
As has occurred in most fields, rapid progress has been
made in our understanding of the molecular structure

of the cDNAs and genes for the cytosolic sulfotransfer-
ases. More than 30 ST cDNAs have been isolated from
several vertebrate species as well as from plants. These
enzymes share significant sequence homology at both
the level of the cDNAs as well as in their intronlexon
structure, suggesting that the cytosolic STs have
evolved from a common ancestral gene. The continued

characterization of both the ST cDNAs and the struc-
tural genes that encode them will provide insights into
the possible mechanisms of regulation of expression of

the different forms as well as the basis for the allelic
differences observed in the expression of the STs. We
can expect that the number of ST cDNAs will increase
rapidly, especially as new forms are cloned from dif-

ferent species. This review describes our understanding
of some of the relationships between the STs at a mo-
lecular level at this time in a rapidly growing field. Such

a review provides an important summation of the field
and a basis with which to evaluate future new ST
cDNAs and genes that are certain to be characterized.

-Charles N. Falany, Coordinating Editor
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ABSTRACT Sulfotransferase (ST) enzymes cata-
lyze the sulfate conjugation of many hormones, neu-
rotransmitters, drugs, and xenobiotic compounds.
These reactions result in enhanced renal excretion
of the sulfate-conjugated reaction products, but
they can also lead to the formation of “bioacti-
vated” metabolites. ST enzymes are members of an
emerging gene superfamily that presently includes
phenol ST (PST), hydroxysteroid ST (HSST), and,
in plants, flavonol ST (FST) “families,” members of
which share at least 45% amino acid sequence iden-
tity. These families can be further subdivided into
“subfainilies” that are at least 60% identical in
amino acid sequence. For example, the PST family
includes both PST and estrogen ST (EST) subfami-
lies. Amino acid sequence motifs exist within ST en-

zymes that are conserved throughout phylogeny.
These signature sequences may be involved in the
binding of 3 ‘-phosphoadenosine-5 ‘-phosphosulfate,
the cosubstrate for the sulfonation reaction. There
are presently five known human cytosolic ST en-
zymes: an EST, an HSST, and three PSTs. cDNAs
and genes for all of these enzymes have been cloned,
and chromosomal localizations have been reported
for all five genes. Genes for these hmnan enzymes,
as well as those of other manunalian cytosolic ST
enzymes that have been cloned, show a high degree
of structural homology, with conservation of the lo-
cations of most intron/exon splice junctions. Human
ST enzyme expression varies among individuals.
Functionally significant genetic polymorphisms for
ST enzymes in humans have been reported, and
other molecular genetic mechanisms that might be
involved in the regulation of the expression of these
enzymes are being explored. Knowledge of the mo-
lecular biology of cytosolic ST enzymes, when
placed within a context provided by decades of bio-
chemical research, promises to significantly en-
hance our understanding of the regulation of the

sulfate conjugation of hormones, neurotransmit-
ters, and drugs. -Weinshilbown, R. M., Otterness,
D. M., Aksoy, I. A., Wood, T. C., Her, C., Rafto-
gianis, R. B. Sulfotransferase molecular biology:
cDNAs and genes. FASEBJ. 11, 3-14(1997)
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SULFATE CONJUGATION IS AN important pathway in the bio-
transformation of many hormones, neurotransmitters,
drugs, and xenobiotic compounds (1-4). Flavonols and
other endogenous compounds in plants may also undergo
sulfate conjugation (5). The cytosolic sulfotransferase (ST)2
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2 Abbreviations: ST, sulfotransferase; DHEA. dehydroepiandroster-

one; PAPS, 3’-phosphoadenosine-5’-phosphosulfate; TS, thermostable;
TL, thermolabile; FSTs, flavonol STs; SMP. senescence marker protein;

EST, estrogen ST; UTR, untranslated region.
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enzymes that catalyze these reactions are members of an
emerging gene superfamily. Although the reactions cata-
lyzed by these enzymes have historically been referred to

as “sulfation,” they are more accurately described chem-
ically as sulfonation reactions. Sulfonation increases the
water solubility of most compounds, and therefore their
renal excretion, but it can also result in bioactivation to
form active metabolites of drugs or carcinogens from pro-
carcinogens (1-4). Sulfate conjugation was first described
as a pathway in biotransformation by Baumann in 1876
(6). However, only within the past two decades has the
biochemistry of ST enzymes been well characterized, and
only within the past few years, with a steadily accelerating

pace, has application of the techniques of molecular bi-
ology begun to make it possible to determine definitively

the number of these enzymes, their substrate specificities,
regulation, and evolutionary relationships.

ST enzymes catalyze a so-called “phase II” pathway in
drug and xenobiotic metabolism-a conjugation reaction.
ST isoforms, like those of other drug-metabolizing enzymes,
display significant overlap in their substrate specificities,
resulting in confusion when biochemical techniques have
been used to study these enzymes-confusion compounded
by the existence of several different “streams” of ST en-
zyme research. For example, pharmacologic studies have
tended to address the role of these enzymes in the bio-
transformation of drugs and xenobiotic compounds,
whereas endocrinologists have focused attention on the

sulfonation of hormones, especially steroid hormones.
These fields of research have tended to develop in parallel,

with the use of different names for what have eventually
proved to be identical enzymes. That situation is not
unique, but rather mirrors the historical development of
research involving other drug-metabolizing enzyme sys-
tems such as the cytochromes P450 and the UDP-gluc-
uronosyltransferases. Within the past decade, and par-
ticularly within the past 5 years, cDNAs and genes for
many cytosolic ST enzymes have been cloned and char-

acterized. The results of those studies, when evaluated
within a context provided by decades of biochemical work,
have enhanced our ability to classify these enzymes and
to study their function and regulation. To place our rapidly
evolving understanding of the molecular biology of cyto-
solic ST enzymes within that context, it will be necessary
to review briefly the biochemical background against
which molecular experiments have been performed. The

reader is referred to other articles in this FASEB J. series
in which the biochemistry and function of ST enzymes are
described in greater detail.

ST BIOCHEMISTRY: AN OVERVIEW

The enzymes that catalyze the sulfonation of drugs, hor-
mones, and neurotransmitters in animals, like those in
plants that catalyze similar reactions with flavonols as sub-
strates, are cytosolic in subcellular localization (1-5). Al-
though there are also membrane-bound ST enzymes that

catalyze the sulfonation of polysaccharides and tyrosyl res-
idues within proteins (7, 8), the subsequent discussion will

focus entirely on cytosolic STs-enzymes that are predom-
inantly dimers, both homo- and heterodimers, with mono-

mer M. values that vary from 30 to 36 kDa (3, 4, 9).
However, in plants and in some mammals, these enzymes
can exist as catalytically active monomers (5, 10). In the
past, ST enzymes were classified on the basis of their sub-
strate specificities or the general nature of the reactions
that they catalyzed (2, 4). The hydroxyl group is the most
common target for sulfonation, and included among

classes of compounds that undergo 0-sulfonation are “sim-
ple” planar phenols such as 4-nitrophenol, phenolic mono-
amine neurotransmitters such as dopamine, estrogens and
other phenolic steroid hormones, nonphenolic hydroxyste-
roids such as dehydroepiandrosterone (DHEA), and, in
plants, flavonols such as quercetin (4). The cosubstrate for
these reactions is 3’-phosphoadenosine-S’-phosphosulfate

(PAPS) (11). All cytosolic ST enzymes are included within
the International Union of Biochemistry nomenclature cat-
egory of “sulfotransferases,” EC 2.8.2 (12). However, since
these enzymes display significant overlap in their sub-
strate specificities, and since virtually every laboratory
studying them has adopted its own system of trivial no-
menclature, it is often difficult to know exactly which en-

zyme is being described in any given research
communication. Ultimately, to dispel such uncertainty
would require determination of the primary amino acid
sequence and the application of a unique name to each

gene product. As a result of the cloning of cytosolic ST
enzyme cDNAs and genes, that may soon become possible.

It is important to review briefly our current understand-
ing of the biochemistry of cytosolic ST enzymes in humans

because they have been studied extensively and because
of the important role of sulfonation in drug, hormone, and

neurotransmitter metabolism (1-4). Human tissues are
presently known to express at least five ST enzymes. These
five enzymes differ with regard to their substrate specific-

ities, inhibitor sensitivities, thermal stabilities, and regu-
lation (i.e., their levels of activity are regulated
independently). Three are PSTs, one is an EST, and one
is an HSST. Biochemical experiments conducted before
ST cDNAs and genes had been cloned unequivocally iden-
tified only three human cytosolic ST activities (1, 3, 4).
Those biochemical studies demonstrated the existence of
one form of PST that was thermostable (TS), catalyzed the
sulfate conjugation of micromolar concentrations of 4-ni-

trophenol and other simple phenols, and was sensitive to
the ST inhibitor 2,6-dichloro-4-nitrophenol. A separate
form of PST expressed in human tissues was thermolabile
(TL), preferentially catalyzed the sulfonation of micromo-
lar concentrations of dopamine and other phenolic

monoamines, and was relatively resistant to 2,6-dichloro-
4-nitrophenol inhibition. These two enzymes have been
referred to as either the TS and TL or, on the basis of their
substrate specificities, as the phenol-preferring (P) and
monoamine-preferring (M) forms of PST, respectively

(1, 4). The third biochemically defined cytosolic
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ST in humans was an HSST that catalyzed the sulfona-

tion of cholesterol, bile acids, and 3--hydroxysteroids
such as DHEA (13, 14). That enzyme has been referred
to most frequently as DHEA ST (13). Because all three

of these ST enzymes have been reported to be capable
of catalyzing the sulfonation of estrogens (13, 15, 16),

the question of whether a separate and distinct EST ex-
isted in human tissues remained open until a cDNA for
a human EST was cloned and expressed (17). Subse-
quently, cDNA and gene cloning experiments demon-
strated the existence of two separate human genes that
encode two separate TS PST cDNAs, both located on the

short arm of human chromosome 16 in close proximity
to the gene for IL PST (18-20). Therefore, the number
of known cytosolic ST enzymes in humans has increased
in a short span of time from three to five, and now in-
cludes an EST, DHEA ST. and three PSTs. Similar de-
velopments have occurred with other species. The
subsequent discussion will outline ways in which the
cloning of cDNAs for cytosolic ST enzymes has begun
to make it possible to classify these enzymes on the basis
of their primary amino acid sequence, facilitate the

study of their function, and make it possible to clone
and structurally characterize ST genes. Finally, ways in
which this molecular information is leading us back to
functional biology will be described briefly.

ST cDNAs: CLONING AND CLASSIFICATION

cDNA cloning was the first step taken in studies of the
molecular biology of ST enzymes. Thirty eukaryotic ST
cDNAs had been reported at the time of this review. When
evaluating reported cDNAs, we arbitrarily assumed that

two sequences represented alleles at a single genetic locus
rather than the products of different ST genes if their en-
coded amino acid sequences were more than 97% iden-

tical. On the basis of encoded amino acid sequences, these
30 cDNAs could be classified as members of at least three
large “families,” one of which included at least two “sub-
families” (Fig. 1) (4, 18, 20). Members of each family of
enzymes showed at least 45% amino acid sequence iden-
tity, whereas members of subfamilies were 60% or more
identical in amino acid sequence. Although these per-
centages were selected arbitrarily, they are very similar to
those that have proved useful in classifying other gene
superfamilies such as the cytochromes P450 (21). Two of
these ST enzyme families are expressed in mammals, a
PST and an HSST family, whereas a family of flavonol STs

(FSTs) is expressed in plants (Fig. 1). There are at least
two subfamilies within the PST family: the “PSTs,” en-
zymes that preferentially catalyze the sulfate conjugation
of simple planar phenols, and the “ESTs,” which catalyze
the sulfonation of estrogens with very low K,, values. For
purposes of this review, the species from which each
cDNA was cloned is indicated by a small letter or letters
in which “r” represents rat, “m” mouse, “h” human, “b”
bovine, “gp” guinea pig, “mf” Macaca fascicularis, “fc”

Figure 1. ST enzyme classification on the basis of primary amino acid

sequence. The dendrogram depicts the degree of amino acid sequence
identity among cytosolic ST enzymes. It was constructed by use of the
PILEUP program (61). This classification scheme is a modification of

that proposed by Weinshilboum and Otterness (4), Otterness et al. (39),
Her et al. (18), and Raftogianis et al. (20) in which “families” of en-
zymes. phenol STs (PSTs), hydroxysteroid STs (HSSTs), an(l flavonol
STs (FSTs), include cDNAs that encode proteins with 45% or greater
sequence identity, whereas “subfamilies” have 60% or greater amino

acid sequence identity. Functional designations of families are shown

at the extreme right of the figure, with subfamily designations listed to
the left of family names. Human enzymes are “circled.” Abbreviations

for ST enzymes include species designations, with “r” representing rat,

mouse, “h” human, “b” bovine, “gp” guinea pig, mr’ Macacts

fascicularis, “fc” Flaveria chloraefolia, “fb” Flaveria bidenti.,, and “at”

Arabidopsis thaliana. The names of individual enzymes are abbreviated
PST, HSST, FST, EST for estrogen ST, AAFST for N-hydroxyl-2-ace-

tylaminofluorene ST, and 1B1ST for a rat liver ST with multiple sub-

strates. TL represents “thermolabile”, TS “thermostable” and SMP

“senescence marker protein.” Sources of sequence data include the
following: rPST (62), mPST (63), hTSPST1 (64), hTSPST2 (65), mfPST

(66), hTLPST (28), bPST (60), r1B1ST (67), rAAFST (22), bEST (29),

hEST (17), gpEST (68), mEST (69), rEST (70), rEST-6 (71), rSMP2
(24), mHSST1 (72), mHSST2 (73), rHSST1 (74), rHSST2 (75), rHSST3

(76), mfl-ISST (77), hDHEAST (30), gpHSST1 (78), gpHSST2 (79),

fcFST3 (32), fbFST3 (80), fcFST4’ (32), fbFSTI (81). and atST (25).

Flaveria chloraefolia, “fb” Flaveria bidentis, and “at”
Arabidopsis thaliana. The names of the enzymes them-
selves, once again with a few exceptions, are abbreviated
PST, EST, HSST, or FST. Exceptions include a rat liver
enzyme within the PST family that is designated AAFST
for “acetylaminofluorene” ST (22), a rat liver enzyme des-
ignated 1B1ST that has been reported to catalyze the sul-
fonation of dopamine, 4-nitrophenol, and thyroid
hormones (23), and a rat liver enzyme designated SMP for
“senescence marker protein,” a name that will be ex-
plained subsequently (24). The rAAFST, r1B1ST, and
atST cDNAs are the most striking exceptions to the family
and subfamily classification outlined in the dendrogram
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TABLE 1. Cytosolie ST eDNA abbreriation.s and GenBank accession numbers’

The left-hand column lists uDNA designations in the same order as depicted in Fig. 1. Abbreviations are defined in the legend to Fig. 1. eDNA designations
used by the authors reporting the sequences, as well as GenBank accession numbers for each sequence and references are listed to the right. The table demonstrates
the difficulty of knowing exactly which ST enzyme is being described in any given research con,munication.

shown in Fig. 1. On the basis of amino acid sequence
identity of encoded proteins, both of the rat enzymes fall
within the PSI family hut neither fits well within either

the PST or EST subfamilies, a situation similar to that of
the plant atST, with sequence identity to the FSTs that
varies only from 41 to 43% (25). The two rat enzymes may
he members of additional subfamilies within the PST fam-
ily, and the Arabidopsis ST may be the first member of a
separate family of plant ST enzymes.

Relationships among the amino acid sequences of pro-
teins encoded by these 30 cDNAs are depicted graphically
in the dendrogram shown in Fig. 1, and synonyms for the

descriptive designations used in Fig. 1 are listed in Table 1
in the same order that the enzymes are listed in the den-
drogram. The multiple names for the same enzyme listed
in Table 1 demonstrate why this field of research has be-
come a scientific “tower of Babel” and why it will be so
important to develop a single, universally accepted system
of nomenclature for ST enzymes. For example, one group
of investigators refers to all human PSI isoforms as
“HAST” for “human aryl SI” (26, 27), whereas another
group uses exactly the same designation for a rat enzyme
as an abbreviation for “hydroxylacetylaminofluorene sr’
(22)-rAAFST in Fig. 1 and Table 1. The rat HAST falls
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structurally into what is probably a separate subfamily
from that of the human HAST enzymes. An equally con-
fusing situation exists for the PSI sequence named h-
TLPST in Fig. 1, also referred to as EST in the list of

synonyms in Table 1. l’he story of this eDNA also provides
a striking example of the relative separation of pharma-
cologic and endocrinologic ST research. More than a de-
cade of biochemical pharmacologic research resulted in
the characterization of the IL or M form of PST as an

enzyme with a high affinity for monoamine neurotransmit-
ters such as dopamine (1, 3, 4). That enzyme had been
purified and studied not only with regard to substrate
specificity, but also with respect to many other properties
such as sensitivity to 2,6-dichloro-4-nitrophenol inhibition
and thermal stability. Several different laboratories cloned
and characterized the cDNA for IL PSI virtually simul-
taneously (16, 27, 28). One of those cDNAs was cloned
from a human placental library by an endocrine research
group that referred to it as an estrogen ST (EST) cDNA
because the encoded protein was capable of catalyzing
estrogen sulfonation (16). However, that protein fell within
the PSI subfamily on the basis of amino acid sequence
and the biochemical properties of the expressed enzyme
were clearly those of IL PST (28). This cDNA has contin-
ued to be referred to in the pharmacologic literature as one
that encodes the IL or M form of PSI, whereas in the
endocrinologic literature it is referred to as an EST eDNA.
That situation is understandable on the basis of the sep-
aration that occurs all too often between different areas of
scientific investigation, a separation that our expanding
knowledge of ST molecular biology now offers some hope
of bridging. Although functional designations have been
retained in the names temporarily assigned to ST families

and subfamilies shown in Fig. 1, the classification scheme
itself is based entirely on amino acid sequence, not on
function. Therefore, the scheme depicted in the figure
should be thought of as only a “way station” along a path

that could eventually lead to a nomenclature that is en-
tirely “function neutral,” a nomenclature such as that al-
ready applied successfully to the cytochromes P450 (21).
However, since such a common nomenclature has yet to
be developed and accepted, in this discussion we will con-
tinue to refer to these enzymes as PSTs, ESTs, HSSTs, or
FSTs.

The first ST cDNA cloned was the rat liver SMP2 cDNA
reported by Chatterjee et al. (24). That cDNA was not
cloned, however, as a result of an investigation of enzymes
that catalyze sulfate conjugation; rather, those investiga-
tors were studying a rat liver protein that displayed age-
and gender-dependent variation in expression, a so-called
“senescence marker protein.” Although SMP2 has never
been expressed and studied as an ST enzyme, its amino
acid sequence clearly places it within the HSST family
(Fig. 1). The first ST cDNA cloned as a direct result of
studies of sulfate conjugation was a bovine placental EST
cDNA cloned after purification of the bovine placental en-
zyme, determination of its partial amino acid sequence,
and the design of degenerate oligonucleotides that could

be used to screen a cDNA library (29). As with many pro-
tein families, the initial round of ST cDNA cloning re-
quired purification of the enzyme of interest, followed by
utilization of the purified enzyme to obtain ant ibodies that

could be used to screen cDNA expression libraries or to
determine partial amino acid sequence that could be used,
as it was for the bovine placental EST, to screen a cDNA
library or to design primers for use with the polymerase
chain reaction (PCR). After the first three ST cI)NAs (one
EST, one PST, and one HSST) had been cloned, it was
noted that these enzymes contained several areas of very
high sequence homology. As discussed subsequently, it

has been speculated these ST “signature sequences” might

participate in the binding of the cofactor for the reaction,
PAPS (4). These highly conserved sequences also proved

useful in a practical sense to make it possible to design
oligonucleotide primers for the PCR that could be used to
amplify and isolate other SI cDNAs (30). Once a large

enough number of those cDNAs had been cloned, the pro-
cess was accelerated by taking advantage of the high se-
quence homology within families and subfamilies of these
enzymes to seek additional isoforms within a species or to
clone cross-species orthologues. That process will un-
doubtedly be accelerated further by the development of
panels of cDNA “expressed sequence tags” such as those
available from the I.M.A.G.E. consortium (31). The final
outcome at the time of this review was that thirty cDNAs

from six mamn3alian and three plant species had been re-
ported (Fig. 1, Table 1). Isolation of ST cDNAs has made
it possible to express them and, thus, to study the bio-

chemical properties of the proteins they encode. The re-

sults of those experiments will be described in detail in
other reviews in this FASEB J. series. Cloning of ST
cDNAs also revealed several areas of high amino acid se-

quence homology among these enzymes.

ST SIGNATURE SEQUENCES

Alignment of the amino acid sequences of ST enzymes
revealed at least four areas of sequence that were highly

conserved throughout phylogeny (32). Two of those regions
were particularly striking, one located relatively near the
amino terminus (region I), and another near the carboxyl

terminus of the enzyme (region IV) (4, 32). Recognition of
these highly conserved sequences initially served a prac-

tical function in facilitating the cloning of ST cDNAs (30),
but because PAPS is a cosubstrate for the reactions cat-
alyzed by all of these enzymes, it was also speculated that
these areas of high sequence homology might be involved
in PAPS binding (4). A review of ST enzyme l)iochemistry
and molecular biology written when only 11 eDNAs had
been cloned identified the amino terminus region I se-
quence as YPKSGTxW, in which “x” represented any
amino acid and the region IV sequence near the carboxyl
terminus was RKGxxGDWKNxVF (4). As shown in Table
2, those early observations have held up surprisingly well
during a period when the number of cDNAs has nearly
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l’lie highly conserved region I and region IV amino acid sequences found in cytosolic ST enzymes are shown. Each protein is listed in the same order as
(lepicteil in the ilenilrograni in Fig. I. Abbreviations are defined in the legend to Fig. 1. “Position” refers to amino acid number within the protein. Consensus
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REGION I REGION IV

ENZYME SEQUENCE POSITION SEQUENCE POSITION

rPST 41-49 253-265

aPST 48-56 260-272

hTST1 45-53 257-269

bT5T2 45-53 257-269

aiT 45-53 257-269

hTLT 45-53 257-269

bPBT 45-53 257-269

r1B1ST 45-53 258-270

rAAPBT 53-61 266-278

bT 45-53 257-269

44-52 256-268

gpT 46-54 258-270

18T 45-53 P 257-269

rIST 45-53 P 257-269

rBST-6 45-53 257-269

r512 41-49 244-256

XS1 41-49 247-259

18g2 41-49 247-259

40-48 246-258

rHB2 40-48 246-258

rHB3 41-49 247-259

iET 41-49 247-259

hDE5T 41-49 247-259

gpXT1 41-49 247-259

gpMT2 41-49 247-259

fcFST3 56-64 276-288

fbr23 56-64 277-289

fcF4’ 66-74 285-297

fb?S 56-64 274-286

stST 72-80 E 290-302

CONSENSUS 7 GPxW
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tripled. It has been pointed out that the region IV sequence
is similar to a motif termed the glycine-rich phosphate

binding loop, the so-called “P-loop,” present in some ATP
and GTP binding proteins (33). That portion of region IV
that includes the sequence GxxGxxK might be, a homo-
logue for the glycine-rich region, followed by a conserved
lysine, found in some P-loop motifs (33). Site-directed mu-

tagenesis experiments performed with guinea pig EST
showed that substitution of alanines for G and K in this
region resulted in loss of enzyme activity and loss of the
ability of 35S-PAPS to function as a photoaffinity ligand for
the enzyme (33). Site-directed mutagenesis studies per-

formed with the protein encoded by the plant fcFST3
eDNA (Fig. 1), suggested that the invariant lysine 59 pres-
ent within region I (Table 2) might participate in the sta-
bilization of an intermediate formed during the sulfonation
reaction (34). Substitution for the invariant initial arginine
present in region IV (Table 2) of fcFST3 gave results sug-
gesting that this residue might be involved in PAPS bind-
ing (34). Both sets of site-directed mutagenesis data
focused attention on the possible involvement of region IV

in PAPS binding.
In summary, ST eDNA cloning has made it possible to

determine the primary amino acid sequences of a large
number of these enzymes; to express them in a variety of
expression systems and, thus, to characterize the biochem-
ical properties of the encoded proteins; to begin to develop
a rational classification for cytosolic ST enzymes; to un-

derstand potential evolutionary relationships among these
enzymes; and to gain insight into the function of ST amino
acid sequence motifs that are highly conserved throughout
phylogeny. eDNA isolation also made it possible to clone
and structurally characterize the genes for these enzymes.

ST GENE STRUCTURES AND
CHROMOSOMAL LOCALIZATIONS

Cloning of cDNAs for cytosolic ST enzymes was an im-
portant step required to clone and characterize the genes
for these enzymes. Although fewer ST genes than cDNAs
have been characterized, genes for all five of the known

human cytosolic ST enzymes have been cloned and struc-
turally characterized (18-20, 35-39). The structures of
those genes, as well as a rat PSI gene (40), a guinea pig
ESI gene (41), and two partial rat HSST gene sequences,
SMP2A and SMP2B (42), are depicted graphically in Fig.
2. The structural homology is striking. All of the PSI and
EST genes have seven exons, listed as exons II through
VIII in Fig. 3, that encode eDNA open reading frame
sequence; locations of intron/exon splice junctions are
highly conserved, both within and among species. The rea-
son that the initial exons for the human PSI genes have
been labeled IA, TB, and IC will be discussed subse-

quently. The only HSST gene that has been completely
characterized structurally at this time, the human DHEA
SI gene, STD (39), also shows significant structural sim-
ilarity within the 3’-portion of the gene with the final four

PST and EST exons. Although the rat HSST gene se-
quences that have been reported are incomplete, their sec-
ond exons are identical in length with that of the human
DHEA SI gene (42) (Fig. 3). If the genes for the PSI and
HSST families shown in Fig. 1 evolved from a common
ancestor, fusion of the second and third exons encoding
the open reading frame may have occurred in the evolu-
tionary line leading to HSSTs or, conversely, that exon was
divided in the line leading to the PST family of enzymes.
The HUGO Nomenclature Committee has assigned the

gene symbols STP and STM to the human IS and IL PSI
genes, and the symbols STE and STD to the human EST

and DHEA ST genes, respectively. Analogous symbols
have been applied to mouse ST genes (Table 3). However,
as can be seen in Table 3, confusion similar to that which
exists in the eDNA nomenclature has already crept into

the gene nomenclature, since the STP2 gene in humans
does not encode a protein homologous to that encoded by
the gene designated Stp2 in the mouse-i.e., these are not
orthologous genes.

The chromosomal localizations of SI genes in humans

and mice are also listed in Table 3. The human EST gene,
STE. has been localized to the long arm of human chro-
mosome 4 (38) in an area syntenic with the location of an
apparently orthologous gene in the mouse (43). STD, the
gene for the only known human HSST, DHEA ST, has
been localized to the long arm of human chromosome 19
(44) in an area syntenic with the location of an HSST gene
found on mouse chromosome 7 (43). Finally, a mouse PSI
gene, Stp, is located on mouse chromosome 7 in an area
syntenic with the short arm of human chromosome 16 (45,
46), the location of a gene complex that includes all three
known human PSI genes, STP1, STP2, and STM (18, 47,
48). STP1 in humans is located approximately 45 kb 5’ to
the location of STP2, and the two genes are aligned “head
to tail” (20). Those two genes, in turn, are located approx-
imately 100 kb telomeric to the gene for the IL or M form

of PST, STM (49). It has been speculated that these three
PSI genes on the short arm of human chromosome 16

originated as a result of gene duplication events or gene
duplication plus recombination (20).

In summary, at this relatively early stage in the study of

ST genes, the picture that emerges is one of a high degree
of structural homology, both within and across species
boundaries. However, many questions remain to be an-
swered. For example, until structural characterization of
all ST genes within a species has been completed, it will
remain unclear whether cDNAs with very similar se-
quences represent the products of different genes or of
different alleles at a single locus. The question of the ex-
istence of alleles also raises the issue of molecular genetic
mechanisms involved in functionally significant regulation
of the expression or properties of SI enzymes.

ST PHARMACOGENETICS

Knowledge of the molecular biology of ST enzymes has
begun to make it possible to study mechanisms involved
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Figure 2. ST gene structures. The structures of genes for cytosolic ST enzymes that have been described are shown in the same order that the
enzymes appear in the dendrogram in Fig. 1. Abbreviations for enzyme names are defined in the legend for Fig. 1. The partially characterized
rSMP2A and rSMP2B genes are listed at the bottom of the figure, since complete structures for those genes have not been reported (42). Black
rectangles represent coding regions, and open rectangles represent noncoding portions of exons. Numbers beneath exons represent their lengths
in hp; numbers beneath gene symbols represent approximate gene lengths, in kb, from the initial through the final exon.

in the molecular genetic regulation of these enzymes.
Many drug and xenobiotic metabolizing enzymes show
large inherited variations in their regulation and/or prop-
erties. “Pharmacogenetics” has taught us to expect that
genetic polymorphisms and other genetic mechanisms may
play important roles in controlling variation among indi-
viduals in the expression or properties of enzymes involved
in the biotransformation of drugs or other chemicals and,

thus, in individual differences in the toxicity or therapeu-
tic efficacy of these agents (50, 51). Biochemical studies
have already demonstrated the existence of genetic poly-
morphisms that regulate PSI activities in human tissues
(52-54). Those experiments, performed before the cloning
of any ST eDNA or gene, were made possible by the ob-
servation that both IS PSI and IL PSI (the enzymes en-
coded by the genes STP1 and STM) were expressed in an
easily accessible human tissue: the blood platelet (55),
thus making population and family studies possible. Ge-
netic polymorphisms were shown to be involved in the

regulation of IS PSI levels of activity and thermal stability
(53) not only in the platelet, but also in the human brain,
small intestine, and liver (54). A genetic polymorphism
regulating platelet IL PSI activity was also described on

the basis of the results of family studies (52). The presence
of large differences among individuals in the expression
of DHEA ST activity in human liver and small intestine
(56, 57), and of immunoreactive EST in the human small
intestine (57), raise the possibility that genetic polymor-
phisms might also exist for those enzymes. Several variant
nucleotide sequences that alter encoded amino acids have
already been described for IS PSI1 cDNAs (20), as have
restriction fragment length polymorphisms (58). It should
now be possible to test the hypothesis that these DNA
nucleotide sequence variants for STP1 might cosegregate
with functional differences in levels of IS PSI1 enzyme
activity or thermal stability.

ST MOLECULAR REGULATION

Included among other molecular genetic mechanisms that
might be involved in the regulation of SI enzyme expres-
sion are alternative splicing of RNA transcripts or the ex-
istence of alternative sites of transcription initiation. Data
in support of such mechanisms have already been obtained
for the human PSI genes. It was noted previously that the
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Figure 3. Human PST eDNA 5’-UTR structures. At the top, the figure depicts schematically 5’-exons of the three known cytosolic human PST

genes, STP1, STP2, and STM. Exons are numbered as shown in Fig. 2. 5’-UTR sequences that have been reported for cDNAs encoded by each
gene are shown below the appropriate gene structure to demonstrate variable 5’-exon usage as a result of alternative transcription initiation and!
or alternative splicing. The figure includes references as well as GenBank accession numbers for each cDNA 5’-UTR structure depicted.

noncoding 5’-exons for these genes were labeled IA, TB,
and IC in Fig. 2. In the course of cloning human PSI
eDNAs, application of 5’-rapid amplification of eDNA
ends (5’-RACE) demonstrated that several different 5’-
untranslated region (UTR) sequences could be present
with any given eDNA open reading frame. Furthermore,
when the genes had been cloned, these different 5’-UIR

sequences were represented within the 5’-flanking regions
of the genes at the locations shown schematically in Fig.
3. Figure 3 illustrates the fact that, for each of the three
human PSI genes, STP1, STP2, and STM, a variety of 5’-
UTR sequences can be generated by alternative transcrip-
tion initiation, alternative splicing, or both. The possible

functional implications for tissue-specific expression or
regulation during growth and development of this reper-
toire of 5’-UTR sequences represents one area for future
investigation. Finally, there is already evidence that the
expression of ST mRNA can be regulated by hormones or
during the course of growth and development (59, 60).
Obviously, studies of molecular mechanisms involved in
the regulation of SI enzyme expression are still in their
infancy, but there is no doubt that those data will increase
rapidly in the future.

CONCLUSIONS

Knowledge of SI molecular biology has increased in an
exponential fashion during the past decade. Information
obtained by cloning and characterizing cDNAs and genes
for these cytosolic enzymes has begun to make it possible
to classify them, to express their cDNAs, to study the bio-
chemical properties of the expressed proteins, and to begin
to study the molecular genetic regulation of these enzymes.
All of this information has been developed within a context
provided by decades of convergent research on SI en-

zymes and sulfonation from many different fields. Sulfate
conjugation has been studied by pharmacologists because

of an interest in the biotransformation of drugs and xeno-
biotic compounds; by neuroscientists because of the role
of sulfate conjugation in the metabolism of neurotransmit-
ters such as the catecholamines; by endocrinologists be-

cause of the role of these enzymes in the biotransformation
of hormones, particularly steroid hormones; and by gastro-
enterologists because of the importance of sulfonation in
the metabolism of bile acids (1-4). Each of these lines of
investigation has contributed significantly to our under-
standing of this family of enzymes. One of the many ad-
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ST GENE CHROMOSOMAL LOCALIZATIONS

Human Gene Human eDNA

Human Gene
Chromosomal
LocalizatIon Mouse Gene Mouse cDNA

Mouse Gene
Chromosomai
Localization

Syntenic Human
Chromosomal

Region

STPI TSPST1 16p12.1-pl 1.2 Stp PST 7 (dIstal) 16p12.1-pl 1.2

STP2 TSPST2 16p12.1-pll.2 - - - -

STM TLPST 16p11 .2 - - - ---

- - - Stp2 AAFST 17 l9pl3or6p

STE EST 4q13.1 Ste EST 5 (medial) 4q

SW DHEAST 19q13.3 Std HSST 7 (proxImal) 19q13

The table lists each gene for which a chromosomal localization has been reported, as well as the HUGO Nomenclature Committee approved symbol for the
human gene. Human cDNA names are defined in the legend to Fig. I. Comparable genes in the mouse with their chromosomal localizations, as well as areas of
human chromosomes syntenic with the mouse chromosomal localizations, are also listed. The mouse “Stp2” gene was localized with the rat AAFST eDNA (22, 46)
and is not orthologous to any presently described human ST eDNA or gene.

vantages of our rapidly expanding understanding of the
molecular biology of SI enzymes is that the molecular data
are helping to integrate work on this important group of
enzymes across scientific disciplines. Ultimately, molec-

ular knowledge will return the focus to biological function
and will serve to enhance understanding of the role of
sulfonation in the therapeutic efficacy and toxicity of
drugs, in individual differences in the biotransformation
of hormones and neurotransmitters, and in disease pro-

cesses such as carcinogenesis.
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