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Arylsulfate sulfotransferase (ASST) transfers a sulfate group from a phenolic sulfate ester to
a phenolic acceptor substrate. In the present study, the gene encoding ASST was cloned
from a genomic library copy of Citrobacter freundii, subcloned into the vector pGEM3Z(-)
and sequenced. Sequencing revealed two contiguous open reading frames (ORF1 and
ORF2) on the same strand and based on amino acid sequence homology, they were des-
ignated as astA and dsbA, respectively. The amino acid sequence of astA deduced from C.
freundii was highly similar to that of the Salmonella typhimurium, Enterobacter amnigenus,
Klebsiella, Pseudomonas putida, and Campylobacter jejuni, encoded by the astA genes.
However, the ASST activity assay revealed different acceptor specificities. Using p-nitrophe-
nyl sulfate (PNS) as a donor substrate, o-naphthol was found to be the best acceptor sub-
strate, followed by phenol, resorcinol, p-acetaminophen, tyramine and tyrosine.
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INTRODUCTION

Phenol sulfation is considered to be a major metabolic
pathway for the detoxification of endogenous and exoge-
nous compounds bearing phenolic functional groups
(Dodgson et al., 1960). It is catalyzed by phenol sulfotrans-
ferase (PST), an enzyme produced by purification from
several mammalian organs, including the liver, lung, brain,
kidney, epithelial cells, and erythrocytes (Roy, 1981, Sekura
et al., 1981). PST catalyzes the transfer of the sulfate group
from 3’-phosphoadenosine-5"-phosphosulfate (PAPS) to
an acceptor compound, thus forming a sulfate ester (Sekura
et al., 1979, Spencer et al., 1960).

Kim et al. Isolated three arylsulfate sulfotransferase (ASST)
- producing bacteria; Eubacterium A-44 (Kim et al., 1986),
Klebsiella K-36 (Kim et al., 1992), and Haemophilus K-12
(Lee et al., 1995) from human, rat, and mouse intestinal
flora, respectively. Kwon et al. also isolated ASST from
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Enterobacter amnigenus AR-37 (Kwon et al., 1999). These
ASST producing bacteria catalyze the stoichiometric
transfer of a sulfate group from phenolic sulfate esters to
phenolic compounds, whereas mammalian enzyme cata-
lyzes the transfer of a sulfate group from PAPS to phe-
nolic acceptor substrates (Kim et al., 1991, 1994). ASST
also catalyzes the sulfation of the tyrosine residues of
peptides and proteins such as kyotorphin, enkephalin,
cholecystokinin-8, trypsin inhibitor, and insulin (Kobashi
et al., 1986). In addition, sulfation by the ASST obtained
from Eubacterium A-44 produced a recombinant hirudin
whose antithrombin activity, was found to be increased
by about 3.4-fold relative to that of unsulfated hirudin
(Muramatsu et al., 1994). In contrast to the numerous
studies of mammalian tissue PST enzymes, little research
has been conducted into the enzymatic sulfation by inte-
stinal bacteria. As a preliminary experiment to determine
the function of this enzyme, the distribution of bacteria
exhibiting ASST activity was investigated by analyzing
about 1,300 bacterial strains maintained in our labora-
tory. According to Baek et al., only 29 bacterial isolates
exhibit such activity, suggesting that this enzyme might
not be essential for the bacterial viability (Baek et al., 1998).

316



The astA Gene Encoding an Arylsulfate Sulfotransferase from Citrobacter freundii

Citrobacter freundii MB4-8242, which has high ASST activity,
was selected for further genetic characterization. This paper
describes the cloning and sequencing of the C. freundii
astA gene, an arylsulfate sulfotransferase determinant.

MATERIALS AND METHODS

Bacterial strains, plasmids and growth conditions

C. freundii was grown in Luria-Bertani (LB) broth at 37
°C for 12 hr. Escherichia coli TH2 was used as the cloning
host, and Escherichia coli NM522 was used for subclon-
ing and DNA sequencing. These strains were also grown
in LB broth at 37°C for 12 h. The plasmid pKF3 (Takara
Shuzo, Tokyo, Japan) was used as the cloning vector,
while the vector for subcloning and DNA sequencing was
the plasmid pGEM3Zf(-) (Promega, Madison, WI). For the
selection of astA transformants, 0.1 mM 4-methylumbelli-
feryl sulfate (4-MUS) was added to the LB medium. Since
the acceptor substrate of ASST is supplied by the medium
and the cellular components, the 4-MUS in the medium
was cleaved to 4-methylumbelliferone, a fluorescent pro-
duct, by ASST. Consequently, positive colonies were moni-
tored by UV fluorescence (320 nm).

Molecular cloning of astA from Citrobacter freundii
MB4-8242

The chromosomal DNA from C. freundii MB4-8242
was isolated (Kim et al., 1992) and partially digested with
Sau3Al (Takara Shuzo, Tokyo, Japan). Fragments ranging
from 4 to 9 kb were then fractionated by 0.8% agarose
gel electrophoresis, purified, ligated into BamHI-digested
pKF3 with T4 DNA ligase (Gibco BRL, Gaithersburg, MD)
and used to transform competent E. coli TH2 cells. The
colonies carrying the subcloned plasmid were screened
for enzyme activity by plating them on an LB plate con-
taining 4-MUS. Plasmids from the positive colonies were
prepared utilizing the alkaline extraction method, as pre-
viously described (Birnboim, 1983).

Nucleotide sequencing and sequence analysis

For sequencing, the small fragments which are digested
with various enzyme were ligated into the pGEM3Zf(-)
vector with T4 DNA ligase. These ligation mixtures were
used to transform competent E. coli NM522 cells. By using
the various subclones in pGEM3Zf(-), the sequence of the
region containing the astA gene was determined by the
dideoxy chain termination method (Sanger et al., 1977)
using an AccuPower sequencing kit (Bioneer, Taejon,
Korea). Both of the DNA strands were sequenced by a
combination of specific oligonucleotide primers (primer
sequences: forward 5’-CACGACGTTGTAAAACGAC-3,
reverse 5-GGATAACAATTTCACACAGG-3') on an auto-
mated DNA sequencer (Model 4000, Li-Cor, Lincoln, NE).
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The deduced amino acid sequence of ASST was subjected
to homology searches using the BLAST network service
(Altschul et al., 1990) at NCBI and the CLUSTAL W pro-
gram (Thompson et al., 1994).

ASST activity assay

Cell extracts from C. freundii MB4-8242 and E. coli NM
522 harboring the plasmid pJS1 were prepared as pre-
viously described (Baek et al., 7996). The assay mixture
(0.63 ml total volume) containing 30 pl of 50 mM p-nitro-
phenyl sulfate (PNS), 0.29 ml of 20 mM phenol (or occa-
sionally alternative acceptors such as o-naphthol, resor-
cinol, p-acetaminpophen, tyramine and tyrosine), 0.21
ml of 0.1 M Tris-HCl, pH 8.0, and 0.1 ml of the cell
extract, was incubated at 37°C for 20 min, and the reac-
tion was stopped by the addition of 0.4 ml of T N NaOH.
The presence of ASST was detected by the appearance of
a yellow color. Quantitative measurements were also
performed by measuring the absorbance at 405 nm.

Nucleotide sequence accession number

The nucleotide sequence data reported in this paper
will appear in the EMBL and NCBI nucleotide sequence
databases under accession number AY029222.

RESULTS AND DISCUSSION

Cloning of astA from Citrobacter freundii MB4-8242

E. coli TH2 cells, transformed with the genomic library
copy of C. freundii MB4-8242 chromosomal DNA by utiliz-
ing the pKF3 vector, were cultured on LB agar containing
4-MUS. The ASST activity-positive colonies which pro-
duced blue fluorescent light under UV illumination (320
nm) were isolated and purified. The smallest subclone
harboring a 3.0-kb insert was designated as pJS1 and
subjected to further analysis.

Nucleotide sequence analysis

The pJS1 restriction map and the ORF locations are
depicted in Fig. 1. Various restriction enzymes were used

0.5kb
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pJs1 V777000000

astA dsbA

Fig. 1. Partial restriction map of pjS1: The solid box indicates
the truncated dsbA gene, while astA is symbolized by the
hatched box. The transcription direction of these different genes
is shown by arrows. Restriction enzyme sites: B, BamHI; E,
EcoRI; K, Kpnl; M, Mlul; B Pstl; X, Xhol
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1 GGATCCCAATAATAATCCCAGCTATGGGGTGTTATGTGGAATGTCGGTGATGGGATTAAGCCTCGTCATCCTCCAGTCAATGGGAATCGGATAATCCAGA
101 GGGCGGATGCCACCCTGTAAATTTACAGCATCCGCTCATCCATAGCAGAATATGAAGGACTAATCCTGTTCCTTAACCGCGCTGTTATCTTCACCAGAGC
201 GACGAAAGAGTTTGTTTCGCGCTTCAAGTAAGGCATCTCTGTCCTGGCGGAATGCCCGACAATAACGTTTCATATGGCAATAATAACCCACCGCAACGAG
301  TGCAATTAATACAATCCAATACCAGGCAATAAACATTCTTCTACCCTTAAAATTTAACATCATTAAACATTTAACGTTAAAATTTTACACAACCTTATIC
401 TGACATACTCATATAGTGGCATATTTCAGAAACAAATATATGATTTCGATCATATAAATCAGCGGCTAAGCTATTAGCCGAACTCGTTATAAACAATTAA
501 AACAATGTCGACAAGATCACACTACGCAATAATAAATATTGTTCTTAAAATATCTCACTCATACTATCAAAAAAATAATAAAAATAAGCTCCTGAAGAAT
601 AATACATTTCATCAATATTAATTAATGCATTACAAAAGTAGTATTAGCAATACCATTTTATITTATCAAAACCGTAAAAACATAATATATTCAGCAAGAT
-35 -10
701 TATATTTATAGGTAATATAAGGAGATATATCCATGTTTACACAATACCGAAAAACACTTCTGGCAGGGACTCTGGCACTGACATTTGGATTAGCAGCAGG
RBS MFTQYREKTLLAGTLALTFGLAAG
astA

801 AAACTCTC'ITGCCGCTGGTI"ITCAACCGGCCCAACCTGCAGGAAAAT[GGGCGCAATAGTAGTTGACOC’ITA’IGGAAA’IGCCCCGCTTAC’[GCGCTGGTT
NSLAAGTFIQPAQPAGKLGAIVVDPYGNAPLTALY
901 GAATTAGATAGCCACGTTATTTCAGATGTTAAAGTTACCGTCCATGGTAAAGGTGAAAAAGGCGTTCCGGTGACTTATACCGTCGGCAAAGAGTCACTCG
ELDSHVISDVEKVTVHGKGEEKGVPVTYTVGKET STLA
1001 CCACGTACGATGGCATTCCTATTTTTGGCCTTTATCAAAAGTTCGCAAATAAGGTAACCGTTGAATATAAAGAAAACGGTAAGGCCATGAAAGATGATTA
TYDGTIPIFGLYQKFANEKVTVEYZ XKENGEKAMEKTDTDTY
1101 TGTGGTGCAAACTTCCGCCATCGTAAATCACTACATGGATAACCGCTCAATATCTGATTTACAGCAAACAAAAGTGATTAAAGTAGCACCGGGTTTTGAA
Yy VQTSAIVNHYMDNRSISDLAQQTEKVY ]I KVYAPGTFE
1201 GATCGTCTTTATCTGGTGAATACCCACACCTTTACCCCGCAGGGTGCAGAATTCCACTGGCATGGCGAAAAAGATAAAAATGCCGGCATCCTGGATGLGG
DRLYLVNTHTFTPQGAETFHVWYHGEI KTDI KNAGTILTDA
1301 GTCCTGCTGGCGGCGCACTCCCCTTTGATATCGCACCCTTTACCTTIGTCGTCGATACGGAAGGTGAATATCGGTGGTGGCTGGATCAGGACACCTTCTA
GPAGGALPFDIAPFTFVYVDTEGEYRWWLDQDTT Y
1401 TGACGGCCATGACATGGATATCAACAAGCGCGGCTACCTGATGGGTATTCGTGAAACACCGCGAGGCACCTTCACCGCCGTCCAGGGCCAGCACTGGTAT
DGHDM’DINKRGYLMGIRETPRGTFTAVQGQHWY
1501 GAATTCGATATGCTGGGGCAAATTCTGGCOGACCATAAGCTGCCTCGCGGATTCCTCGACGCGTCGCATGAGTCGGTCGAAACAGTGAACGGCACCGTAC
EFDMLGQILADHEKLPRGFLDASHESYETVYNGTV
1601 TGCTTCGCGTGGGTAACGCGATTATCGCAAAGAAGATGGCCTTCACGTACATACCATCCGCGACCAGATTATTGAAGTCGATAAATCTGGACGTGTTGT
LLRYGEKRDYRKEDGLHVYVHTIRDAQIIEVDEKSGRIUVY
1701 TGACGTATGGGATCTGACACAAATTCTCGACCCGATGCGTGACGCGCTGCTGGGTGCGCTGGACGCAGGCGCGGTATGCGTCAACGTGGATCTCGCTCAC
DVW¥DLTQI!LDPMRDALLGALDAGAYCYNVYDLAH
1801 GCAGGCCAACAGGCGAAACTGGAGCCAGATACCCCCTATGGTGACGCCCTCGGCGTTGGTGCGGGCCGTAACTGGGCTCACGTCAACTCCATTGCCTATG
AGQQAKLEPDTPYGDALGVYGAGRNWAHYNSTIAY
1901 ACGCTAAAGATGACTCCATCATTCTTTCTTCCCGCCATCAGGGTGTCGTCAAAATCGGTCGCGATAAACAGGTGAAATGGATCCTGGCACCGTCTAAAGG
DAKDDOSIILSSRHQGVY VEIGRDIKQVEKW¥YILAPSEKEG
2001 CTGGAATAAGGCGCTGGCAAGCAAACTGTTAAAACCGGTTGATGATAAGGGCAACGOGCTGAAGTGTGATGAAAACGGTAAGTGCGAGAATACTGATTTC
W NKALASKLLEKPYDDEKGNALEKCDENGE XKCENTTIDTF
2101 GATTTTACCTACACCCAACACACCGCCTGGCTCTCCAGCAAAGGAACGCTAACCATCTTTGACAATGGCGATGGCCGTGGACTCGAACAACCGGCTCTAC
DFTYTQHTAVWLSSXKGTLTTIFDNGDGRGLET QPAL

Fig. 2. Nucleotide and deduced amino acid sequences of the astA and truncated dsbA genes of Citrobacter freundii MB4-
8242: The predicted 35 and 10 regions of the putative promoter and the putative ribosome binding site (RBS) are indicated
The stop codon of the astA gene is marked with an asterisk.
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2201 CAACAATGAAATACTCCOGGTTCGTCGAATATAAAATTGACGAGAAAAAAGGAACCGTTCAGCAAGTTTGGGAATACGGGAAAGAGCGCGGTTATGATTT
PTMXKYSRFVYEYZXKIDEZKEKGTVQQVWEYGEKERS GYTDF
2301 CTACAGTCCTATCACGTCGGTAATTGAATATCAAAAAGACCGCGACACGATGTTTGGATTTGGTGGTTCTATTAATTTATTTGACGT TGGACAGCCAACC
YSPITSVIEYQKDRDTMPFGFGGSINLTFDVGQPT
2401 ATCGGCAAAATCAACGAAATTGACTACAAAACAAAAGAAGTCAAAGTCGAAATTGATGTCCTTTCCGATAAACCAAACCAAACGCACTACCGCGCATTAC
1 GKINEIDYEKTKEVKVEIDVLSDKPNQTHYRAL
2501 TGGTTCGCCCACAACAAATGTTTAAATAATTTOGTTAGATTAAGGATTAATTATGTCATCTAAATGGATTACTICATTATTTAAAAGOGTGGTATTAACG
LVRPQQMFKH» RBS MSSKWITSLFEKSVVLT
dsbA
2601 GCAGCGCTGGTATCACCATTTGCAGCATCGGCTTTTACTGAAGGTACTGACTATATGGTGCTGGAGAAACCGATTCCCAATGCTGATAAAACGTTGATCA
AALYSPFAASAFTEGTDYMVYLEKPIPNADIKTLI
2701 AAGTATTCAGCTACGCCTGCCCATTCTGCTACAAATATGATAAAGCCGTGACCGGCCOGGTGTCAGATAAAGTTGCCGATCTCGTCGCCTTCACACCGTT
KVFSYACPFCYEKYDKAVTGPVSDEKYADLVAFTPTF

2801 TCATCTCGAGACCAAAGGAGAATACGGCAAACAGGCCAGTGAAGTATTTGCAGTAATGATTGCTAAGGATCAGGCCGCAGGAATTTCATTGTTTGATGCC
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HLETEKGEYGEKQASEVFAVHENIAKDQAAGTISLFTDA

2901 AAATCACAGTTCAAAAAAGCTAAGTTTGCTTACTACACTGCCTACCACGATAAGAAAGAACGCTGGTCTGACGGTAAAGATC

K SQFKKAKTFAYYTAYHDEKEKERUWYSDGEKT?D

Fig. 2. Continued

to generate this restriction enzyme map of the pJS1 insert.
A total of 2982 bp was sequenced and the presence of
two contiguous ORFs on the same strand was revealed.
Fig. 2 shows the complete nucleotide sequences of the
two ORFs, along with the corresponding deduced amino
acid sequences. ORF1 is 1794 nucleotides long, beginn-
ing with an ATG start codon at position 733 and ending
with a TAA stop codon at position 2526. A promoter-like
sequence (Harley et al., 1987) is located upstream from
the start codon, with a -35 sequence of TTATCA followed
by a 17 bp space and a -10 region of TATATT. A potential
ribosome-binding site (AGCAGA) is present 7 bp up-
stream of the predicted ATG start codon, which is similar
to that of E. coli (Shine et al., 1974) (Fig. 2). A BLAST pro-
grams database search revealed that the deduced amino
acid sequence shares many similarities with the ASSTs
from Salmonella typhimurium (92% match) (Kang et al.,
2001), Enterobacter amnigenus (89% match) (Kwon et al.,
1999), Klebsiella (87% match) (Baek et al., 1996),
Pseudomonas putida (45% match) (Kahnert et al., 2000),
Eubacterium rectale (23% match) (Goldberg et al., 2000),
as well as with the arylsulfatase from Campylobacter
jejuni (40% match) (Yao et al., 1996) (Fig. 3). Therefore,
ORF1 was designated as astA. The higher homology of
the C. freundii enzyme with that of S. typhimurium, E.
amnigenus and Klebsiella, as opposed to that of P putida
and C. jejuni, agrees well with the phylogenetic distance.
The Citrobacter, Salmonella, Enterobacter, and Klebsiella
genera belong to group 5 of the Enterobacteriaceae family,
but the Pseudomonas and Campylobacter genera belong

to group 4 and 2, respectively (Holt et al., 1994). The homo-
logy to the E. rectale arylsulfotransferase is very low. Further-
more, Eubacterium A-44 astA was not homologous to the
DNA from Klebsiella K-36 (Baek et al., 1998). These find-
ings allow us to predict that the gene encoding an ASST
of Gram-positive bacteria is significantly different from that
of Gram-negative bacteria. The alignment of the six appa-
rent ASSTs from C. freundii, S. typhimurium, E. amnigenus,
Klebsiella, P putida, and C. jejuni indicates conserved
regions, which will assist in the location of active sites.
Such active sites might contain a tyrosine residue, which
is the only amino acid containing the phenolic hydroxy
group. At present, eleven conserved tyrosine residues
have been identified, and the determination of possible
active sites by site-directed mutagenesis is necessary.

Truncated ORF2 consists of 430 bp, starting with an ATG
start codon at nucleotide 2553. The putative ribosome-
binding site (AAGGA) is located 11 to 7 bp upstream of
the start codon of the ORF2. A GenBank BLAST search
revealed that the predicted protein encoded by ORF2 is
significantly well matched to the dsbA genes (Bardwell et
al., 1991), which encode an enzyme involved in disulfide
bond formation. The subclones containing dsbA did not
exhibit ASST activity (data not shown). DsbA acts to faci-
litate the formation of disulfide bonds of many proteins in
periplasmic space (Bardwell et al., 1991).

Substrate specificity

The acceptor substrate specificity of ASST is presented
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1 Critrobacter ——-MFTQYRKTLLAG TLALTFGLAAGNSLA AGFQPAQPAGKLGA] VVDPYGNAPLTALVE LDSHVISDVKVIVHG KGEKGVPVTYTVGEE 87
2 Salmonella ~—-MFDQYRKTILAG AVALTCGLTAASTFA AVFKPAQPAGKLGAV VVDPYGNAPLTALVE LDSHIISDVKVTVHG KGEKGVPVTYTVGKD 87
3 fnterobacter  —--MFHPYRKTLLSG TVALALGLFATGAIA AGFQPAQPAGKLGAI VVDPYGNAPLTALIE LDSHTISDVKVIVHG KGEKGVPVSYSVGKQ 87
4 Klebsiella —--MFDKYRKTLVAG TVAITLGLSASGVMA AGFKPAPPAGQLGAV IVDPYGNAPLTALVD LDSHVISDVKVIVHG KGEKGVETSYPVGQE 87
5 Pseude s M NAKTETPALPEGACL TASVPARDEALLGDV LVNPYRLAPLTAIIR DGGRTLSAAHVRVLG RGERGVDIAYDVADR 76
6 Campy/lobacter MRLSKTLCMALLAGS TLLAPNVLMAMGGPS GAKIDWQIQGQIGAI KMNPYGLSPLTAIIM DNGYVLSDIKVTIVP K-PNGQTISYNVNSK 89
7 Eubacterium ~~~-~-—MSVKYSFE DHIVNRQYEAEQEML KEFEAGNYTIANPLV KYNAYLVNPLSAVVC FHTEKETAITVIVLG KTPQGNISHTFPKAK 83
L] L
1 Citrobacter  SLATYDGIPIFGLYQ KFANKVTVEYKENG-~ ----KAMKDDYVVQT SAIVN——-HYMDNRS ISDLQQTKVIKVAPG FEDRLYLVNTHT--F 167
2 Sa/monella SLETYDGIPIFGLYQ KFANNVIVEYKENG- ----KAMKDDYVVQT SAIVN—-HYMDNRS 1SDLQQTKVIKVAPG FEDRLYLVNTHT--F 167
3 fnterobacter  SLATYDGIPVFGLYQ KHANKVIVEYTENG- -——-KAMKEDYVIQT SAIVN-—-RYMDNRS ISDLQKTKVIKVAPG FEDRLYLVNTHT--F 167
4 flebsiells SLKTYDGVPIFGLYQ KFANKVTVEWKENG- -—--KVMKDDYVVHT SAIVN--~NYMDNRS ISDLQQTKVIKVAPG FEDRLYLVNTHT--F 167
5 Pseudomonas  SLWTYGGIPVFGLYP DHVNQVEVTYKLDG- ----ERVRERYQIYA PAVR----LPVVAKQ TAALPQVEPIKVAPG FEHRLYLFNHLLG-D 156
6 Campylobacter MAKTYGGIPIFGLYP SYLNTVKVSYTKTAN GKSQKVIDEIYKITT PGVSIEP~SGSTDQR GTPFENVKVLEMDPK FSDRLYLVNNAPGKQ 178
7 Lubacterium  ----KHVLPIVGLYS DYQNRVEIRAYRGE- ----——-SNIITIDV PDVFDGKEVIYSMDT TPEYLQDNIILVSPA GEDLAVGFDYAGDAR 161
L] L] - L
1 Citrobacter  TPQGAEFHWHGEKDK NAGILDAGPAGGALP FDIAPFTFVVDTEGE YRWWLDQD--TFYDG HDMDINKRGYLMGIR ETPRGTFTAVQGQHW 255
2 Salmonella TPQGAEFHWHGEKDK NAGILDAGPAARALP FDIAPHTFVVDTQGE YRWWLDQD--TFYDG HDMNINKRGYLMGIR RKPRGTFTAVQGQHW 255
3 £nterobacter TPQGAEFHWHGEKDK NAGLLDAGPAAGALP FDIAPFTFVVDTEGE YRWWLDQD--TFYDG HDMNINKRGYLMGIR ETPRGTFTAVQGQHW 255
4 Klebsiella TAQGSDLHWHGEKDK NAGILDAGPATGALP FDIAPFTFIVDTEGE YRWWLDQD--TFYDG RDRDINKRGYIMGIR ETPRGTFTAVQGQHW 255
5 Pseudomonas  |PGGRAFKWNG--—-- === LG~--G-AAE WDQVGNNWIADSNGD VRWYLDIE--QIHDS NRRDG--LGGTMGFQ QTRDGKLIWGQGQTY 229
6 Campylobacter SGKGSQSYWNN--—-- —-—-PVG--G-AME WDENSNVF1IDTKGE IRWYFDND--KLMNW DNIYN--RGIMMGFH QNKDGALTWGFGQRY 252
7 Lubacteriuw  WHMTIPCVFDVKRLK NGNLIMGSHRVIQMP YYMSGLYEISPCGKI YKEFRLPGGYHHDEF EMEDGNLLSLTDDLT SETVEDMCVLIDRNT 251
1 Citrobacter  YEFDMLGQILADHKL PRGFLDASHESVETV NGTVLLRVGKRDYRK EDGLHVHTIRDQIIE VDKS-GRVVDVWDLT QILDPMRDALLGALD 344
2 Salmonella YEFDMMGQILADHKL PRGFLDASHESIETV NGTVLLRVGKRDYRK EDGIHVHTIRDQIIE VDKS-GRVVDVWDLT KILDPMRDALLGALD 344
3 fnterobacter  YEFDMMGQVLADHKL PRGFLDATHESIETV NGTVLLRVGKRNYRK EDGLHVHTIRDQIIE VDKS-GRVIDVWDLT KILDPLRDSLLGALD 344
4 Klebsiella YEFDMMGQVLEDHKL PRGFADATHESIETP NGTVLLRVGKSNYRR DDGVHVTTIRDHILE VDKS-GRVVDVWDLT KILDPKRDALLGALD 344
5 Pseudomonas  SKYDLLGRRIWQRSL PDKFADFSHEIRETA QGTYLLRVGTSDYRR PDGKRVRSIRDHIIE VNEA-GOVLDFWDLN QILDPYRGDLLETLG 318
6 Campylobacter VKYDILGREIFNRKL PAAYIDFSHAMDNMQ NGHYLLRVASANTLR PDGKHVRTVRDTIVE VDEN-GNVVDDWRLY EILDPYRSTIIKALD 341
7 Lubacterivm GEILKTWDYKKFLDP KKVSKSGSWSDIDWF HNNAVWYDKNTNSLT FSGRHIDSMYNIDYE TGELNWIIGDPEGWP EEMQKYFFKPVGNNF 341
1 Crtrobacter  AGAVCVNVDLANAG- ~---—QQAKLEPDTP YGDALGVGAGRNWAH VNSIAYDAKDDSIIL SSRHQG-VVKIGRDK QVKWILAPSKGWNKA 427
2 Salmonel/a AGAVCVNVDLAHAG- ~----QQAKLEPDTP YGDALGVGAGRNWAH VNSIAYDAKDDSIIL SSRHQG-I1VKIGRDK QVKWILAPSKGWNKQ 427
3 E&nterobacter  AGAVCVNVDLEHAG- ~---—QQAKLEPDTP FGDALGVGAERNWAH VNPIAYDAKDDAIIL SSRHQG-IVKIGSDK KVKWILAPAKGWNKQ 427
4 Klebsiella AGAVCVNYDLAHAG- ~---—QQAKLEPDTP FGDALGVGPGRNWAH VNSIAYDAKDDSIIL SSRHQG-VVKIGRDK QVKWILAPSKGWEKP 427
5 Pseudomonas  KAAIQLPDGVEKQDD RL---ANELAEGDLP FGDTPGVGTGRNWAH VNAIDYDADDDSIIV SARHQG-VVKIGRDK AVKWILASPQGWPQR 404
6 Campylobacter QGAVCLNIDASKAGK TLSDEELAKMDESDK FGDIAGTGIGRNWAH VNSVDYDPSDDSII! SSRHQSAVVKIGRDK KIKWILGAHKGWNKE 431
7 Eubacterium  GWQYEQHACVITPDG DVMCFDNHIYGSKNP EKYLAARDNYSRGVR YKINTDDMTIEQVWQ YGKDRGAEFFSPYIC NVEYYNEGHYMVHSG 431
-
1 Crtrobacter  LASKLLKPVDDKGNA LKCDENG---—- KC ENTDFDFTYTQHTA¥ LSSKG--~---TLTI FDNGDGRGLEQPALP TMKYSRFVEYKIDEK 505
2 Sa/monella LASKLLKPVDDHGKP LTCDENG~--——-KC KDTDFDFTYTQHTAW LSSKG~ ~TLTV FDNGDGRGLEQPALP TMKYSRFVEYKIDEK 505
3 fnterobacter  LASKLLKPVDSKGNP LTCNENG--—-| KC ENTDFDFSYTQHTA¥ LTDKG--~--~ TLTV FDNGDGR¥LEQPALP SMKYSRFVEYKIDEK 505
4 Klebsiella LASKLLKPVDANGKP 1TCNENG---—-L.C ENSDFDFTYTQHTA¥ 1SSKG-—~--~TLTI FDNGDGRHLEQPALP TMKYSRFVEYKIDEK 505
5 Pseudomonas — LQDKVLKPVVGEG—- ~-—--vs--—mmm -~ FDKSWIQHTA¥ LTGKG--~---TLTV FDNGWGR-DFAPTKL TGNYSRAVEYRIDEA 466
6 Campylobacter FQKYLLQPVDKNGKK 1VCDDDYSKCPGYEN DNGGFDFTWTQHTGY RIDSKSNKRYIYISV FDNGDARGAEQPAFA SQKYSRAVIYKIDQQ 521
7 Lubacterium  GIAYDTEGNPSEALG AFAKDQGGRLESITV EICDNKKMLBLHVPG NYYRGE--—--KLKL YSDGINLELGKGQIL GENGVTKEFDTEIPL 516
. .
1 Citrobacter  KGTVQQVWEYGKERG YDFYSPITSVIEYQK DRDTMPGFGGSINLF DVGQPTIGKIN-——E IDYKTKEVKVEIDVL SDKPNQTHYRALLVR 592
2 Salmonella KGTVQQVWEYGKERG YDFYSPITSVVEYQK DRDTMFGFGGSINLF DVGKPTVGKLN---E IDYKTEEVKVEIDVL SDKPNQTHYRALLVH 592
3 fnterobacter NGTVQPLWQYGKERG YDFYSPITSVIEYQK DRDTIFGFSGSINLF EVGQPTIGKIN---E IDYKTKDVKVEIDVL SDKPNQTHYRALLVH 592
4 Klebsiella KGTVQQVWEYGKERG YDFYSPITSIIEYQA DRNTMFGFGGSIHLF DVGQPTVGKLN--—E IDYKTKEVKVEIDVL SDKPNQTHYRALLVR 592
5 Pseudomonas  KGTVEQVWEYGKERG DEWYSPITSVVAYRP ETDTQFIYSASVNYL TPEKLTTTVLN---E VRRGTQEVLVELKVH SRAPGSVGYRALVID 553
6 Campy/obacter NKTVEQIWEYGKNRG NEWFSPVTSLTQYEP DKDSIMVYSATAGMA FDLSKGVSLGEPKPE IDEFNWGAKEPSVQ] QFSGSGTGYQAMPFS 611
7 Eubacterium  EPSGEMLPESCNARI EDEIDRFTFFSRFEK GQLVMLLLEQGEEVH RYFISTTAVPFLAMC CGTFLDSDDRNTRTN INKTGLKGTYDLRV} 606
. -

1 Citrotacter  PQQMFK———— 598

2 Salmonella

3 &nterobacter PQMFK---—-——- 598

4 Atedbsiella POQMFK—===-~-= 598

S Pseudc s  LAKAF 558

6 Campylobacter VDQAFNPKK---—— 620

7 Eubacterium IDDKKYETGVTISC 620

Fig. 3. CLUSTAL W multiple alignment between the ASST from Citrobacter freundii MB4-8242 and the ASSTs from Salmonelia
typhimurium ATCC-13311, Enterobacter amnigenus AR-37, Klebsiella K-36, Pseudomonas putida, and Eubacterium rectale, as
well as the arylsulfatase from Campylobacter jejuni: Gaps introduced to optimally align the protein sequences are indicated by

dashes. 11 conserved tyrosine residues are shown by asterisks.

in Table 1. The phenyl sulfate esters are unique donor
substrates for ASST, but PAPS, the donor substrate of
mammalian sulfotransferase, is ineffective. With PNS as a
donor, the best acceptor substrate of C. freundii MB4-

8242 ASST is a-naphthol, followed by phenol, resorcinol,
acetaminophen, tyramine, and tyrosine. The acceptor
specificity of the present enzyme is quite different from
that of the enzyme purified from Eubacterium A-44 (Kim
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Table 1. Acceptor Substrate Specificity of ASST

Relative activity (%)"

Acceptor - -

Citrobacter freundii Recombinant
Phenol 100 100
p-acetaminophen  26.3+4.3 16.2+2.3
Tyramine 13.4%2.1 151+1.8
Tyrosine 104£1.9 10.3+2.2
o-Naphthol 147.4 +13.3 155.3£7.7
Resorcinol 81.5+7.7 82.8+3.0

"Acceptor substrate specificity was measured by using PNS as
a donor substrate. Absorbance of assay mixture (PNS+Phenol)
at 405 nm was taken as 100%.

et al., 1986) and is similar to that from E. amnigenus AR-
37, Klebsiella K-36, and Haemophilus K-12 (Lee et al.,
1995).

The astA gene encodes a protein that possesses a uni-
que enzymatic activity, and hence its coding sequence
could be used as a reporter gene. This experiment used
the standard spectrophotometric assay, which is based on
the production of PNP. Moreover, the ASST activity could
also be measured accurately by fluorometric assay. The
sulfate of the 4-MUS is cleaved by the ASST, and 4-
methylumbelliferone, a fluorescent product, is produced.
This fluorometric assay is very specific, extremely sensitive,
inexpensive and rapid. Therefore, it could be possible to
develop the astA coding region as a reporter gene system.
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