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A negative regulator gene for synthesis of arylsulfatase in Klebsiella aerogenes was cloned. Deletion analysis
showed that the regulator gene was located within a 1.6-kb cloned segment. Transfer of the plasmid, which
contains the cloned fragment, into constitutive atsR mutant strains of K. aerogenes resulted in complementation
of atsR; the synthesis of arylsulfatase was repressed in the presence of inorganic sulfate or cysteine, and this
repression was relieved, in each case, by the addition of tyramine. The nucleotide sequence of the 1.6-kb
fragment was determined. From the amino acid sequence deduced from the DNA sequence, we found two open
reading frames. One of them lacked the N-terminal region but was highly homologous to the gene which codes
for diadenosine tetraphosphatase (apaH) in Escherichia coli. The other open reading frame was located
counterclockwise to the apaH-like gene. This gene was highly homologous to the gene which codes for
dihydrofolate reductase (fol4) in E. coli. We detected 30 times more activity of dihydrofolate reductase in the
K. aerogenes strains carrying the plasmid, which contains the arylsulfatase regulator gene, than in the strains
without plasmid. Further deletion analysis showed that the K. aerogenes fol4 gene is consistent with the
essential region required for the repression of arylsulfatase synthesis. Transfer of a plasmid containing the E.
coli folA gene into atsR mutant cells of K. aerogenes resulted in repression of the arylsulfatase synthesis. Thus,

we conclude that the fol4 gene codes a negative regulator for the ats operon.

Arylsulfatase is involved in the metabolism of sulfur and
aryl compounds; it hydrolyzes arylsulfate esters to aryl
compounds and inorganic sulfate (7). Synthesis of arylsulfa-
tase in bacteria is of interest because it is controlled by sulfur
compounds and by aromatic monoamine compounds. Most
studies on the regulation of arylsulfatase biosynthesis have
been performed with Klebsiella aerogenes because the en-
zyme is absent from or present at only very low levels in
most strains of Escherichia coli (2, 10) and is absent from
most strains of Salmonella typhimurium (17). K. aerogenes
arylsulfatase is a monomer, with a molecular weight of
47,000 (19, 21), and is located in the periplasmic space of the
cell (18). The synthesis of the enzyme is repressed by sulfur
compounds such as sulfate, thiosulfate, and cysteine,
whereas the enzyme is synthesized constitutively in cells
grown with methionine or taurine as the sole source of sulfur
(2, 10). Adachi et al. (2) isolated mutant strains of K
aerogenes which are defective in the synthetic pathway from
sulfate to cysteine. However, in these AtsC~ strains, wild-
type patterns of repression of arylsulfatase by sulfate or
cysteine persist. These results suggest that there are two
independent functional corepressors of arylsulfatase synthe-
sis. They also isolated arylsulfatase constitutive mutant
strains (2). In these AtsR™ strains, the enzyme was synthe-
sized constitutively regardless of the source of sulfur (2, 16).
These results suggested that sulfate and cysteine acted as the
corepressor and that the gene coding for arylsulfatase, atsA,
was repressed by the atsR gene in the presence of these
corepressors. The aftsR mutations were more than 90%
cotransducible with ats4 mutations by PW52 bacteriophage
transduction (5).
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The repression caused by the sulfur-containing com-
pounds is relieved by the addition of tyramine, octopamine,
dopamine, or norepinephrine (3, 20). These monoamine
compounds induced monoamine oxidase by the action of
maoA (26) (previously called the tyramine oxidase gene,
tynA) in K. aerogenes (20, 21). The derepression of arylsul-
fatase synthesis and the synthesis of monoamine oxidase
occurred coordinately. The atsA and maoA genes were
mapped on the chromosome of K. aerogenes by using F’
episomes from E. coli and the transducing phage P1. These
genes are linked to gdhD and trp in the order atsR-atsA-
maoA-gdhD-trp (18). Recently, the azsA and maoA genes
have been cloned and the nucleotide sequences of regions
essential for the expression of arylsulfatase (19) and mono-
amine oxidase (26a) have been determined. From the anal-
ysis of the transcripts, we found that the ats operon is
composed of the arylsulfatase gene, atsA4, and the positive
regulator gene, atsB (19). However, the molecular mecha-
nism of the repression of the ats4 gene by sulfur-containing
compounds has not yet been clarified.

In this report we describe the cloning, characterization,
and nucleotide sequence of a negative regulator gene for
arylsulfatase from K. aerogenes. We have also found that
the negative regulator gene codes for dihydrofolate reduc-
tase (folAd).

MATERIALS AND METHODS

Bacterial strains. The bacterial strains used in this study
are listed in Table 1.

Plasmids. pKI212, a 5.5-kb plasmid which confers resis-
tance to kanamycin (Km"), was constructed by inserting a
1.1-kb PstI fragment containing the Km" gene from pUC4K
into the PstI site of the plasmid pBR322 (5). Unless other-



VoL. 174, 1992

TABLE 1. Bacterial strains and their characteristics

Strain Relevant genotype Reference
K. aerogenes
W70 Wild type 12
K304 tynA13 atsR4 16
K311 tynB17 atsR11 16
E. coli
JM109 recAl endAl gyrA96 thi hsdR17 supE44 29

N\~ A(lac-proAB) relAl (F', proAB
lacI"ZAM1S traD36)

wise mentioned, other recombinant plasmids were deriva-
tives of plasmid pKI212. Clone 4A3, containing the region of
dihydrofolate reductase gene of E. coli, was provided by Y.
Kohara, National Institute of Genetics, Mishima, Japan.

Enzymes and chemicals. Restriction endonuclease, T4
DNA ligase, and calf intestine alkaline phosphatase were
purchased from Takara Shuzo Co., Ltd., Kyoto, Japan,
or Toyobo Co., Ltd., Osaka, Japan. The M13 sequencing
kit (Sequenase, version 2.0, 7-deaza-dGTP edition) was
provided by U.S. Biochemical Co., Cleveland, Ohio. [a->?P]
dCTP (>650 Ci/mmol) was purchased from ICN Biomedical,
Inc., Irvine, Calif. Indoxylsulfate and p-nitrophenylsulfate
were provided by Sigma Chemical Co., St. Louis, Mo. The
other compounds used were standard commercial prepara-
tions.

Culture media. The rich medium used was LB (1% poly-
peptone, 0.5% yeast extract, 0.5% NaCl). The minimal
medium used for K. aerogenes was K medium (16), consist-
ing of 0.5% carbon source; 0.1% nitrogen source; 0.01%
MgCl, - 6H,0; 0.001% each NaCl, MnCl, - 4H,0, and
FeCl; - 6H,0; and 0.05 M potassium phosphate buffer (pH
7.2). The media used for E. coli strains were supplemented
with 1 mM CaCl, - 2H,0, threonine and leucine (20 pg/ml
each), and thiamine (10 pg/ml). Unless otherwise mentioned,
xylose for K. aerogenes and succinate for E. coli were used
as the carbon sources and NH,Cl and Na,SO, were used as
the nitrogen and sulfur sources, respectively.

Manipulation of DNA. Preparation of plasmid and phage
DNA, restriction endonuclease digestion, ligation, and aga-
rose gel electrophoresis were performed by the methods of
Maniatis et al. (13). E. coli strains were transformed by the
method of Hanahan (9). For transformation of K. aerogenes
cells, a modification of the method as described by Davis et
al. (6) was used. The cells were treated with 100 mM CaCl,,
50 mM RbCl, and 25 mM LiCl in 100 mM 3-(N-morpholino)
propanesulfonate (pH 6.5). After incubation for 1 h at 0°C,
the cells were heated at 42°C for 2 min and then washed with
saline twice to remove the excess metal ions.

Cloning of the gene that complements afsR mutations.
Chromosomal DNA prepared from K. aerogenes W70 by the
method of Marmur (14) was partially digested with EcoRI or
BamHI. Fragments (3 to 10 kb) of the chromosomal DNA
were isolated by sucrose gradient centrifugation and ligated
to EcoRI- or BamHI-cleaved pKI212 by using T4 DNA
ligase after treatment with alkaline phosphatase. Cells con-
taining the arylsulfatase constitutive mutation atsR were
transformed by the CaCl,-heat shock method as described
above. Transformants were selected on LB agar plates
which contained 50 pg of kanamycin per ml, and Km"*
colonies were replicated onto K agar plates with 0.25 mg of
indoxylsulfate per ml as an indicator of arylsulfatase activity
(1). Colonies with low arylsulfatase activity are colorless,
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whereas AtsR™ colonies with high enzyme activity are blue
owing to hydrolysis of the enzyme substrate. Transformants
yielding colorless colonies were selected.

DNA sequence analysis. DNA sequence was determined by
the M13 dideoxynucleotide chain termination method (22).
In all cases, sequencing reactions were performed with T7
polymerase kits including [a-**P]dCTP as the DNA label and
7-deaza-dGTP instead of dGTP to eliminate the G-C band
compression (15). The sequencing reaction products were
resolved on 6% polyacrylamide-8 M urea sequencing gels.
Gels were run at 2,000 V and 50 to 55°C, dried on filter paper
(3MM; Whatman, Inc., Clifton, N.J.), and visualized by
autoradiography with X-Omat AR (Eastman Kodak Co.,
Rochester, N.Y.) film.

Computer analysis. The nucleotide and amino acid se-
quences were analyzed with GENETYX programs (SDC
Software Development Co., Ltd., Tokyo, Japan).

Assay of enzyme activities. Bacteria were grown aerobi-
cally at 28°C in K medium. Tyramine was used as an inducer
of the derepressed synthesis of arylsulfatase. Growth was
monitored by using a Klett-Summerson colorimeter. Aryl-
sulfatase activity was assayed as described previously (1).
One unit of arylsulfatase was defined as the amount of
enzyme causing the formation of 1 nmol of p-nitrophenol per
min at 30°C.

The assay of K. aerogenes dihydrofolate reductase was
based on that of Stone and Morrison (24, 25) and was
performed as follows. Bacteria were grown aerobically at
28°C in K medium. When the culture reached 100 to 200
Klett units, cells from a 1-ml portion of the culture were
harvested and suspended in 300 pl of 50 mM Tris-HCI buffer
(pH 7.4) containing 1 mM EDTA. Crude extract (5 to 50 pl)
was added to 2.5 ml of 50 mM Tris-HCl (pH 7.4) containing
1 mM EDTA, 1 mM dithiothreitol, and 0.1 mM NADPH.
Aliquots of the mixture (1 ml) were added to each of two
cuvettes. Dihydrofolate was added to 20 uM in the sample
cuvette, and an equal volume of buffer was added to the
reference cuvette. The change in A4,,, was monitored by
using a JASCO UVIDEC-340 spectrometer (Japan Spectro-
scopic Co., Ltd., Tokyo, Japan).

Hybridization for gene mapping. The membrane we used
was Gene Mapping Membrane (Takara Shuzo Co.), on
which immobilized cloned phages covering the E. coli ge-
nome developed by Kohara et al. (11) were loaded. Hybrid-
ization of the material on the membrane with the DNA
probe, which was labeled with a nonradioactive DNA-
labeling and detection kit (Boehringer GmbH, Mannheim,
Germany), was performed as specified by the manufacturer.

Nucleotide sequence accession number. The sequence dis-
cussed in this communication has been deposited with the
GenBank/EMBL data bases as no. D10358.

RESULTS

Cloning of the gene that complements afsR mutations.
Chromosomal DNA from K. aerogenes W70 was partially
digested with EcoRI or BamHI. The fragments were ligated
with EcoRI- or BamHI-cleaved pKI212. The mixture of
hybrid DNA molecules was used to transform K. aerogenes
K304, which is the azsR mutant strain and permits constitu-
tive synthesis of arylsulfatase in the presence of sulfate.
Among about 10,000 Km" colonies tested, 1 colorless colony
was obtained. We will designate this as functionally AtsR*
since it is not stained blue in the presence of indoxylsulfate.
Plasmid DNA prepared from this strain was about 5.8 kb in
length and was designated pASR001.
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TABLE 2. Effect of pASR001 on the repression of arylsulfatase
synthesis by K. aerogenes strains®

. . Sulfur . Arylsulfatase
Host strain Plasmid Tyramine 2.
(genotype) (pPASR001) éo;r&e) (3 mM) act:,\;lzlgg'/)mg
W70 (wild type) - Na,SO, - 0.27
- Na,SO, + 3.58
Cysteine - 0.30
- Cysteine + 3.58
- Methionine - 2.27
- Methionine + 9.96
+ Na,SO, - 0.22
+ Na,SO, + 2.00
+ Cysteine - 0.24
+ Cysteine + 2.10
+ Methionine - 0.71
+ Methionine + 5.45
K304 (atsR4) - Na,SO, - 11.6
- Na,SO, + 12.0
- Cysteine - 11.6
- Cysteine + 11.6
- Methionine - 5.52
- Methionine + 7.64
+ Na,SO, - 2.08
+ Na,SO, + 5.07
+ Cysteine - 2.32
+ Cysteine + 2.50
+ Methionine - 2.86
+ Methionine + 3.56
K311 (atsR11) - Na,SO, - 11.3
- Na,SO, + 15.0
- Cysteine - 11.2
- Cysteine + 9.26
- Methionine - 5.80
- Methionine + 14.0
+ Na,SO, - 2.62
+ Na,SO, + 11.9
+ Cysteine - 1.33
+ Cysteine + 9.68
+ Methionine - 2.29
+ Methionine + 10.1

4 The cells were grown in xylose-NH,Cl medium with the sulfur source
indicated, in the presence (+) or absence (—) of tyramine. The cells were
harvested when the density of the culture had reached about 100 Klett units.

® Values are averages of results from three independent experiments.

The transformation of K. aerogenes K304 (atsR4) with
pASRO001 yielded 100% Km* AtsR* colonies, indicating that
the recombinant plasmid was responsible for the ability to
repress the synthesis of arylsulfatase. The pASR001 plasmid
was further used to transform another atsR mutant, K.
aerogenes K311 (atsR11), as well as other unpublished
mutants with different atsR alleles: all transformants were
colorless on indoxylsulfate plates.

Effect of pASR001 on the expression of ats4. The effect of
the pAS001 cloned fragment on the synthesis of arylsulfatase
in cells of constitutive atsR mutant strains, K. aerogenes
K304 and K311, was tested under various conditions. Aryl-
sulfatase activities in the cells grown in synthetic media with
inorganic sulfate, cysteine, or methionine as the sole source
of sulfur with and without tyramine were observed (Table 2).

In K. aerogenes W70, the synthesis of arylsulfatase was
repressed when the cells were grown with inorganic sulfate
or cysteine, whereas the enzyme was synthesized when
methionine was used as the sole source of sulfur, as shown
previously (2). The repression of the enzyme by these sulfur
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compounds was relieved by the addition of tyramine. In the
atsR mutant strains, K304 and K311, levels of arylsulfatase
were rather high and synthesis of arylsulfatase was not
repressed even when inorganic sulfate or cysteine was
present. Addition of tyramine to strains K304 and K311 did
not appreciably stimulate the already constitutive levels of
enzyme activity except when methionine was present as the
sole source of sulfur and, for strain K311, when Na,SO, was
the sulfur source (Table 2). When plasmid pASR001 was
present in these mutant strains, the arylsulfatase activity was
lowered 5- to 10-fold, but not to basal activity levels present
in the wild-type strain without the plasmid. Repression by
pASR001 was also generally relieved by the addition of
tyramine, although the derepression level in strain K304 was
low (Table 2). Thus, pASR001 lowers the constitutive levels
of arylsulfatase in azsR mutants and appears to give at least
partial complementation of the atsR mutation.

Localization of the regulator gene. A restriction map of the
cloned chromosomal fragment was constructed (Fig. 1). A
5.8-kb chromosomal fragment on pASR001 was digested
with EcoRI and BamHI and subcloned into the pKI212
vector. Two plasmids, pASRB1 and pASRB2, which con-
tained the 4.2-kb EcoRI-BamHI fragment and the 1.6-kb
BamHI-EcoRI1 fragment, respectively, were constructed.
The properties of the plasmids were examined by analyzing
complementation with the atsR mutation. pASRB2 re-
pressed the arylsulfatase synthesis in strain K304. These
results suggest that a negative regulator gene for atsA
expression is located within the 1.6-kb EcoRI-BamHI frag-
ment (Fig. 1).

Nucleotide sequence of the negative regulator gene. The
complete nucleotide sequence of the 1.6-kb EcoRI-BamHI
fragment, which carries the regulator gene, was determined
(Fig. 2). We found two open reading frames (ORFs) capable
of coding for ca. 18- and >29-kDa proteins. The first ORF
consists of 480 bp, with a putative ATG initiation codon at
position 145 and a TAA termination codon at position 622.
The putative initiation codon is preceded by a sequence with
a high degree of similarity to the —10 and —35 consensus
sequence (TcGACg-17 bp-TATAgT) of E. coli and has a
potential ribosome-binding site (gGGAa) (23). In the 3'-
flanking region of this ORF, we found a palindromic se-
quence (AG = —37.7 kcal/mol [ca. —158 kJ/mol]), which
may act as a bidirectional p-independent transcription termi-
nator. The second ORF seemed to lack the N-terminal amino
acid sequence and contains >780 bp with a TGA termination
codon at position 877. This ORF was located counterclock-
wise to the first ORF.

Homology search. The amino acid sequence deduced from
the DNA sequence indicates that the product of the first
OREF contains amino acids residues with a molecular weight
of 18,139. We searched the EMBL and SWISS data bases for
homologies in the DNA and peptide sequences of the ORFs
and other genes. We found that the sequence of the first ORF
is 80.0% homologous to the DNA sequence and 90.6%
homologous to the amino acid sequence of the E. coli
dihydrofolate reductase gene, fol4 (Fig. 3). In addition, we
found that the second ORF (C-terminal portion) is located
counterclockwise to the fol4-like gene (Fig. 3) and that the
DNA and amino acid sequences are 79.1 and 87.6% homol-
ogous, respectively, to those of the E. coli diadenosine
tetraphosphatase gene (apaH). From comparison of the
amino acid sequence, we found that 20 amino acids from the
N terminus of the K. aerogenes apaH gene were probably
lacking in our clone.

Determination of the essential region for the ats4 repres-
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FIG. 1. Restriction endonuclease map of pASR001 and its derivative plasmids. Thick bar, region of DNA cloned; thin bar, DNA remaining
in plasmid subclones. Deletion plasmids were used to transform K. aerogenes K304 and K311, and cells were assayed for arylsulfatase

activity (+, repression level; —, constitutive level).

sion. We further subcloned a variety of deletion plasmids to
determine the region responsible for lowering of arylsulfa-
tase activity (Fig. 4). Properties of these plasmids were
examined by performing complementation tests with the
atsR strains of K. aerogenes. The deletion analysis suggests
that the regulator gene is located within the 760-bp Eco47I11-
BamHI fragment. Since this region was coincident with the
ORF of the folA-like gene, the folA-like gene seemed to
repress the arylsulfatase synthesis.

GGATCCTCTTCTGGCGGCCCACGGTGTGAACGTGGGCT TGCCAGCAAATCAGAAAATTTT
-35 -10
CTTATTCTTTACCCTCCGGCCAGT CGACGAAGTTGTACGCTTTCCGTATAGTGGCGACAA
ORF | ——
sD M I S LI AALRVDHR
TTTTTTGCACTCGGGAATGAATGAATGATCAGTCTGATTGCGGCGT TACGGGTAGATCGC

6

12

vV I GMENAMPWNILNETDTILAWTFK

181 GTCATTGGTATGGAAAACGCCATGCCATGGAACCTGAATGAAGATCTCGCCTGGTTCAAA

R NTLNIKZPVVMGRILTWETSTIGHR
241 CGCAACACGTTAAATAAGCCGGTGGTGATGGGGCGTCTGACCTGGGAATCCATTGGGOGC

P LPGRIKNTIVISSIKZPGSUDTUDR RYV

301 CCATTGCCGGGGCGTAAAAATATCGTGATCAGCAGCAAACCCGGCAGCGACGATCGCGTG

QWVSSVEEATIAACGDVETETILHM

361 CAGTGGGTCTCCTCCGTAGAAGAAGCAAT TGCCGCCTGCGGCGATGTGGAAGAGATTATG

VI GGGRVYYDEFTLZPKAQKILY'L

421 GTGATCGGCGGCGGCCGGGTGTATGACGAGT TCCTGCCGAAAGCGCAGAAGCTCTACTTG

THIDAEVEGDTHTF®PDYDZPDE

481 ACCCATATTGATGCGGAAGTGGAAGGCGATACCCATTTCCCGGAT TACGATCCGGACGAA

WESVF SEFHDADAQGNSHSYC
541 TGGGAGTCGGTGTTCAGCGAGTTTCATGACGCCGACGCGCAGAACTCCCATAGCTACTGC

F E T L ERR *

T TTGAGATCCTOGAACGOOGTTMGCXISGCNXEATAGCGATWI%T

661 CT@GTGAOOGGGGTTTTCTTTTGCATGAATTGC(X)GAOGATGGOGCACTCAGTATCTC

GTCGTGTTTCCCGTCGCGGGCTTCGTCT TCCTGGAGCGCTGCCCGGGCTACAAATGGCAA

60

72

78

GGAAATGTAGGTCGGGTAAGGCGT TAGCGCCACCCGACAAAACGACGCCGCAGGTAGCCC

841 GGATAAGGCGCAACGCGCCGCTATCCGGGAAGAGTCAGGACGCGACGGCTTCGCCTTCGT
AGTCCTGCGCTGCCGAAGCGGAAGCA
*+ S AV A E GE

901 CGAGGCTTTTCTGCCGGTTTGACGGCTGGGTGAAGTACTGCTTATCTTCCCAGCGCAGGC
GCTCCGAAAAGACGGCCAAACTGCCGACCCACT TCATGACGAATAGAAGGGTCGCGTCCG
D LS KQ@QRNSPQTFYQ@KUDEWRIL

Estimation of dihydrofolate reductase activity. Activities of
dihydrofolate reductase in.the wild-type and atsR strains
with and without plasmid pASRB2 were measured. K.
aerogenes strains that carried pASRB2 showed about 20- to
30-fold higher activities of dihydrofolate reductase than
those of the strains without plasmid (Table 3). This result
indicates that the fol4-like gene codes for functional dihy-
drofolate reductase. Therefore, we concluded that the first
OREF is the fol4 gene of K. aerogenes. However, dihydro-

96

AGGTGAGT TCCCCGCCCCAGCAGCAGCCGGTATCCAGGGCGTAAATCCCCTCCGGCGTGC
TCCACTCAAGGGGCGGGGTCGTCGTCGGCCATAGGTCCCGCAT TTAGGGGAGGCCGCACG
C TLEGGWCCGTODULAYTIGEFPT

1021 CGCGTCCCTCCAGCGAAGCCCAGTGGCCAAAGGCAATGCTGTAGGCAT TGCTGACCGGGC
GCGCAGGGAGGTCGCTTCGGGTCACCGGTTTCCGTTACGACATCCGTAACGACTGGCCCG
GRGEULSAWHGFATISYANSVEP

1081 CGGGAATGGCAAACCACGGCT TCAGCGGCGCCGGGGCGTCCTCGGGCGCTTCCTTCGAAT
GCCCTTACCGT TTGGTGCCGAAGTCGCCGCGGCCCCGCAGGAGCCCGCGAAGGAAGCTTA
GPI AFWPKILPAPADTETPAETKS

1141 ACATATCCAGCTGGCCGTTCGGGAAACAGTAGCGCATGCGGGTAAAGGCGTTAGAGATAA
TGTATAGGTCGACCGGCAAGCCCTTTGTCATCGCGTACGCCCATTTCCGCAATCTCTATT
YMDLQGNPFCYRMRTFANSII

1201 AGCGCAGGCGCGCCAGGCCGCTCAGCTCGTTGCTCCAGTGGTTCGGCATGTCGCCGTACA
TCGCGTCCGCGCGGTCCGGCGAGTCGAGCAACGAGGTCACCAAGCCGTACAGCGGCATGT
FRLRALUGS STLENSUWHNPMDGY

1261 TGGCATCGAGGAAGAAAGGATAGGAGTCGCTGGAGAGCACTGCTTCAACATCGCGCGCGC
ACCGTAGCTCCTTCTTTCCTATCCTCAGCGACCTCTCGTGACGAAGT TGTAGCGCGCGCG
M ADLFF®PY SDSS LV AEV DR RA

1321 ACTGCTGGGCGGTCTCCAGATCCCACTGCGGCGTAATGCCGGCATGGGCCATCACCAGCT
TGACGACCCGCCAGAGGTCTAGGGTGACGCCGCAT TACGGCCGTACCCGGTAGTGGTCGA
CQQATELDWQPTTIGAHAMYVL

1381 TTTTCTCTTCATCCACCTGCAGCAGCGGCTGGCGACGCAGCCAGT TGAGCAGCTCATCGG
AAAAGAGAAGTAGGTGGACGTCGTCGCCGACCGCTGCGTCGGTCAACTCGTCGAGTAGCC
K K EEDV QLLPQRRLUWNLIULTETSD

1441 CATCCGGCGCTTCCAGCAGTGGTTTCAGACGATCCTTTGGCTTGT TGCGGCTGATACCGG
GTAGGCCGCGAAGGTCGTCACCAAAGTCTGCTAGGAAACCGAACAACGCCGACTATGGCC
A DPAETLTLZPIEKTLRDIKZ®PIEKNRSTISG

1501 CAAAGACCGCCAGCAGGTGTAAGTCATGGTTGCCCAGCACCAGTCGTACCGTGTCGCCCA
GTTTCTGGCGGTCGTCCACATTCAGTACCAACGGGTCGTGGTCAGCATGGCACAGCGGGT
A FV ALLHLDUHNGLVLRVTDG

1561 GAGATTTGACATAGCGCAGGACCTCCAGCGATCCCGGGCCTCGGGCCACCAGATCGCCGG
CTCTAAACTGTATCGCGTCCTGGAGGTCGCTAGGGCCCGGAGCCCGGTGGTCTAGCGGCC
L S KVYRLVYELSGPGRAVLDSG

1621 TCAGCCACAGCGTATCTCTCCGCGGATCGAATTC

AGTCGGTGTCGCATAGAGAGGCGCCTAGCTTAAG

T LWLTDRRPDFE
ORF2 ~———

FIG. 2. Nucleotide sequence of the 1.6-kb fragment and the predicted amino acid sequences of the ORF1 and ORF2 genes. The
presumptive ribosome-binding site (SD) and possible promoter regions (—10 and —35) are indicated. The arrows show the direction of ORF1
and ORF2. The horizontal dashed arrows show inverted repeat sequences.
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folA (E. coli)
TAATGCGGCGAGTCCAGGGAGAGAGCGTGGACTCGCCAGCAGAATATAAAATTITCCTCA
TCTTCTGGCG-GCCCACGGTGTGAACGTGGGCTTGCCAGCAAATCAGAAAATTTTCTTAT
folA-like gene (K. aerogenes)

ACATCATCCTCGCACCAGTCGACGACGGTTTACGCTTTACGTATAGTGGCGACAATTTTT
TCTTTACCCTCCGGCCAGTCGACGAAGTTGTACGCTTICCGTATAGTGGEGACAATTTITT

, M oIS L 1A AL A YD oR YO
TTTA-TC6GGAA-ATCTCAATGATCAGTCTGATTGCOGCGTTAGCGCTAGATCGCATTAT
TGCACTCGGGAATGAATGAATGATCACTCTGATTGCGOCOTTACCGOGTAGATCGCGTCAT

M IS L LA AL R YD R YOI

G M E N & M P W N L P A D L A X F K R N
CGGCATGGAAAACGCCATGCCGTGGAACCTGCCTGCCGATCTCECETOGTTTAAACGCAA
TGGTATGGAAAACGCCATGCCATGGAACCTGAATGAAGATCTCGCCTGETTCAAACGCAR

G M B N A M P W N L N E D L A W F X R N

T L N ¥ P V I W 6 R B T W E S$ 1 G R P L
CACCTTAAATAAACCCGTGATTATGGGCCGCCATACCTGGGAATCAATCGGTCGTCCGTT
CACGTTAAATAAGCCGGTGGTGATGGGGCGTCTGACCTGGGAATCCATTGGGCGCCCATT

T L N k¥ P ¥V V M G R L T W B S8 1 G R P L

P G R XK ¥ I i L s §$ e P 6 T D D R ¥ T ¥
GCCAGGACGCAAAAATATTATCCTCAGCAGTCAACCGGGTACGGACGATCRCGTAACGTS
GCCGGGGCGTAAAAATATCGTGATCAGCAGCAAACCCGGCAGCGACGATCGCETGCAGTG

PG B X N I YV I S$ § K P 6 S D D R I¥ 0 ¥

vy XK S v D E & I A 4 C€C G D Y P E I X ¥ I
GGTGAAGTCGGTGGATGAAGCCATCGCGGCGTGTGGTGACGTACCAGAAATCATGGTGAT
GGTCTCCTCCGTAGAAGAAGCAATTGCCGCCTGCGGCGATGTGGAAGAGATTATGGTGAT

v § 5 v¥Y E E 4 I A A C 6 D V E B I W ¥V ]

G 6 66 R V¥ Y E Q@ F L <P kK A Q@ ¥k L Y oL T 1
TGGCGGCGETCGCOTTTATGAACAGTTCTTGCCAAAAGCGCAAAAACTGTATCTGACGCA
CGGCGGCEGCCGGGTGTATGACGAGTTCCTGCCGAAAGCGCAGAAGCTCTACTTGACCCA

¢ 6 6 RV Y D E F L P X & Q@ X L Y L T H

I b A €& v E G D T H F ? D Y E P D D ¥ E
TATCGACGCAGAAGTGGAAGGCGACACCCATTTCCCGGATTACGAGCCGGATGACTGGGA
TATTGATGCGGAAGTGGAAGGCGATACCCATTTCCCGGATTACGATCCGGACGAATGGGA

1 p A E Y E G D T B F P D ¥ D P D E ¥ E

s vV P $ B F H D A D A Q@ N S H S Y C P E
ATCGGTATTCAGCGAATTCCACGATGCTGATGCGCAGAACTCTCACAGCTATTGCTTTGA
GTCGGTGTTCAGCGAGTTTCATGACGCCGACGCGCAGAACTCCCATAGCTACTGCTTTGA

$ v F $ B F I D A D A QN S B ¥ C F B

I L B R R *
GATTCTGGAGCGGCGGTAATTTTGTATAGAATTTACGGCTAGCGCCGGATGCGACGCCGE
GATCCTCGAACGCCGTTAAGCGGGCAGGATAGCGATAAAAAAACCCCG-~--~-GTCGCGTC

I L B R R *

J. BACTERIOL.

FIG. 3. Comparison of fol4 sequences from K. aerogenes and E. coli. Identical nuclectides are indicated by the shaded boxes.

folate reductase activities in azsR mutant strains were similar
to that of the wild-type strain.

Analogous mapping of the fold gene on the E. coli chromo-
some. By using the clone of the K. aerogenes fold gene
(folAx), we mapped the analogous location of the fol4 gene
in E. coli (folAg). A recently developed physical map of the
E. coli W3110 chromosome generated from overlapping \
phage clones encompassing the entire E. coli genome was
used (11). A 0.68-kb Smal-Sall fragment was isolated from
PASRB?2 and labeled with a nonradioactive DNA-labeling
kit. The foldyx probe hybridized strongly to the coordinate
positions of clone 4A3 on the gene-mapping membrane that
is located at 1 min on the E. coli genome (Fig. 5). This result

is consistent with the previous mapping of the fol4 gene
together with the apaH gene of the E. coli genome (4).

Repression of K. aerogenes atsA expression by E. coli folA.
Next, we tested whether the E. coli fol4 gene could com-
plement the K. aerogenes atsR mutation. The folA region of
E. coli was cut from clone 4A3 with EcoRV and inserted into
pKI212 vector. The resultant plasmid was designated pE-
FOL2. Plasmid pEFOL2 was introduced into the atsR
mutant strains of K. aerogenes. It repressed arylsulfatase
synthesis in the presence of inorganic sulfate (Table 3). The
repression level by E. coli folA was the same as that by K.
aerogenes folAy.

From these results, we conclude that the fol4 genes from
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FIG. 4. Restriction map of pASRB?2 and its derivative plasmids. Deletion plasmids were used to transform K. aerogenes K304 and K311,
and cells were assayed for arylsulfatase activity (+, repression level; —, constitutive level). The arrowheads indicate the direction of
transcription of the fol4 and apaH genes. These genes were deduced from the sequence analysis (see Fig. 3).

K. aerogenes and E. coli repress otherwise constitutive azsA
expression in azsR mutants.

DISCUSSION

We have cloned a chromosomal fragment of K. aerogenes
W70, which in multicopy apparently represses arylsulfatase
synthesis by azsR mutants in the presence of sulfur com-
pounds. Therefore the transfer of the recombinant plasmid
into the atsR-deficient mutant strains resulted in comple-
mentation of the azsR mutation. Deletion analysis of the
plasmid showed that all of the sequences required for- the
repression of arylsulfatase synthesis are located within a
0.76-kb segment of DNA (Fig. 4). This segment contained
the ORF which possesses DNA and amino acid sequences

TABLE 3. Activities of arylsulfatase and dihydrofolate
reductase in the K. aerogenes wild-type and atsR
strains with or without plasmid*

Enzyme activity (U/mg of cells)®

Host strain Plasmid -
(genotype) Arylsulfatase D'Eéf;gosl:te
W70 (wild type) None 0.15 0.03
PASRB2 0.08 0.63
pEFOL2 0.10 0.52
K304 (atsR4) None 10.4 0.03
pASRB2 1.60 0.97
pEFOL2 1.76 0.71
K311 (atsR11) None 12.1 0.03
pASRB2 1.68 0.95
pEFOL2 2.16 0.58

“ The cells were grown in K medium with 3 mM sodium sulfate in the
absence of tyramine. The cells were harvested and assayed when the density
of the culture had reached about 100 Klett units.

# Values are averages of results from three independent experiments.

strongly homologous to the fol4 gene of E. coli. Although
this newly found regulator gene in multicopy repressed the
arylsulfatase synthesis of azsR mutant strains, the repressed
levels in these strains were not as low as that of wild-type
strain W70. Furthermore, the fol4 gene in multicopy did not
appreciably further repress the wild-type levels of AtsA
expression in cells grown on sulfate or cysteine as the sole
source of sulfate (Table 2). These results suggest that an-
other negative factor might be required for the complete
repression of arylsulfatase synthesis in the presence of sulfur
compounds in azsR mutants. Alternatively, simple reversal
of atsR-mediated constitutive expression of azs4 may occur
with low efficiency.

All results presented here (i.e., deletion analysis of the
regulator gene that caused atsA repression, sequence homol-
ogies of the regulator DNA and amino acid with those of E.
coli folA, overproduction of dihydrofolate reductase by K.
aerogenes carrying a plasmid with the regulator gene, and
the complementation of the E. coli fol4 gene to the K
aerogenes atsR mutation) show that the newly clotied neg-
ative regulator gene for arylsulfatase synthesis is the fold4
gene. Like the regulation pattern of arylsulfatase in wild-
type K. aerogenes (16), the repression of constitutive atsR
mutants by the foldy gene was caused by sulfur and, with
the exception of the atsR4 mutant grown on cysteine, was
generally relieved by tyramine (Table 2). These results
suggest that repression by the fol4 gene is involved in a
negative regulation system for the ats operon in K. aero-
genes.

Previously, Murooka et al. (16) showed by classical ge-
netic analysis that an E. coli gene analogous to the azsA4 gene
of K. aerogenes is located at 27 min on the E. coli genome.
The E. coli gene is judged to be analogous to the Klebsiella
atsA gene because of common regulatory features discov-
ered in lac operon fusions (28). Physical mapping of fold
with the Kohara bank of the E. coli genome shows that the
folAg gene is located at 1 min on the E. coli chromosome, far
from the location of the E. coli atsA homolog just mentioned.
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FIG. 5. Restriction map of E. coli clone 4A3 (11) and construction of plasmid pEFOL2. The direction of genes was determined by

Blanchin-Roland et al. (4).

Previously, transduction experiments showed that atsR is
more than 90% linked with the ats4 gene (16). This result
indicates that the product of the fol4 gene is different from
the predicted atsR aporepressor. Arylsulfatase activity is not
demonstrable in E. coli, but a protein that is cross-reactive
with anti-AtsA antibody made to the Klebsiella AtsA protein
was found (27). The shared ability of the E. coli folA gene
(folAg) and foldy to repress atsA expression in K. aero-
genes strongly suggests that the Klebsiella regulatory mech-
anism is conserved in E. coli.

Since no significant differences in dihydrofolate reductase
activities were found between wild-type strain W70 and the
atsR mutant strains in the absence of plasmids, the azsR
mutation does not result in constitutive levels of AtsA
through effects on single-copy fold4 gene expression. Eluci-
dation of the role of the repression mechanism of azsA
expression by dihydrofolate reductase, which is a key en-
zyme in folic acid metabolism (8), may involve direct effects
on atsA expression or metabolic effects on enzyme activity.
Alternatively, it may involve effects acting through the
positive regulator encoded by atsB at the level of either gene
expression or enzyme activity. In any case, the significance
of the work presented here is that it implies the existence of
an unexpected regulatory connection between methyl (C,)
metabolism and sulfur metabolism.
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