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Abstract

Cytosolic sulfotransferases catalyze the sulfonation of hormones, metabolites, and xenobiotics.
Many of these proteins have been shown to form homo- and heterodimers. An unusually small
dimer interface was previously identified by Petrotchenko et al. (FEBS Lett 490, 39-43, 2001) by
crosslinking, protease digestion, and mass spectrometry, and verified by site-directed mutagenesis.
Analysis of the crystal packing interfaces in all 28 available crystal structures consisting of 17
crystal forms shows that this interface occurs in all of them. With a small number of exceptions,
the publicly available databases of biological assemblies contain either monomers or incorrect
dimers. Even crystal structures of mouse SULT1E1, which is a monomer in solution, contain the
common dimeric interface, although distorted and missing two important salt bridges.

Introduction

Sulfonation is the process of transferring sulfonate (805) to organic molecules, including
drugs, xenobiotics, hormones, and proteins. There are two broad classes of enzymes that
catalyze the sulfonation reaction -- the membrane sulfotransferases and cytosolic
transferases. A nomenclature for the cytosolic enzymes has been provided by Blanchard et
al.1. Within this nomenclature, all such proteins are called “SULT” followed by a family
identifier (numbers 1, 2, etc.), a subfamily identifier (letters A, B, etc.), an isoform identifier,
for proteins encoded by different genes (numbers 1, 2, etc.), and in some cases a splice-form
identifier (“_v1”, “ v2”, etc.). Families were defined by a minimum sequence identify of
45% and subfamilies by a minimum sequence identity of 60%. Many branches of the
superfamily have been identified in plants and animals, not all of which exist in humans.
The human genes comprise SULT1A1, SULT1A2, SULT1A3, SULT1A4, SULT1B1,
SULTI1C2, SULT1C3, SULT1C4, SULT1E1, SULT2A1, SULT2B1, and SULT4A1.1:2
The SULT3, SULTS5, and SULT6 families do not exist in humans but are present in mice
and other species. A total of 28 structures of 13 different gene products of this family have
been determined by X-ray crystallography. The fold bears remote similarity to nucleotide
kinases. Sulfatases are similar to alkaline phosphatases, indicating an evolutionary
relationship between sulfonation and phosphorylation3.

Most of the cytosolic sulfotransferases exist as dimers, including both homodimers and
heterodimers, although the physiological significance of the dimer is not known.
Experimental data indicating dimer formation are available for human SULT1A14, rat
SULT1A15:6, human SULT1A37, human SULT1E18, Guinea pig SULT1E19, hamster
SULT2A110, human SULT2A111, rat SULT2A112, human SULT2A313, and C. elegans
ST114. Petrotchenko et al.8 used a combination of cross-linking reagents, protease
digestion, and mass spectrometry to identify peptides involved in the dimerization interface
of human SULT1A3. The peptides were consistent with a small dimer interface that they
observed in the X-ray structures of human SULT1A313 and human SULT1A115 then
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available. This symmetric interface consists of two anti-parallel extended backbone
segments with four backbone-backbone hydrogen bonds between them, and two salt bridges
formed by the first residue of the motif (Lys/Arg) from one protein and the last residue of
the ten-residue motif (Glu) from its partner in the dimer and vice versa. Two residues in the
center of the motif (Thr-Val at positions 5 and 6) make strong symmetric contacts between
the monomers. Thus they dubbed the 10-residue region the KTVE motif (residues 1, 5, 6,
10), which are the predominant residues at these positions in cytosolic sulfotransferases.
Dimeric human SULT1E1 contains the same residues at these positions, while monomeric
mouse SULT1E1 contains the sequence PE in place of TV. Mutation of TV to PE in human
SULT1E1 produced a monomer, while mutations of mouse PE to TV created a homodimer,
establishing the validity of the motif as the dimerization interface.8

Recently, we performed an extensive study of protein crystals across protein families, and
identified interfaces common to large numbers of different crystal forms in individual
families16. Using a benchmark of known monomers and dimers/oligomers, we established
that the observation of an interface across a small number of crystal forms of homologous
but non-identical proteins (<90% identity) indicates that the interface is likely to have
biological significance. In this paper, we show that the Petrotchenko interface is observed in
all crystal structures of the cytosolic sulfotransferases, and that it is not present in the
distantly related heparan sulfotransferases or retinol dehydratases. Strangely, even mouse
SULT1E1 contains the Petrotchenko dimer in its crystal but with a distorted geometry such
that the N/C-terminal salt bridges within the motif are not formed. We also show that the
database annotations for the biological assemblies of these proteins are diverse and in nearly
all cases do not correspond to the interface identified by Petrotchenko et al.

The program MolIDE, version 1.617:18, was used to search the Uniref100 database19 with
PSI-BLAST20 for sequences related to human SULT1EL. The position-specific scoring
matrices from this search were used to search the sequences of proteins of known structure
in the Protein Data Bank for proteins related to cytosolic sulfotransferases.

Neighbors in the crystals of proteins in the asymmetric unit of the crystal structures were
constructed using crystallographic symmetry operations. Crystal forms were differentiated
from one another as described in our recent paper16. This differentiation was performed by
comparing interfaces in each crystal with those in the others. Crystals that share most or all
interfaces were classified as a single crystal form. Conversely those with different interfaces
were considered separate crystal forms, even if they shared the same crystal symmetry space
group. Once the different crystal forms were separated, the unique interfaces in each form
were compared to those in the others to identify common interfaces among the crystal forms.
Coordinate files for these dimers were then saved for visual inspection. The program
NACCESS21 was used to calculated buried surface area in each dimer.

Information on the biological units or assemblies were obtained from three publicly
available resources using the program ProtBuD22: the PDB itself23; the Protein Quaternary
Server (PQS)24, and PISA25 and compared. In the case of the PDB, biological units were
built using the symmetry operators contained in the XML versions of the PDB entries26. In
two cases, these differed from the biological unit coordinates obtained from the RCSB
Protein Data Bank website for unknown reasons.

Proteins. Author manuscript; available in PMC 2009 August 19.
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A PSI-BLAST search within the program MolIDE was used to identify cytosolic
sulfotransferases in the PDB starting with the sequence of human SULT1E1. This resulted

in a total of 41 PDB entries. 28 of these proteins are cytosolic sulfotransferases, and 13 are
other proteins with similar folds including the heparan sulfotransferase, a bacterial
sulfotransferase, StaL, and retinol dehydratase. An analysis of the 28 crystal structures of the
cytosolic sulfotransferases is presented in Table I. The structures comprise 17 different
crystal forms of 11 different proteins (excluding the splice variants) and are sorted in the
table by their crystal forms. In two cases, different proteins crystallized into the same crystal
forms.

Using the method described in Xu et al.16, we compared the protein-protein interactions in
these crystals to identify any common interfaces that they might contain. This method uses
protein structure alignment to identify corresponding residues in homologous proteins, and a
function Q which expresses the fraction of residue-residue interactions in one interface that
are in common with another. Several small interfaces (200-400 A2) were found in common
between only two crystal forms each, and most of these were found only in identical
sequences (data not shown). However, one interface was present in all 17 crystal forms of
the cytosolic sulfotransferases. It was not present in the heparan sulfotransferase, Stal, or
retinol dehydratase crystals. The common dimer structures for one member of each crystal
form are shown in Figure 1. Their surface areas are given in the last column of Table I.
These interfaces correspond to that identified by Petrotchenko et al. from crosslinking,
protease digestion, and mass spectrometry on SULT1A3.

Table I also contains information on the asymmetric units and biological units provided by
three publicly available sources: the PDB itself in their biological unit description in the
XML version26 of PDB entries; the Protein Quaternary Server (PQS)24 from the EBI; and
PISAZ25, also from the EBI. The PDB contains biological units as hypothesized by the
authors of each structure. PQS is a mixture of manually annotated and automatically
annotated biological assemblies. PISA assemblies are automatically determined on the basis
of estimated chemical thermodynamic parameters of enthalpy and entropy. In this table,
“M” stands for monomer, “D” for dimer, and “T” for tetramer. Those in bold italic type
contain the common dimer found in all 17 crystal forms. The surface areas for all non-
monomeric structures are also given in parentheses. The common dimer occurs in the
asymmetric units of only 5 of 28 crystal structures. In four of these five, it is also in the
PDB's biological unit, while it also appears in the PDB biological unit of one other entry,
10V427. PQS has the common dimer in only one entry, 1AQY (mouse SULT1EL1) as part
of a larger tetramer. PISA does not identify the common interface in any of its biological
assemblies for the cytosolic sulfotransferases.

On the other hand, the PDB has seven incorrect dimers in its biological units and all of these
are identical to the asymmetric unit dimers. This indicates that it is common for
crystallographers to make the unwarranted assumption that the asymmetric unit assembly
corresponds to the biological assembly. PQS has done this twice, while also creating three
other dimers from monomeric asymmetric units. PISA has 5 non-biological dimers identical
to the asymmetric units, and two constructed from asymmetric monomers. Incorrect dimers
or tetramers for PDB, PQS, and PISA are shown in Figure 2. In each image, the biological
interface is colored in magenta in each monomer. There is little similarity among the
different dimers, despite high sequence identity among the proteins involved (in the range of
40-80%). Aloy and Russell showed that it is usually the case that proteins with greater than
30% sequence identity form oligomers in similar ways28. The dimers in Figure 1 affirm this
conclusion, while the annotated dimers from the public databases shown in Figure 2 do not.
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We examined the common interface in more detail. A close-up view of the dimer interface
of human SULT1E1 from PDB entry 1G3M29 is shown in Figure 3a. The dimerization
sequence motifs are given in Table 11, along with the hydrogen bond distances found in most
of the interfaces. In nearly all of the structures, there are six hydrogen bonds between the
two monomers. In each case, the hydrogen bond exists in both directions, i.e. atom x of
monomer A hydrogen bonds to atom y of monomer B, and atom x of monomer B hydrogen
bonds to atom y of monomer A. The three symmetric hydrogen bonds are: 1) backbone N of
residue 1 to backbone O of residue 7; 2) backbone N of residue 4 to backbone O of residue
6; and 3) side-chain N of Lys 1 to side-chain Og; or Og, of Glu 10. These six hydrogen
bonds are shown for human SULT1E1 in Figure 3a, labeled by their position in the motif
(residues 1-10). In the flavonol SULT from Arabidopsis, the Lys is an Arg. In PDB entry
2H8K (unpublished), SULT1C3, crystal form 10, the Glu side chain is disordered. However,
this is a low-resolution structure (3 A resolution). Examination of the electron density via
the Uppsala Electron Density Server30 shows significant density between the Glu CB and
Lys NZ that is likely to be the salt bridge observed in the other structures.

One structure that is quite different, however, is mouse SULT1EL. This interface from PDB
entry 1AQU31 is shown in Figure 3b. The backbone hydrogen bonds are too long -- 4.2 A
and 4.3 A, and the interface orientation is distorted enough such that the salt bridge on either
end of the motif is not formed. The relevant atomic distances are 10.3 A. This protein was
found to be monomeric in gel filtration experiments by Petrotchenko et al. In particular the
mouse SULT1E1 sequence contains the sequence PE at the center of the motif (positions 5
and 6) rather than TV in the other proteins. Petrotchenko found that mutating PE to TV in
mouse SULT1E1 caused it to dimerize in solution, while mutating human TV to PE caused
the human protein to be monomeric. It is surprising, to say the least, that this small interface
still forms in the crystals of mouse SULT1E1, albeit with loss of the favorable interactions
that stabilize this interface in the other proteins. This would seem to indicate that some
proteins may form interfaces similar to others in the same family in crystals, but weakly
enough that they may not be present under physiological conditions.

It is possible that the flavonol sulfotransferase from Arabidopsis thaliana is also a monomer,
given that residue 6 of the dimerization motif is also Glu, as it is in mouse SULT1EL. The
salt bridge hydrogen bond length is rather long at 4 A.

Discussion

Cytosolic sulfotransferases are important metabolic and detoxifying enzymes in humans.
Missense mutations or downregulation of some of these proteins are associated with
susceptibility to various cancers, probably due to lowered ability to metabolize and eliminate
xenobiotics32734. We have investigated the puzzling small interface that was determined to
be the dimer interface, and found it in all of the available crystal structures of cytosolic
sulfotransferases. Despite publication of the paper by Petrotchenko et al in early 2001, this
small interface is not annotated as the dimer interface in the publicly available databases
with only a few exceptions. At total of 21 of 28 structures were deposited in the PDB after
the 2001 paper appeared, and only 3 of these are annotated with the correct dimer in the
PDB. The biological role of this interface, if any, is unknown, as the monomeric mouse
SULTIE1 is presumably active8. The interface is 25-30 A away from the active site in all of
the crystal structures (not shown), which is roughly in the center of the protein, as
determined from the location of the sulfation donor analogues and the substrates.

While experiments are often performed on proteins to determine the molecular weight of the
fully formed assembly under roughly physiological conditions, there are few cases where
experiments designed to determine the interfaces involved are performed. In many cases, the
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correct interface appears to be obvious from inspection of the crystal, and this is especially
true if there are multiple crystal forms available, especially of non-identical proteins in the

family. In the example given here, an analysis of all the available crystals would have
indicated the correct physiologically relevant dimer, which could then be tested with further
experiments. In the near future, we will provide an online tool for performing this analysis
over the whole PDB, so that it will be available as new structures are determined.
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15 225F

Figure 1.
Interfaces common among all crystals in the PDB of cytosolic sulfotransferases, numbered
by crystal form as listed in Table I.
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Incorrect dimers in publicly available databases of biological assemblies. The crystal form

from table I is given, along with the database names that contain the dimer shown. The

dimer interface motif is shown in magenta. PQS has a tetramer for 1AQY that contains two
copies of the Petrotchenko dimer (blue and yellow monomers, bottom; and green and red

monomers, top).
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Figure 3.

Dimer interfaces in: a) human SULT1E1 (PDB entry 1AQU) and b) mouse SULT1E1 (PDB
entry 1G3M). Distances are given in A for the hydrogen bonds between the monomers.
These interactions are from top to bottom, left to right: 1) OE110-NZz%; 2) N7-01; 3) N6-0%;
4) 0*-N8; 5) 01-N7; 6) Nz1-OE110, where the residues are numbered from 1 to 10 in the
motif as given in Table II.
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