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L R = Cloning and nucleotide sequence of a negative regulator gene
for Klebsiella aerogenes arylsulfatase synthesis and identification
of the gene as folA

- S = moaR, a gene that encodes a positive regulator of the
monoamine regulon in Klebsiella aerogenes

= Nucleotide sequence of the gene for monoamine oxidase
(maoA) from Escherichia coli

Myix A monoamine-regulated operon in Klebsiella aerogenes
containing moakE and moaF that is controlled by the gene
(moaR ) that is the positive regulator of the monoamine
regulon
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Cloning and Nucleotide Sequence of a Negative
Regulator Gene for Arylsulfatase Synthesis in

Klebsiella aerogenes, That ls Proved to be the
folA Gene



ABSTRACT
A negative regulator gene for synthesis of arylsulfatase in

Klebsiella aerogenes was cloned. Deletion analysis showed that

the regulator gene was locatéd within a 1.6-kilobase cloned
segment. Transfer of the plasmid, which contains the cloned
fragment, Into constitutive atsR mutant strains of K. aerogencs
resulted in complementation of atsR; the synthesis of arylsulfa-
tase was repressed in the presence of inorganic sulfate or cys-
teine and this repression was relieved, in each case, by the
addition of tyramine. The nucleotide sequence of the 1.6-kilobase
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 diadenosine tetraphosphatase (apall) of

Escherichia coli. The other open reading frame was located coun-

terclockwise to the apall-like gene. This gene was highly homolo-
gous to the gene which codes dihydrofolate reductase (folA) of E.
coli. We detected 30 times more higher activity of dihydrofolate
reductase in the K. aerogenes strains carrying the plasmid, which
contains the arylsulfatase regulator gene, than the strains with-
out plasmid. Further deletion analysis showed that the K. aero-

genes folA 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 folA gene codes a nega-

tive regulator for the ats operon.



INTRODUCTION
Arylsulfatase is involved in the metabolism of sulfur and
aryl compounds; 1t hydrolyzes arylsulfate esters to aryl com-
pounds and Inorganic sulfate (7). Synthesis of arylsulfatase in
bacteria is of interest because it is controlled by sulfur com-
pounds and by an aromatic monoamine compounds. Most studies on
the regulation of arylsulfatase biosynthesis have been performed

with Klebsiella aerogenes because the enzyme is absent or a very

Jow level +Ffrom most 'straims ‘of" Hscherdchia codi (2, “10) and

absent from most strains of Salmonella typhimurium (18). Arylsul-

fatase of K. aerogenes 1is a monomer, with a molecular weight
of 47,000 (17, 21) and located in the periplasmic space of the
cell (19). The synthesis of the enzyme 1is repressed by sulfur
compounds, such as sulfate, thiosulfate, and cysteine, whereas
the enzyme 1s synthesized constitutively 1in 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 cystelne.
However, in these atsC-strains, wild type patterns of repression
of arylsulfatase by sulfate or cysteine perslist. These results
suggest that there are two independent functional corepressors of
arylsulfatase synthesis. They also isolated arylsulfatase consti-
tutive mutant strains (2). In these AtsR™ mutants, the enzyme was
synthesized constitutively regardless of the source of sulfur (2,
16). These results suggested that sulfate and cysteine acted as
the corepressor respectively, and that the gene coding arylsulfa-
tase, atsA, was repressed by the atsR gene in the presence of

these corepressor. The atsR mutations were more than 90% cotrans-



ducible with atsA mutations by PW52 bacteriophage transduction
(50
The repression caused by the sulfur containing compounds

is relieved by the addition of tyramine, octopamine, dopamine, or
norepinephrine (3, 20). These monoamine compounds induced monoa-
mine oxidase, maoA (26, previously called tyramine oxidase, L(ynA)
in K. aerogenes (20, 21). The derepression of arylsulfatase
synthesis and the synthesis of monoamine oxidase occurred coordi-
nately. The genetic mapping of the atsA and maoA genes on the
chromosome of K. aerogenes were accomplished by using F' epi-
somes from E. coli and the transducing phage P1. These genes are

linked to gdhD and trp genes in order atsR-atsA-maoA-gdhD-trp

(19). Recently, the atsA and maoA genes have been cloned, and the
nucleotide sequences of regions essential for the expression of
arylsulfatase (17) and monoamine oxidase (Sugino et al. in prepa-
ration) have been determined. From the analysis of the tran-
scripts, we found that the ats operon is composed of the arylsul-
fatase (atsA) gene and the positive regulator gene, atsB (17).
However, the molecular mechanism of the repression of the atsA
gene by sulfur-containing compounds has not yet been clarified.
This report describes the cloning, characterization, and
nucleotide sequence of a negative regulator gene for arylsulfa-
tase from K. aerogenes, and we found a very interest fact that

the negative regulator gene codes dihydrofolate reductase (folA).



MATERIALS AND METHODS

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

Plasmids. pKI212, a 5.5-kilobase (kb) plasmid which confers
resistance to kanamycin (Km'), was constructed by inserting a
1.1-kb Pstl fragment containing the Km"© gene from pUC4K in the
Pstl site of the plasmid pBR322 (5). Unless otherwise mentioned,
other recombinant plasmids were derivatives 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).

IEnzymes and chemicals. Restriction endonuclease, T4 DNA
ligase, and calf intestine alkaline phosphatase were purchased
from Takara Shuzo. Co, , Ltd:s (Kyote, Japan) or Toyobo Co., Ltd.
(0Osaka, Japan). The M13 sequencing kit (Sequenase, version 2.0,
T-deaza-dGTP edition) was provided by U. S. Biochemical Co.
(Cleveland, OH). [a—32P]dCTP (>650 Ci/mmol) was purchased from
ICN Biomedical, e (Irvine, CA) . Indoxylsulfate and p-
nitrophenylsulfate were provided by Sigma Chemical Co., (St.
Louis, MO). The other compounds used were standard commercial
preparation.

Cul ture media. The rich media used were LB (1% polypeptone,
0.5% yeast extract, 0.5% NaCl). The minimal media used for K.
aerogenes were K medium (16), consisting of 0.5% carbhon source,
0.1% nitrogen source, 0.01% MgClz.SHZO, 0.001% each of NaCl,

MnC12.4H20, FeC]3.6H20 and 0.05M potassium phosphate buffer



(pH7.2). The media used for E. colil strainsg were supplemented
with L mM (.'3:1(112.21120, threonine and leuclne (20 pxg/ml) and
thiamine (10 pxg/ml). Unless otherwise mentioned, xylose for K.
aerogenes and succinate for E. coli were used as carbon, and
Nl]4(3_l and Nqu()4 were used as niltrogen and sulfur sources,
respectively.

Manipulation of DNA. Preparation of plasmid and phage DNA,
restriction endonuclease digestion, ligation, and agarose gel
clectrophoresis were performed according to the methods of Mania-
tis et al. (13). Transformation of E. coli strains was performed
according to the methods of Hanahan et al. (9). For transforma-
tion of K. aerogenes cells, a modification of the method as
described by Davis et al. (6) was used. The cells were treated
with 100mM CaCl,, 50mM RbCl, and 25mM LiCl in 100mM 3-(N-morpho-
lino) propanesulfonate (pH 6.5). After incubation for 1 hr 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 complemented to atsR mutations. Chromoso-
mal DNA prepared from K. aerogenes W70 by the method of Marmur
(14) was partially digested with EcoRI or BamHI. Fragments
of between 3 and 10 kb of the chromosomal DNA were isolated by
sucrose gradient centrifugation and ligated to EcoRI- or BamHI-
cleaved pKI212 by T4 DNA ligase after treatment with alkaline
phosphatase. Arylsulfatase constitutive mutant atsR cells were
transformed by the CaCly-heat shock method as described above.
Transformants were selected on LB agar plates which contained 50
rg/ml of kanamycin and Km' colonies were replicated onto K

medium with 0.25 mg/ml of indoxylsulfate as an indlicator of



arylsulfatase activity (1). Colonies with 1low arylsulfatase
activity are colorless whereas AtsR™ colonies with high enzyme
activity are blue owing to hydrolysis of the enzyme substrate.
Transformants yieclding colorless colonles were sclected.

DNA sequence analysis. DNA sequence was determined by the
Ml13-dideoxynucleotide chain-termination method AR Uil L
cases, sequencing reactions were performed with T7 polymerase
kits including [a—32P] dCTP as the DNA labeling and deoxy-7-
deazaguanosine triphosphate instead of deoxy-guanosine triphos-
phate to eliminate the G-C band compression (15). The sequencing
reaction products were ;esolved on 6 % polyacrylamide-8 M urea
sequencing gels. Gels were run at 2000V and between 50" C and
55°C, dried on a Whatman 3MM filter paper (Whatman, Inc., Clif-
ton, NJ), and visualized by autograph using X-OMAT AR (Eastman
Kodak Co., Rochester, NY) film.

Computer analysis. The nucleotide and amino acid sequences
were analyzed with GENETYX programs (SDC Software Development
Far. St dy S Silelcvo  MlanaTrit,

Assay of enzyme activities. Bacteria were grown aerobically
at 28 C in K medium. Tyramine was used as an inducer of the
derepressed synthesis of arylsulfatase. Growth was monitored with
a Klett-Summerson colorimeter. Arylsulfatase activity was assayed
as described previously (1). One unit of arylsulfatase was de-
fined as the amount of enzyme causing formation of one nmol of
p-nitrophenol per min at 30" C.

Assay of K. aerogenes dihydrofolate reductase was based on

Elra i N er Stone and Morrison (24, 25) and performed as follows.
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Bacteria were grown aerobically at 28 C in K medium. When the
culture reached 100-200 Klett units, cells Lfrom a 1 ml portion
of the culture were harvested and suspended in 300 gz1 of 50 mM
mris-HCL buffer (pH T7.4) containing 1 mM EDTA. Crudeée extract (5-
50 p 1) was added to 2.5 ml of 50 mM Tris-HCl (pH7.4) containing
1 mM EDTA, 1 mM dithiothreitol, and 0.1 mM NADPH. One ml aliquots
of the mixture were added to each of two cuvettes. Dihydrofolate
was added to 20 gM in the sample cuvette, and an equal volume of
buffer was added to the reference cuvette. The change in absorb-
ance at 340 nm was followed using a JASCO UVIDEC-340 (JAPAN
SPECTROSEURENE oS td ., Tokyo, Japan). .

Hybridization for gene mapping. The membrane that was used
was Gene Mapping Membrane (Takara Shuzo Co., Ltd., Kyoto, Japan),
on which immobilized cloned phages covering E. coli genome de-
veloped by Kohara et al. (11) were loaded. Hybridization of the
material on the membrane with the DNA probe, which was labeled
with nonradioactive DNA labeling and detection kit of Boehringer
Mannheim Biochemica (Mannheim, Germany), was performed according

to the recommendations of the manufacturer.

T



RESULTS

Cloning of the gene complemented atsR mutation. Chromosomal
DNA from K. aerogenes W70 was partially digested with EcoRI or
BamHI. The fragments were ligated with EcoRI- or BamHI-cleaved
pKI1212. The mixture of hybrid DNA molecules was used to transform
K. aerogenes K304, which is the atsR mutant strain and permits
constitutive synthesis of arylsulfatase in the presence of sul-
fate. Among about 10,000 Km' colonies tested, one colorless
colony was obtained. We will designate this as functionally AtsR?'
since it is not stained blue 1in the presence of indoxylsulfate.
Plasmid DNA prepared from this strain was about 5.8 kb in length,
and this plasmid was designated pASROOL1.

The transformation of K. aerogenes K304 (atsR4) with pASRO001
yielded 100% Km', AtsR* colonies, indicating that the recombi-
nant 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 (atsR11l), as
well as other unpublished mutants with different atsR alleles:
all transformants were colorless on indoxylsulfate plates.

Effect of pASR001 on the expression of atsA. Effect of the
cloned fragment on the plasmid pAS0O01 on the synthesis of aryl-
sulfatase in cells of constitutive atsR mutant strains, K. aero-
genes 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

12



repressed when the cells were grown with 1inorganic 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 compounds was relleved
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,S0, was
the sulfur source (Table 2). When plasmid pASR001 was present in
these mutant strains, 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 1level in strain K304 was 1low (Table 2). Thus,
pPASR0O0O1 lowers the constitutive levels of arylsulfatase in atsR
mutants and therefore pASR0O01 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 the pASR0O01 plasmid was digested with
EcoRI and BamHI and subcloned into the pKI212 vector. Two plas-
mids, pASRB1 and pASRB2, which contained the 4.2-kb EcoRI-BamHIT
fragment and 1.6-kb BamHI-EcoRI fragment, respectively, were

constructed. The properties of the plasmids were examined by

13



analyzing the complementation with the atsR mutation. The pASRB2
repressed the arylsulfatase synthesis 1in strain K304. These
results suggest that a negative regulator gene for atsA expres-

sion Is located within the 1.6-kb LEcoRI -BamlllI fragment (Fig. 1).

Nucleotide sequence of the negative regulator gene. The com-
plete nucleotide sequence of the 1.6-kb EcoRI-BamHI fragment,
which carries the regulator gene was determined CERSS | 28,
We found two open reading frames (ORFs) capable of coding for
about 18- and >29-kilodalton 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-1T7Tbp-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
sequence (AG; -37.7 kcal [ca. -158 KJ]/mol) which may act as a
bidirectional p-independent transcription terminator. The second
ORF seemed to lack the N-terminal amino acid sequence and con-
tains >780 bp with a TGA termination codon at position 877. This
ORF was located counterclockwise to the first ORF.

Homology search. The amino acid sequence deduced from the DNA
sequence indicates that the product of the first ORF contains
amino acids residues, having a molecular weight of 18,139. We
have searched for homologies in the DNA and peptide sequences of
the ORFs and other genes with EMBL and SWISS data bases. We found
that the sequences of the first ORF are 80.0% homologous to the
sequence of DNA and 90.6% homologous to the sequence of amino

acid from the sequences of the E. coli dihydrofolate reductase

14



gene, folA, respectively (Fig. 3). In addition, we found that the
second ORF (C-terminal portion) is located counterclockwise to
the folA-l1ike gene (Flg. 3), and sequences of the DNA and amino
acid are 79.1 % and 87.6 % homologous to those from the E. coli
diadenosine tetraphosphatase (apall), respectively. From compari-
gon of the amino acid sequence, we found that 20 amino acids from

the N-terminus of the K. aerogenes apall were probably lacking in

ol clones

Determination of the essential region for the atsA repression.
We further subcloned a variety of deletion plasmids to determine
the region responsible for 1lowering of arylsulfatase activity
(Fig. 4). Properties of these plasmids were examined by perform-
ing 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.

Estimation of dihydrofolate reductase activity. Activities of
dihydrofolate reductase in the wild-type and atsR strains with
and without plasmid pASRBZ were measured. K. aerogenes strains
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 folA-like gene codes
for functional dihydrofolate reductase. Thus, we concluded that
the first ORF is the folA gene of K. aerogenes. However, dihy-
drofolate reductase activities in atsR mutant stains were similar

to that of the wild-type strain.



Analogous mapping of the folA gene on the E. coli chromosome.

By using the clone of the K. aerogenes folA gene (folAg), the
analogous location of the folA gene in E. coli was mapped. A
recently developed physical map of the E. coli W3110 chromosome
generated from overlapping 2 phage c¢lones encompassing the
entire E. coli genome was used (11). A 0.68-kb Smal-Sall fragment
was isolated from pASRB2 and labeled with non-radioactive DNA
labeling kit. The —MK probe hybridized strongly to the coordl-
nate positions of clone 4A3 on the gene mapping membrane that is
located at 1 min of E. coli genome (Fig. 5). This result is con-
sistent with the previous mapping of the folA gene together with
the apall gene of E. coli genome (4).

Repression of K. aerogenes atsA expression by E. coli folA.

Next, we tested whether the E. coli folA gene could complement

the K. aerogenes atsR mutation. The folA region of E. coli was

cut out with EcoRV from the clone 4A3 and the fragment was inserted into
pKI212 vector. The resultant plasmid was designated pEFOL2. The
plasmid pEFOLZ2 was introduced into the atsR mutant strains of K.
aerogenes. The plasmid pEFOL2 repressed the arylsulfatase synthe-
sis in the presence of inorganic sulfate (Table 3). The repres-
sion level by the folAg of E. coli was the same as that by the K.

aerogenes folA.

From these results, we conclude that the folA genes from
either K. aerogenes or E. colili represses otherwise constitutive

atsA expression in atsR mutants.

16



DISCUSSION
We have cloned a chromosomal fragment of K. aerogenes W70,
which in multicopy apparently repress arylsulfatase synthesis of
atsR mutants in the presence of sulfur compounds. Thus, the
transfer of the recombinant plasmid into the atsR-deficient
mutant strains resulted in complementation of the atsR muta-
tion. Deletion analysis of the plasmid showed that all of the
sequences required for the repression of the arylsulfatase syn-
thesis are located within a 0.76-kb segment of DNA (Fig. 4). This
segment contained the ORF which possesses DNA and amino acid
sequences strongly homologous to the folA gene of E. coli. Al-
though this newly found regulator gene in multicopy repressed the
arylsulfatase synthesis of atsR mutant strains, the repressed
levels in these strains were not as low as that of wild-type
strain W70. Furthermore, the folA gene 1in multicopy did not
appreciably further repress the wild type levels of AtsA expres-
sion for cells grown on sulfate or cysteine as sole sources of
sulfate (Table 2). These results suggest that another negativé
factor might be required for the complete repression of arylsul-

fatase synthesis in the presence of sulfur compounds in atsR

mutants. Alternatively, a low efficiency of simple reversal of
atsR-mediated constitutive expression of atsA may occur.

All results presented here, that is, deletion analysis of the
regulator gene caused atsA repression, sequence homologies of DNA
and amino acid of the regulator to those of E. coli folA, over
production of dihydrofolate reductase by the K. aerogenes carry-

ing plasmid with the regulator gene, and the complementation of



the E. coli folA gene to the K. aerogenes atsR mutation, show

that the newly cloned negative regulator gene for arylsulfatase
synthesis is the folA gene. Like the regulation pattern of aryl-
sulfatase in K. aerogenes wild-type strain (16), the repression
of constitutive atsR mutants by the folAk gene was repressed by
sulfur, and with the exception of the atsR4 mutant grown on
cysteine, this repression was generally relieved by tyramine
(Table 2). These results suggest that the repression by the folA
gene is 1involved in a negative regulation system for the ats
operon in K. aerogenes.

Previously, Murooka et al. (186) showed that an E. coli gene
analogous to the atsA gene of K. aerogenes is located at 27 min
on the E. coli genome by classical genetic analysis. The E. coli

gene is judged as analogous to the Klebsiella atsA gene because

of common regulatory features discovered lac operon fusions (28).
By the physical mapping of the folAg with Kohara bank of E. coli
genome, the folAp gene is located at 1 min on the E. coli chro-
mosome, far from the location the E. coli atsA homolog just
mentioned. Previously transduction experiments showed that atsR
is more than 90% linked with the atsA gene (16). This result
indicates that the product of the folA gene is different from the
predicted atsR aporepressor. Arylsulfatase activity is not demon-
strable in E. coli, but a protein was found that is cross-reac-

tive with anti-AtsA antibody made to the Klebsiella AtsA protein

(27). The shared ability of the E. coli folA gene (folAE) and
folAK to repress atsA expression in K. aerogenes strongly sug-

gests that the Klebsiella regulatory mechanism is conserved in E.

eOL v
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Since no significant differences of dihydrofolate reductase
activities were found between wild-type strain W70 and the atskR mutant
strains in the absence of plasmids, the atsR mutation does not
result in constitutive levels of AtsA through effects on single
copy folA gene expression. Elueidation of the role of the repression
mechanism of atsA expression by dihydrofolate reductase, which is
a key enzyme in folic acid metabolism (8), may involve direct
effects on atsA expression or metabolic effects on enzyme activi-
ty. Alternatively, it may involve effects acting through the
positive regulator encoded by atsB either at the leyel of 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 (Cl) metabolism

and sulfur metabolism.
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TABLE 1. List of bacterial strains and their characteristics

K. aerogenes

W70 Wild-type MacPhee et al. (12)

K304 tynAl3 atsR4 Murooka et al. (16)

K311 tynB13 atsR11 Murooka et al. (16)

JM109 reeAl, rendAl, wgyrA96, thi, Yanisch-Perron et
hsdRVT, supBdd, A, A (lac- ali. (29}

proAB); relAlloLF", proAB,

laclgZ M15, traD36]
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TABLE 2. Effect of the pASR0O01 on the repression of arylsulfatase

synthesis K. aerogenes strains?

Sl e Arylsulfatase
llost strain Plasmid source Tyramine activity
(genotype) (pASROOL) (3 mM) (3 mM) (U/mg of cells)
w70 = Na2504 - Qo2 T
(wild-type) = Na,S0 + 3.58

~ Cyste?ne - 0530
- Cysteine + 3458
= Methionine - T
- Methionine + 9.96
- NaZSO4 — (Y2
+ NaZSO + AN
+ Cystelne — 0. 24
+ Cysteine + i 0]
+ Methionine = 0Tl
+ Methionine + Bigds
K304 - Na,S0y4 - 11.86
(atsR4) = Na,S0 + A0
- Cystelne = i 5 5
- Cysteine + Tl
- Methionine - B D 2
- Methionine i 7.64
+ NaZSO4 = 2.08
¥ NaZSO + ST 04T 4
* Cysteline ~ VS
+ Cysteine + 2 .50
+ Methionine - 2.86
+ Methionine + 3:b6
(atsR11) > Na,50 + 1500
- Cystelne - 1
- Cysteine + 9.26
~ Methionine - 51810
- Methionine + 14.0
+ Na,S04 = 2562
+ NaZSO + 1199
i Cystelne = 1naa
+ Cysteine o 9.68
+ Methionine = 2.:29
+ Methionine + g 100 et

8The cells were grown in xylose—NH4Cl medium with the source of
sulfur as indicated, in the presence (+) or absence (-) of tyra-
mine. 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.
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TABLE 3. Activities of arylsulfatase and dihydrofolate reductase
in the K. aerogenes wild-type and atsR strains with or with
out plasmid?

Hogh strain Plasuiifd i rmsrors s oo o onm e mis e s i g o i e s gris o =

(Genotype) Arylsulfatase Dihydrofolate reductase
W70 = 08T D503
(Wild-type) pASRB2 0.08 05163

pPEFOL 0.10 052
K304 = 10.4 0.03
(atsR4)

pASRB2 1.60 0.97

pEFOL2 L2768 el
el = {2 0.083
(atsR11)

PASRB2 1.68 0.95

pEFOL2 s 146 058

4The 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 experi-

ments.
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Legends for figures

ol {6 1. Restriction endonuclease map of pASR001 and its deriva-
tive plasmids. Thick bar represents the region of DNA cloned;
thin bar represents 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).
G R2 2 Nucleotide sequence of the 1.6-kb fragment and the
predicted amino acid sequences of the ORF1 and ORF2 genes. The

presumptive ribosomal-binding site (SD) and possible promoter
regions (-10 and -35) are indicated. The arrows show the direc-
tion of ORF1 and ORF2. The horizontal dashed arrows show inverted

repeat sequences. The GenBank/EMBL accession number is ----.

EiEa o3 Comparison of folA sequences from K. aerogenes and E.

coli. Identical nucleotides are indicated by shaded box with .

10 I T Restriction map of pASRBZ 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 arrowhead indicates
the direction of transcription of the folA and apalH genes. These

genes were deduced from the sequence analysis (Fig. 3).

BIEG:, " 5 (Resitril etion map of iE. coli c¢lone 4A83 (11} and construc-
tion of plasmid pEFOL2. Direction of genes were determined by

Blanchin-Roland et al. (4).
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Fig. 3.
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moaR, a Gene that Encodes a Positive
Regulator of the Monoamine Regulon
in Klebsiella aerogenes
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ABSTRACT

We cloned and sequenced a Klebsiella aerogenes gene (moaR) for

activation of arylsulfatase synthesis by tyramine. This gene was
cloned by complementation of a K. aerogenes mutant in which
tyramine fails to relieve the arylsulfatase repression caused by
sulfur compounds. The moaR gene also activated induction of the
synthesis of both tyramine oxidase and the 30-kDa protein that is
specifically 1iInduced by high concentrations of tyramine or
catecholamines. The moaR gene on the chromosome of the wild-type
strain of K. aerogenes was disrupted by homologous recombination
with a plasmid containing the inactivated moaR. The resultant
mutant showed the same phenotype of previously isolated atsT
mutant strains that are negative for the derepressed synthesis of
arylsulfatase. In this mutant strain, tyramine also failed to
induce the synthesis of tyramine oxidase or the production of a
30-kDa protein. The moaR gene is capable of encoding a protein of
26,238 daltons. The putative MoaR protein has a helix-turn-helix
motif in its C-terminus. Thus, it seems 1likely that the MoaR
protein regulates the operons by binding to the regulatory region
of the monoamine regulon. The MoaR protein 1is subject to

autogenous control, which was shown by use of a moaR'-lacZ

transcriptional fusion.
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INTRODUCTION

In Klebsiella aerogenes, arylsulfates are metabolized by an
arylsulfatase (the atsA gene product) whose synthesis is regulat-
ed by sulfur compounds and aromatlc monoamines. Synthesis of the
enzyme is repressed by sulfate or cysteine but not by methionine
or taurine as a sole sulfur source (2, 5, 10). In the presence of
sulfate (or cysteine), arylsulfatase synthesis is induced by
tyramine, octopamine, dopamine, or norepinephrine (1, 3, 10).
These compounds also lead to induction of tyramine oxidase (the
tynA gene product) and monoamine oxidase (the maoA gene product)
(16, 21). Tyramine oxidase is more specific than monoamine oxi-
dase for tyramine and these catecholamines {21 AR The
derepression of arylsulfatase synthesis and the tyramine oxidase
synthesis occur coordinately upon the addition of these monoamine
compounds (17, 21). The atsA gene is part of an operon with the
atsB gene, which encodes an activator for atsA gene expression
(19). The maoA gene is part of an operon with the maoC gene,
which has unknown function (27). In addition, a gene called atsT
was shown by Okamura et al. to be required for induction of
arylsulfatase synthesis by tyramine (21).

To study the mechanism of the coordinated expression of
proteins induced by monoamine compounds, we cloned and character-
ized a gene that is involved in the derepression of the synthesis
of arylsulfatase. We found that this gene (moaR) plays a central
role in the positive regulation of the expression of the monoa-

mine regulon including the ats and tyn operons.
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MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains used
in Lthis study are listed in Table 1. pMC1403 (6) and pVEX1ll1l were
provided by Y. Yamada and A. Nakazawa (Yamaguchi University).
pEL3 (4) was provided by E. Ohtsubo (Tokyo University). pHSG298
(28) was purchased from Takara Shuzo Co., Ltd. (Kyoto, Japan).
pMW219 (29) and pUC4KIXX (30) were purchased from Nippon Gene
Co., Ltd. (Toyama, Japan) and Pharmacia P-L Biochemicals, Inc.
(Uppsala, Sweden), respectively.

Enzymes and chemicals. Restriction endonucleases, T4 DNA
ligase, and calf intestine alkaline phosphatase were purchased
from lakara, Shuze Ca.; [td:. or Tovebo GCa., . Itd. (Osaka, Japan).
Indoxylsulfate and p-nitrophenylsulfate were purchased from Sigma
Chiemical Co. 0S5t Louls., MO [3Hl—tyrnm1ne hydrochloride (20 Cl1/
mmol) and [358]—methionjne was purchased from New England Nuclear
Research/Du Pont (Boston, Mass.). The other compounds used were
standard commercial preparations.

Culture media. The rich medium wused was LB (1%
polypeptone, 0.5% yeast extract, and 0.5% NaCl). The minimal
medium used was K medium (16), which consists of 0.5% xylose, 3
mM Na,SO,, 0.1% NH4Cl, 0.01% MgCl,.6H50, 0.001% each of NaCl,
MnC12.4H20, FeCl3.6H20 and 0.05 M potassium phosphate buffer (pH
Uik

Manipulation of DNA. Preparation of plasmid and phage DNA,
restriction endonuclease digestion, 1ligation, and agarose gel
electrophoresis were performed by the methods of Maniatis et al.

(13). Transformation of K. aerogenes was performed by the modifi-
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cation (5) of the method of Hanahan (9).

Isolation of mutants. NaN02 was used as the mutagenic
agent, a8 described by Eisenstark et al. (7). For selection of
mutant strains from K. aerogenes W70, white colonies that failed
to synthesize arylsulflfatase in the presence of tyramine (3 mM)
were selected by wuse of indoxylsulfate (0.25 mg/ml) as an
indicator (1). Organisms were examined for the synthesis of
arylsulfatase under non-repressed conditions in a liquid medium
that contained methionine as the sole source of sulfur.

Cloning of the gene that complemented the moaR mutation.
Chromosomal DNA prepared from K. aerogenes W70 by the method of
Marmur (14) was partially digested with Sau3Al, and the fragments
were ligated to BamHI-cleaved pHSG298 after treatment with alka-
line phosphatase. Mutant cells that lacked the derepressed syn-
thesis of arylsulfatase were transformed, and transformants were
selected on LB agar plates that contained 50 g g/ml of kanamycin.
Groups of 120 kanamycin-resistant colonies were inoculated into K
medium with 3 mM tyramine and the arylsulfatase activity was
measured.

Analysis of DNA sequences. Sequencing reactions were per-
formed by the M13 dideoxy-chain termination method (23) with an
Autoread T7 Sequencing Kit (Pharmacia LKB Biotechnology, Uppsala,
Sweden). An automated laser fluorescence sequencing apparatus
(Pharmacia LKB Biotechnology) was used to determine the DNA
sequences. The nucleotide and amino acid sequences were analyzed
with GENETYX programs (SDC Software Development Co., Ltd., Tokyo,

Japan) . The DDBJ/GenBank/EMBL nucleotide sequence accession
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number is D15072.

Gene disruption on the chromosome. A 1.2-kb Smal fragment
containing the kan gene in pUC4KIXX was inserted into an EcoRV
site in the moaR gene. The inactivated moaR gene was subcloned
into pEL3 (4) and resultant plasmid (pELAT5) was used to trans-
form into K. aerogenes W70. The transformants were grown on LB
plates containing kanamycin (50 pxg/ml) at 42°C, overnight. Since
pELAT5 has the temperature-sensitive replicon, the transformants
should appear as Km" colonies only after homologous recombination
of the plasmid (15). The insert of the kan gene into the moaR
gene on the chromosome was confirmed by Southern Hybridization
with non-radioactive labeling of the fragment containing moaR as
a probe.

Assay of enzymatic activities. Bacterial cells were grown
aerobically at 28°C in K medium. The activities of arylsulfatase
(1), tyramine oxidase (20) and B -galactosidase (22) were assayed
as described previously. One unit of arylsulfatase was defined as
the amount of enzyme causing formation of one nmol of p-nitrophe-
nol per min at 30°C. One unit of tyramine oxidase was defined as
the amount metabolizing one pgmol of tyramine per min at 30°C. One
unit of B-galactosidase was defined as the amount catalyzing the
release of 1 nmol of o-nitrophenol from o-nitrophenyl-g-
galactoside per min at 30°C. Protein was determined by the method
of Lowry et al. (11) with bovine serum albumin as a standard.

Expression of plasmid-encoded moaR under control of a T7
expression system. The 1.3-kb KpnI-HindIII fragment containing
the moaR gene in pAT11 was subcloned into pVEX11l and the result-

ant plasmid (pVEXKH) was transformed into BL21(DE3). Ten pxCi of
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[35s]~methionlne were added to 1 ml of cells containing pVEXKH
grown at 37°C to an optical density of 0.5, and the suspension
was shaken at 37°C for 5 min (26). The concentrated cells were
dissolved in 100 x 1 of sample buffer (pH 6.8), which contained 50
mM Tris-HC1l, 2% 2-mercaptoethanol, 4% sodium dodecyl sulfate
(SDS), and 5% glycerol. After the samples had been boiled for 10
min, the proteins were separated by SDS-polyacrylamide gel elec-
trophoresis. Dried gels were overlaid with Kodak XAR-5 X-ray film

(Eastman Kodak Co., Rochester, NY) for autoradiography.
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RESULTS

Isolation of a mutant strain in which derepression of
arylsulfatase synthesis by tyramine did not occur. We isolated
a mutant strain, K. aerogenes K801, in which tyramine failed to
cause the derepression of arylsulfatase synthesis, from the wild-
type strain W70 in the presence of tyramine and indoxylsulfate as
the inducer and indicater of arylsulfatase synthesis, respective-
ly (Table 2). In the mutant strain K801, tyramine did not relieve
the repression of arylsulfatase caused by inorganic sulfate,
whereas in the wild-type strain W70 synthesis of the enzyme in
the presence of sulfate was derepressed by tyramine. Since the
mutant strain K801 synthesized arylsulfatase under non-repressed
conditions, with methionine as the sole source of sulfur, as well
as straln W70 (TPable 2), the structural gene Tor arylsulfatase
(atsA) had clearly not been mutated. Strain K801 could not
utilize tyramine as the sole source of nitrogen nor did it
produce any monoamine oxidases.

Cloning of the gene that complements the mutation
responsible {for the absence of the derepressed synthesis of
arylsulfatase. A plasmid carrying the moaR gene was found by
transformation of K. aerogenes K801 with a Sau3Al library and
screening transformants for synthesis of arylsulfatase in the
presence of sulfate and tyramine. One positive colony was found
among 14,000. This plasmid (pAT1l1l) contained a 1.3-kb insert and

complemented the K. aerogenes atsT mutants, K611 and MKN204. Like

strain K801, these mutants failed to synthesize arylsulfatase in
the presence of tyramine and synthesized arylsulfatase during

growth on methionine (16) (Table 2).
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Characterization of the cloned gene. The effect of the moaR

gene carried by plasmid pAT1l1l on the synthesis of arylsulfatase
and of tyramlne oxldase was examlned (Table 2). When plasmid
pAT11 was present in mutant strains K801 (moaR), K611 (atsT,

tynA) , and MKN204 (atsT, tynA), the repression of arylsulfatase

by sulfate was relieved by the addition of tyramine. A
restriction map of the cloned chromosomal fragment in pAT11 was
constructed. The gene that complemented the moaR mutation was
located within a 1.3-kb fragment (Fig. 1).

In strain W70, the synthesis of tyramine oxidase was induced
by tyramine. The mutant strains K801, K611, and MKN204 failed to
synthesize tyramine oxidase even when tyramine was present. After
transfer of the plasmid pAT1l1 into strain K801, but not 1n strain
K611 or MKN204, the synthesis of tyramine oxidase was inducible
by tyramine. Since transformants of strain K13 (tynAl3) and MKN63
(tynA63) carrying pAT11 did not have any monoamine oxidase activ-
ity, we concluded that pAT11 did not contain the maoA or tynA
genes and did contain moaR that seems to be allelic to atsT.

Strain K801 carrying pATll had rather high levels of
tyramine oxidase and arylsulfatase activities, even without
tyramine. This phenomenon may be the result of overproduction of
the gene product from the multiple-copy plasmid pAT11. Therefore,
we subcloned the 1.3-kb fragment containing moaR on plasmid pAT11
into a Jlow-copy-number plasmid, pMW219, which has a pSC101
replicon and is present as only a few copies per host chromosome
(29). The resultant plasmid, pATW4, was introduced into strain

K801 and the activities of tyramine oxidase and arylsulfatase
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with and without tyramine were examined. No activity of either
enzyme was found in the absence of tyramine. These enzymes were
induced by tyramine. These results show that the gene that
complements the mutation that is responsible for failure in the
derepressed synthesis of arylsulfatase by tyramine also induces
tyramine oxidase.

Disruption of the moaR gene on the chromosome. The moaR
gene that was inactivated by insertion of the Km' gene, on a
heat-labile replicon containing plasmid pEL3 (0. was
recombinated with the chromosomal DNA of K. aerogenes W70. About
2% of the transformants were defective 1in the derepressed
synthesis of arylsulfatase in the presence of tyramine. The
resultant mutant strain (MK1) showed the same phenotype as
strains K801, K611, and MKN204 (Table 2).

Induction of production of a 30-kDa protein. We recently
found that a 30-kDa protein of unknown function was also induced
by tyramine in the wild-type strain W70 carrying a plasmid (pMA1l)
that included the region downstream of the atsBA operon. 1Its
synthesis was not induced in the moaR mutant K801 carrying this
plasmid. Its synthesis was induced by tyramine in strain K801
that carried the plasmid pATM1, which has the 1.3-kb fragment for
the moaR gene cloned into plasmid pMAl (Fig. 2).

Induction of tyramine oxidase, arylsulfatase, and the 30-kDa
protein was induced in response to dopamine, octopamine, and
norepinephrine, in addition to tyramine. The gene on pATl1l seems
to have a positive regulatory effect on monoamine-induced oper-
ons. Thus, we designated the positive regulatory gene moaR in-

stead of atsT.



Nucleotide sequence of the positive regulatory gene. The
complete nucleotide sequence of the 1.3-kb fragment containing
the moaR gene was determined (Fig. 3). We found an open reading
frame (ORF) capable of encoding a protein of about 26-kDa. This
ORF consists of 684 bp, with a putative ATG initiation codon at
position 393 and a TAA termination codon at position 1074. The
putative initiation codon 1is 8 nucleotides from a potential
ribosome-binding site (gGGAGG). In the 3'-flanking region of this
ORF, we found a palindromic sequence [AG;-19.3 kcal (ca. -80.9
kJ) /mol] which may act as a p-independent terminator.

Analysis of the promoter for the moaR gene. To identify

the promoter region o the moaR gene, a MOCLRE Mo ilieZ

transcriptional fusion was constructed with a promoter probe
vector, pMC1403. A 0.58-kb EcoRI-BamHI fragment was subcloned
into pMC1403 (Fig. 1). The resultant plasmid was named pMCATL1.
The level of expression of the moaR promoter was studied by
measuring the pB-galactosidase activity of the fusion in cells
that carried pMCAT1 and were grown with or without tyramine
(Table 3). B -Galactosidase in strain W70 that carried pMCAT1 was
induced by tyramine. This result suggests that the promoter
region of moaR is located in the 0.58-kb EcoRI-BamHI fragment,
and this promoter is regulated positively by tyramine. When
plasmid pMCAT1 was transferred into the moaR mutant strain K801,
B-galactosidase was not induced by tyramine (Table 3). This
result suggests that the moaR promoter may be positively
autoregulated by the MoaR protein.

Homology search. The amino acid sequence deduced from the
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DNA sequence of the moaR gene indicated that the gene product
contains 226 amino acid residues and has a molecular weight of
26,238. We searched fTor homologies between the amino acid se-
quence of MoaR and proteins in the SWISS and PROSEQ data bases.

We found that the C-terminal region of MoaR (amino acid
residues 179-198) exhibits sequence homology to a conserved 20-
amino-acid region of DNA-binding proteins. These proteins
interact with their target sites through specific hydrogen bonds
made by amino acid side chains present on a characteristic helix-
turn-helix motif. The sequence in MoaR is compared with those in
several other regulatory proteins in Figure 4. Several proteins
are members of response regulators and several others 1like MoaR
are not. As in the case of proteins MalT and GerE (24), no domain
homologous to a response regulator was found in MoaR.

Expression of the product of the moaR gene. To express the
gene product of moaR, the moaR gene was located under control of
a T7 promoter in an expression vector pVEX1ll. The 1.3-kb KpnI-
HindIII fragment was subcloned into pVEX11l. The resultant plasmid
was named pVEXKH. The product derived from the plasmid pVEXKH was
produced under control of the T7 expression system. I1ts molecular
weight was approximately 26,000, as determined by SDS-PAGE and
autoradiography (Fig. 5), coinciding with the molecular weight

deduced from the DNA sequence.
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DISCUSSION

We isolated a mutant strain of K. aerogenes in which the
arylsulfatase synthesis 1is not derepressed by tyramine. This
strain is also negative for tyramine oxidase activity and the
production of a 30-kDa protein that is specifically induced by
high concentrations of tyramine and dopamine.

Previously, Okamura et al. isolated three atsT mutant
strains, namely, K019, K110, and K113, which were derived from
the wild-type stralin W70. In these mutant strains, the
arylsulfatase synthesis was not derepressed by tyramine and,
moreover, no tyramine oxidase activity could be detected (21).
Since Tyn+ revertants of these mutants and the transductants
obtained from the wild-type strain to an atsT mutant strain
showed that all of the Tyn' cells were atsT', Murooka et al.
concluded that the tyramine oxidase synthesis is essential for
the derepressed synthesis of arylsulfatase by tyramine (16).
Unfortunately, these atsT mutant strains were lost and,
therefore, a similar mutant strain, designated K801, was isolated
from the wild-type strain W70 in this study. We reconfirmed that
this mutation was also associated with loss of the ability to
synthesize tyramine oxidase (tynA). Furthermore, we found that
the single mutation also resulted in loss of production of the
30-kDa protein. These results suggest that the mutated gene
encodes a positive regulator that is common to the synthesis of
arylsulfatase, tyramine oxidase, and the 30-kDa protein, which
are all regulated by monoamines, such as tyramine, dopamine,

octopamine, and norepinephrine. Thus, we designated the gene moaR

46



and the operons regulated by moaR as the monoamine regulon.

Since transfer of the moaR gene into strain K801 and the

—

atsT mutant strains resulted in complementation of the moaR and

atsT mutations; the derepressed synthesis of arylsulfatase, the
syntheses of tyramine oxidase and the 30-kDa protein 1in the
presence of tyramine or related monoamines, we concluded that the
atsT mutation is identical to moaR, and the moaR gene encodes a
common positive regulator of the monoamine regulon. This
conclusion was also supported by the disruption of the moaR gene
on the chromosome of the wild-type strain.

From the amino acid sequence deduced from the DNA sequence
of moaR, we found homology between the C-terminal domain of MoaR
and the conserved sequences in the C-terminal regions of members
of the UhpA subclass (FixJ, ComA, NarL, etc.) of response regula-
tors with two-component systems (24). The C-terminal domains of
members of each subclass have subclass-specific helix-turn-helix
motifs for binding to DNA (24). However, in the MoaR sequence, no
conserved sequence for phosphotransfer in the N-terminal region
was found. It seems likely that the MoaR protein regulates the
operons by binding to the regulatory region of the monoamine
regulon. The finding of the moaR gene that was autogenously
regulated may provide more interesting role of the monoamine

regulon in living cells.

47



(@) ]

LITERATURE CITED
Adachi, T., Y. Murooka, and T. Harada. 1973. Derepression of

arylsulfatase synthesis in Aerobacter aerogenes by tyramine.

Ji. Bacteriol. 1B HO-—24.
Adachi, T., H. Okamura, Y. Murooka, and T. Harada. 1974.
Catabolite repression and derepression of arylsulfatase

synthesis in Klebsiella aerogenes. J. Bacteriol. 120:880-885.

Adachi, T., Y. Murooka, and T. Harada. 1975. Regulation of

arylsulfatase synthesis by sulfur compounds in Klebsiella

aerogenes. J. Bacteriol. 121:29-35.

Armstrong, K. A., R. Acosta, E. Ledner, Y. Machida, M. Panco-
tto, M. McCormick, H. Ohtsubo, and E. Ohtsubo. 1984. A 37 X
103 molecular weight plasmid-encoded protein 1is required
for replicon and copy number control in the plasmid pSC101
and its temperature-sensitive derivative pHS1. J. Mol. Biol.
175 331347

Azakami, H., H. Sugino, and Y. Murooka. 1992. Cloning and nu-
cleotide sequence of a negative regulator gene for arylsulfa-

tase synthesis in Klebsiella aerogenes, that is proved to be

the folA gene. J. Bacterial. 174:2344-2351.
Casadaban, M. J., J. Chou, and S. N. Cohen. 1979. 1In vitro
gene fusions that join an enzymatically active B -galactosida

se segment to amino terminal fragments of exogenous proteins:

Eschericia coli plasmid vectors for the deletion and cloning

of translational initiation signals. J. Bacteriol. 143:971-
980.
Eisenstark, A. and J. L. Rosner. 1964. Chemically induced

reversions in the cysC region of Salmonella typhymurium.

48



110)

bk

1075

585,

1172 8

16.

1apes

Genetlics 49:343-355.
Grodberg, J. and J. J. Dunn. 1988. ompT encodes the Escheric-

1ia coli outer membrane protease that cleaves T7 RNA polymer-

aserduring purlfication, J. Bacterliol., 170512451253,

Hanahan, D. 1983. Studies on transformation of Escherichia

coll ‘with plasmids. J. Mol. Biol. 166:557-580.
Harada, T. and B. Spencer. 1964. Repression and induction of

arylsulfatase synthesis in Aerobacter aerogenes. Biochem. J.

9B SIS =T8N

Lowry, 0. H., N. J. Rosenbrough, A. L. Farr, and R. J. Randa-
11. 1951. Protein measurement with the Folin phenol reagent.
Je Biloldt N CGhiem. 1835 265=275".

MacPhece, 0. G., I. W. Sutherland, and J. F. Wilkinson. 1969.

Transduction in Klebsiella. Nature (London) 221:475-476.

Maniatis, T., E. F. Fritsch, and J Sambrook. 1982. Molecular
Cloning: a Laboratory Manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY.

Marmur, J. 1961. A procedure for the isolation of deoxyribon-
ltcedlc acid frommicro-organisms: J= Mol Biel: 3:208-218.
Matsuyama, S.-I. and S. Mizushima. 1985. Construction and
characterization of a deletion mutant lacking micF, a propos-

ed regulatory gene for OmpF synthesis in Escherichia coli.

J o Bacteritols 162: 118961202,
Murooka, Y., T. Adachi, H. Okamura, and T. Harada. 1977.

Genetic control of arylsulfatase synthesis in Klebsiella

aerogenes. J. Bacteriol. 130:74-81.

Murooka, Y. and T. Harada. 1981. Regulation of derepressed

49



18.

19.

20.

Al

22.

24 .

synthesis of arylsulfatase by tyramine oxidase in Salmonella

typhimurium. J. Bacteriol. 145:796-802.

Murooka, Y., T. Higashiura, and T. Illarada. 1978. Genetic
mapping of tyramine oxidase and arylsulfatase genes and
regulation in intergeneric hybrids of enteric bacteria. J.
Bacteriol. 136: 714-722.

Murooka, Y., K. Ishibashi, M. Yasumoto, M. Sasaki, H. Sugino,
II. Azakami, and M. Yamashita. 1990. A sulfur- and tyramine-

regulated Klebsiella aerogenes operon containing the arylsul-

fatase (atsA) gene and the atsB gene. J. Bacteriol. 172:2131-
2140.
Okamura, H., Y. Murooka, and T. Harada. 1976. Regulation of

Tyramine oxidase synthesis in Klebsiella aerogenes. J.

Baecberiol: 127 2431
Okamura, H., Y. Murooka, and T. Harada. 1977. Tyramine oxid-

ase and regulation of arylsulfatase synthesis in Klebsiella

aerogenes, J. Bacdteriol. 1L29:59-65:.

Pardee, A. B., F. Jacob, and J. Monod. 1959. The genetic
control of cytoplasmic expression of inducibility in the syn-
thesis of B-galactosidase by E. colli. J. Mol. Biol. 1:165-
T8 %

Sanger, FF., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chaln-terminating inbhibitors: PRroc. Natl. Acad. Seci.
USA 714:1342-1346.

Stock, J. B., A. J. Nipta, and A. M. Stoek. 1989, Protein
phosphorylation and regulation of adaptive responses in bact-
eria. Microbiological. Rev. 53:450-490.

Studier, F. W. and B. A. Moffatt. 1986. Use of



26 .

2

28.

29,

bacterliophage T7 RNA polymerase to direct selective high-
level expression of cloned genes. J. Mol. Biol. 189:113-130.
Studier, F. W., A. H. Rosenberg, J. J. Dunn, and J. W. Duben-
dorff. 1990. Use of T7 RNA polymerase to direct expression of
cloned gene. Methods in Enzymology 185:60-89.

Sugino, H., M. Sasaki, H. Azakami, M. Yamashita, and Y. Muro-

oka. 1992. A monoamine-regulated Klebsiella aerogenes operon

containing the monoamine oxidase structural gene (maoA) and
the maoC gene. J. Bacteriol. 174:2485-2492.

Takeshita, S., M. Sato, M. Toba, W. Masahashi, and T. Hashim-
oto-Gotoh. 1987. High-copy-number and low-copy-number plasmid
vectors for lacZ-complementation and chloramphenicol- or
kanamycin-resistance selection. Gene 61:63-74.

Yamaguchi, K. and Y Masamune. 1985. Autogenous regulation of
synthesis of the replication protein in plasmid pSC101. Mol.
Gen. Genet. 200:362-36T.

Yanish-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide seque-

nces of the M13mpl8 and pUCl9 vectors. Gene 33:103-119.



TABLE 1. List of bacterial strains and their characteristics
Strain Relevant genotype Source or reference
K. aerogenes

W70
K801
K13
K611
MKN6 3

MKN204

BL21 (DE3)

wild-type

moak

tynAl3

ByYnALS , SatsT11

tynA63

tynA63, atsT204

recAl, endAl, gyrA96, thi,
hisd R . SsupkEdd .« v A (lae—
proAB), relAl, [F', proAB*,
lac19Z M15, traD36]
hegdSyegal. (1el857T, Fndl.,

Sam7, nin5, lacUV5-T7genel)

MacPhee et al. (12)
This paper

Adachi et al. (2)
Murooka et al. (16)
Murooka et al. (18)

Mutagenesis of MKN63

Yanisch-Perron et al.

(30)

Yamada and Nakazawa

(8, 25)




TABLE 2. Levels of monoamine (tyramine) oxidase and arylsulfatase
induced by tyramine?@
Sulfur Enzymatic activity?
Strain source Tyramine (mU/mg of protein)
(genotype) Plasmid (3 mM)
(3 mM) Monoamine Arylsulfatase
Oxidase®

W70 ~ Methionine - 541
(wild-type) - Na,S0, - <0.01 2
- Na2804 + T4 SiE5
PAT11 Na,SOy, - 2.99 312
pPAT11 Na2504 o YEshe 428
K13 . NayS0, - <0.01 B
(tynAl3) - NaoS0, + <0.01 23T
PAT11 NaySOy, - <0.01 27
PAT11l NaySOyu v <0.01 339
MKNG63 = Na,S0y, - <) O, 2
(tynA63) = Na,S0y + <% Ol 14i3
pPATITL Na2804 = <0.01 s
PAT11 NaySOyu . <0.01 248
K801 - Methionine = 843
(moaR) - NayS0y - <0.01 il
- NaZSO4 + <00 il
pPAT11 NaZSO4 - YT 442
PAT11 Na5SO, + 6.80 384
PATW4 NaySOy, - <0.01 4
PATW4 NaySOy4 + 4.28 268
K611 - Methionine = 575
(SIS - Na,S0y - =20 2
tynAl3) - NayS0y4 + <0.01 2
PAMTL NaZSO4 = F O 10l 117
PAT11 Na,yS0y4 + <0504, 1055)
MKN204 - Methionine = J1S
(atsT204, - NayS0, - <0.01 <1
LZHAGB) = NaZSO4 # <010 1
pAT11 Na2804 - =0 O Tk
PAT11 NagS0, + <000 183
MK 1 - Methionine - 201
(moaR: :kan) - Na,S0, - <0.01 2
= NaZSO4 + <) L HOS <]
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dThe cells were grown in K medium with the sulfur source indi-
cated, in the presence (+) or absence (-) of tyramine (3 mM). The
cells were harvested after approximately three doublings of cell
number .

byalues are averages of results from three independent experi-
ments.

CRadiometric procedure with [3H]—tyramine was used. This assay
allows activities of both tyramine oxidase and monoamine oxidase

to be detected (20).
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TABLE 3. Effects of tyramine on regulation of the expression of

moaR in K. aerogenes that carry plasmid pMCAT12.

Strain Tyramine B -Galactosidase activity
(genotype) (3 mM) (U / mg of cells)
W70 = 498
(wild-type) + 2067
K801 - 484
(moaR) ’ + BI04
Acells were grown in K medium in the presence (+) or absence
(-) of tyramine; cells were harvested after three doublings of

cell number.
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LEGEND IFOR FIGURES

Wi L. Restriction endonuclease map of pAT1ll and construction
of pMCAT1. The arrows show gene orientations. The construction of
pMCAT1 is described in the text.

Fig. 2. Induction of 30-kDa protein by tyramine. lanel, 2: W70
(pMAl1), lane3: K801 (pMAl), lane4: K801 (pATMl1). For lanel, cells
were grown in K medium in the absence of tyramine and for lanes 2
to 4, cells were grown in K medium in the presence of 20 mM
tyramine.

Hig. 3. Nucleotide sequence of the 1.3-kb fragment and the
predicted amino acid sequence of moaR. The presumptive ribosome-
binding site (SD) is indicated. The horizontal arrows show in-
verted-repeat sequences. The DDBJ/GenBank/EMBL accession number
g DI5072.

Fhg. 4. Comparison of the amino acid sequence of the highly
conserved C-terminal region of the product of the moaR gene with
the DNA-binding regions of regulators containing some response
regulators. Identical amino acids are shaded.

Bilgs ' B Expression of plasmid-encoded moaR. The 355-1abeled
proteins synthesized by T7 expression system from BL21 (pVEX11)
(control; lanel) or strain BL21 (pVEXKH) (lane 2) were separated by
SDS-polyacrylamide gel electrophoresis. The arrow head shows the

MoaR protein.
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3

GATATTATTTTGGCAACAGCGGGTCAGGCGTAATCACATGATTAAGCCGCGGCGAAAATT
AAATGCATCCTGTTAAGGTATAAGTGAAAAAAAACAAAAATCCATCGTTCTTTAGGATGA
GAATCACGCGTCGGGAATAGGGTTTTTTTATCACCAGGGGCAGGTACGCCGGGTGTTAAT
CTTATTTGTTTATGTTTTAACGCCGCTATCGTAAAGCATGGCTGGGGTGTTTTTTAAATG
CTTTATATAACAATGTATTGCTGAAAATTTTGTAACGGCTATCACATTGTTAATATGTTA
ATGATTGTGTTACTTAAATGTGAAATGTATGCTTCAATTATCAGTAGTCATCCATGTGTC

ATGTACCATCATCTCGACGGGGAGGCCCTATCATGTCTGCTTTGTTAAAAGCCAGCCGTA

SD M SR T S RS 5 RN

MoaR—
ATGATGCGATAATAGCCCGTTGTTTACAGACTATTTCCCAGTTAATTCCACTAACTTCAG
PESSRECTE il A AR =0 VIS SR ETE] S SO J. SE SRS SOk

CGGTGTTTTATCGAGTAAATAATCGTTTAAAACCCGAAAACTATATATTGCATAATATTT
VAR SnRE e tINGRINT SR et R GBS ONE WY el BRSCNL BIESS

CCGATAATACGCACCAACAATATCTGGAAAACTTCCAGCCGCTGGATCCGCTGCTACCGT
b kWA [t e TR A R R | T T R g e (R R L

CGCACTTTAGCCACCAGAACACCACCGTGGCGGCGATGACGCCGCGGCTCTGCGACCGCA
HamERRaY HEADT NT T ST Ve SATSON SIS TG Re SR Tl SOs S SERE N

ACCGGCATTACTATCATGAATTTATGTTGCCGAATAACGTGCGCGACATGACCGAGATCT
Hoghtt s #Y8 AYSRsHEE ECREE. N0 M JPS GNT SNSEVEERR DT el e - F

TTATCCGCCGCGAGCGGCGGATCGTCGCCGGTATCTCGCTGATGCGCGACGTGCCTTTCT
F R R Bl RGBT REE gAe (Gl lelsb el SN RS0 Ve PRTE 55

CCAGCGAAGAGCGCCAGCGGGCCCAGGCGGTGCTGCCGCTGGTAGAGCTGGCCATTCGCG
S TRES FER IR CO O PR REAC SR DA VaR RN PR Ve SE L A ) SR D

ACTGCCTGCAGGAAGAAGATGATCTGCCCGCCATCCTGACGGCGAAAGAGCGGGAAATCG
Ce PR N S BT )T S ST SRS A SR BES PR TSRS Y

TCGGCATGGTGCGCGAAGGCGCCAGCAATAAGCTGATTGCCCGCCAGCTGGATATCTCGC
GLBN WV CRE EDGT A oG CANE K Ll T AE BRE () IERDS S

TCTCGACGGTAAAAACGCACCTGCGCAATATTTTCGCCAAGACCGAAGTGGTCAATCGTA
S1OREET YK TRk Ll SR SNy TS R AT K T BNl N ST

CCGAACTGGTTTCCCGAACCTGGATGCCGGCCGCTCAGCGTACGCTGCATCTGTAATCTG
E- dls VS OSERCREET S TN R CAR AR SRRy il E THEE L

ACTTTCGCATCCCGCGCGCGCCGTGGCAGCACGGCGTTTTCCTGATGCCTGTGGGTATCA
CTCCCTGGAGGATCCCCCGGGGGGAGGCTTTTTTGACCGGAGCACGCCCTACGATGTCGA

GTACACCTCTCACTGATAATGCGCTTTCCCGGCCCGCCGGGCTGGTGGTGTCCCTGCGTT
TGCTGGCGGCGATC
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ABSTRACT

We found that the structural gene for monoamine oxidase was

located at 30.9 min on the Escherichia coli chromosome. Deletion

analysis showed that two amine oxidase genes are located in this
region. A nucleotide sequence of one of the two genes was
determined. The peptide sequence of the first 40 amino acids from
the N terminus of monoamine oxidase purified from E. coli agrees
with that deduced from the nucleotide sequence of the gene. The
leader peptide extends over 30 amino acids. The nucleotide se-
quence of the gene and amino acid sequence of the predicted
mature enzyme (M.W. 81,295) were highly homologous to those of

the maoAK gene and monoamine oxidase from Klebsiella aerogenes.

From these results and analysis of the enzyme activity, we con-
cluded that the gene encodes for monoamine oxidase (maoAp). The
tyrosyl residue which may convert to topa quinone in the E. coli
enzyme was located by comparison with amino acid sequences at the
cofactor sites in other copper/topa quinone-containing amine

oxidases.



Previously, we cloned the structural gene for monoamine

oxidase (maoAk) from Klebsiella aerogenes (1). The maoAx gene is
part of the mao operon that also includes the maoC gene which
has an unknown function and inducibly expressed by tyramine and
the related monoamine compounds (2). The mao operon is controlled
by a positive regulator moaR gene in K. aerogenes (3). We found a

region of the Escherichia coli chromosome that was highly homolo-

gous to the Klebsiella maoA gene. The potential maoA gene is

located at 30.9 min on the E. coli chromosome (2). We subcloned

an 18.6-kb BamHI-BamHI fragment from E. coli clone 5F1 (4) into

pKI212 (5), and the resultant plasmid pMOEB1 was transferred to
K. aerogenes MKN63 that is deficient in monoamine oxidase (maoA)
(6). The transformants carrying pMOEB1 complemented the maoA
mutation of K. aerogenes (2).

Several deletion plasmids from pMOEB1 were constructed by
subcloning of fragments or digestion with appropriate restriction
enzymes (Fig. 1). The properties of these plasmids were analyzed
by the productivity of amine oxidase in E. coli W3110 and by

complementation tests with K. aerogenes MKN63 (maoA). Klebsiella

cells were grown aerobically at 28 C in K-xylose medium (7) and
E. coli cells were grown in M9-succinate including thiamine.
Tyramine (3 mM) was used as an inducer of monoamine oxidase (8).
Amine oxidase activity was assayed by a radiometric procedure
with [3H]tyramine (6) and by a colorimetric assay coupled with
peroxidase and either o-dianisidine (9) or o-phenylenediamine
(1). Deletion analysis suggests that two regions essential to

produce amine oxidases are located within a 3.6-kb PvuIlI-Pvull
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fragment (pMOSP3) and a 11.1-kb Pvull-Pvull fragment (pMOLP4),
respectively (Fig. 1). By using the clone of the K. aerogenes
maoCA genes, the analogous location of the potential maoAp gene
in LE. c¢oli was mapped. The mggAK probe (2.6-kb Smal-Smal
fragment) (2) hybridized strongly to the 11.1-kb Pvull-Pvull
fragment but not to the 3.6-kb Pvull-Pvull fragment. The maoC
probe (1.3-kb EcoRI-Smal) (2) did not hybridize to any fragment.
The cells of K. aerogenes MKN63 (LynA) carrying a plasmid pMOLP4
containing the 11.1-kb Pvull-Pvull fragment showed monoamine
oxidase activity by radiometric procedure with [BH]tyramine and
colorimetric procedure (Fig. 1). In the cells carrying a plasmid
pMOSP3 containing the 3.6-kb Pvull-Pvull fragment, however, high
activity was detected only by colorimetric procedure with tyra-
mine as the substrate and with o-phenylenediamine or o-dianisi-
dine as a coupling indicator. This result suggests that the gene
for unknown amine oxidase is located in the 3.6-kb PvulI-Pvull
fragment. Thus, the gene in the 3.6-kb PvulI-Pvull fragment was
tentatively named maoX.

The nucleotide sequence of the 4.9-kb PvulI-EcoRl fragment,
which carries the MaoAR gene, was determined (Fig. 2). Sequencing
reactions were performed by the M13 dideoxy-chain termination
method (10) with an Autoread T7 sequencing kit (Pharmacia LKB
Biotechnology, Uppsala, Sweden). We found an open reading frame
capable of coding for about 84.4-kDa protein. The ORF contains
2,274 bp with an ATG initiation codon at position 925 and a TGA
termination codon at position 3,196. The putative initiation

codon is preceded by the Shine-Dalgarno sequence GAGG (11) and a



sequence with a similarity to the -10 consensus sequence (gATAAT)
put a low similarity to the -35 region (caGgCA) of promoter . In
the 3'-flanking region of the ORF, we found a palindromic se-
quence (AG, -20.8 kcal [ca.-87.4 kJ]/mol) that may act as a p-
independent terminator. This ORF was 75.0 % homologous to the
DNA sequence and 83.2 % homologous to the amino acid sequence of
Klebsiella monoamine oxidase gene, maoAyk ((Ediews T3

To identify the product of the maoAp gene and the processing
site that gives rise to the mature protein, we determined the N-
terminal amino acid sequence of the purified monoamine oxidase
from the periplasmic fraction of E. coli JM109 cells that carried
a plasmid pMOEB1 containing the MmaoAp gene. The first 40 amino
acids were identified as His-Gly-Gly-Glu-Ala-His-Met-Val-Pro-Met
-Asp-Lys-Thr-Leu-Lys-Glu-Phe-Gly-Ala-Asp-Val-Gln-Trp-Asp-Asp-Tyr-
Ala-Gln-Leu-Phe-Thr-Leu-Ile-Lys-Asp-Gly-Ala-Tyr-Val-Lys. This se-
quence is identical to the directly deduced amino acid sequence
from position 31 to 70 of the ORF (Fig. 2). From these results
and the enzyme activity in the cells carrying pMOLP4, we conclud-
ed that the found ORF is maoA, which encodes the structural gene
for a monoamine oxidase. The leader peptide extends over 30 amino
acids which showed typical characteristics of a signal peptide.

Previously, Cooper et al. (12) reported that amine oxidase
of E. coli contained copper/topa quinone as the cofactor. Howev-
er, they did not determine the amino acid sequence of the enzyme.
At residue 475-477 in the amino acid sequence deduced from DNA
sequence of maoAp, we found the predicted cofactor site
(-Asn-Tyr-Asp-) which exsists in other copper/topa quinone-con-

taining monoamine oxidases from Klebsiella (9), Arthrobacter (13)
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and Hansenula polymorpha (14) (Table 1 and Fig. 2). The tyrosyl

residue is most probably converted to topa quinone in the mature

enzyme as shown in other amine oxidases (12, 13, 15).
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LEGEND FOR FIGURES

Fig. 1. Restriction endonuclease map and deletion Anailiysis ot
pMOEB1. Deletion plasmids were transferred to K. aerogenes MKN63
(LynA) (1) and assayed for amine oxlidase activities by radiomet-
ric procedure with [3H]tyramine and colorimetric procedure as
described in the text. Homology to maoAx was detected by Southern
hybridization using the maoAx and maoC genes from pTO58 (2) as

probes. ND, not done.

Fig. 23 Nucleotide sequence of the 3.2-kb fragment and the
predicted amino acid sequence of maoAp. The presumptive ribosome-
binding site (SD) and possible promoter region (-10 and -35) are
indicated. The horizontal arrows show inverted repeat sequence.
The N-terminal amino acid sequence of the monoamine oxidase from

E. coli, determined by automatic Edman degradation method, is

shown by double line. The detail procedure of purification of the
enzyme will be published elsewhere. The predicted cofactor site
for copper/topa quinone is boxed. The arrow showed the processing
site of the precursor enzyme. The DDBJ/GenBank/EMBL accession

number is D23670.

Fig. 3. Comparison of amino acid sequences of monoamine oxidases
from E. coli and K. aerogenes. Identical amino acids are
indicated by the shaded boxes. The predicted cofactor sites for

copper/topa quinone are shown by underline. Arrows showed proc-

essing sites.
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CGATCCTACCCAGGGCCGTATCAGCCGACCGTAAAGAGCCGTTGCGTAGTGCGGAATGTG
CCATGAACTTCCGTGATGATTGTATGTGGAAGGTGATGCCAGCACTGGCAGCAGGCTGTT
CAATCGTGAATAAAGCTTCGGAAACCACGCCACTGACGATGTTGCGCGTGGCGGAACTGG
CCAGCGAGGCTGGTATCCCTGATGGCGTTTTTAATGTCGTCACCGGGTCAGGTGCTGTAT
GCGGCGCGGCCCTGACGTCACATCCTCATGTTGCGAAAATCAGTTTTACCGGTTCAACCG
CGACGGGAAAAGGTATTGCCAGAACTGCTGCTGATCACTTAACGCGTGTAACGCTGGAAC
TGGGCGGTAAAAACCCGGCAATTGTATTAAAAGATGCTGATCCGCAATCCCTTATTGAAG
GCTTGATGACCGGAAGCTTCAATTGTATTAAAAGATGCTGATCCGCAATGGGTTATTGAA
GGCTTGATGACCGGAAGCTTGCGTTTTATCGAACCCGTAAAGCCAGGCGATACCATCCAG
GTGCGTCTCACCAGAAGAAAAACCAACAGGTGTGGTGGAATGGGCTGTAGAGGTATTCAA
TCAGCATCAAACCCCGGTGGCGCTGTATTCAATTCTGACGCTGGTGGCCAGGCAGCACGG
TGATTTTGTCGATTAATCGGTGAATGAAGGGCAACGGCGAATAGTTGCCCTTTTATTTCA
CTAAGTTTTGTGACGTTGTCACATATATGCTGATGTGTACATCTATTTTCAGGGCATCCA
CTGTATGAAAAGCTGGGCACACCTGCCAAACAACCTGGCAGGTGCAGGCAATCCCCTTTG
CATCAGTACTGATAATGTGAACCTGACTAAACCGCCCACAGAGCGCGGTTGCTAACAAGA
~1.0

ACACAACATCTGACGAGGTTAATAATGGGAAGCCCCTCTCTGTATTCTGCCCGTAAAACA

SD MetGlySerProSerLeuTyrSerAlaArgLysThr

maoA—>
ACCCTGGCGTTGGCAGTCGCCTTAAGTTTCGCCTGGCAAGCGCCGGTATTTGCCCACGGT
ThrLeuAlaleuAlaValAlaleuSerPheAlaTrpGIinAlaProValPheAlaHisGly
1

GGTGAAGCGCATATGGTGCCAATGGATAAAACGCTTAAAGAATTTGGTGCCGATGTGCAG
GlyGluAlaHisMetValProMetAspLysThrlLeulysGluPheGlyAlaAspValGln

TGGGACGACTACGCCCAGCTCTTTACCCTGATTAAAGATGGCGCGTACGTGAAAGTGAAG
TrpAspAspTyrAlaGIinLeuPheThrLeullelLysAspGlyAlaTyrValLysVallys

CCTGGTGCGCAAACAGCAATTGTTAATGGTCAGCCTCTGGCACTGCAAGTACCGGTAGTG
ProGlyAlaGInThrAlalleValAsnGlyGInProLeuAlalLeuGInValProValVal

ATGAAAGACAATAAAGCCTGGGTTTCTGACACCTTTATTAACGATGTTTTCCAGTCCGGG
MetLysAspAsnLysAlaTrpValSerAspThrPhelleAsnAspValPheGInSerGly

CTGGATCAAACTTTCCAGGTAGAAAAGCGCCCTCACCCACTTAATGCGCTAACTGCGGAC
LeuAspGInThrPheGInValGluLysArgProHisProLeuAsnAlalLeuThrAlaAsp

GAAATTAAACAGGCCGTTGAAATTGTTAAAGCTTCCGCGGACTTCAAACCCAATACCCGT
GlulleLysGInAlaValGlulleValLysAlaSerAlaAspPhelLysProAsnThrArg

TTTACTGAGATCTCCCTGCTACCGCCAGATAAAGAAGCTGTCTGGGCGTTTGCGCTGGAA
PheThrGlulleSerLeuLeuProProAspLysGluAlaValTrpAlaPheAlaLeuGlu

AACAAACCGGTTGACCAGCCGCGCAAAGCCGACGTCATTATGCTCGACGGCAAACATATC
AsnLysProValAspGInProArgLysAlaAspVallleMetLeuAspGlyLysHislle

ATCGAAGCGGTGGTGGATCTGCAAAACAACAAACTGCTCTCCTGGCAACCCATTAAAGAC
lleGluAlaValValAspLeuGlInAsnAsnLysLeuLeuSerTrpGIinProlleLysAsp
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GCCCACGGTATGGTGTTGCTGGATGATTTCGCCAGTGTGCAGAACATTATTAACAACAGT
AlaHisGlyMetValLeuLeuAspAspPheAlaSerVYalGIinAsnllelleAsnAsnSer

GAAGAATTTGCCGCTGCCGTGAAGAAACGCGGTATTACTGATGCCGAAAAAGTGATTACC
GluGluPheAlaAlaAlaVallLysLysArgGlylleThrAspAlaGluLysVallleThr

ACGCCGCTGACCGTAGTTATTTTCGATGGTAAAGATGGCCTGAAACAAGATGCCCGGTTG
ThrProLeuThrValValllePheAspGlyLysAspGlyLeuLysGlnAspAlaArglLeu

CTCAAAGTCATCATCAGCTATCTTGATGTCGGTGATGGCAACTACTGGCACATCATCGAA
LeuLysValllelleSerTyrLeuAspValGlyAspGlyAsnTyrTrpHisllelleGlu

AACCTGGTGGCGGTCGTTGATTTAGAACAGAAAAAAATCGTTAAGATTGAAGAAGGTCCG
AsnLeuValAlaValValAspLeuGluGInLysLyslleValLyslleGluGluGlyPro

GTAGTTCCGGTGCCAATGACCGCACGCCCATTTGATGGCCGTGACCGCGTTGCTCCGGCA
ValValProValProMetThrAlaArgProPheAspGlyArgAspArgValAlaProAla

GTTAAGCCTATGCAAATCATTGAGCCTGAAGGTAAAAATTACACCATTACTGGCGATATG
ValLysProMetGInllelleGluProGluGlyLysAsnTyrThrlleThrGlyAspMet

ATTCACTGGCGGAACTGGGATTTTCACCTCAGCATGAACTCGCGCGTCGGGCCGATGATC
I1eHisTrpArgAsnTrpAspPheHisLeuSerMetAsnSerArgValGlyProMetlle

TCCACCGTGACTTATAACGACAATGGCACAAAACGCAAAGTCATGTACGAAGGTTCTCTC
SerThrValThrTyrAsnAspAsnGlyThrLysArgLysValMetTyrGluGlySerLeu

GGCGGCATGATTGTGCCTTACGGTGATCCTGATATTGGCTGGTACTTTAAAGCGTATCTG
GlyGlyMetlleValProTyrGlyAspProAspl|leGlyTrpTyrPheLysAlaTyrLeu

GACTCTGGTGACTACGGTATGGGCACGCTAACCTCACCAATTGCTCGTGGTAAAGATGCC
AspSerGlyAspTyrGlyMetGlyThrLeuThrSerProlleAlaArgGlyLysAspAla

CCGTCTAACGCAGTGCTCCTTAATGAAACCATCGCCGACTACACTGGCGTGCCGATGGAG
ProSerAsnAlaVallLeuLeuAsnGluThrlleAlaAspTyrThrGlyValProMetGlu

ATCCCTCGGCCTATCGCGGTATTTGAACGTTATGCCGGGCCGGAGTATAAGCATCAGGAA
|leProArgProlleAlaValPheGluArgTyrAlaGlyProGluTyrLysHisGInGlu

ATGGGCCAGCCCAACGTCAGTACCGAACGCCGGGAGTTAGTGGTGCGCTGGATCAGTACA
MetGlyGInProAsnValSerThrGluArgArgGluLeuValValArgTrplleSerThr

GTGGGTAACTATGACTACATTTTTGACTGGATCTTCCATGAAAACGGCACTATTGGCATC
ValGlyAsnTyrAspTyrllePheAspTrpllePheHisGluAsnGlyThrlleGlylle

GATGCCGGTGCTACGGGCATCGAAGCGGTGAAAGGTGTTAAAGCGAAAACCATGCACGAT
AspAlaGlyAlaThrGlylleGluAlaValLysGlyValLysAlaLysThrMetHisAsp

GAGACGGCGAAAGATGACACGCGCTACGGCACGCTTATCGATCACAATATCGTGGGTACT
GluThrAlaLysAspAspThrArgTyrGlyThrLeulleAspHisAsnlleValGlyThr
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3001
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ACACACCAACATATTTATAATTTCCGCCTCGATCTGGATGTAGATGGCGAGAATAACAGC
ThrHisGInHislleTyrAsnPheArgLeuAspLeuAspValAspGlyGluAsnAsnSer

CTGGTGGCGATGGACCCAGTGGTAAAACCGAATACTGCCGGTGGCCCACGCACCAGTACC
LeuValAlaMetAspProValValLysProAsnThrAlaGlyGlyProArgThrSerThr

ATGCAAGTTAATCAGTACAACATCGGCAATGAACAGGATGCCGCACAGAAATTTGATCCG
MetGInValAsnGInTyrAsnlleGlyAsnGluGlnAspAlaAlaGIinLysPheAspPro

GGCACGATTCGTCTGTTGAGTAACCCGAACAAAGAGAACCGCATGGGCAATCCGGTTTCC
GlyThrlleArgLeuLeuSerAsnProAsnLysGluAsnArgMetGlyAsnProValSer

TATCAAATTATTCCTTATGCAGGTGGTACTCACCCGGTAGCAAAAGGTGCCCAGTTCGCG
TyrGinllelleProTyrAlaGlyGlyThrHisProValAlaLysGlyAlaGInPheAla

CCGGACGAGTGGATCTATGATCGTTTAAGCTTTATGGACAAGCAGCTCTGGGTAACGCGT
ProAspGluTrplleTyrAspArgLeuSerPheMetAspLysGlInLeuTrpValThrArg

TATCATCCTGGCGAGCGTTTCCCGGAAGGCAAATATCCGAACCGTTCTACTCATGACACC
TyrHisProGlyGluArgPheProGluGlyLysTyrProAsnArgSerThrHisAspThr

GGTCTTGGACAATACAGTAAGGATAACGAGTCGCTGGACAACACCGACGCCGTTGTCTGG
GlyLeuGlyGInTyrSerLysAspAsnGluSerLeuAspAsnThrAspAlaValValTrp

ATGACCACCGGCACCACACATGTGGCCCGCGCCGAAGAGTGGCCGATTATGCCGACCGAA
MetThrThrGlyThrThrHisValAlaArgAlaGluGluTrpProlleMetProThrGlu

TGGGTACATACTCTGCTGAAACCATGGAACTTCTTTGACGAAACGCCAACGCTAGGGGCG
TrpValHisThrLeuLeuLysProTrpAsnPhePheAspGluThrProThrLeuGlyAla

CTGAAGAAAGATAAGTGATTGTTTCAGACAAAAAAACGCACCAGGTGCGTTTTTTTACTT
LeuLysLysAspLysk%#

ATGAGCGACCAGATTATACCGTACACACACCGACTTAGTTT

4 -
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FoKkskok skkokoksokokskekok L sokkekoksk, Lok k0 RRRRoRok L L ok skekokokok skekokok sokokok sokok skekokokok k
TLIKDGAYVKVKPGAKTAIVNGKSLDLPVPVVMKEGKAWVSDTFINDVFQSGLDQTFQVE
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KRPHPLNSLSAAEISKAVTIVKAAPEFQPNTRFTEISLHEPDKAAVWAFALQGTPVDAPR

KADVIMLDGKH! IEAVVDLONNKLLSWQP | KDAHGMVLLDDFASVONI INNSEEFAAAVK
ok Bk Yok A SREkeoR Sekekak S s Sk R UReR- Dok R R R R kR e . Rk R K
TADVVMLDGKHV IEAVVDLQNKK I LSWTPIKGAHGMVLLDDFVSVONI INTSSEFAEVLK

KRGITDAEKVITTPLTVVIFDGKDGLKQDARLLKVIISYLDVGDGNYW-HI|ENLVAVVD
.00k, LRk kR L kookokokokok . skokkolokkok L L kokokk L kokkkkk sk kokokokekokkokx

KHGITDPGKYVTTPLTVGFFDGKDGLQODARLLK-VVSYLDTGDGNYWAHPIENLVAVVD

LEQKKIVKIEEGPVVPVPMTARPFDGRDRVAPAVKPMQI IEPEGKNYTITGDMIHWRNWD
XK. KKK, RRRKKKK . KRKK, L KX KRR KRRk, Lk KRR RkR K kkk . kXX
LEAKKI IKTEEGPVIPVPMEPRPYDGRDRNAPAVKPLE I TEPEGKNYTITGDTIHWONWD

FHLSMNSRVGPMISTVTYNDNGTKRKYMYEGSLGGMIVPYGDPDIGWYFKAYLDSGDYGM
FRKL KRR ROk, Rk kok kR kR kR ok L sk skokok ok sk skok kokok
FHLRLNSRVGPILSTVTYNDNGTKROVMYEGSLGGMIVPYGDPDVGWYFKAYLDSGDYGM

GTLTSPIARGKDAPSNAVLLNET[ADYTGVPMEIPRPIAVFERYAGPEYKHQEMGQPNVS
FRKKK K KRR KRRk, Rk K LRk Lk okoolokkokk ok, Rk

GTLTSPIVRGKDAPSNAVLLDET IADYTGKPTTIPGAVAIFERYAGPEYKHLEMGKPNVS

TERRELVVRWISTVGNYDY | FDWIFHENGTIGIDAGATGIEAVKGYKAKTMHDETAKDDT
KK KKK KK KKK K KKK KO ORORK L oKL Ok oKk ok K kokkokkok L kok L kK

TERRELVVRWISTVGNYDY I FDWVFHDNGTIGIDAGATGIEAVKGVLAKTMHDPSAKEDT

RYGTLIDHNIVGTTHOHIYNFRLDLDVDGENNSLVAMDPVVKPNTAGGPRTSTMQVNQYN
KKK KK KK KK KK KKK KKK KOO L KRR ok kR KKK KRRk K
RYGTLIDHNIVGTTHQHIYNFRLDLDVDGENNTLVAMDPEVKPNTAGGPRTSTMQVNQYT

|GNEQDAAQKFDPGTIRLLSNPNKENRMGNPVSYQI IPYAGGTHPVAKGAQFAPDEWIYD
. L KK, KRR RO KK KRRk KRRk L K ok, KoKk RK Ok,
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KKK KKK KKKk L Kok, KRR KRR kbl ok, ok kX kokok . okokkokk
RLSFMDKOLWYTRYHPTERYPEGKYPNRSAHDTGLGOYAKDDESLTNHDDVVWITTGTTH

VARAEEWP IMPTEWVHTLLKPWNFFDETPTLGALKKDK*
SRRk, Lok oRkoRk L Rk
VARAEEWP IMPTEWALALLKPWNFFDETPTLGEKKK*
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A Monoamine-Regulated Operon in Klebsiella
aerogenes Containing moaE and moaF That
is Controlled by the Gene (moaR) That Is the
Positive Regulator of the Monoamine Regulon
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ABSTRACT
A 30-kDa protein accumulated upon induction by a high con-

centration of tyramine in wild-type cells of Klebsiella aerogenes

that carried a plasmid (pAS123) that included the structural gene
for arylsulfatase (atsA). The synthesis of the 30-kDa protein,
1ike that of arylsulfatase and tyramine oxidase, was induced in
response both to dopamine and to octopamine, as well as in re-
sponse (o tyramine. Deletion analysis showed that the region
essential for induction of the 30-kDa protein was located within
a 2.0-kb cloned scgment downstream of the atsBA operon. The
nucleotide sequence of the 2.0-kb fragment contained two open
reading frames, moaE and moaF. The expression of a putative
promoter of moaE was induced by the addition of 3 to 20 mM tyra-
mine, and the moal’ gene was transcribed from this monoamine-
inducible promoter. The amino acid sequence of the first 18
amino acids from the amino-terminus of the purified 30-kDa pro-
tein agreed with that deduced from the nucleotide sequence of
moaF. Using a strain with a mutant moaR gene, we found that the
gene (moaR) that acts as the positive regulator of the monoamine

regulon also controlled the induction of the 30-kDa protein.
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INTRODUCT ILON

[n Klebsiella aerogenes, arylsulfates are metabolized by an
arylsulfatase (the product of the atsA gene), the synthesis of
which 1is regulated by sulfur-containing compounds and aromatic
monoamines. Synthesis of the enzyme is repressed by sulfate lons
or cysteine (3, 4, 7) and it is induced by tyramine, dopamine,
octopamine, and norepinephrine (1, 2, 7). These monoamine com-
pounds also induce synthesis of tyramine oxidase (the product of
the tynA gene) and monoamine oxidase (the product of the maoA
gene) (11, 14). The atsA gene forms an operon with the atsB gene,
which encodes an activator of the expression of the atsA gene
(18). The maoA gene forms an operon with the maoC gene, the
function of which is unknown (18). The expression of the atsBA
operon, the maoCA operon, the tynA gene, and the moaR gene are
regulated by a common positive regulator, MoaR (5). Thus, these
genes belong to the monoamine regulon that is regulated by monoa-
mine compounds (5). The MoaR protein seems to regulate the var-
ious operons by binding to the regulatory regions of the monoa-
mine regulon. The MoaR protein is subject to autonomous control.

This report describes the specific induction of a 30-kDa
protein by high concentrations of tyramine or catecholamines in
Klebsiella cells that carry a plasmid that includes the region
downstream of the atsBA operon. The region contains a new operon
that consists of the structural gene for the 30-kDa protein and
the gene for a protein homologous to insect-type alcohol dehy-

drogenase.
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MATERTALS AND METHODS

Bacterial strains and plasmids. The bacterial strains used
in this study are listed in Table 1. pKI212, a plasmid conferring
resistance to kanamycin (Kmf) was constructed previously (13).
Other recombinant plasmids were derivatives of pKI212.

Enzymes and chemicals. Restriction endonucleases, T4 DNA
ligase, and calf intestine alkaline phosphatase were purchased
from Takara Shuzo Co., Ltd. (Kyoto, Japan) or Toyobo Co., Ltd.
(0Osaka, Japan). Tyramine hydrochloride was purchased from Sigma
Chemical Co. (St. Louis, MO). The other compounds used were
standard commercial preparations.

Culture media. The rich medium used was Luria-Bertani
medium (1% polypeptone, 0.5% yeast extract, 0.5% NaCl). The mini-
mum medium used for Klebsiella strains was K medium (11), which
conslists of 0.5% Xxylose, 3 mM Na2804, Q1% NH4C1, 0.01%
MgCly.6H50, 0.001% each NaCl, MnCl,.4H,0, and FeClg.6H50, and
0.05 M potassium phosphate buffer (pH 7.2). The minimum medium
used for E. coli was M9 medium (10).

Manipulation of DNA. Preparation of plasmid and phage DNA,
restriction endonuclease digestion, ligation, and agarose elec-
trophoresis were performed by the methods of Maniatis et al.
(10). Transformation of K. aerogenes was performed by a modified
version (4) of the method of Hanahan (6).

Analysis of cell extracts. Bacterial cells were grown
aerobically at 28°C in K medium. The cells were concentrated and
suspended in 50 mM Tris-HCl buffer (pH 7.2). Cell extracts ob-
tained by sonication were mixed with sample buffer (pH 6.8),

which contained 50 mM Tris-HC1l, 2% 2-mercaptoethanol, 4% sodium
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dodecyl sulfate (SDS), and 5% glycerol. After the samples had
been boiled for 5 min, the proteins were separated by SDS-polya-
crylamide gel electrophoresis (SDS-PAGE) and stained with 0.2%
coomassie brilliant blue (CBB).

Assay ol B-galactosidase activity. Bacterial cells were
grown aerobically at 28°C in K medium. The detivity roff A=
gnlactosldase was estlmated spectrophotometrlcally by the method
of Miller, with o-nitrophenyl-galactopyranoside (ONPG) as the
subshrate (15)

Analysis of DNA sequences. Sequencing reactions were
performed by the M13 dideoxy chain-termination method (16) with
an Autoread T7 sequencing kit (Pharmacia LKB Biotechnology,
Uppsala, Sweden). An automated laser fluorescence sequencing
apparatus (Pharmacia LKB Biotechnology) was used to determine the
DNA sequences. The nucleotide and amino acid sequences were
analyzed with GENETYX programs (SDC Software Development Co.,
Etde ;. Tokva., Japapn) .

Analysis of peptide sequence. The amino-terminal sequence
of the purified 30-kDa protein was determined with a protein
sequencer (model 477A; Applied Biosystems, Inc., Foster City,
EAN1

Nucleotide sequence accession number. The DDBJ/GenBank/

EMBL, nucleotide sequence accession number of the fragment se-

auenced in this study ids =--=5= ,
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RESULTS

A 30-kDa protein that is induced by tyramine. In a previ-
ous study we cloned the structural gene for arylsulfatase (atsA)
from K. aerogenes W70 (13). The cloned plasmid, pAS123, contained
a 7.5-kb chromosomal DNA flragment that included the monoamine-
regulated atsBA operon (13). During the purification of arylsul-
fatase from K. aerogenes W70 that carried pAS123, we found that
production of a 30-kDa protein was induced by a high concentra-
tion of tyramine (20 mM). The protein was visualised after SDS-
PAGE as a dense CBB-stained band. The level of the 30-kDa protein
increased with increasing concentrations of tyramine from 3 mM to
20 mM. However, no dense band of a 30-kDa protein was found at
concentrations of tyramine below 3 mM (Fig. 1A). Since, even in
the presence of 20 mM tyramine, the 30-kDa protein was not ob-
served in an analysis of K. aerogenes W70 cells without the
plasmid, the 30-kDa protein seemed to be derived from plasmid
pAS123.

Effects of various amines on the production of the 30-kDa
protein. Various amines (each at 20 mM) were tested for their
ability to induce the production of the 30-kDa protein in K.
aerogenes W70 cells that carried pAS123 (Fig. 1B). Dopamine and
norepinephrine were used at 5 mM since the growth of cells was
inhibited by these amines at 20 mM. Production of the 30-kDa
protein was induced in response to dopamine and octopamine, as
well as in response to tyramine, as is the production of tyra-
mine oxidase and arylsulfatase. However, these latter enzymes
Were not observed as dénse bands on gels after SDS-PAGE. Other

monoamine, diamine, and polyamine compounds had no did effect on
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the production by plasmid-carrying cells of the 30-kDa protein
(data not shown) .

The region essential for the production of the 30-kDa pro-
tein. To identify the region essential for the production of
the 30-kDa protein, a series of deletion plasmids was construct-
ed. The deletion plasmids were introduced into K. aerogenes W70
and tested for their ability to produce the 30-kDa protein. The
deletion analysis suggested that the region essential for the
production of the 30-kDa protein was located within a 2.0-kb
Sall-Spel fragment, downstream from the atsBA operon (Fig. 2).

Nucleotide sequence of the region required for the produc-
tion of the 30-kDa protein. The complete nucleotide sequence of
the 1,967-bp Sall-Spel fragment was determined (Fig. 3). We found
two open reading frames (ORFs) capable of encoding proteins of
about 26 ‘and 29 KDa. The {fipst OREF ‘consists ‘of" 774 bpi with (&
putative ATG initiation codon at position 153 and a TAA termina-
tion codon at position 926. The putative 1initiation codon 1is
preceded by a sequence that is similar to the -10 and -35 con-
sensus sequence (gcGAgA=18 bp=TATcgT) and has a potential ribo-
some-binding site (AGGAGa) (17). The second ORF consists of 789
bp with an ATG initiation codon at position 952 and a TAG termi-
nation codon at position 1,740. The initiation codon, located 26
bp downstream from the termination codon of the first ORF, is
preceded by the Shine-Dalgarno sequence (AGGAG). Since the two
ORFs are essential for the production of the monoamine-inducible
30-kDa protein, we have tentatively designated these genes moakl

and moal’, respectively.
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Control of the synthesis ol the 30-kDa protein by the
product of the moaR gene. Since tyramine-inducible enzymes are
regulated by the product of the moaR gene, we examined the syn-
thesis of the 30-kDa protein in a strain of K. aerogenes with a
mutant moaR gene. The synthesis of the 30-kDa protein was not ob-
served in cells of the moaR mutant K801 that carried pMA1l, which
included the moaE and moaF genes. However, the synthesis of
the 30-kDa protein was induced by 20 mM tyramine in cells of
strain K801 that carried plasmid pATM1. This plasmid was con-
structed by cloning of the moaR gene into plasmid pMAl (5). In E.
coli JM109 cells that carried pMAl, the 30-kDa protein was not
detected after incubation in the presence of 20 mM tyramine,
whereas cells that carried pATM1 synthesized the 30-kDa protein
in the presence of tyramine (Fig. 4). These results suggest that
the synthesis of the 30-kDa protein is controlled by the moaR
gene and that "wild-type" E. coli cells do not have the moaR gene
or that such a gene is not functional in E. coli.

Identification of the gene that encodes the 30-kDa protein.
We introduced plasmid pATM1 into the wild-type strain of K. aero-
genes W70 and tested its ability to produce the 30-kDa protein. A
denser band of the 30-kDa protein was observed in the case of
W70 (pATM1) cells than in the case of W70 cells that carried plas-
mid pMAl. We purified the 30-kDa protein from W70(pATM1) cells by
fractionation with (NH4)ZSO4, with subsequent ion-exchange
chromatography on DEAE cellulose and reverse-phase chromatogra-
phy. Peak fractions of protein were subjected to SDS-PAGE to
monitor the purity of the 30-kDa protein. To identify the gene

for the 30-kDa protein, we determined the N-terminal sequence of
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the purified 30-kDa protein. The first 18 amino acids were iden-
tified as Ala-Asp-Gly-Phe-Ala-Pro-llis-Gly-Asn-Leu-Leu-Ala-Thr-Ala
-Ser-Leu-Pro-Ala-. This sequence was identical to that of the
directly deduced amino acid sequence from positions 14 to 31 of
the second ORF (the moaF gene). Therefore, we concluded that the
moalF gene encoded the 30-kDa protein whose expression was con-
trolled by moaR.

Transcriptional analysis of the moaE and moal’ genes. )
identify the promoter region and to analyze the transcriptional
control of the moaE and moaF genes, several lacZ transcriptional
fusion plasmids were constructed using a plasmid, pMSKM, that
was constructed by insertion of a kanamycin-resistance gene into
a promoter probe vector, pMS437C (8). Then 08 9=Tab: "Sarlil-Esil
1.09-kb SallI-Pvull and 0.70-kb PstI-Pvull fragments were sub-
cloned into pMSKM and the resultant plasmids were named pMSPE,
pMSPEF, and pMSPF, respectively (Fig. 5). The levels of expres-
sion of the promoter were studied by measuring the A-galactosi-
dase activity of each fusion in K. aerogenes W70 cells that car-
ried these plasmids and had been grown with or without tyarmine.
B -Galactosidase activity in strain W70 that carried pMSPE or
PMSPEF was induced by tyramine. However, in strain W70 that car-
ried pMSKM or pMSPF there was no induction of pB-galactosidase
activity by tyramine at any concentration tested (Table 2). These
results suggest that the moaE and moaF genes are transcribed
polycistronically from the moak ppomoter, which is regulated by
monoamine compounds. To clarify the role of the moaE gene, we

deleted a 0.47-kb NaelI-Stul fragment from the moaE gene, con-

84



structing plasmid pDEl1 (Fig. 2). The synthesis of 30-kDa protein
in strain W70 that carried pDEl1 was observed at the same level
as that in strain W70 that carried pMAl. This result suggests
that the product of the moaE gene is not essential for or is not
a regulator of the expressionof moaF but that moaF 1is tran-
scribed from the moaE promoter, which is activated by monoamine
compounds .

Homology search. We searched for homologies between the
amino acid sequences of the MoaE and MoaF proteins and proteins
in the SWISS and PROSEQ databases. We found that the amino acid
sequence of MoaE was 25-30% homologous to the amino acid se-
quences of proteins that belong to the insect-type alcohol dehy-
drogenase/ribitol dehydrogenase family. However, the MoaF protein

was not homologous to any proteins in the databases.
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DISCUSSION
In this report, we have described a new operon, the moak -
moal’ operon, which belongs to the monoamine regulon that is con-
trolled by monoamines. A 30-kDa protein is produced in increasing
amounts in response to increasing concentrations of tyramine. The

30-kDa protein was induced by tyramine and also by catecholamines

such as dopamine and octopamine. These compounds also induce
arylsulfatase (atsA), tyramine oxidase (tynA) and monoamine
oxidase (maoA). The 30-kDa protein was not observed in a moaR

mutant strain of Klebsiella, K801 or in E. coli cells. However,
the introduction of the moaR gene into these strains allowed
induction of the 30-kDa protein. In the case of strains carrying
multiple moaR genes, denser bands of the 30-kDa protein were ob-
served than in the case of cells with the moaR gene on the K.
aerogenes chromosome. From these results, we conclude that the
moak-moaF operon is an operon in the monoamine regulon that is
controlled by a common positive-regulator gene, moaR.

The amino acid sequence of the amino-terminus of the 30-kDa
protein purified from a hyperproducing strain with multiple moaR
genes agreed with that from position 14 of the amino acid se-
quence deduced from the nucleotide sequence of moal. These re-
sults suggest that the 30-kDa protein 1is processed between

Ala]-ZLeul3 and Ala14 in Klebsiella aerogenes and is secreted into

the periplasm. Although accumulation of large amounts of the pro-
tein in the periplasm occurred upon induction by tyramine, the
function of the 30-kDa protein remains unknown. No amine oxidase
or sulfatase activity and no homology of the amino acid sequence

of the 30-kDa protein to those of other Kknown proteins were
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found.

The results of the lacZ fuslon analysis and the moaE dele-
tion analysis suggest that the moaE and moaF genes are tran-
scribed polycistronically from the moaE promoter, which is acti-
vated by the addition of monoamine compounds. The amino acid
sequence of MoaE is homologous to those of proteins that belong
to the insect-type alcohol dehydrogenase/ribitol dehydrogenase
family. It is possible that the moal gene might encode an enzyme
that catalyzes the oxidoreduction of monoamine compounds or their
metabolites.

As shown schematically in Figure 6, the moaR gene is induced
by monoamine compounds, and the MoaR protein regulates at least

five operons, namely, atsBA, maoCA, moaR, tynA, and moaEF, by

binding to the regulatory region of the monoamine regulon. The
discovery of the new operon moalF regulated by the moaR gene may
be an indication of a more interesting role for the monoamine

regulon in living cells.
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ble 1. Bacterial strains and their characteristies

SiEEall Relevant genotype Source or
reference

aerogenes

W70 Wildtype <)

K801 moaR 5

MKN6 3 tynA63 12

coli

JM109 recAl endAl gyrA96 thi hsdR17 supk44 19

i A (lac-proAB) relAl (F' proAB*

lac19Z M15 traD36)
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Table 2. Effects of tyramine on the expression of fusion of moaE

and moal with the gene for B-galactosidase in K. aero-

genes W702

plasmidP Tyramine (mM) B -Galactosldase activity (U)¢

pMSKM 0 230
3 190
20 280

pMSPLE 0 150
3 2,620
20 8,730

pMSPEF 0 130
3 2,970
20 S4:92:0

pMSPF 0 250
3 210
20 240

40ells were grown in K medium in the presence or absence of
tyramine. Cells were harvested after three doublings of cell
numbers.

bsee also Figure 5.

CAactivities are shown in Miller units.
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LEGENDS FOR FIGURES
Fig. 1 Induction of the 30-kDa protein (arrowhead) by tyramine.
(A) Tyramine was added as an inducer as follows: lane 1, 0 mM:; 2,
1 mM; 3, 3 mM; 4, 5 mM; 5, 10 mM; 6, 20 mM. (B) Amines were
added to the medium as follows: lane 1, tyramine (20 mM); 2,
dopamine (5 mM); 3, octopamine (20 mM); 4, norepinephrine (5 mM).
Molecular masses are indicated in kilodaltons on the left.
Fig. 2. Restriction endonuclease map of pAS123 and derivative
plasmids. The arrows show the orientation of genes. Deletion
plasmids were used to transform K. aerogenes W70, and cell ex-
tracts were analyzed by SDS-PAGE.
Fig. 3. Nucleotide sequence of the 2.0-kb fragment and the pre-
dicted amino acid sequences deduced from the moaE and moaF genes.
The presumptive ribosome-binding site (SD) and possible promoter
regions (-10 and -35) are indicated. The arrows show the direc-
tlon of moaE and moal. The amino-terminal amino acid sequence of
the purified 30-kDa protein, determined by automatic Edman
degradation, is shown by double underlining. The DDBJ/GenBank/
EMBL accession number is ------ :
Fig. 4. Induction of the 30-kDa protein (arrowhead) by tyramine
in E. coli cells. Lanes 1 and 2, JM109 (pATM1); lanes 3 and 4,
JM109 (pMAl). Cells were grown in M9 medium in the absence of
tyramine (lanes 1 and 3) and in the presence of 20 mM tyramine
(lanes 2 and 4). Molecular masses are indicated in kilodaltons on
the left.
Fig.‘S. Construction of lacZ-fusion plasmids, pMSPE, pMSPEF, and
PMSPF. The arrows show the orientation of genes. The construction

of the plasmids is described in the text.
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Fig. 6 Schematic model of monoamine regulon that is regulated by
MoaR. The moaR gene is expressed upon induction by monoamines,
such as tyramine, octopamine, dopamine, norepinephrine, via a
predicted sensor and signal transduction. The expression of moaR
is regulated autonomously (5). The MoaR protein derepresses the

atsB-atsA operon that contains the structural gene for arylsulfa-

tase which is repressed by sulfur compounds via a negative regu-

lator, FolA (4). MoaR also positively regulates the tynA, maoC-

maoA, and moaE-moaF operons.
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781

841
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1021

Sall
GTCGACCCCGTCACCATGAAGCCGGTCGTGGCCCGCAGGCGATCCCTGTGAGCGAGATCC
ATTAACCACCACGGCTATCGTTCTTCCGGGCGATAGCCGGGACCTGACGCGCTTTTTAAG
GTAATCGGAAACCCCATTACAGGAGAGTGCGGATGGCGAGAGTCGTGGTAATTACCGGCG

SD MetAlaArgValValVallleThrGlyGly
moak —
GTGGAACCGGAATTGGCGCTGCCTGCGCGCGGCTGATGCACCCCGCGGGCGAACGGGTGT
GlyThrGlylleGlyAlaAlaCysAlaArgLeuMetlisProAlaGlyGluArgValPhe

TTATTACCGGACGGCGCGACGCTGTCAGGGCTGTCGCCAATGAGACCGGGGCCACGGCGC

IleThrGlyArgArgAspAlaValArgAlaValAlaAsnGluThrGlyAlaThrAlaLeu
Nael

TGGTGGCGATGCCGCCGACGGCGAGGTGTGGCGCCAGCGGCTGCTGCCGGCGATCCTCGA

ValAlaMetProProThrAlaArgCysGlyAlaSerGlyCysCysArgArgSerSerThr
Pstl

CCAGACCGGCGGGATTGATGTCCTCATCTGCAGCGCCGGCGGGATGGGCAACAGCCCCGC

ArgProAlaGlyLeuMetSerSerSerAlaAlaProAlaGlyTrpAlaThrAlaProPro

CGCCGAGACCAGCGACCGCCAATGAGCGCGAGGCGCTGGACGGCAATCTCACCAGCGCCT
ProArgProAlaThrAlaAsnGluArgGluAlaLeuAspGlyAsnLeuThrSerAlaPhe

TCGCCAGCGTTCGCGCCTGTCTGCCTTCGCTGATTGCCCGCCGCGGCAATGTGCTGTTTG
AlaSerValArgAlaCysLeuProSerLeulleAlaArgArgGlyAsnValLeuPheVal

TCGCCTCCATCGCCTCTCTGGCCGCCGGGCCGCAGGCCTGCGGCTACGTCACCGCCAAAC
AlaSerlleAlaSerLeuAlaAlaGlyProGlnAlaCysGlyTyrValThrAlaLysHis

ACGCTTTAATCGGCCTGATGCGCTCCGTCGCCCGCGATTATGGCCCCCAGGGGGTACGCG
AlaLeulleGlyLeuMetArgSerValAlaArgAspTyrGlyProGlnGlyValArgAla

CTAACGCTATCTGTCCCGGCTGGGTCACGACGCCGATGGCGGATGAAGAGATGCACCCGC
AsnAlalleCysProGlyTrpValThrThrProMetAlaAspGluGluMetllisProLeu

TGATGCAGGCGGAAGGGCTATCGCTGACTGAGGCTTATCAGCGGGTGTGCCGCGACGTTC
MetGlnAlaGluGlyLeuSerLeuThrGluAlaTyrGlnArgValCysArgAspValPro
Stul
CGCTACGCCGCCCCGCCAGCCCCGAGGAGATAGCCCAGGCCTGTCAGTTTCTCTGCTCTC
LeuArgArgProAlaSerProGluGlulleAlaGlnAlaCysGlnPhelLeuCysSerPro

CGCAGGCCGCCATCATCAGCGGCGCTACGCTGGTCGCCGACGGCGGGGCCAGTATCGTCG
GlnAlaAlallelleSerGlyAlaThrLeuValAlaAspGlyGlyAlaSerlleValAsp

ATGTTCCCACTCTGGCGTTTGCCTAACGCCCTACTCTGTTCAGGAGCCCCTATGACTTCA
ValProThrLeuAlaPheA laxxx SD MetThrSer
moaF —
GAAGCCGTATTTATCCAGGTCGGCGCGCTGGCCGATGGTTTTGCGCCGCACGGTAACCTG
GluAlaValPhelleGlnValGlyAlaLeuAlaAspGlyPheAlaProllisGlyAsnlLeu

CTGGCTACCGCCAGCCTGCCCGCCGGCGAAAACTTTACCTTTTATGTCGCCGGGAGCGAG
LeuAlaThrAlaSerLeuProAlaGlyGluAsnPheThrPheTyrValAlaGlySerGlu
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1081

1141

1201

1261

1321

1381

1441

1501

1561

1621

1681

1741
1801
1861

1921

Pvull
CCGCAGCAGCTGGTTATCGAAGATGAGCAGACGCTAAGCTGGAACGGCAAGCGCGCCCCC
ProGIlnGlnLeuVallleGluAspGluGlnThrLeuSerTrpAsnGlyLysArgAlaPro

TGGCGAGCGACCGCCCTGCGCCCGGACATTCTGTTTATCGACTTCCTTGACCCGGAGCGG
TrpArgAlaThrAlaLeuArgProAsplleLeuPhelleAspPheleuAspProGluArg

GATAACGCCAGCATTAGCGCGGTATGCAACCTGACGCAGCGCAATGCCACGCTGGTATAC
AspAsnAlaSerlIleSerAlaValCysAsnLeuThrGlnArgAsnAlaThrLeuValTyr

GGCCAGCTGCCGGACGAAGCGCCGCGCGCTGGACGCCTTCAGCCGGGTAGAACAAGGGTT
GlyGlnLeuProAspGluAlaProArgAlaGlyArgLeuGlnProGlyArgThrArgVal

GCGCTGACCGCGGTTGAGGTCCGTTTCGTCTTCGCCCGCCTGGATGCCCAGCCGGGGCCE
AlaLeuThrAlaValGluValArgPheValPheAlaArgleuAspAlaGlnProGlyPro
Sphl
CTGCCGGGCTTTACCGATGCGCTCATTGGCATGCGCAATCAGTACACCTACAGCCCGACC
LeuProGlyPheThrAspAlaLeulleGlyMetArgAsnGInTyrThrTyrSerProThr

GAGCGCTATGAGCACATCTATCTCAACGACAATTTTTACGCCTGGCAGTGTCTGGACGGC
GluArgTyrGlullisIleTyrLeuAsnAspAsnPheTyrAlaTrpGlnCysLeuAspGly

GTGGAAAAGGGGCTGGCGGATGTCGATCGCTGCCACTATGTGCAGGTGGCTGAGGATCTC
ValGluLysGlylLeuAlaAspValAspArgCysHisTyrValGlnValAlaGluAspLeu

TATCTGTTCGTCTGGCGGGAGAAAATCATTCCCACGCTGGGGGTGATCCTCATCGATCTG
TyrlLeuPheValTrpArgGluLysllelleProThrLeuGlyVallleLeulleAspLeu

CAGCAGATGCGCACTGACGGCAAGATCATGGGCTATCAGGGCAGCGATTTCGGCGCCCTC
GInGlnMetArgThrAspGlyLyslleMetGlyTyrGlnGlySerAspPheGlyAlaLeu

AGCAATTTTCCGGTCGGCGCCACGGCGAAGATCCTCAACGTCACCCGCCATCAGGAATAG
SerAsnPheProValGlyAlaThrAlaLyslleLeuAsnValThrArglisGInG1lukxx

TAGGGCGCCGCCGGGCACGCTTTCAGGCACCGCACCCGTCATTTCGCCGGGTGGCGGCTG
CGCCTTACCCGGCCTACCGGGGCCTCTCACAGGCTCACACCTCGCAGGCCCGGTAAGCGC
AGCGCCACCGGGCGATGCTATCAGGCACAGAGCCGCTTTATTGCCGGGTGCGTGGCGCCT
Spel
TACCCGGCTACGGTCCGTAGCAGCCAGCCGTTAACTTACCCACTAGT
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ReFE

WENKIE Klebsiella aerogenes IZRWTT ) — )V AN 7 7 & — ¥ &I HE#HILEWIC
Lo THflEI, £/ 7 I &mic ko TS D, SHicZoE/ 7 IVLE
MILE/ T I VRRALRER OB ERT Do AL TEI V72— b Fan E/
TIVLRanYOREATHDT ) —NVAN T 7 & —RIET OFEE MR Oft %
PO, B/ T IR 2uOERBEPLMCTHI LEHNE Uiz, LUT. A
XEEKT D,

BEHTIE. 7V -V ALV T 7 X —VEROFEERLEYIC X DMl 3 57
DIZ, EORPNF2Za2— KIDBIZTFEI vn—=27 L, ZORITIZONWTIBRAT
K. aerogenes IZRBIF 57 ) — VANV T 7 X —PEBROAOHRMIRIE 27/ a—=7
Lice T4 U= a iz k. Z ORIZETi31.6kbDE i i 5 Z L A3b
Polc, TOWR 28T A REatsRERK IV 7 =— bOHFEFTHT Y —
WANT 7 B —BEREME LRV ICEALREZ S, atsREREZMFH L. 7V
—NWANT 7 B =BDOERFTY N7 2 — ROV AT A OFE FTHH &, Z Ol
XF 7 IVORIMCE VRSN, & D1.6kbDWi T DLDNARF 2 E LTz & Z
A. ZODORFBRRDOM o, = DR EDONKEZRWTEY, E coli ®diadenosine
tetraphosphataseif{=zf-(apsH ) & B WHFEMER H o7z, b 5 —DDORFIX. Z DapaH
-likeZ2 Bz T & Wi X 12478 L. E. coli ™dihydrofolate reductase & & W IFEIPEAS 3 -
Te. T Ol % Klebsiella HIZBATHZ Lz kv, BFAEKD304%LL_Eodihydrofolate
reductasei&tEn G Sivic, S HILF 4V —vav@ifikitolklZ A, TV =LAV
77 Z — ¥ O LERFIRIXOIA BIZTFOa—F 1 V/HBE B LTWEe, ¥
Tz. E. coli DfolA B1n 1 % Klebsiella DatsR ZERKIZBA LT EZ A, T — IV AN
77 =¥ AROMEINA BRIz, Y EDZ &b, folA BIZT-Matst < a > DO
AR T D LA L.

WOETIR, B/ T IVAAYICE DT Y — VAN T 7 X —¥ OB R A R 5

HHINT, TORMNT 22— FTHRIZTZHEE. iIrL. SHIZE/, T IUILEW
Lo THEBEINDHHOMORIETOFBHFMIZON TR T, K aerogenes L V7

V=N AN T 7 Z—BEENRTF T I k> Thiflifl a2 nERKEISG Lz, 20

ERHKKBONIZF T I M LRE#£L30kDa F (ats AR m v Rt A MA LicRICE

WTHEHBET S IV IZE > THRMWICEESRSIND D TREBTOEHHE ; 43 T3

R) DFFILICEDFERBITON R RoTc. EZTZOKREMHNTT Y —L ANV

77 & —¥ OIEMAL 2 HREiT 5 I5F(moaR )k 7 v —=7 L. FODNAK K Y| %

WE L, 7u—=VF LI FEKSO1BKIZEBALIZEZ A, £/ 7 I VLEWIC
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57V =N ANT 7 Z—CORME, EOF T I U MibEE#. 30kDa& H O EA K
A Uiz, Eiz, HHERS X Y MoaR&E H @ CARMHRIZIT kS RFMEH O DL
FFM: % R T helix-turn-helix e F— 7N RoMh o7z, & BizmoaR-lacZ fusioniz X v,
MoaRZE H iXmoaR {5 1-H & D3 % IEizautoregulation L TWA Z &b o7z, LA
EoZ &5, MoaR#EElXats FRue v tyn A Ru L 2E&L{OLOE/) T IV
Fan RIEFEIEZHETILTWDZ LBbhoTe,

BEETIX. E coliDE/ 7 I URILEE#ERIZ T OB, MiTic oW Tk, £/
T X VUBRILEERE OMEERIZ TR KIBH &/ A D30.9MHEIC BT 5 Z L EFER L.
T4V =¥ a VT ORR, ZOWEBIZIZ o0 ) T I VBILEERBFIET DT L8
bhrolz, ZDH5HDO—BIZTODNAKIRSIZYE LTz, E coli P OIER LT/ T
IVBIEBERDONKDAT X ) BOXRTF RESNIL, Z OBIR T ODNAKILALYI A 5 T
BIhD3b0L—HBLTWe, E£ie, ¥/ IAXTF REBRDRSERSIH30T 2/ BRIC
bleoTHEELTWz, Z OBIZETODNAKS] & Z vk b P &L HSmature enzyme(

1R81, 29507 I/ MEFIIX. K aerogenes ODDNAKEF L OE / 7 2 VAL

BER DT 3/ BRLA E R ER OIS S T, S5 OFEE & BERTEE DM AT
Rop P T, RRETAE ) 7 I VMBILR#(macAs )% 21— K35 % 0 L fi L.

¥z, E coli DAREFHE L dDcopperitopa quinone& 7 I VILEEFE D T 7 7 X —
AL E D7 I/ BHFEM: X V. topa quinone~DZEMMNRBRENTWNWD F 1 ¥ L EREMN
L Tz,

WMUETIZ. TV N AL T 7 E—PROE /7 I VBILEFE L FRRICE ) 7 I LE
Mz L > THEB ORI ND30kDaDEHE O L, £ ORIE - RITic oW TRz,

TY—=NANT 7 X —FiRia{f(atsA )&t/ 7 A K(pAS123)% H-DOK. aerogenes
BWT, BREOF T I ORINC L Y RIB0kDanEHELRFBAREINTNDID%
BRU. TOEHHIZT ) —NVAVT77 Z—ERE/ T I VLR L FIRICT T 3
YEMEATR=RIRAs IRIVTHFE BRI, T4V —va nickv, Z
DEE OFBE I HERFIRIL. atsBA A1 > D R FEDORKI2.0kbDWT i v i 7 8 3
L hbholt, TOMHBODNAKIES LY. Z-DDORF, moaE. moaF » i{,>
Molc, moaE 7 E—& —3F 7 IV ORMZE v iERILE N, —DODi#IxFmoaE
. moaF Xz D7 E—X —NHRY VA= ZIZEEINTWDZ EXRMI N
7o B0kDaEH &M L. TONKT I/ BENERE LIcL Z A, moaF BIEZ T D
DNAKEE S 5 FPRENDNAKES & —B L TWe, £c, 7—FRXR—ARLDEKER
T—RBICL V., moaE BIZTHEMIXT T IV HDWIXE DM ED ERILIRITT D Z
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ERRRENT, £/ T I UALEWIC X H30kDaEH OFHEARIX. hoE/ T IV
¥ o v & RBRIZIEOHREINFmoaR Iz X » Tl X Tz,
LI EDOKERE E LDz DNFig. 51. TH D,
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