yellow. Underlined residues are not seen in the crystal structures. The
carboxy-terminal residues substituted in the crystal structure of SULT2A3 are boxed. BPL1, BPL2 and PBL3 are the loops that constitute the

surface of the substrate binding pocket.
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Fig. 5. Crystallographic dimer of SULT2A3. Monomer A is shown
in brown and monomer B in red. The PAP molecules are shown in
dark cyan. This view demonstrates the near two-fold axis between
the two monomers. This figure was created with MOLSCRIPT [18]
and Raster3D [19].

and Phel33 as well as of loop Tyr231-Glu244 would be re-
quired to accommodate DHEA in the active site. Alterna-
tively, DHEA may bind in a different orientation to SULT-
2A3.

3.3. Crystallographic dimer

The two monomers in the asymmetric unit A and B form
the largest surface contacts in the unit cell. The overall buried
surface area for the dimer is 1837 A2. These two molecules are
related by a rotation of 170° from molecule B to molecule A
along an axis nearly perpendicular to both the five-stranded
sheet and helix 6 (Fig. 5). Residues Metl6-Lys19, Lys64—
Glu73, Glu81-Glu91 and Lys227-Tyr238 of both molecules
line the dimer interface. The orientation of residues Lys64—
Glu73 in one molecule appears to lock the loop containing
Tyr231-GIn244 of the other molecule, in a conformation
which does not allow the substrate to bind. This is consistent
with the fact that there is no electron density for DHEA even
though the crystal was soaked in a buffer saturated with
DHEA.

A crystallographic dimer is also observed in the SULT1A3
crystal structures [5,6]. Although the same surface of both
monomers appear to be involved in the dimer contacts as
with SULT2A3, the relative orientation of the second mole-
cule of the SULT1A3 dimer differs from that of the SULT-
2A3 second molecule by a crude rotation of about 110°. The
calculated buried surface area for this crystallographic dimer
is 1222 A2. The main residues involved in the dimer interac-
tions are residues Val84-Pro90 and Phel42-Hisl49. In the
SULTI1AS3 crystals, the residues corresponding in sequence
to Tyr231 —GIn244 of SULT2A3 are disordered. The loop
containing residues Val84-Pro90 from the SULTIA3 mole-
cule is shifted into the substrate binding pocket of the other
monomer, occupying the position of loop Tyr231-GIn244 in
the SULT2A3 structure and also appearing to disrupt sub-
strate binding [5,6].

Consistent with previous studies [17], our purified recombi-
nant SULT2A3 was active as a dimer (unpublished observa-
tion) and SULT1A3 is also reported to function as a dimer
[6]. Thus, these common structural features in the crystallo-
graphic dimers suggest these crystallographic dimers may rep-
resent physiological dimers in an inactive state.
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4. Conclusion

The crystal structure of SULT2A3 is the first determined
for the SULT2 subfamily. It provides further evidence that
the overall structures of the sulfotransferase family are well
conserved. Analysis of crystal structures of SULT2A3 and
SULT1A3 has revealed a common dimerization interface be-
tween the two molecules, implying that this interface might be
general for cytosolic enzymes in solution. The interface inter-
actions collapse the substrate binding pockets in the crystals
of SULT2A3 and SULTIA3. Currently, biochemical and
physicochemical approaches are being employed to investigate
the physiological significance of these interactions. If the
pockets were also collapsed in solution, our present structure
presents a template for future research to describe the activa-
tion of enzymes.
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