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Abstract

Sulfurylation of biomolecules (often termed sulfonation or sulfation) has been described in many organisms in
all kingdoms of life. To date, most studies on sulfotransferases, the enzymes catalyzing sulfurylation, have
focused on 30-phosphate-50-phosphosulfate (PAPS)-dependent enzymes, which transfer the sulfuryl group from
this activated anhydride to hydroxyl groups of acceptor molecules. By contrast, the PAPS-independent aryl
sulfotransferases (ASSTs) from bacteria, which catalyze sulfotransfer from phenolic sulfate esters to another
phenol in the bacterial periplasm, were not well characterized until recently, although they were first described
in 1986 in a search for nonhepatic sulfurylation processes. Recent studies revealed that this unusual class of
sulfotransferases differs profoundly in both molecular structure and catalytic mechanism from PAPS-dependent
sulfotransferases, and that ASSTs from certain bacterial pathogens are upregulated during infection. In this
review, we summarize the literature on the roles of sulfurylation in prokaryotes and analyze the occurrence of
ASSTs and their dependence on Dsb proteins catalyzing oxidative folding in the periplasm. Furthermore, we
discuss structural differences and similarities between aryl sulfotransferases and PAPS-dependent sulfo-
transferases. Antioxid. Redox Signal. 13, 1247–1259.

Introduction: Sulfurylation and Sulfotransferases

The sulfurylation of biologic molecules has been
described in all kingdoms of life, and a variety of small

biomolecules, including hormones, sugars, and antibiotics,
have been identified as sulfurylation substrates. Together
with glucuronidation, sulfurylation is well known to increase
the water solubility of endogenous and exogenous phenolic
compounds and forms a major detoxification route in the
liver. In addition, sulfurylated molecules regulate communi-
cation outside the cell and are known to mediate interactions
between eukaryotic hosts and prokaryotic pathogens during
infection (see later) (18, 19, 30).

Sulfotransferases catalyze the transfer of a sulfuryl group
from a donor to an acceptor substrate. Based on their specificity
toward the donor, sulfotransferases can be classified into
adenosine 30-phosphate-50-phosphosulfate (PAPS)-dependent
or PAPS-independent enzymes. Whereas PAPS-dependent
sulfotransferases, which are present in the bacterial or eu-
karyotic cytosol or the Golgi apparatus in eukaryotes, have
been very extensively studied [for recent reviews, see (6, 10)],
this review focuses on the much less characterized class of
prokaryotic aryl sulfotransferases (ASSTs), which catalyze the
transfer of a sulfuryl group from phenolic sulfate esters onto a

phenol in a PAPS-independent manner (Fig. 1) (43). ASSTs
are most often found in the periplasm of strains of d- and
e-proteobacteria, and the corresponding genes are usually
clustered on the same operon with genes encoding homo-
logues of DsbA and DsbB, which catalyze disulfide bond
formation in the periplasm. Notably, of all Escherichia coli
(E. coli) strains, only the uropathogenic strains contain a gene
for ASST. It was found that ASST is upregulated in the ur-
opathogenic habitat, suggesting that ASST might play a role
in urinary tract infections (51). The first x-ray structure of an
ASST that has been elucidated recently revealed that ASSTs
differ substantially from all previously characterized sulfo-
transferases in their three-dimensional structure and active-
site architecture (54).

We review the current knowledge and the open questions
related to PAPS-independent aryl sulfotransferases, their oc-
currence, genomic context, possible biologic roles, molecular
structure, and biochemistry.

Sulfurylation in Prokaryotes

As opposed to the large number of catalyzed sulfurylation
processes in mammalian cells that have been characterized,
relatively few sulfotransferases from prokaryotes have been
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studied. For example, in the symbiotic relation between the
nitrogen-fixing rhizobia and legumes, sulfotransferases play a
crucial role in the biogenesis of secreted root-nodulation fac-
tors, like the factor Nod from Sinorhizobium meliloti. These
nodulation factors are signaling molecules between plants
and bacteria, critical for the determination of host specificity
(19). Another instance of prokaryotic sulfurylation is the
production of sulfurylated metabolites in mycobacteria, in-
cluding the human pathogen Mycobacterium tuberculosis. As
an example, the biosynthesis of sulfolipid-1 (implicated in M.
tuberculosis virulence) involves the sulfurylation of its core
building block trehalose (59, 60).

Although the sulfurylation of these biomolecules is cata-
lyzed by PAPS-dependent sulfotransferases with defined
acceptor-substrate specificities, PAPS-independent sulfur-
ylation by periplasmic ASSTs can be found in commensal
intestinal bacteria, where these enzymes accept a variety of
aromatic sulfuric acid esters and phenols as sulfuryl donors
and acceptors, respectively. For example, ASST from Eu-
bacterium A-44, an anaerobic bacterium from human intestine,
was reported to sulfurylate phenolic antibiotics, such as
amoxicillin, cefadroxil, and cefoperazone (42), and to transfer
sulfuryl groups from the laxative sodium picosulfate onto
other phenols (36). Furthermore, this enzyme is capable
of transferring sulfuryl groups from 4-acetylphenylsulfate,
4-methylumbelliferylsulfate, and 4-nitrophenylsulfate to
naphthol, estradiol, phenol, tyrosine methyl ester, tyramine,
and epinephrine (Fig. 2), and a variety of other naturally oc-
curring compounds (44). In addition, ASST-catalyzed sulfo-
transfer between various small phenolic compounds with up
to three fused aromatic rings was identified in the rat intes-
tinal bacterium Klebsiella K-36 (1, 38). Furthermore, besides
glucuronidation, sulfurylation represents a major detoxifica-
tion pathway in the liver and is suggested to contribute to the
detoxification of phenolic compounds (40, 41).

Another example of sulfurylation is found in the gram-
negative opportunistic pathogen Edwardsiella tarda, where
ASST is proposed to be involved in the production of
siderophores, small molecules capable of scavenging the
essential trivalent iron ions (Fe3þ) from the growth medium
(57). Further ASSTs also were described in Citrobacter
freundii (33), Enterobacter amnigenus AR-37 (45), Salmonella
typhimurium (34), Haemophilus K-12 (48), as well as in ur-
opathogenic E. coli CFT073 (54). That the majority of the
natural ASST substrates and the physiologic roles of ASSTs
still remain unknown may result from the fact that these
enzymes exhibit a rather broad sulfuryl donor and acceptor
substrate specificity. In this context, it has been proposed
that the main in vivo role of ASSTs may be simply to shuffle

the sulfuryl group around within a set of phenolic com-
pounds (54). It remains to be established whether a certain
subset of preferred sulfuryl donors and a different subset of
preferred acceptors exist.

Disulfide Bond-Formation Systems in Bacteria
and the Genomic Context of ASST

Structural disulfide bonds are a typical feature of secretory
proteins and are often required for protein folding and sta-
bility. Formation of a disulfide bond between two cysteines in
a newly synthesized protein is a catalyzed redox reaction that
requires the interaction of the folding protein with an oxidant
that accepts the two electrons generated. In gram-negative
bacteria, structural disulfide bonds are formed in the oxidizing
environment of the periplasm. The disulfide bond formation
(Dsb) proteins catalyze the formation and isomerization of
disulfide bonds in bacteria. The periplasmic dithiol oxidase
DsbA is a soluble protein with an extremely oxidizing redox
potential of �121 mV, which rapidly introduces disulfides
into folding proteins (53, 56, 76). In vivo, DsbA oxidizes pep-
tides as they are being transferred across the inner membrane
into the periplasmic space. Therefore, if a substrate protein
contains consecutive disulfide bonds in its native state, DsbA
is sufficient for the correct disulfide formation (14), whereas
proteins with nonconsecutive disulfides are dependent on
DsbC, the E. coli catalyst of disulfide reduction and isomeri-
zation (5). DsbA is reoxidized by the quinone reductase DsbB
from the inner membrane, which generates disulfides de novo
by the reduction of ubiquinone or menaquinone (2–4, 29, 55).
The genes coding for the DsbA and DsbB proteins of the
disulfide bond–formation system are usually not adjacent, but
rather are located distant from each other on the genome of
gram-negative bacteria (Fig. 3). However, certain bacteria
contain genes encoding additional, homologous thiol=
disulfide oxidases. For example, Neisseria meningitidis con-
tains one DsbB gene and three homologous DsbA proteins
(62, 71) presumed to act on distinct subsets of substrates.

Although most commensal E. coli strains contain only one
dsbA and dsbB gene located distantly on the genome, the
prototypic uropathogenic E. coli strain CFT073 (73) and other
uropathogenic E. coli strains (51) contain an additional pair of
redox proteins homologous to DsbA and DsbB, termed DsbL
and DsbI, respectively, which are 19% and 24% identical to
DsbA and DsbB of CFT073 (22). In contrast to the dsbA and
dsbB genes, dsbL and dsbI are clustered together under the
control of the same promoter in a single operon. Interestingly,
this operon is tri-cistronic and also contains the gene encoding
ASST (astA) that precedes the dsbL and dsbI genes (Fig. 3). The

FIG. 1. Catalysis of sulfotransfer by
PAPS-dependent and aryl sulfo-
transferases. PAPS-dependent sulfo-
transferases catalyze the transfer of a
sulfuryl group from the ‘‘universal’’
sulfuryl donor PAPS, which is an an-
hydride, onto a variety of acceptors
(top). The PAPS-independent aryl sulfo-
transferases catalyze sulfotransfer from
one phenolic compound to another (Ar
and Ar’ represent an aromatic moiety;
bottom).
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FIG. 2. An overview of molecular structures of phenolic sulfuryl donor and acceptor substrates for aryl sulfo-
transferases described in the literature.
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DsbL=DsbI redox couple forms a specific dithiol oxidase
system generating the single disulfide bond in each subunit of
the ASST homodimer in vivo (see later), which is directly in-
troduced by DsbL, one of the most oxidizing thioredoxin-like
proteins described to date (�95 mV) (22). The recently eluci-
dated, high-resolution crystal structure of reduced DsbL re-
vealed an extensive patch of positively charged residues
around its active-site cysteines. In contrast to DsbL, its two
structurally closest homologues, the generic dithiol oxidases
E. coli DsbA (56) and Vibrio cholerae TcpG (27), both have a
hydrophobic groove instead of the basic region. This basic
groove is likely to govern the substrate specificity of DsbL-like
dithiol oxidoreductases. During introduction of disulfide
bonds into substrates, DsbA and TcpG are assumed to interact
with multiple unfolded proteins with exposed hydrophobic
patches. By contrast, the presence of the basic groove in DsbL
may be indicative of a narrower substrate specificity, which is
also supported by the observation that DsbL only partially
complements dsbA- deficiency in E. coli K12 strains (22). The
substrate specificity of DsbL toward ASST can be rationalized
by multiple negative charges in the primary structure of ASST
around its two disulfide-bonded cysteines (Cys418 and
Cys424). The polypeptide chain between Asp410 and Thr432 of
ASST bears a net negative charge of �4 and is therefore
complementary to the positively charged patch around the
active-site cysteines in DsbL.

Because several excellent reviews on the mechanism and
diversity of disulfide bond–formation systems in various
bacteria have appeared recently (2, 25, 28, 32, 53), we focus

on the structure and mechanism of ASST and the depen-
dence of its biogenesis on DsbL and DsbI. The gene coding
for ASST is present in bacteroidetes, firmicutes, and en-
terobacteria, as well as in g-, d-, and e-proteobacteria, and is
frequently found to encode periplasmic proteins with N-
terminal signal sequence (22). Almost all known periplasmic
ASSTs contain the conserved cysteine residues Cys418 and
Cys424 (numbered according to the mature form of ASST
from E. coli CFT073) that form a structural disulfide bond
that is essential for ASST activity (22). Notably, all genomes
encoding ASSTs with this structural disulfide bond invari-
ably contain at least an adjacent dsbL gene, and most also
contain a dsbI gene (22).

A tri-cistronic astA-dsbL-dsbI operon is present in pathogenic
E. coli strains associated with extra-intestinal infection (the E.
coli strains CFT073, 536, UTI89, and F11), avian pathogenic E.
coli, and strains of Salmonella, Shewanella and Campylobacter.
Interestingly, the pathogens Campylobacter jejuni and Helico-
bacter pylori contain an operon analogous to astA-dsbL-dsbI of
uropathogenic E. coli. This operon encodes a short peptide
(termed DbA for Dsb-accessory) lacking cysteine residues,
followed by a large DsbB-like protein (47, 73) (Fig. 3). This
homologue of DsbB, termed DsbI, is significantly larger than E.
coli DsbB. Its N-terminal segment contains the DsbB-like fold
including the CXXCXXXR motif at the beginning of the second
transmembrane helix, which is responsible for de novo dis-
ulfide-bond formation in E. coli DsbB after oxidation of the
cysteine pair with quinones (55, 77), whereas the second cys-
teine pair, present in DsbBs, is absent in this DsbI. An addi-
tional, fifth transmembrane helix connects this N-terminal
DsbB-like part with a periplasmic, C-terminal domain with a
predicted b-propeller fold similar to that of ASST (see later) (47,
64). Homologues of this periplasmic domain are present almost
exclusively in the strains of Campylobacter and Helicobacter and
only a few other genera of g- and e-proteobacteria, like Shewa-
nella, Marinobacter, Pantoea, Vibrio, Aggregatibacter, Photo-
bacterium, and Pasteurella; its homology with any other
characterized protein is marginal (47). Hence, this dbA-dsbI
system may resemble the astA-dsbL-dsbI system of E. coli
CFT073, where a large protein exhibiting the b-propeller fold
(ASST) is related to a disulfide bond–generation system.

Although the biologic function of ASST still remains to be
determined, genetic data suggest a role for ASST in viru-
lence. Its gene is one of the few genes identified to be
specific for uropathogenic E. coli strains (51). ASST from the
uropathogenic E. coli strain CFT073 (73), isolated from the
blood of a patient with acute pyelonephritis and cytotoxic to
human renal cells (58), was found upregulated in a mouse
model of a urinary tract infection (51). Because ASST sul-
furylates a number of phenolic compounds, it was sug-
gested to be involved in sulfur uptake, detoxification of
phenolic compounds, and antibiotic resistance (42). In ad-
dition, numerous examples of specialized redox proteins
besides DsbA and DsbB exist in pathogenic organisms,
which participate in folding of specific, virulence-related
substrates. These include the plasmid-encoded DsbA ho-
mologue SeSrgA in Salmonella enterica subsp. enterica serovar
Typhimurium, which catalyzes the folding of subunits of
plasmid-encoded fimbriae (7). Another interesting example
is the DsbA homologue BdbB in the gram-positive organism
Bacillus subtilis, required for the biogenesis of the antibiotic
peptide lantibiotic sublancin 168, in which both the sunA

FIG. 3. Organization of the disulfide bond–formation
pathway genes in Escherichia coli K12 (top), E. coli CFT073
(middle), and Campylobacter jejuni (bottom). These illus-
trate the genomic context of ASST. Escherichia coli K12 con-
tains one gene for dsbB (brown) and one for dsbA (yellow), far
apart on the genome, as does the E. coli CFT073. However,
the CFT073 strain contains an additional homologue of each
of them, dsbL (orange) and dsbI (dark brown), clustered to-
gether in the same operon with the astA gene (blue) encoding
ASST. In Campylobacter jejuni, however, in addition to the
dsbB and dsbA genes, a dicistronic operon codes for a peptide
of 55 residues (dbA, green) and a large dsbI gene is found
whose first segment is homologous to DsbB-like transmem-
brane oxidoreductases (dark brown); the latter is predicted to
fold into a b-propeller (dark blue). Genes and intergenic re-
gions are drawn to scale. A broken line indicates a large
genome segment between the depicted genes. (For inter-
pretation of the references to color in this figure legend, the
reader is referred to the web version of this article at
www.liebertonline.com=ars).

1250 MALOJČIĆ AND GLOCKSHUBER

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3119&iName=master.img-002.jpg&w=213&h=129


gene encoding the sublancin 168 lantibiotic antimicrobial
precursor peptide and the bdbB gene are separated by only
three genes on the genome (15). Just as SeSrgA and BdbB
help fold specific virulence factors in S. enterica and B.
subtilis, respectively, the genes encoding bacterial peri-
plasmic ASSTs are often found clustered with the genes
coding for the DsbL and DsbI proteins homologous to the
disulfide bond–formation proteins DsbA=DsbB. Further-
more, the previously mentioned DsbI in H. pylori, which
contains a bona fide ASST-like periplasmic domain, is re-
quired for this bacterium to colonize gastric mucosa (20).

At present, the relation of ASST-DsbL-DsbI to bacterial
virulence remains to be established. Genetic data have dem-
onstrated that of all E. coli strains, these proteins are found
specifically in the uropathogenic members and are upregu-
lated in the urinary tract infection model (51). Conversely,
however, some recent in vivo studies did not confirm a role for
ASST in virulence (50, 70). Further experiments will thus be
required to clarify the exact in vivo role of ASST and its pos-
sible relation to urinary tract infection.

Molecular Structure and Catalytic Mechanism
of Aryl Sulfotransferase from Uropathogenic
Escherichia coli CFT073

Overall molecular structure of aryl sulfotransferase

Until very recently, no structural information other than the
oligomerization state was available on bacterial aryl sulfo-
transferases. For example, ASST from Klebsiella K-36 was de-
scribed as a homodimer (1), whereas the Enterobacter
amnigenus AR-37 ASST was found to be monomeric (45), and
Eubacterium A-44 was reported to be tetrameric (44).

In 2008, however, three crystal structures of ASST from E.
coli CFT073 (Fig. 4) were reported, including the enzyme in its
free form [Protein Data Bank (PDB) accession number: 3ELQ],
and two structures of the sulfo-enzyme state (PDB accession
numbers: 3ETS and 3ETT) representing a catalytic interme-
diate in the reaction cycle of the enzyme (54).

Arylsulfate sulfotransferase from E. coli CFT073 is a
homodimeric protein, both in solution and in the crystal.
According to the E. coli Cell Envelope Protein Data Collection
(http:==www.cf.ac.uk=biosi=staffinfo=ehrmann=tools=ecce=
ecce.htm; accessed 20 Dec 2009), the 571-residue ASST
monomer (63,763 Da) belongs in the top 10% of the largest
polypeptide chains in the periplasm of E. coli. Each ASST
monomer consists of two domains: a small N-terminal do-
main (residues 1–116), forming a seven-stranded b-sandwich,
followed by a large C-terminal domain (residues 117–571)
(Fig. 4A and B). The C-terminal domain folds into a six-bladed
b-propeller formed by the packing of six four-stranded b-
sheets in a circular array around a central cavity.

In common with most other b-propeller structures, the
channel formed by the blades of the propeller is conical (61).
This channel narrows in diameter from *21 Å on the surface
to *10 Å in the region of the active site, is solvent accessible,
and is suitable for substrate sequestration. A disordered loop
(residues Val321–Leu327) flanks the channel entrance. The
loop’s poorly defined electron density points to a high degree
of flexibility, presumably facilitating free passage of sub-
strates to the interior of the enzyme.

Interestingly, proteins belonging to the b-propeller fold are
most frequently found in eukaryotic organisms, where their

roles span RNA processing, transcription regulation, cyto-
skeleton assembly, mitotic-spindle formation, vesicle forma-
tion, and trafficking (67). The known bacterial b-propeller
folds are usually enzymes, most frequently redox enzymes or
esterases (31). ASST from E. coli CFT073 also catalyzes the
chemical transformation of esters.

Architecture of the active site of ASST

Initial work on the catalytic mechanism of ASSTs suggested
that the enzyme becomes transiently sulfurylated at a tyrosine
residue (corresponding to Tyr96 in ASST from E. coli CFT073)
in its active site after interaction with the donor substrate,
followed by the transfer of the sulfuryl group to the acceptor
(46). However, no additional electron density around Tyr96

ASST from E. coli CFT073 could be identified in crystals
soaked with donor or acceptor compounds. Crystals of free
ASST, obtained with lithium sulfate as a precipitant, contain
several sulfate groups, most of which likely act as counterions
to a positively charged amino acid side chain at the protein
surface. However, a sulfate ion adjacent to His436 at the bot-
tom of the central b-propeller channel of ASST was bound in a
very specific and unusual manner. This sulfate was situated in
the central channel of the b-propeller and participated in an
extensive hydrogen-bond network with the nitrogen atoms of
five neighboring side chains, His252, His356, Asn358, Arg374,
and His436, and the backbone nitrogen of Thr501 (Fig. 4C and
Fig. 5). This complex network of hydrogen bonds, together
with a comparison of the location of the active site in other
enzymes exhibiting a b-propeller fold (61), suggested that the
central channel of the ASST b-propeller fold bears the active
site. This assumption was subsequently confirmed by the
structures of ASST in complex with substrates and by mass
spectrometry, kinetic studies, and site-directed mutagenesis
experiments (see later).

The structures of ASST obtained on crystal soaking with the
sulfuryl donor substrates p-nitrophenylsulfate (PNS) and 4-
methylumbelliferylsulfate (MUS) indeed revealed these two
compounds to be bound in the center of the b-propeller, and
ASST was found to be covalently sulfurylated on the Ne2 atom
of the residue His436. Whereas the structure of the substrate-
free enzyme contains an ordered sulfate group at the equiv-
alent position (see earlier), the structures with MUS and PNS
exhibited continuous electron density from the Ne2 atom of
His436 to the sulfuryl group, and the center of this density was
*1 Å closer than in the structure with a sulfate ion bound, in
agreement with a covalent nitrogen–sulfur bond. In these
structures, which represent trapped sulfurylated reaction in-
termediates of ASST, desulfurylated donor compounds re-
mained bound in the active-site cleft, whereas the sulfuryl
moiety of sulfohistidine was stabilized by extensive hydrogen
bonding to the side chains of His252, Asn358, Arg374, His356,
and the backbone nitrogen of Thr501 (Fig. 4D and E and Fig. 5).
The hydroxyl groups of the desulfurylated donors form a
hydrogen bond with the sulfo-His436 and a hydrophobic
contact with the residue Phe171.

The only segment in the ASST structure without detectable
electron density comprised residues Val321–Leu327, which are
relatively close to the active site and may contribute to the
specific recognition of natural ASST substrates.

In accordance with the crystallographic observations,
structure-based sequence alignment of ASST homologues
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(Fig. 5) revealed all active-site residues (His252, His356, Arg374,
and His436) to be invariant. In addition, the only invariant
segment of more than three consecutive residues throughout
the whole protein sequence in all ASST homologues analyzed
corresponded to the pentapeptide sequence Tyr434-Ala438,
centered at His436. Furthermore, the residues around His436 in
the three-dimensional structure of ASST undergo purifying
selection [i.e., across-species mutations of the corresponding
codons are less likely to be residue changing than silent (16)],
in agreement with their critical role in catalysis (54).

A very recent study (68) compared and contrasted the ac-
tive-site architectures of the PAPS-dependent sulfotransferase
mSULT1D1 (69) and ASST (54). PAPS-dependent sulfo-
transferases catalyze sulfuryl transfer from the donor PAPS
onto an acceptor (with a hydroxyl or an amino group) by
simultaneous binding of donor and acceptor in an orientation
favoring sulfotransfer. An invariant active-site histidine resi-
due in PAPS-dependent sulfotransferases activates the ac-
ceptor group to attack the sulfuryl group of the donor, and the
transfer occurs directly, without transient sulfurylation of the
enzyme (10). Conversely, the active site of ASST can accom-
modate either the donor or the acceptor compound, but both
cannot be bound simultaneously. The catalysis proceeds
through transient sulfurylation of the enzyme on its active-site

histidine residue, which subsequently sulfurylates the
acceptor compound. A comparison of the active sites of a
PAPS-dependent mSULT1D1 and ASST, both in complex
with 4-nitrophenol (which acted as the acceptor substrate in
the structure of the PAPS-dependent sulfotransferase,
whereas it represented the desulfurylated donor substrate in
the case of ASST) revealed a striking similarity in the archi-
tecture of both enzymes’ active sites (Fig. 6). Interestingly,
both classes of sulfotransferases exhibit a nearly identical
spatial arrangement of active-site residues, which not only
applies to the residues directly involved in catalysis, but also
to those governing substrate recognition. Furthermore, the
sulfuryl group to be transferred is oriented identically toward
the acceptor substrate in both structures. This demonstrates a
high degree of similarity of the sulfotransfer chemistry in both
enzyme classes, despite their very different overall fold, in-
dicating a significant degree of convergent evolution of both
classes of enzymes.

Biochemical and mechanistic studies of ASSTs

Most biochemical studies performed on ASSTs from sev-
eral organisms revealed that ASST is able to use a variety of
phenolic sulfates as sulfuryl-donor compounds as well as a

FIG. 4. Crystal structure of ASST. (A) Top view along the two-fold noncrystallographic symmetry axis, which relates the
two monomers. (B) Each monomer consists of a small, N-terminal seven-stranded b-sandwich domain, and a larger C-
terminal, six-bladed b-propeller domain. (C) The structure of substrate-free ASST exhibits a sulfate dianion that is coordi-
nated by nitrogen atoms from the active-site residues His252, His356, Asn358, Arg374, His436, and the backbone nitrogen of
Thr501. Both structures of ASST obtained from crystals soaked with p-nitrophenol (PNS) (D) and 4-methylubelliferysulfate
(MUS) (E) show His436 to be sulfurylated at its Ne2 atom, whereas the desulfurylated donors ( p-nitrophenol and 4-methy-
lumbelliferone, respectively) are located in the central channel of the b-propeller. Electron density is shown and contoured at
1.5 s. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article
at www.liebertonline.com=ars).
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FIG. 5. Structure-based sequence alignment of ASSTs. Residues are numbered according to mature ASST from E. coli
CFT073. Conserved residues are boxed in red. The sequences from E coli CFT073, Citrobacter freundii, Salmonella enterica,
Enterobacter amnigenus, Shewanella pealeana, Campylobacter fetus, Campylobacter curvus, Azotobacter vinelandii, Pseudomonas pu-
tida, Pseudomonas entomophila, Campylobacter lari, Geobacter metallireducens, and Yersinia freundii were aligned. Depicted are the
floppy hinge region that covers the active site (gray bar), the longest invariant segment centered at the catalytic residue His436

(red bar), the structural cysteines (yellow circles), as well as the active-site residues (asterisks). Black asterisks denote the
central residues that are capable of (de)protonating the substrate; red asterisks represent those involved in hydrogen bonding
of the sulfuryl group in the active site; and grey asterisks indicate residues forming hydrophobic contact with the aromatic
moiety of the substrate. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article at www.liebertonline.com=ars).
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variety of phenols as acceptors (depicted in Fig. 2). In addi-
tion, the kinetic characterization of ASST from Eubacterium A-
44, with the substrates PNS and tyramine, demonstrated a
ping-pong bi-bi reaction mechanism (39). The catalytic cycle
consists of two steps and begins with the binding of the donor
compound into the active-site pocket (‘‘ping’’), followed by
sulfurylation of the enzyme and the release of the phenolic
donor (‘‘pong’’). The second step includes binding of the ac-
ceptor substrate, transfer of the sulfuryl group to the accep-
tor, and the release of the sulfurylated acceptor (Fig. 7). The
ping-pong bi-bi mechanism identified in ASST is frequently
observed in other transferases (13, 39, 63, 72). Nevertheless,
different models for the individual microscopic steps during
the catalytic cycle of ASST were initially proposed. A first
study suggested that the catalysis proceeds through the
transient sulfurylation of a tyrosine residue in ASST, possibly
because tyrosine is the only amino acid with a phenolic side
chain, which resembles the phenolic donor and acceptor
compounds. Therefore, its sulfurylation would not produce
intermediates of significantly different chemical stability than
the reactants or products (all would be phenolic sulfates).
Thus, site-directed mutagenesis studies were aimed at repla-
cing tyrosines with phenylalanines and measuring the cata-
lytic activity of the resulting variants. For example, Kwon et al.
(46) reported that the replacement Tyr123Phe in Enterobacter
amnigenus ASST (this numbering of residues includes the
periplasmic signal sequence, not the mature protein) reduced
the catalytic activity to< 4% of the wild type and proposed

this tyrosine to be the residue undergoing transient sulfur-
ylation. Another study on ASST from Eubacterium A-44 ASST
(41) demonstrated that the histidine-modifying compound
diethylpyrocarbonate (DEPC) (65) inactivates the enzyme,
suggesting that a histidine residue is essential for catalysis. In
addition, an elegant infrared spectroscopy study on the same
Eubacterium A-44 ASST (9) demonstrated that the absolute
stereochemical configuration at sulfur remains preserved
during catalysis rather than being inverted, which implied an
odd number of covalent sulfo-enzyme intermediates. From all
studies, it was finally suggested that tyrosine is the only res-
idue undergoing covalent modification by the sulfuryl group,
and the histidine residue acts as a general acid–base catalyst
activating the catalytic tyrosine (9).

The crystal structures of substrate-free ASST from E. coli
CFT073 and its catalytic intermediates with substrates bound,
described earlier, provided direct insight into catalysis, and,
complemented with biochemical experiments described later,
enabled the exact formulation of the reaction mechanism.

FIG. 6. Overlay of the active-site residues of ASST (PDB:
3ETT) and the PAPS-dependent sulfotransferase
mSULT1D1 (PDB ID: 2ZYV), both in complex with p-
nitrophenol (PN), which was used as a reference to su-
perimpose the two protein structures. Nitrogen and oxygen
atoms are depicted in blue and red, respectively, whereas the
carbon atoms from active-site side chains of ASST and
mSULT1D1 are shown in green and cyan, respectively, and
the carbon atoms of PN are depicted in grey. The single-letter
amino acid code is used (I, isoleucine; F, phenylalanine; H,
histidine, K, lysine). (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of this article at www.liebertonline.com=ars). FIG. 7. ASST from Escherichia coli CFT073 shows a ping-

pong bi-bi reaction mechanism (A) with transient forma-
tion of a sulfohistidine (B). During the first step of catalysis,
the free electron pair of Ne2 from His436 nucleophilically at-
tacks the sulfur atom of a phenolic donor compound (here,
p-nitrophenlysulfate), yielding a covalent sulfohistidine in-
termediate and p-nitrophenylate. After dissociation of p-
nitrophenylate and binding of phenol, the phenolate oxygen
of an acceptor (here phenol) nucleophilically attacks the
sulfur in the intermediate, and the sulfhydryl group is
transferred onto the acceptor.
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First, the replacement of individual residues in the center of
the b-propeller suspected to be involved in catalysis and the
comparison of the sulfotransferase activity of the corre-
sponding ASST variants with that of the wild type revealed
that the replacement of Arg374, His252, or His356 dramatically
impaired ASST activity, to 0.1%, 4.0%, and 0.06%, respec-
tively, suggesting that these residues are critically important
for catalysis. In contrast, the activity of the point variants
Tyr208Phe and Tyr559Phe and of the double variant Tyr208-

Phe=Tyr559Phe was comparable to that of the wild type, in-
dicating that these tyrosines do not participate in catalysis. As
Tyr208 and Tyr559 are the only tyrosines in the substrate-
binding pocket of ASST, transient sulfurylation of tyrosines
could be excluded. Similarly, replacement of Tyr96, the ini-
tially proposed catalytic ASST residue (46), had no effect on
activity (54). These data strongly support a mechanism in
which a sulfurylated active-site histidine directly delivers the
sulfuryl group to the aromatic hydroxyl group of an acceptor
substrate. The desulfurylation of the sulfohistidine interme-
diate of ASST can thus be regarded as a simple inverse of
ASST sulfurylation by a donor, whereby the active-site resi-
dues His252, His356, and Arg374 provide a means for coordi-
nation of the sulfuryl moiety during the catalytic cycle (Fig. 4)
(8, 21, 54).

Second, the essential role of the histidines in the active site of
ASST from E. coli CFT073 was further confirmed by inactiva-
tion of ASST through treatment with diethylpyrocarbonate
(DEPC). In contrast, reagents such as iodoacetamide and

PMSF, targeting thiol and nucleophilic hydroxyl groups, re-
spectively, had no influence on ASST activity (54).

Third, mass spectrometric data are in keeping with the
covalent sulfurylation of His436 during its catalytic cycle. The
electrospray ionization mass spectra of freshly purified ASST
exhibited two peaks, one at 63,764.5� 2 Da, the mass expected
for the monomer, and a second one of similar intensity at
63,845.5� 2 Da. Incubation of this ASST preparation with the
sulfuryl acceptor phenol resulted in the disappearance of the
higher-molecular-weight peak. Conversely, the treatment of
this desulfo-ASST with the sulfuryl donor PNS restored the
higher-molecular-weight peak. The mass difference of the two
peaks of 80� 2 Da confirmed the covalent modification of the
protein by the �SO3

- group. In addition, the formation of
sulfurylated His436 was confirmed by the tryptic digestion of
sulfurylated ASST followed by mass spectrometry of tryp-
tic ASST peptides, where only the peptide Leu405–Lys443,
bearing His436, appeared as a double peak with a character-
istic mass difference of 80 Da. This further confirmed that
His436 is the sulfurylated residue in the ASST fragment, as
His436 is the only histidine residue within this tryptic ASST
peptide (54).

Fourth, steady-state kinetics performed by using 4-methy-
lumbelliferylsulfate as the donor substrate and phenol as the
acceptor substrate confirmed the ping-pong bi-bi mechanism
and also revealed substrate inhibition by the acceptor phenol
(see later). The catalytic constant kcat remains essentially
constant in the pH range from 6.0 to 10.0, whereas the Mi-
chaelis constant for the donor increases and the Michaelis
constant for the acceptor decreases with increasing pH (54).
The kinetic parameters obtained for ASST at pH 8 are: Mi-
chaelis constant for the donor MUS, KM,MUS¼ (4.45� 0.72)
10�5 M; Michaelis constant for the acceptor phenol KM,phe-

nol¼ (1.35� 0.19)�10�3 M, inhibition constant for the acceptor
phenol KI,phenol¼ (1.13� 0.22) 10�3 M, and the catalytic con-
stant kcat¼ (48.6� 0.5) per second. These values indicated that
ASST is an enzyme of average catalytic efficiency (72).

The acceptor substrate phenol proved to inhibit ASST ac-
tivity significantly at pH values of� 8.0, whereas inhibition
by phenol was negligible at lower pH values. Substrate inhi-
bition is predicted for the ping-pong bi-bi mechanism out-
lined in Fig. 7, as both donor and acceptor substrate mutually
exclude each other when bound to the same active site and are
of similar chemical structures (phenolic anions). The pro-
nounced substrate inhibition by phenol at higher pH values
suggests that the actual inhibitor is the phenolate anion
[pKa(phenol=phenolate)¼ 9.95 (49)], and demonstrates that
the active site in substrate-free ASSTs recognizes anionic
phenolic compounds. The donor substrates (phenolic sulfates)
are indeed negatively charged at physiologic pH values.

Taken together, a wealth of independent experimental data
support the ping-pong bi-bi reaction mechanism of ASST
from E. coli CFT073. The residue His436 undergoes transient
covalent sulfurylation during the catalytic cycle as depicted in
Fig. 7. The transition state of the catalysis most likely includes
a pentacoordinated sulfur atom, with the three oxygen atoms
of the sulfuryl group defining the equatorial positions of a
trigonal bipyramid, whereas one apex is defined by the oxy-
gen of the donor or acceptor, and the other, by the Ne2 nitro-
gen of His436. The overall negative charge of the transition
state is probably stabilized by the positively charged side
chain of Arg374 and possibly also by His252 and His356.

FIG. 8. The disulfide bond Cys418-Cys424 of ASST shows
unusual geometry. (A) The single disulfide bond in ASST is
situated in a loop in the outer part of blade 6 of the propeller.
The Ca (Cys418)–Ca (Cys424) distance (dashed line) is only 3.82
Å. The same color scheme as in Fig. 3 is used. (B) Dihedral
angles of a disulfide bond. The values for the Cys418-Cys424

disulfide in ASST are as follows: w1, �37.1 degrees; w2, �110.9
degrees; w3, 86.5 degrees; w2

0, �77.7 degrees; and w1
0, �53.9

degrees. The angle w1 is defined by the planes of (N, Ca, Cb)
and (Ca, Cb, and Sg). (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of this article at www.liebertonline.com=ars).
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The unusual disulfide bond in ASST

As mentioned earlier, the two conserved cysteines, Cys418

and Cys424 of ASST, form a structural disulfide bond that is
essential for ASST folding. This disulfide bond is located in a
loop in the outer part of the sixth propeller blade and shows a
very unusual geometry (Fig. 8). The distance between the two
Ca atoms of the cysteines is only 3.8 Å, which is extremely
short as compared with the mean of 5.63 Å for all protein
disulfides (52, 66). The dihedral angles of this disulfide (w1, w2,
w3, w2

0, and w1
0 with the signs �, �, þ, �, and �, respectively)

classify it into the so-called right-handed staple (–RHStaple)
geometry. The high dihedral strain energy predicted for this
bond [estimated at *30 kJ=mol (52)] may be overcome by
additional interactions stabilizing the ASST tertiary structure
that require formation of the Cys418-Cys424 bond. Interest-
ingly, bioinformatic analyses revealed that strained, high en-
ergy disulfides, like the Cys418-Cys424 in ASST, often play a
regulatory role in protein function, triggering a conforma-
tional change when they break or form (17). Such disulfides
typically have a high torsional strain energy (23) and are often
found on adjacent b-strands (24, 74). A well-studied example
is the -RHStaple disulfide in the tissue factor involved in the
regulation of hemostasis, and several other similar disulfides
have been described (11, 12, 26, 66). This relatively rare class of
strained disulfides is statistically overrepresented in proteins
involved in cell entry, like bacterial toxins and viral entry
proteins [this topic is comprehensively reviewed in (75)]. The
conserved disulfide Cys418-Cys424 in ASST is close to the
surface of the protein and may be accessible to regulation by
external factors. Furthermore, it is situated in the same pro-
peller blade, just 12 residues before the catalytic residue
His436, which undergoes transient sulfurylation in the ASST
reaction, and may influence conformational equilibria in
ASST.

A possible explanation for the dependence of oxidative
ASST folding on DsbL (22) could be that the ASST segment
containing the Cys418=Cys424 pair may become rapidly in-
accessible to the generic dithiol oxidase DsbA after initia-
tion of ASST folding in the periplasm. DsbL has, however,
been shown to possess a high-affinity binding site for un-
folded polypeptides, as it prevents unspecific aggregation
of reduced insulin (22). This chaperone-like activity may
help to maintain ASST in an unfolded conformation that
allows disulfide exchange between DsbL and ASST, or to
recycle oxidation-incompetent, dead-end folding interme-
diates of ASST. In addition, the highly oxidizing active-site
disulfide of DsbL, with a redox potential of �95 mV com-
pared with �121 mV for DsbA (76), may further facilitate
introduction of the disulfide bond into ASST folding inter-
mediates.

Conclusion and Outlook

Aryl sulfotransferases from a range of different prokaryotic
organisms have recently been characterized (1, 33–35, 37, 38,
45, 46, 54), demonstrating an increasing interest in this class of
enzymes. These enzymes have attracted scientific attention
because of their potential role in infectious diseases, especially
urinary tract infections, and, conversely, because of their de-
pendence on DsbL as an alternative catalyst of disulfide bond
formation.

The recently elucidated crystal structure of ASST from E.
coli CFT073 and its catalytic intermediates, with substrates
bound to the active site, provided a framework for under-
standing the molecular basis of PAPS-independent sulfo-
transfer. In addition, ASSTs are the only enzymes known
that make use of a high-energy sulfohistidine intermediate
during their reaction cycle. PAPS-independent sulfo-
transferases with activities similar to those of ASSTs have so
far not been identified in eukaryotes, but it remains to be
established whether these enzyme occur exclusively in
prokaryotes.

The most important unsolved problem in research on
ASSTs is certainly the elucidation of their biologic function
and their potential role in pathogenesis. The identification of
natural ASST substrates and further genetic studies and
in vivo experiments will be required to uncover the role of
ASST in infectious diseases and to establish ASSTs as poten-
tial drug targets. High-throughput computational docking
and molecular modeling may help to identify natural sulfuryl
donor and acceptor substrates and should be paralleled by
structure-based design of specific inhibitors and testing of
fractionated body fluids for the presence of substrates. Be-
cause of their relatively broad substrate specificity in vitro,
ASSTs may also be useful for the synthesis of sulfophenols
and for quantitative measurements of equilibrium states of
sulfotransfer reactions between aromatic sulfuryl donors and
acceptors.
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