
Expression of the Orphan Cytosolic Sulfotransferase
SULT4A1 and Its Major Splice Variant in Human Tissues
and Cells: Dimerization, Degradation and
Polyubiquitination
Neelima P. Sidharthan, Neville J. Butcher, Deanne J. Mitchell, Rodney F. Minchin*

Laboratory for Molecular and Cellular Pharmacology, School of Biomedical Sciences, University of Queensland, Brisbane, Australia

Abstract

The cytosolic sulfotransferase SULT4A1 is highly conserved between mammalian species but its function remains unknown.
Polymorphisms in the SULT4A1 gene have been linked to susceptibility to schizophrenia. There are 2 major SULT4A1
transcripts in humans, one that encodes full length protein (wild-type) and one that encodes a truncated protein (variant).
Here, we investigated the expression of SULT4A1 in human tissues by RT-PCR and found the wild-type mRNA to be
expressed mainly in the brain, gastrointestinal tract and prostate while the splice variant was more widely expressed. In
human cell-lines, the wild-type transcript was found in neuronal cells, but the variant transcript was expressed in nearly all
other lines examined. Western blot analysis only identified SULT4A1 protein in cells that expressed the wild-type mRNA. No
variant protein was detected in cells that expressed the variant mRNA. Ectopically expressed full length SULT4A1 protein
was stable while the truncated protein was not, having a half-life of approximately 3 hr. SULT4A1 was also shown to
homodimerize, consistent with other SULTs that contain the consensus dimerization motif. Mutation of the dimerization
motif resulted in a monomeric form of SULT4A1 that was rapidly degraded by polyubiquitination on the lysine located
within the dimerization motif. These results show that SULT4A1 is widely expressed in human tissues, but mostly as a splice
variant that produces a rapidly degraded protein. Dimerization protects the protein from degradation. Since many other
cytosolic sulfotransferases possess the conserved lysine within the dimerization motif, homodimerization may serve, in part,
to stabilize these enzymes in vivo.
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Introduction

The cytosolic sulfotransferases are a superfamily of enzymes that

catalyze the transfer of a sulfonate group from the common

cofactor 39-phosphoadenosine 59-phosphosulfate to a wide range

of endogenous and exogenous substrates [1,2]. In humans, there

are 3 known families based on sequence identity (SULT1, SULT2

and SULT4). The only member of the SULT4 family is

SULT4A1, which shares less than 40% sequence homology with

other human sulfotransferases but is highly conserved between

mammalian species [3]. SULT4A1 was originally isolated from

brain tissue [4] and studies in mice indicate that it is primarily

expressed in that tissue [5]. Moreover, it exhibits sex-dependent

expression, with mRNA levels approximately 4-fold higher in

female animals [6].

SULT4A1 gene expression is regulated by CREB and ATF-2,

which bind to conserved sites within 100 bp of the major

transcription start site [7]. There are 2 major transcripts, one

that encodes the complete protein sequence and a second that

introduces a premature stop codon due to the failure to correctly

excise the intron between exons 6 and 7 (Fig. 1) [4]. The second

transcript predicts a truncated protein, although it has been

suggested the mRNA is unstable and subject to nonsense mediated

mRNA decay [3]. The SULT4A1 protein is post-translationally

modified by phosphorylation involving ERK1/2 [8]. This

introduces a motif that is identified by the prolyl cis-trans

isomerase Pin1 to destabilize the protein. Despite our understand-

ing of SULT4A1 regulation, no substrate for the enzyme has been

identified to date and its exact role in the brain remains unknown.

Interestingly, a number of studies have demonstrated an

association between specific single nucleotide polymorphisms in

the SULT4A1 gene and susceptibility to schizophrenia [9,10,11].

In the present study, we have investigated two aspects of the

SULT4A1 gene. Firstly, expression of the major SULT4A1

transcripts was examined in human tissues and cells. Secondly, the

stability of the SULT4A1 protein products was determined. The

results suggest that the full length protein is mostly restricted to

neuronal cells. Similar to other sulfotransferases, SULT4A1

undergoes dimerization, which protects the protein from poly-

ubiquitination and degradation by masking lysine 254, the site of

polyubiquitination. A truncated SULT4A1 protein produced from

the variant transcript was not able to homodimerize and was

highly unstable.
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Materials and Methods

Cell culture
All cell-lines used in this study were obtained from the American

Type Culture Collection (Manassas, VA). SH-SY5Y were

maintained in Advanced DMEM/F12 supplemented with 10%

fetal bovine serum (FBS), SK-N-MC were in Advanced MEM

with 10% FBS, PC-12 were in RPMI 1640 with 5% FBS and 10%

heat-inactivated horse serum, and Neuro 2A, PC-3 and SKOV3

were in DMEM with 10% FBS. All other cell-lines were in RPMI

1640 supplemented with 10% FBS. All cells were maintained at

37uC in a humidified atmosphere of 5% CO2 in air. Media and

supplements were from Life Technologies (Carlsbad, CA).

Retinoic acid (Sigma-Aldrich, St. Louis, MO; 10 mM) was used

to differentiate SK-N-MC cells as described previously [12].

Site-directed mutagenesis and cloning
The generation of FLAG-tagged and HA-tagged human wild-

type SULT4A1 plasmids (pFLAG-SULT4A1-WT and pHM6-

SULT4A1-WT, respectively) has been described previously [13].

To generate the FLAG-tagged human variant SULT4A1 plasmid

(pFLAG-SULT4A1-VAR), the same primers and procedure were

used as in Mitchell et al [13] except that the template for the PCR

was cDNA from IMR-32 cells, which only express the variant

SULT4A1 transcript. The pFLAG-SULT4A1-TV.AE and

pFLAG-SULT4A1-KTV.QAE mutants were generated by the

GENEART site-directed mutagenesis system (Life Technologies)

using pFLAG-SULT4A1-WT as template and the following

forward and reverse primers; FP-TV.AE, 59-GGAAGGACA-

TCTTCGCCGAGTCCATGAATGAGAAG-39, RP-TV.AE

59-CTTCTCATTCATGG-ACTCGGCGAAGATGTCCTTC-

C-39, FP-KTV.QAE 59-AGAGTTGGGCTGTGGGA-GGA-

CATCTTC-39, RP-KTV.QAE 59-GAAGATGTCCTCCCA-

CAGCCCAACTCT-39, respectively. Clone sequences were

verified by sequencing.

Cell transfection
IMR-32 cells were seeded in 6-well plates at 16106 cells per

well. Cells were allowed to adhere overnight and then transfected

with a total of 4 mg of plasmid DNA using LipofectAMINE 2000

reagent (Life Technologies) according to the manufacturer’s

instructions. For mRNA and protein stability studies, cells were

transfected with 4 mg of pFLAG-SULT4A1-WT, pFLAG-

SULT4A1-VAR, pFLAG-SULT4A1-TV.AE or pFLAG-

SULT4A1-KTV.QAE for 24 hr. For co-immunoprecipitation

experiments, cells were co-transfected with 2 mg pHM6-

SULT4A1-WT and either 2 mg pFLAG empty vector, pFLAG-

SULT4A1-WT or pFLAG-SULT4A1-TV.AE for 24 hr. For

polyubiquitination experiments, cells were transfected with 1 mg

pcDNA-HA ubiquitin and 3 mg pFLAG-SULT4A1-WT, pFLAG-

SULT4A1-VAR, pFLAG-SULT4A1-TV.AE or pFLAG-

SULT4A1-KTV.QAE for 24 hr.

Western blot analysis
Cells were washed with phosphate buffered saline (PBS), lysed in

RIPA buffer (1% NP-40, 50 mM Tris [pH 7.4], 150 mM NaCl,

0.5% sodium deoxycholate) containing protease inhibitor cocktail

(Roche, Mannheim, Germany) for 30 min on ice and then

centrifuged at 4uC for 15 min at maximum speed. Protein

concentration was determined by the method of Bradford [14]

Samples were boiled in SDS reducing buffer, and 30 mg

electrophoresed on 12% polyacrylamide gels and transferred to

nitrocellulose membranes. Membranes were blocked with 5%

non-fat milk in PBS containing 0.05% Tween-20 and then

immunoblotted with anti-SULT4A1 primary antibody (Protein

Tech Group, Chicago, IL) or anti-a-tubulin primary antibody

(Cell Signaling Technology, Boston, MA) followed by anti-rabbit

Figure 1. Line-box diagram showing the exon-intron arrangement for wild-type and variant SULT4A1 transcripts. Black boxes
represent exons while the grey box represents part of the intron between exon 6 and 7 that is incorrectly spliced in the variant. The positions of the
PCR primers are denoted by the grey arrows. The resulting SULT4A1 proteins are also shown. The diemerization motif, which is located in exon 7, is
absent in the variant protein.
doi:10.1371/journal.pone.0101520.g001
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or anti-mouse HRP conjugated secondary IgG (Jackson ImmnoR-

esearch, West Baltimore, PA), respectively. FLAG-tagged proteins

were immunoblotted with anti-FLAG M2 HRP conjugated

antibody (Sigma-Aldrich). Proteins were visualized using Western

Lightning Plus-ECL (PerkinElmer, VIC, Australia) and a Kodak

image station 4000 MM (Carestream Health, Rochester, NY).

Co-immunoprecipitation studies
Following transfection as described above, IMR-32 cells were

washed twice with cold PBS and then incubated on ice for 15 min

in 0.8 ml cell lysis buffer (1% Triton X-100, 50 mM Tris

[pH 7.4], 150 mM NaCl, 1 mM EDTA) containing protease

inhibitor cocktail (Roche). Lysates were centrifuged for 10 min at

maximum speed (4uC) and then 0.3 ml was transferred to

duplicate tubes. Anti-HA antibody (Sigma-Aldrich, 1/200) was

added to one of the duplicate tubes and then they were rotated at

4uC for 2 hr. Protein A agarose beads (Cell Signaling Technology)

were added to each tube and then rotated for a further 1 hr at

4uC. The beads were then centrifuged for 30 s at 60006g,

supernatants discarded, and the beads washed 3 times with 0.5 ml

of cell lysis buffer minus Triton X-100. Beads were then boiled in

50 ml SDS reducing buffer and Western blotted as described

above.

Polyubiquitination studies
After overnight transfection as described above, IMR-32 cells

were treated with MG132 (20 mM, Sigma-Aldrich) or vehicle

(DMSO) up to 8 hr, then washed twice with cold PBS and then

incubated on ice for 15 min in 0.8 ml cell lysis buffer containing

protease inhibitor cocktail (Roche). Lysates were centrifuged for

10 min at maximum speed (4uC) and supernatants transferred to

fresh tubes. Anti-FLAG-M2 antibody conjugated agarose beads

(Sigma-Aldrich) were added and the supernatants rotated at 4uC
for 2 hr. Immunoprecipitates were collected by centrifugation for

30 s at 60006g and the beads washed 3 times with 0.5 ml cell lysis

buffer minus Triton X-100. Beads were then boiled in 50 ml SDS

reducing buffer and Western blotted as described above. This

experiment was also performed under denaturing conditions

where 1% SDS was substituted for Triton X-100 in the cell lysis

buffer, and the samples heated at 95uC for 10 min prior to the

addition of anti-FLAG-M2 antibody conjugated agarose beads.

Extraction of total RNA and cDNA synthesis
Total RNA was extracted from cell-lines using the RNAeasy

mini kit (Life Technologies) according to the manufacturer’s

instructions. This included an on-column DNAse treatment.Then

cDNA was synthesized using 5 mg of total RNA and SuperScript II

(Life Technologies) as described in the manufacturer’s protocol.

Reactions lacking reverse transcriptase confirmed a lack of

genomic DNA contamination. RNA from various human tissues

was obtained from the FirstChoice Human Total RNA Survey

Panel (Life Technologies), and cDNA was synthesized using 1 ug

of RNA as above. FirstChoice Human Total RNA Survey Panel is

undergoes a stringent DNAse treatment and is certified to be free

of genomic DNA.

Expression of SULT4A1 transcripts
Primers were designed to amplify a region spanning exons 5 to 7

of the SULT4A1 gene. The PCR product for the wild-type

transcript is 270 bp in length while the variant gives a product of

397 bp because the intron between exons 6 and 7 is not spliced

out. The forward primer sequence was 59-

CTACGGCTCCTGGTTTGAG-39 and the reverse primer

sequence was 59-ATGGAGACGGTGAAGATGTC-39. These

primers detected human, mouse and rat transcripts. The forward

primer sequence for human b-actin was 59-

CCTCGCCTTTGCCGATCC-39 and the reverse primer was

59-GGATCTTCATGAGGTAGTCAGTC-39. The forward

primer sequence for mouse b-actin was 59-CCTAAGGC-

CAACCGTGAAAAG-39 and the reverse primer was 59-

TCTTCATGG TGCTAGGAGCCA-39. PCR products were

amplified from 1 ml cDNA template using AmpliTaq Gold (Life

Technologies) in a final volume of 10 ml. Cycling conditions for

both SULT4A1 and b-actin were 95uC for 10 min, followed by 40

cycles of 95uC for 10 s, 58uC for 10 sec, and 72uC for 30 s

(SULT4A1) or 45 s (b-actin). PCR products were run on 2%

agarose gels at 100 V for 45 min.

Protein stability studies
To determine protein stability, transfected IMR-32 cells were

treated with 10 mg/ml cycloheximide (Sigma-Aldrich) and incu-

bated for 0, 2, 4, 6 and 8 h. At each time point, cells were

prepared for Western blot as described above. Densitometry was

performed using Adobe Photoshop CS4 software and results were

normalized to a-tubulin and then expressed relative to the zero

time point.

Data analysis
All experiments were performed in triplicate. Data are

expressed as mean 6 SEM. Statistical comparisons between

different groups were assessed by Student’s t-tests or one-way

ANOVA assuming significance at P,0.05 using Prism 5

(GraphPad Software, San Diego, CA).

Results

Tissue and Cell expression of SULT4A1
To detect the presence of SULT4A1 transcripts in human

tissues, mRNA was isolated and amplified by PCR. Primers were

designed from exon 6 to exon 7 so that the wild-type transcript

and the splice variant were detected in the same reaction. The

wild-type transcript produced a PCR product of 270 bp while the

variant produced a PCR product of 397 bp (Fig. 1).

Both the wild-type and the splice variant transcripts were

observed in a variety of human tissues (Fig. 2A). The wild-type

transcript was seen in the brain and gastrointestinal tract, similar

to that reported for mice [5]. It was also observed in bladder,

cervix and prostrate. The variant transcript was more common

and was found in all tissues except the brain, lung and cervix.

Several tissues such as the small intestine, colon and prostate

showed the presence of both transcripts. Because of the

heterogeneity of these tissues, it is not possible by RT-PCR to

determine whether these transcripts are expressed in the same cell-

types.

We next examined SULT4A1 expression in several human and

rodent cell-lines derived from different tissues (Fig. 2B). While the

splice variant was seen in most of the cell-lines, the wild-type

transcript was only observed in rat PC-12, mouse Neuro 2A and

human SH-SY5Y cells, all of which are derived from the neuronal

tissue. When the different cell-lines were probed for the presence

of SULT4A1 protein by Western blots, only those cells with the

wild-type transcript expressed protein (Fig. 3A). The lack of any

SULT4A1 in cells that expressed the splice variant was not due to

the inability of the antibody to detect the resulting truncated

protein from that transcript. Recombinant SULT4A1 expressed

from either the wild-type or splice variant mRNA was detected by

the antibody (Fig. 3B).

Expression of the Orphan Cytosolic Sulfotransferase SULT4A1

PLOS ONE | www.plosone.org 3 July 2014 | Volume 9 | Issue 7 | e101520



Human brain tissue specifically expressed wild-type SULT4A1

transcript while the undifferentiated neuronal cell lines SK-N-MC

and IMR-32 only expressed the splice variant. To determine

whether this difference might be related to the level of

differentiation, SK-N-MC cells were treated with retinoic acid

for 10 days. Differentiation was confirmed by the up-regulation of

the neuronal marker NeuN (Fig. 3C). Upon differentiation, the

SK-N-MC cells decreased the level of splice variant but increased

the level of wild-type transcript that was expressed (Fig. 3C). In

addition, there was increased expression of the SULT4A1 protein.

This switch between transcripts and subsequent up-regulation of

SULT4A1 protein was not dependent on retinoic acid as similar

results were obtained following treatment of SK-N-MC cells with

the differentiating agent bromodeoxyuridine (data not shown).

Moreover, similar results were seen in SH-SY5Y cells differenti-

ated with retinoic acid (Fig. 3D), where there was a switch from the

variant to wild-type mRNA and a subsequent increase in

SULT4A1 protein.

Stability of SULT4A1 Proteins
The data in Figure 2 indicate that cells and tissues are able to

express the splice variant, but no truncated SULT4A1 protein was

detected. We therefore asked whether protein produced from each

of the mRNAs was stable. Constructs encoding both FLAG-tagged

wild-type and truncated SULT4A1 produced protein when

ectopically expressed in IMR-32 cells (Fig. 4). The stability of

the expressed proteins was determined by treating the transfected

cells with cycloheximide. Figure 4 shows that the wild-type

SULT4A1 was stable over 8 hr with only a 20% decrease in

protein levels. By contrast, the truncated protein from the splice

variant transcript was rapidly degraded with a half-life of 2–3 hr.

These results indicate that the splice variant mRNA can be

translated, but the resulting protein is unstable in vivo.

Dimerization of SULT4A1
Almost all SULTs contain a conserved motif (KxxxTVxxxE)

that has been shown to be necessary for the formation of

sulfotransferase dimers [15]. Crystallographic studies show a head-

to-tail arrangement of this motif and suggest binding involves

hydrogen bonds between the conserved amino acids [16]. The

wild-type SULT4A1 contains the dimerization motif, although it

shares the least homology with other human sulfotransferases

(Fig. 5A). Interestingly, SULT4A1 lacks the conserved alanine

adjacent to the central threonine-valine (TV). In human

SULT2A1, a nonsynonymous SNP in the codon for this alanine

has been reported in 13% of African-Americans. The mutation,

which changes the alanine to a threonine, disrupts dimerization

[17]. To test whether SULT4A1 is homomeric or dimeric, FLAG-

tagged and HA-tagged SULT4A1 protein was expressed in IMR-

32 cells. Immunoprecipitation showed dimerization of the

different tagged proteins (Fig. 5B). Moreover, when the central

TV in the dimerization motif was mutated to AE, homodimeriza-

tion of SULT4A1 was inhibited. Taken together, these results

Figure 2. Expression of SULT4A1 transcripts in human tissues and cells. (A) mRNA from various human tissues was subjected to RT-PCR
using primers that amplify both the wild-type (lower band) and variant (upper band) SULT4A1 transcripts. b-Actin was used as a control. (B) mRNA
from various human and rodent cell-lines was amplified by RT-PCR.
doi:10.1371/journal.pone.0101520.g002
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indicate that SULT4A1 homodimerizes similarly to most other

human sulfotransferases.

Dimerization Inhibits Polyubiquitination
The physiological significance of sulfotransferase dimerization

has been examined for a number of different enzymes. For

SULT2A1, dimerization affects enzyme kinetics, substrate binding

to the allosteric site and substrate inhibition [18]. By contrast, the

homomeric form of SULT1A1 is structurally unstable and is more

readily denatured by temperature and urea compared to the wild-

type protein [19]. Here, we examined the stability of the wild-type

dimeric form of SULT4A1 and the TV.AE mutant, which does

not form dimers. Similar to that shown in Figure 4, the wild-type

protein was stable over 8 hr in cells treated with cycloheximide

(Fig. 6A). By contrast, the TV.AE mutant disappeared with a

half-life of approximately 5 hr. By 8 hr, less than 25% of the

protein remained. The instability of the mutant protein suggested

that dimerization may prevent intracellular degradation similar to

other protein systems such as p62 scaffold protein [20], nitric oxide

synthase [21] and C/EBP transcription factors [22]. For some of

these proteins, access to polyubiquitination sites by ubiquitin

ligases is sterically hindered.

The lysine located in the conserved dimerization site of the

sulfotransferases is a potential polyubiquitination site so we

mutated it to a glutamine and determined protein stability in vivo.

Figure 6A shows that this mutation prevented degradation of the

unstable monomeric SULT4A1 (TV.AE). We also performed a

polyubiquitination assay on the wild-type and the mutant

SULT4A1 proteins. While the wild-type protein showed very

little polyubiquitination (Fig. 6B, left panel, lane 1), the unstable

TV.AE mutant was extensively ubiquitinated (Fig. 6B, left panel,

lane 3). The polyubiquitinated products was not due to potential

binding partners as a similar polyubiquitination pattern was seen

Figure 3. Expression of SULT4A1 protein. (A) SULT4A1 protein in various human and rodent cell-lines detected by Western blot. SH-SY5Y cells
were used as a positive control on the three separate gels. Tubulin was included as a positive control. (B) Ectopically expressed FLAG-tagged wild-
type (WT) and truncated (Variant) proteins were detected in IMR-32 cells by the polyclonal SULT4A1 antibody used in A. (C) Expression of SULT4A1
mRNA (upper panel) and SULT4A1 protein (middle panel) in SK-N-MC cells differentiated with retinoic acid (RA). (D) Expression of SULT4A1 mRNA
(upper panel) and SULT4A1 protein (middle panel) in SH-SY5Y cells differentiated with retinoic acid (RA). NeuN protein is included as a neuronal
marker. b-Actin was used as a control for the RT-PCR while tubulin was used as a control for the Western blots.
doi:10.1371/journal.pone.0101520.g003
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when the SULTs were denatured before immunoprecipitation

(Fig. 6B, right panel). In addition, the variance in polyubiquitina-

tion was not due to differences in Ha-tagged ubiquitin expression

(Fig. 6C).

Mutation of the lysine located in the dimerization motif

significantly inhibited polyubiquitination (Fig. 6B, left panel, lane

4). Finally, the unstable truncated SULT4A1 protein expressed

from the splice variant mRNA was also extensively polyubiquiti-

nated, consistent with its lack of dimerization motif and lack of

stability in vivo (Fig. 6B, left panel, lane 2).

Discussion

Using northern blot analysis, early work on the cloning and

expression of SULT4A1 reported that mRNA for the gene was

only detectable in human and rat brain [4]. More recent studies in

mice using PCR confirmed the high level of expression in brain

tissue, but also detected lower expression in the liver and GI tract

[5]. Consistent with this, we have shown in the present study that

SULT4A1 may be expressed in a number of tissues as well as the

brain in humans. Surprisingly, we observed the presence of the

splice variant in many tissues. Some, such as the small intestine,

colon and prostate expressed both transcripts, although it is not

possible from this study to discern if these are localized to the same

cell type. We also observed expression of the variant transcript in

most cell-lines with some (PC-12 and SH-SY5Y cells) expressing

both. Interestingly, the variant transcript was readily detectable

even though it has been suggested that it may be unstable and

degraded by nonsense mediated mRNA decay. In both SK-N-MC

and SH-SY5Y cells, differentiation into neurons resulted in a

switch from the variant transcript to the wild-type, which was

accompanied by increased expression of the SULT4A1 protein.

This may represent a post-transcriptional mechanism for regulat-

ing SULT4A1 expression. Transcriptome diversity has been

shown to arise from both alternative transcription of genes as

well as alternative splicing of mRNA [23]. Recently, switching

between transcripts by alternative splicing during embryonic

development and cell differentiation has been widely reported

[24,25,26]. In mice, SULT4A1 transcripts are present in

embryonic, fetal and adult brain tissue. It would be interesting

to see if the variant transcript is present at any time throughout

development and whether switching between transcripts occurs.

Although SULT4A1 mRNA was present in numerous cells and

tissues, the protein was only detected in those cells where the wild-

type transcript was expressed. This suggested that the variant

transcript was not translated or that the truncated protein was

rapidly degraded. Ectopic expression confirmed that the variant

transcript could be translated, but the resultant protein was

unstable. We also found that the truncated protein was highly

polyubiquitinated, which is consistent with its rapid degradation.

Premature stop codons that result is C-terminus truncation

commonly lead to misfolded proteins that are targeted for

degradation [27].

Similar to other cytosolic sulfotransferases, SULT4A1 homo-

dimerizes through the conserved motif located towards the C-

terminus of the protein [3]. This motif is found in most SULTs,

although it is not present in murine SULT1E1. The exact role for

dimerization remains unknown, but several recent studies have

shown significant functional or structural differences between the

monomeric and dimeric forms of various SULTs. For example,

Thomae et al [17] reported that a naturally occurring mutation in

the dimerization motif of SULT2A1 (A261T) resulted in

monomeric protein with similar capacity to metabolize dehydro-

Figure 4. Stability of SULT4A1 protein in IMR-32 cells. Cells were
transfected with plasmids for FLAG-tagged wild-type or variant
SULT4A1 and then treated with 10 mg/ml cycloheximide for the
indicated times. Proteins were then Western blotted using anti-FLAG
antibody and anti-tubulin antibody as a loading control. Data are
normalized to protein levels at time 0. All results are mean 6 s.e.m,
n = 4.
doi:10.1371/journal.pone.0101520.g004

Figure 5. Homodimerization of SULT4A1. (A) Conservation of the
dimerization motif in various human SULTs. The consensus sequence is
shown below. (B) Immunoprecipitaton assay for dimerization of
SULT4A1 protein. IMR-32 cells were co-transfected with HA-tagged
SULT4A1 and either FLAG-tagged wild-type SULT4A1 (WT), mutant
SULT4A1 (TV) or empty vector (EV). Isolated cytosolic proteins were
immunoprecipitated with anti-HA antibody and detected with anti-
FLAG antibody. Western blots of protein lysates prior to immunopre-
cipitation (Input) demonstrate expression. Western blots using anti-HA
antibody (lower panel) demonstrates immunoprecipitation.
doi:10.1371/journal.pone.0101520.g005
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epiandrosterone as the wild-type protein. However, Cook et al

[18] showed using a fusion protein of maltose binding protein and

SULT2A1 that the monomeric form of the enzyme did not exhibit

the typical substrate inhibition seen with the dimeric form.

Similarly, human SULT1E1, which is a homodimer, exhibits

strong substrate inhibition [28] while murine SULT1E1, which is

a monomer, does not [29]. For human SULT1E1, only one

subunit can form a product during a single catalytic cycle

suggesting the subunits of the dimer do not behave independently

[30]. Dimerization has also been shown to stabilize SULT1A1

during thermal and chemical denaturation [19]. Here, mutation of

the SULT4A1 dimerization motif inhibited dimerization and

enhanced degradation of the resulting protein. The instability was

due to polyubiquitination, similar to that seen with the truncated

Figure 6. Role of dimerization in SULT4A1 stability. (A) IMR-32 cells transfected with wild-type (WT), TV.AE mutant or KTV.QAE mutant
SULT4A1 were treated with 10 mg/ml cycloheximide and protein was collected at the different times. Western blots of protein were quantified by
densitometry and normalized to tubulin as a loading control. Data are expressed relative to protein levels at time 0 (% Control). All results are mean 6
s.e.m, n = 3. (B) Polyubiquitination of SULT4A1 wild-type and mutant proteins. IMR-32 cells were transfected with the different SULT4A1 FLAG-tagged
constructs along with a HA-tagged ubiquitin construct. Following treatment with 20 mM MG132 for 8 hr, Western blots of HA-tagged proteins were
performed. Expression of each construct was confirmed with anti-FLAG antibody (Input). Left panel represents immunopreciptation before protein
denaturation while the right panel represents immunoprecipitation after protein denaturation. (C) Western blot for HA-ubiquitin on supernatants
prior to immunoprecipitation.
doi:10.1371/journal.pone.0101520.g006
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protein. Interestingly, when we further mutated the conserved

lysine in the dimerization motif, polyubiquitination was inhibited

and the protein showed similar stability to wild-type SULT4A1.

These results suggest that one function of SULT dimerization is to

mask a polyubiquitination site, at least for SULT4A1, in a similar

manner as that described for neuronal nitric oxide homodimers

[21] and PEBPsb-RUNX1 heterodimers [31]. The dimerization

motif for the SULTs is a hydrophobic interface with two salt

bridges at either end [16], which would be exposed when dimer

formation is inhibited. Hydrophobic patches are recognized by

chaperones involved in protein quality control and recruit

ubiquitin ligases that mark the protein for degradation [32]. It

would be interesting to extend these findings to other SULTs by

determining the stability of the homomeric forms in vivo.

In conclusion, SULT4A1 is an orphan sulfotransferase that is

widely expressed, although primarily as a variant transcript that

does not result in measurable protein expression. The relationship

between the variant and wild-type transcript deserves further

study, particularly as there is the capacity to switch from one

transcript to the other. This may be an important post-

transcriptional regulatory mechanism for the protein. Finally,

dimerization of SULT4A1 was demonstrated, and is responsible

for the stability of the protein within the cell. While the precise

biological function for SULT4A1 remains to be determined, its

intracellular regulation [7,8] and stability appears to be finely

controlled.

Author Contributions

Conceived and designed the experiments: NPS NJB DJM RFM.

Performed the experiments: NPS NJB DJM. Analyzed the data: NJB

RFM. Wrote the paper: NPS NJB DJM RFM.

References

1. Gamage N, Barnett A, Hempel N, Duggleby RG, Windmill KF, et al. (2006)

Human sulfotransferases and their role in chemical metabolism. Toxicol Sci 90:
5–22.

2. Runge-Morris M, Kocarek TA, Falany CN (2013) Regulation of the cytosolic

sulfotransferases by nuclear receptors. Drug Metabol Rev 45: 15–33.
3. Minchin RF, Lewis A, Mitchell D, Kadlubar FF, McManus ME (2008)

Sulfotransferase 4A1. Int J Biochem Cell Biol. 40: 2686–2691.
4. Falany CN, Xie X, Wang J, Ferrer J, Falany JL (2000) Molecular cloning and

expression of novel sulphotransferase-like cDNAs from human and rat brain.

Biochem J 346: 857–864.
5. Alnouti Y, Klaassen CD (2006) Tissue distribution and ontogeny of

sulfotransferase enzymes in mice. Toxicol Sci 93: 242–255.
6. Alnouti Y, Klaassen CD (2011) Mechanisms of gender-specific regulation of

mouse sulfotransferases (Sults). Xenobiotica 41: 187–197.

7. Butcher NJ, Mitchell DJ, Burow R, Minchin RF (2010) Regulation of mouse
brain-selective sulfotransferase sult4a1 by cAMP response element-binding

protein and activating transcription factor-2. Mol Pharmacol 78: 503–510.
8. Mitchell DJ, Butcher NJ, Minchin RF (2011) Phosphorylation/dephosphoryla-

tion of human SULT4A1: role of Erk1 and PP2A. Biochim Biophy Acta 1813:
231–237.

9. Liu Q, Ramsey TL, Meltzer HY, Massey BW, Padmanabhan S, et al. (2012)

Sulfotransferase 4A1 Haplotype 1 (SULT4A1–1) Is Associated With Decreased
Hospitalization Events in Antipsychotic-Treated Patients With Schizophrenia.

Prim Care Companion CNS Disord 14: pii: PCC.11m01293.
10. Ramsey TL, Meltzer HY, Brock GN, Mehrotra B, Jayathilake K, et al. (2011)

Evidence for a SULT4A1 haplotype correlating with baseline psychopathology

and atypical antipsychotic response. Pharmacogenomics 12: 471–480.
11. Meltzer HY, Brennan MD, Woodward ND, Jayathilake K (2008) Association of

Sult4A1 SNPs with psychopathology and cognition in patients with schizophre-
nia or schizoaffective disorder. Schizophrenia Res 106: 258–264.

12. Caffrey TM, Joachim C, Paracchini S, Esiri MM, Wade-Martins R (2006)
Haplotype-specific expression of exon 10 at the human MAPT locus. Hum Mol

Genet 15: 3529–3537.

13. Mitchell DJ, Minchin RF (2009) Cytosolic Aryl sulfotransferase 4A1 interacts
with the peptidyl prolyl cis-trans isomerase Pin1. Mol Pharmacol 76: 388–395.

14. Bradford MM (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.

Anal Biochem 72: 248–254.

15. Petrotchenko EV, Pedersen LC, Borchers CH, Tomer KB, Negishi M (2001)
The dimerization motif of cytosolic sulfotransferases. FEBS Lett 490: 39–43.

16. Weitzner B, Meehan T, Xu Q, Dunbrack RL Jr (2009) An unusually small
dimer interface is observed in all available crystal structures of cytosolic

sulfotransferases. Proteins 75: 289–295.
17. Thomae BA, Eckloff BW, Freimuth RR, Wieben ED, Weinshilboum RM (2002)

Human sulfotransferase SULT2A1 pharmacogenetics: genotype-to-phenotype

studies. Pharmacogenomics J 2: 48–56.

18. Cook IT, Leyh TS, Kadlubar SA, Falany CN (2010) Lack of substrate inhibition

in a monomeric form of human cytosolic SULT2A1. Hormone Mol Biol Clin

Invest 3: 357–366.

19. Lu LY, Chiang HP, Chen WT, Yang YS (2009) Dimerization is responsible for

the structural stability of human sulfotransferase 1A1. Drug Metab Disp 37:

1083–1088.

20. Long J, Garner TP, Pandya MJ, Craven CJ, Chen P, et al. (2010) Dimerisation

of the UBA domain of p62 inhibits ubiquitin binding and regulates NF-kappaB

signalling. J Mol Biol 396: 178–194.

21. Dunbar AY, Kamada Y, Jenkins GJ, Lowe ER, Billecke SS, et al. (2004)

Ubiquitination and degradation of neuronal nitric-oxide synthase in vitro: dimer

stabilization protects the enzyme from proteolysis. Mol Pharmacol 66: 964–969.

22. Hattori T, Ohoka N, Inoue Y, Hayashi H, Onozaki K (2003) C/EBP family

transcription factors are degraded by the proteasome but stabilized by forming

dimer. Oncogene 22: 1273–1280.

23. Pal S, Gupta R, Kim H, Wickramasinghe P, Baubet V, et al. (2011) Alternative

transcription exceeds alternative splicing in generating the transcriptome

diversity of cerebellar development. Genome Res 21: 1260–1272.

24. Domingues SC, Henriques AG, Fardilha M, da Cruz ESEF, da Cruz ESOA

(2011) Identification and characterization of a neuronal enriched novel

transcript encoding the previously described p60Fe65 isoform. J Neurochem

119: 1086–1098.

25. Ross HH, Fillmore HL (2007) Identification of a novel human MT5-MMP

transcript variant in multipotent NT2 cells. FEBS Lett 581: 5923–5928.

26. Gabut M, Samavarchi-Tehrani P, Wang X, Slobodeniuc V, O’Hanlon D, et al.

(2011) An alternative splicing switch regulates embryonic stem cell pluripotency

and reprogramming. Cell 147: 132–146.

27. Gregersen N, Bross P, Jorgensen MM, Corydon TJ, Andresen BS (2000)

Defective folding and rapid degradation of mutant proteins is a common disease

mechanism in genetic disorders. J Inherit Metabolic Dis 23: 441–447.

28. Falany CN, Krasnykh V, Falany JL (1995) Bacterial expression and

characterization of a cDNA for human liver estrogen sulfotransferase. Journal

Steroid Biochem Mol Biol 52: 529–539.

29. Stjernschantz E, Reinen J, Meinl W, George BJ, Glatt H, et al. (2010)

Comparison of murine and human estrogen sulfotransferase inhibition in vitro

and in silico–implications for differences in activity, subunit dimerization and

substrate inhibition. Mol Cell Endocrin 317: 127–140.

30. Sun M, Leyh TS (2010) The human estrogen sulfotransferase: a half-site reactive

enzyme. Biochem 49: 4779–4785.

31. Huang G, Shigesada K, Ito K, Wee HJ, Yokomizo T, et al. (2001) Dimerization

with PEBP2beta protects RUNX1/AML1 from ubiquitin-proteasome-mediated

degradation. EMBO J 20: 723–733.

32. Murata S, Chiba T, Tanaka K (2003) CHIP: a quality-control E3 ligase

collaborating with molecular chaperones. Int J Biochem Cell Biol 35: 572–578.

Expression of the Orphan Cytosolic Sulfotransferase SULT4A1

PLOS ONE | www.plosone.org 8 July 2014 | Volume 9 | Issue 7 | e101520


