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緒言

アリーノレスルファターゼは、アリール硫酸エステルを加水分解する酵素で、動植物組織、
微生物界に広く分布し、生体内および地球上の硫黄化合物やアリール化合物の循環代謝に重
要な働きをすると考えられている(1 )。しかしながら、その生体内での機能についてはあ
まり分かっていない。 バクテリアのアリールスルファターゼ合成は、硫黄化合物とモノア
ミン化合物によって調節を受けることから(2 )非常に興味がもたれ、 Escherichiacoli (3) 
やSalmonellatyphimurium (4)にはほとんど活性がないことから、その生合成調節に関す
る研究はKlebsiellaaerogenesにおいて行われてきた。
κaerogenesのアリールスルファターゼは分子量47000のそノマー蛋白質で (5、6)、
細胞のペリプラズムに位置している(7) 0 κaerogenesのアリールスルファターゼ合成は、
無機硫酸やチオ硫酸、システインなどの硫黄化合物によって抑制されるが、メチオニンやタ
ウリンを単一硫黄源として培養したときには抑制されず、構成的に行われる (2、3)。し
かしながら、この酵素合成の硫黄化合物による抑制は、 一見全く無関係と思われるチラミン
やドーパミン、オクトパミン、ノルエピネフィリンなどのモノアミン化合物によって脱抑制
される (8、9 )。これらの化合物は、いずれも脳神経細胞において神経伝達系の調節に関
与することが分かつており、腸内細菌におけるそれらの役割を明らかにすることは非常に興
味深い。また、 κaerogenesのアリ ールスルファターゼをイオン交換やアフィニティーのク
ロマトグラフイーを用いて精製したところ、メチオニンを硫黄源にした時に生産される構成
的酵素もチラミンによって脱抑制された酵素も同ーのものである(6 )ことが分かり、この
ことは遺伝解析の結果とも一致した。精製された酵素は肝，ひ，p -nitrophenyl sulfateやp刊tro
catecohl sulfateに高い基質特異性を示し、 tyrosyl・0・sulfate、tyramine-o・sulfateやindoxylsu 
Ifateに対しでも基質特異性ををもっていた。
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以前、足立ら(2 )によって無機硫酸からシステインに至る合成系の変異株を分離したと
ころ、システインへの合成系が止められでも無機硫酸によるアリールスルファターゼの抑制
がみられた。このことから、無機硫酸とシステインは別々にコレプレッサーとして働き、 at
sRでコードされているレプレッサー蛋白を活性化していると思われた。また彼らは硫黄源、の
種類に関係なくアリールスルファターゼ、を構成的に合成するAtsR変異株を分離した(3) 0 
PW52ファージを用いた遺伝解析の結果、このatsR変異はアリールスルファターゼの構造遺
伝子をコードするatsA遺伝子に隣接することが示唆された (10)が、後に著者らの研究によ
り、 AtsR変異は抑制遺伝子atsRの変異ではなく、精進遺伝子atsA上流の調節領j戒の変異で
あることがわかった(未発表)。
また、最近室岡ら(5 )によってアリールスルファターゼの構造遺伝子がクローニングさ
れ、酵素合成に必須な領域のDNA境基配列を決定した。転写産物の解析の結果、 atsオペロ
ンはアリールスルファターゼ遺伝子、 atsAと、その正の調節因子atsBとから成ることがわか
った。そして、アリールスルブアターゼの硫黄化合物による抑制とモノアミン化合物による
脱抑制はatsB上流のプロモーター領域において転写レベルで、行われていることを明らかにし
た。
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κaerogenes において、アリールスルブアターゼの脱抑制を引き起こすモノアミン化合
物は同時にモノアミン酸化酵素の合成を誘導する。 κaerogenesのモノアミン酸化酵素は
チラミンに対して高い特異性を示すことから、チラミン酸化酵素と呼んでいる。以前室岡
ら (11)は、チラミン酸化酵素をコードするtynA遺伝子は、アリールスルファターゼ遺伝
子atsAと染色体26分付近で近接していることを種々の遺伝解析により示した。また近年、
杉野ら (12) によってモノアミン駿化酵素がクローニングされたが、クローン化された酵
素はこれまで研究されてきたtynAでコードされるチラミン酸化酵素とは異なる基質特異性
を示すことから、このクローニングされた遺伝子をmaoAと命名した。 maoAを遺伝子破
壊した株にも野性株と同程度のそノアミン酸化酵素活性があることからも、 maoA遺伝子
がtynA遺伝子とは違うもので、染色体上のmaoA遺伝子がほとんど機能していないことが
示唆された(未発表)。構造解析の結果、 maoオペロンはモノアミン酸化酵素遺伝子maoA
とその上流に位置する機能不明のmaoC遺伝子とから成ることがわかった。また、モノア
ミン化合物による酵素合成の誘導はmaoC上流のプロモーター領域において転写レベルで
行われることを示した (12)。また、山下ら (13)は、モノアミン酸化酵素のアミノ酸配
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列中にトーパキノンに変換し得るチロシン残基を合むコンセンサス配列を見つけ、さらに銅

を補酵素とすることを示唆した。

本研究では、 κaerogenesにおいてサルフェートレギュロンの一つで硫黄化合物によりそ
の合成が抑制されるアリールスルファターゼの遺伝子発現調節機構を解明することを目的と

した。その結果、ジヒドロ葉酸還元酵素遺伝子が硫黄化合物の存在下でアリールスルファタ

ーゼ、合成を抑制することを明らかにした。また、アリールスルファターゼやモノアミン酸化

酵素と同様にモノアミン化合物によって誘導される一連の遺伝子群を発見し、これをモノア

ミンレギュロンと命名し、その調節機構を解析した。
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Cloning and Nucleotide Sequence of a Negative 
Regulator Gene for Arylsulfatase Synthesis in 
Klebsiell.a aerogenes, That Is Proved to be the 
tolA Gene 
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ABSTRACT 

A negative regulator gene for synthesis of arylsulfatase in 

Klebsiella ~ierogenes was cloned. Deletion analysis showed that 

the regulator gene was located wIthin a 1.6- kilobase cloned 

segment. Transfer of the plasmid, which contains the cloned 

fragment, Into const l tutlve atsR mutant stratns of K. aerogenes 

resulted in complementation of atsR; the synthesis of arylsul-fa ­

tase was repressed In the presence of inorganic suI-fate or cys ­

teine and 1:hIs 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 lrames. One 01 

them lacked the N-terminal region but was ' highly homologous to 

the gene which codes diadenosine tetraphosphatase (apaH) of 

Escherichia coli. The other open reading frame was located coun ­

terclockwise to the apaIl-like gene. This gene was highly homolo­

gous to the gene which codes dihydrofolate reductase (foIA) of ~. 

coli. We detected 30 times more higher activity of dihydrofolate 

reductase in the ~ 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 repress.Lon of arylsul fatase synthesis. Trans-fer 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 lolA gene 

tive regulator for the ats operon. 
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INTRODUCTION 

i\rylsulfa tase is involved j n the metabollsm of sulfur and 

aryl compounds; Jt hydrolyzes arylsl1] fate esters to aryl com­

po u II c1 s an cl J nor g ani c s u 1 fat e ( 7). S y n LIt e s:l s 0 [ a r y 1 s u 1 fat n s e 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 

low level from most strains of Escherichia coli (2, 10) and 

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

fatase of K. aerogenes is 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 ~nzyme is repressed by sulfur 

compounds, 

the enzyme 

methionine, 

such 

is 

or 

as sulfate, thiosulfate, and 

synthesized constitutively in 

taurine as the sole source of 

cysteine, whereas 

cells grown wjth 

sulfur (2, 10). 

Adachi et al. (2) isolated mutant strains of K. aerogenes, which 

are defective in the synthetic pathway from sulfate to cysteine. 

However, in these atsC-strains, wild type patterns of repression 

of arylsulfatase by sulfate or cysteine pers.lst. These resu] ts 

suggest that there are two independent fUllctional corepressors of 

arylsulfatase syntllesjs. They also Isolated aryl sulfatase consti­

Lutive mutant strains (2). In these AtsH- 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 aryl sulfa­

tase, atsA" was repressed by the atsR gene in the presence of 

these corepressor. The atsR mutatIo()s were more than 90% cotrans-
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ducible with atsA mutations by PW52 bacteriophage transduction 

( 5) . 

TIle repression caused by the sulfur containing compounds 

is reJjevec] by the addItion of tyramine, octopamine, dopamlne, or 

norepinephrine (3, 20). These monoamine compounds induced monoa­

mine oxidase, maoA (26, previously called tyramine oxidase, tynA) 

in K. aerogenes (20, 21). The derepression of aryl sulfatase 

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 1~. coli and the transducing phage Pl. These genes are 

linked to gdhD and trp genes in order atsR-ats~-rnaoA-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 aryl sulfa­

tase from K. aerogenes, and we found a very interest fact that 

the negatjve regulator gene codes dihydrofolate reductase (foIA). 
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MATERIALS AND METHODS 

Bacterial strains. The bacterial strains used in this study 

are listed in Table 1. 

Plasm.ids . pKI212, a 5.5-kilobase (kb) plasmid which confers 

resistance to kanamycin (Km r ), was constructed by inserting a 

1.1-kb Ps tI fragment containing Lhe Kmr gene from pUC4K in the 

PstI 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 ~. coli was provided by Y. Kohara (National Insti tute of 

Genetics, Mishima, Japan). 

Enzymes and chemicals. Restriction endonuclease, T4 DNA 

ligase, and calf intestine alkaline phosphatase were purchased 

from Takara Shuzo Co., Ltd. (Kyoto, Japan) or Toyobo Co., Ltd. 

(Osaka, Japan). The M13 sequencing ki t (Sequenase, version 2.0, 

7-deaza-dGTP edition) was provided by U. S. Biochemical Co. 

(Cleveland, OIl). [a- 32PJdCTP (>650 Ci/mmol) was purchased from 

lCN Biomedical, Inc. (Irvine, CI\) . Indoxylsulfa te and p­

ni trophenylsul fate were provided by Sigma Chemical Co., (s t . 

Loui s, MO). The other 

preparation. 

compounds used were standard eommercial 

Culture media. The rich media used were LB (1% polypeptone, 

o . 5% yeas t extract, 0.5% NaCI). The minimal media used for K. 

aerogenes were K medi urn (16), cons isting of 0.5% carbon source, 

0.1% nitrog"en source, 0.01% MgC1 2 .6H 20, O.OOJ% each of Nael, 

MnC1 2 .4H20, FeCI 3 .6H2 0 and 0.05M potassium phosphate buffer 
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(pJI7. 2). The medta used for E. coli strains were supplemented 

wLtll .L mM CaC1 2 .2H 20, threonlne and leuclne (20 Ilg/ml) and 

thiamine (10 }1 g/ml). Unless otherwise mentioned, xylose for K. 

aerogenes and succinate 

WCl'C 

respectively. 

ManipulatIon of DNA. 

restrIction endOIluclease 

for E. coli were 

used as III trogen 

used as carbon, and 

and s111 f"llr SOllrccs, 

Preparation of plasmid and phage DNA, 

cltgestJon, ligat I.on, and agarosc gel 

electrophoresis were performed according to the methods of Mania­

tis et al. (13). Transformation of ~. coli strains was performed 

according to the methods of Hanahan et al. (9). For transforma­

tion of K. aerogenes cells, a modi fication of the method as 

clesc:ribed by Davis et al. (6) was used. The cells were treated 

with 100mM CaCI 2 , 50mM RbCl, and 25mM LiCI in 100mM 3-(N-morpho-

lino) propanesulfonate (pH 6.5). After incubation for 1 hr at 

O' 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 partjally 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 CaCl 2 -heat shock method as described above. 

Transformants were selected on LB agar plates which contained 50 

/.1 g/ml of kanamycjn and Kmr colonies were replicated onto K 

medium with 0 . 25 mg/ml of indoxylsulfate as an indIcator of 
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ary -lsuJ fatas e activity (J). Coloni e s wlth Jow a r yl su l f at a sp. 

activity are colorless whereas AtsR- colonies wi tll hlg-h enzy me 

actj vi ty are blue owing to hydrolysis of the enzyme substrat e . 

T r it 11 S r' () nil 11 11 L s y I (' I cI I II g- C () lor I (; sse 0 I () 1\ I (; S W (; r (; s (; I (; C L (~d . 

DNA sequence analysis. DNA sequence was determined by the 

M13 - dideoxynucleotide chain-termination method ( 22) . In all 

cases, sequencing reactions wer(; performed wj th T1 po Lym e rase 

kIts includ i ng [a _32 p ] dCTP as the DNA. labeling and deoxy - 1 -

deazaguanosine triphosphate instead of deoxy-guanosine triphos -

phate to eliminate the G-C band c ompression (15). The sequencing 
f 

reactIon products were resolved on 6 % polyacrylamlde-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-Ol\1AT AR (Eastman 

Kodak Co., Rochester, NY) film. 

Computer analysis. The nucleotide and amino acid sequences 

were analyzed wi th GENETYX programs (SDC Software Development 

Co., Ltd., Tokyo, Japan). 

Assay of enzyme activities. Bacter ia were grown aerob ically 

at 28" C in }< me dium. Tyramlne 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 

that of Stone and Morrison (24,25) and performed as follows. 

10 



13ac ter La were grown aerobically at 28 ' C in K medium. When the 

culture reached 100-200 Klett units, cells from a 1 ml portion 

oft h e c u 1 t u r ewe r e h a r ve s ted an cl sus pen de din ~3 0 0 j1 J 0 f 50 mM 

TrLs-IICl buffer (pH 7.4) contalnlng 1 mM EDTA. Crude extract (5-

50 Ill) was added to 2.5 ml of 50 mM Trls-HCl (pH7.4) contalnlng 

1 mM EDTA, 1 mM dlthlothreltol, and 0.1 mM NADPH. One ml aliquots 

of the mlxture were added to each of two cuvettes. Dihydrofolate 

was added to 20 j1 M 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 us ing a .JASCO UVIDEC- 340 (JAPAN 

SPECTROSCOPIC Co. ,Ltd., Tokyo, Japan). 

Hybridlza tion for gene mapping. The membrane tha t was used 

was Gene Mapplng 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 Biochemlca (Mannheim, Germany), was performed according 

to the recommendations of the manufacturer. 
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RESULTS 

Clonlng of the gene complemented atsR mutntlon. Chromosomal 

DNA from K. aerogenes W70 was partially digested wi th EcoRI or 

BamHI. The fragments were ligated wi th EcoRI- or BamBI-cleaved 

pKI212. The mixture of hybrid DNA molecules was used to transforIn 

K. aerogenes K:304, which is the atsR mutant strain and permi ts 

constitutive synthesis of arylsulfatase in the presence of sul ­

fate. Among about 10,000 Kmr colonies tested, one color less 

colony was obtained. We will designate this as functionally ALsR+ 

since it is not stained blue in the presence of indoxylsulfate. 

Plasmid DNA prepared from this strain was about 5.8 kb in length, 

and this plasmid was designated pASR001. 

The transformation of K. aerogenes K304 (atsR4) with pASR001 

yielded 100% Km r , AtsR+ colonies, 

nant p asmicl was responsible for 

indicating that the recombj­

the ability to repress the 

synthesis of arylsulfatase. The pASR001 plasmid was further used 

to transform another atsR mutant, K. aerogenes K311 (atsRll), as 

well as other unpubl i shed mu tan ts wi th di fferent a tsR alleles: 

all transformants were colorless on indoxylsulfate plates. 

Effect or pASROOl on the expression of atsA. Effect of the 

cloned fragment on the plasmid pASOOl 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 aetivities in the cells grown in synthetic media wJth 

inorganic sulfate, cysteine, or nlethionlne as the sole source of 

sulfur with and without tyramine were observed (Table 2). 

In K. aerogenes W70, the synthesis of aryl sulfatase was 
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repressed when the cells were grown with inorganic sulfate or 

cystelne, whereas the enzyme was synthesized when methlonine was 

used as the sole source of sulfur as shown previously (2). The 

repression of the enzyme by these sulfur compounds was re]leved 

by the addition of tyramine. In the atsR mutant strains, K304 and 

K311, levels of aryl sulfatase were rather high and synthesis of 

arylsulfatase was not repressed even when inorganic sulfate or 

cysteine was present. Addition of tyramine to stra.Lns K304 and 

K311 did not appreciably stimulate the already constitutive 

levels of enzyme acti vi ty except when methionine was present as 

the sole source of sulfur and for strain K311, when Na2S04 was 

the sulfur source (,Table 2). When plasmid pASROOl was present in 

these mutant strains, arylsulfatase acti vi ty was lowered 5- to 

10-fold, but not to basal acti vi ty levels present in the wi] d­

type sLraJIl wlLhout the plasmid. Repression by pASR001 was also 

generally relieved by the addi tion of tyramine, al though the 

derepression level in strain K304 was low (Table 2). Thus, 

p!\SR001 lowers the consti tuti ve levels of arylsulfatase j n atslt 

mutants and therefore pASR001 appears to give at least partial 

complementation of the atsR mutation. 

Loealization of the regulator gene. A restriction map of the 

cloned chromosomal fragmen twas construc ted (F i g . 1). A 5.8-kb 

chromosomal fragment on the pASR001 plasmid was digested wi t11 

EcoRI and BamBI and subcloned into the pKI212 vector. Two plas­

mids, pASRB1 and pASRB2, which contained the 4. 2-kb EcoRI-BarnHI 

fragment and 1.6-kb BamIlJ-EcoRI fragment, respectively, were 

constructed. The properties of the plasmids were examined by 



nnalyzing tht8 complementation with the atsR mutation. The pASRB2 

repressed the aryl sulfatase synthesis in strain K304. These 

res1Jlts suggest that a negative regulator gene for .?-tsA eXpl"eS-

sion js located wiLlJ.iIl the 1.6-kl> ~coRJ -BumITl fragment (rig. 1). 

Nucleollde sequence oT the negative regulator gene. The com-

pIe te nucleotide sequence of the 1 . 6 - kb EcoRI -BamIII -- -- fragment, 

which carries the regulator gene was determined (Fig. 2). 

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 (-l high degree of similarity 

to t11e -10 and -35 consensus sequence (TcGACg-17bp-TATAgT) of 

E. coli and has a potential ribosome-binding site (gGGAa) (23). 

In the 3' -flanking regIon of thIs O.RP I we found a palindromIc 

sequence (!J.G; -:37 .7 kcal [ca. -158 K.J]/mol) which may act as u 

bidirectional p-independent transcription terminator. The second 

ORr seemed to lack the N-terminal amino acid sequence and con-

tains >780 bp wittl a TGA termination codon at position 877. This 

ORr was located counterclockwise to the first ORF. 

Homology search. The amino acId sequence deduced from the DNA 

sequence indIcates tha t the produc t of the first ORF conta1ns 

arnj no acids resIdues I having a molecular weight of 18 I J 39. We 

have searched for homologies in the DNA and peptide sequences of 

the ORFs and other genes wjth 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 

acJel from the sequences of the E. coli dlhydrofolate reductase 
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gene, folA, respectively (Fig. 3). In addition, we found tha t t h e 

second ORF (C-terrninal portion) is located coun t erclockwis e to 

the foli\-lJkE~ gene (F.lg. :3), nnd sequenees of the DNi\ and amlno 

acid are 79.1 % and 87.6 % homologous to those from the ~ coli 

diadenosine tetruphosphutase (apaII), respectively. From compari ­

Ron of ttlC ami no aeld gequenc:e. we found that 20 amino acids [rom 

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

our clone. 

Determination of the essential region 10r the atsA repression. 

We further subcloned a variety of deletion plasmids to determine 

tbe region responsible for lowering of aryl sulfatase acti.vity 

(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 Eco47III-BamIII fragment. Since this region was 

~oJncident with the ORF o[ the foli\-like gene, the folA-like gene 

seemed to repress the aryl sulfatase synthesis. 

Estimation of dihydrofolate reductase activity. Activities of 

clihydrofolate reductase in the wild - type and atsR strains wi th 

and wJ thout plasmid pASRB2 were measured. K. aerogenes strains 

carried pASRB2 showed about 20- to 3D-fold higher activities of 

dihydrofolate reductase than those of the strains without plasmid 

('fable 3). This resul t indicates that the folA-like gene codes 

[or functional dihydrofola te reductase. Thus, we concluded that 

the [i rs t OI~F is the folA gene of ~ aerogenes. However, dihy­

drofolate reductase activities in atsR mutant stains were similar 

to that of the wIld-type strain. 
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Analogous mapping 0-[ the folA gene on the E. coli chromosome. 

By usIng the clone of the K. aerogenes falA gene (folJ\K)' t h e 

analogous loea tiOIl of the folA gene in ~ coli was mapped. A 

recently developed physical map of the ~ coli W3110 chromosome 

generated from overlapping A phage clones encompassing the 

entire ~ coli genome was used (ll). A O.68-kb SmaI - SalI fragment 

was isolated from pASRB2 and labeled with non-radioactive DNA 

labcling k.lt . The -[olA1\ proiJc hylJrlcli.?;cd strongly Co the coorc1l -

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 ­

sjstent with the previous mapping of the folA gene together with 

the apall gene of E. coli genome (4). 

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

Next, we tested whether the L coli folA gene could complement 

the K. aerogenes atsR mutation. The folA region of E. co;Li was 

cu t Oll t wi th ~coRV from the clone 4A3 and the fragmen t was inserted into 

pKl212 vector . The resultant plasmid was designated pEFOL2. The 

plasmid pEFOL2 was introduced into the atsR mutant strains of K. 

aerogenes. The plasmId pEFOL2 repressed the arylsulfatase synthe­

sis ill the presence of inorganic sulfate (Table 3). The repres ­

sion level by the folAK of E . coli was the same as that by the ~ 

aerogenes folA. 

From these resul ts, we conclude tha t the folA genes from 

either ~ aerogenes or L colI represses otherwise constitutive 

atsA expression in atsR mutants. 
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DISCUSSION 

We have c lonec1 a ch romosoma 1 r ragmen t 0 f K. acrogen cs W70, 

which in multicopy apparently repress aryl sulfatase syntbesls of 

atsR mutants in the presence of sulfur compounds. Thus, the 

trans fer of the recombinant plasrn.td :Lnto the atsR-deficj ent 

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 O.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 in 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 negative 

factor might be required for the complete repression of arylsul­

fatase synthesis in the presence of sulfur compounds in atsR 

mutants. Al ternati vely, 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 ac i d of the regula tor to those of E. col i folA, over 

production of dihydrofolate reductase by the h aerogenes carry­

ing plasmid wi th the regulator gene, and the complementation of 
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the h 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 constJtutive atsR mutants by the folAK gene was repressecl by 

sulfur, and wi th the excep tion 0 f the atsR4 mutan t grown on 

cysteine, this repression was generally relieved by tyramine 

(Table 2). These results suggest that the repression by the folA 

gene is involved in a negative regulation system for the ats 

operon in ~ aerogenes. 

Previously, Muraoka et al. (16) showed that an h coli gene 

analogous to the atsA gene of ~ aerogenes is located at 27 mill 

on the L coli genome by classical genetic analysis. The L 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 folAK with Kohara bank of h coli 

genome, the folAE 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 

Ls more than 90% linked wi th the atsA gene (16). This resul t 

indicates that the product of the folA gene is different from the 

predicted atsR aporepressor. Arylsulfatase activity is not demon­

strab.Le in ~~ 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 (foIAE ) and 

[oIAK to repress atsA expression in K. aerogenes strongly sug­

gests that the Klebsiella regulatory mechanism is conserved in E. 

coli. 
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Si1lce no sjgnJficant differellc e s of cllhydrofo la Le r e du ctas e 

activities were found between wild-type strain W70 and the atsR mu t an t 

straJns in the absence of plasmids, the atsR mutation does not 

resuJt in constiLutlve 10.vcJs or ALsA through er'fects 011 sjngle 

COpy folA gene expression. Elucidation 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 atsi\. expression or metabolic effects on enzyme activi ­

ty. Al ternatively, it may involve effects acting through the 

pos i t j ve regulator encoded by a tsB ej ther a t the level of gene 

expression or enzyme acti vi ty. In any case, the significance of 

the work presented here is that it implies the existence of an 

lJll e xpected regulatory connection between methyl (C1) metabolism 

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

straLn 

L aerogenes 

W70 

K304 

1\311 

E . coli 

JMI09 

Wild-type 

tynA13 atsR4 

tynB13 atsR11 

recA1, endAl, gjrA96, thi, 

hsdR17, supE44, A , /:), (lac-

proAB), relAl, [F', proAB, 

laclqZ M15, traD36] 
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Source or r~[erence 

MacPhee et al. (12) 

Murooka et al. (16) 

Murooka et al. (16) 

Yanisch-Perron et 

al. (29) 



TABLE 2. Effect of the pASR001 on the repression of aryl sulfatase 

synthesis ~ aerogenes strainsa 

Host strain 
(genotype) 

W70 
(wild-type) 

K3 0 4 
(atsR4) 

K311 
(atsR11) 

Sulfur 
Plasmicl source 

(p/\SR001) (:3 mM) 

+ 
+ 
+ 

+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 

+ 
+ 

+ 

Na 2S04 
Na 2SOt 
Cyste ne 
Cysteine 
Methionine 
Methionine 
Na2S04 
Na2S04 
CysteIne 
Cysteine 
Methionine 
Methionine 
Na2S04 
Na2S04 
CysteIne 
Cysteine 
Methionine 
Methionine 
Na2S04 
Na2S04 
CysteIne 
Cysteine 
Methionine 
Methionine 
Na2S04 
Na2S04 
CysteIne 
Cysteine 
Methionine 
Methionine 
Na2S04 
Na2S04 
CysteIne 
Cysteine 
Methionine 
Methionine 

Tyramlne 
(:3 mM) 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

!\rylsulfatase 
actlvjty 
(U/mg or ceJls) 

0.27 
3.58 
0.30 
3.58 
2.27 
9.96 
0.22 
2.00 
0.24 
2.10 
0.71 
5.45 

11.6 
12.0 
11.6 
11.6 

5 . 52 
7.64 
2.08 
5.07 
2 . ~32 
2.50 
2.86 
3.56 

11.3 
15 . 0 
11.2 

9.26 
5.80 

14.0 
2 . 62 

11.9 
1 . 33 
9 . 68 
2 . 29 

10.1 

aTlle cells were grown in xylose-NII4 CI medium with the source of 

sulfur as indicated, in the presence (+) or absence (-) of tyra-

mine . The cells were harvested whell 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 dlhydrofolate reductase 

in tlle ~ acrogenes wild-type and atsR strajns with or wJ th 

out plasm:Lda 

lIost strain Plasmjd 
(Genotype) 

W70 

(WJld-type) pASRB2 

pEFOL 

1(:304 
(atsR4) 

pASRB2 

pEFOL2 

K~311 

(atsR11) 
pASRB2 

pEFOL2 

Enzyme activity (U/mg of cells) 

Arylsulfatase Dlhyclrofolate reductase 

0.15 o . O~~ 

0.08 0.63 

0.10 0.52 

10.4 0.03 

1.60 0.97 

1.76 0.71 

12 . 1 0.03 

1.68 0.95 

2.16 0.58 

aThe 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. 

26 



Legends for figures 

FIG. 1. Restr.lction endonuclease map of pi\SROOl and tts 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 ~ aerogenes K304 and K311, and 

cells were assayed for arylsulfatase activity (+, repression 

level ; constitutive level). 

FIG . 2. Nucleotide sequence of the l.6-kb fragment and the 

predicted amino acid sequences of the ORFl and ORF2 genes. The 

presumpti ve r .ibosomal-binding si te (SD) and possible promoter 

regions (-10 and -35) are indicated. The arrows show the ciirec ­

tion of ORFI and ORF2 . The horizontal dashed arrows show inverted 

repeat sequences. The GenBank/EMBL accession number is 

rIG . 3. Comparison of folA sequences from Ji. aerogenes and E . 

coli. IdentIcal nucleotides are indicated by shaded box with *. 

rIG . 4 . Restriction map of pASRB2 and its derivative plasmids. 

Deletion plasmids were used to trullsform 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 a p aH genes. These 

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

rIG . 5 . Restriction map of h coli clone 41\3 (11) and construc ­

tIon of plasmid pEFOL2. Direction of genes were determined by 

Blanchin - Roland et al. ( 4) . 
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rig. 2. 

1 GG/\TCCTCTTCTGGCGGCCCI\CGGTGTGI\I\CGTGGGCTTGCCI\GC/\/\I\TCI\GI\/\I\I\Trr!' 

61 CTTI\TTC'rrr/\cc CTCCG GCC/\GTCGAC GI\/\G'rrGT/\C GCTrrCCGTATAG TGGCGI\C/\/\ 
-35 -10 
MIS L 1 A 1\ L n V )) n 

121 1"I·rrrTGCI\CTCGGGM'1'G/\I\T{~/\/\TG/\'1'C/\G'I'CTG/\T·l'GCGGCG'1"l'/\CGGG'l'I\GI\'I'C(~C 
SD ~ ORrl 

V I G MEN 1\ M P ;rt N L N E I> L /\ W F l\ 
181 GTCA1TGGTI\TGG/\I\/\ I\CGCC/\TGCC/\'1'GG/\/\CCTG/\/\TGI\/\G/\TCTC GCCTGG ,[,TC/\I\/\ 

n N T L N I{ P V V M G n L T W E S I G It 
241 CGCI\I\C/\CG'rl'I\/\I\T/\I\GCCGGT(~G'I'GI\'rGGGGCG'l'C'1'GI\CGrGGG/\1\'l'CCI\')"I'GGGCGC 

P LPG R K N I V ISS K P G S U U R V 
301 CC1\lTGCCGGGGCGTM/\I\I\TATCGTG/\TCI\GCAGC/\I\I\CCCGGCAGCG/\CGI\.TCGCGTG 

Q W V S S VEE I\. I I\. 1\ C G IJ VEE I ~, 

361 CAGTGGG'fCl'CCTCCGTI\.G/\I\.GI\I\GCI\.I\.'1"l'GCCGCCTGCGGCGI\TGTGGI\f\G/\Gf\'1"I'I\'I'G 

V I G G G H V Y IJ E F L P K I\. Q l{ L Y L 
421 GTGATCGGCGGCGGCCGGGTGT I\.TG/\CGI\(~TTCCTGCCG/\I\I\.GCGCI\GI\I\GCTCT/\C'rl'G 

T II I )) I\. EVE G )J T II F P U Y )) P IJ E 
4 81 I\CCCI\'1'Jrrl'GI\TGCGGI\I\GTGU/\I\GGCG/\TI\Ccc/\'!"rl'CCCGGI\Tl'I\CGI\'!'CCGGI\CGJ\/\ 

W E S V F S E F 11 J) A )) l\. Q N S II S Y C 
541 TGG GI\GTCGGTG'rrCI\GCGJ\G'rrrC/\TGI\.CGCC Gl\.CGCGCI\G/\I\CTCCC/\TAG CTJ\CTGC 

F ElL ERR • 
GOl l~ITGI\G/\TCCTCGI\I\CGCCGTl'I\J\.GCGGGCJ\.GGJ\.TJ\GCG/\TI\/\J\.I\I\I\I\CCCCGGTCGCGT 

G 61 CTGGCGTGJ\CCGGGG1"!"1Y fCTrrl'GC/\ TG/\1\.1TGCGCG/\CGl\. TGGCGCI\CTCI\. GTA TCTC 
It 

121 GTCGTG'l"1"rCCC(rl'CGCGGGC1"l'CGTGI"I'cC'rGGI\GC(JCTGCCCGGGCTI\CJ\J\.J\TGGCI\/\ 

181 GGAJ\/\TGTAGGTCGGGTI\/\.GGCG'rl'J\GC GCCI\CCCGJ\.CI\I\.I\ J\.CGI\CGCCGC/\G GT/\GCCC 

811 GGI\T/\.j\GGCGC/\.J\CGCGCCGCT.I\TCCUGGI\I\GI\GTCI\GGJ\.CGCGJ\CGGCTl'CGCCTl'CGT 
J\GTCCTGCGCTGCCU/\/\GCGGJ\I\UCJ\ 

• S J\ V J\. E G E 

90 1 CG/\GGC'I·rrTC'I'GCCGGrrruJ\.CGGC'J'GGG'fGJ\.I\G'['J\CTGC'I'TATCTI'CCCI\.GCGCI\GGC 
GCTCCGJ\./\/\J\GI\CGGCCI\I\J\.C'!'GCCGI\CCCl\.C'rTCI\TGJ\CGI\I\.TI\.GI\/\GGGTCGCG'I'CCG 
]) L S K Q R N S P Q T F Y Q K ]) E W H L 
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961 I\.GGTGl\G1y rCCCCGCCCCI\.GCI\GCI\.GCCGGTI\TCC/\GGGCGT/\I\I\TCCCCTCCGGCGTGC 
TCC/\ CTCI\.l\ GGGG CGGGGTCGTCGTCGGCCI\Tl\ GGTCCCGCI\ 1Y 1'T/\ GGGGl\ GGCCGC/\ CG 
C T LEG G W C C G T U L l\. Y I G E P T 

1021 CGCGTCCCTCC/\.GCGl\l\GCCCl\GTGGCCl\/\I\GGCMTGCTGTl\GGC/\.TTGCTGl\CCGGGC 
GCGC1\GGG/\.GG'I'CGC'l"I'CGGG'I'C/\.CCGG1"rrCCG'lT1\CG/\.Cl\TCCG'l'l\l\CG/\CTGGCCCG 
G n GEL S l\ W JI t G F l\ I S Y A N S V P 

1081 CGGG"1I\TGGCAI\I\CCACGGCTTC/\GCGGCGCCGGGGCGTCCTCGGGCGC1i'Cc'rrCG/\L\ T 
GCCCTT1\CCG'rrfGGTGCCGI\/\GTCGCCGCGGCCCCGCI\.GG/\GCCCGCGI\.L\GG1\I\GCTTI\. 
G P I A F W P K L P .I\. PAD E P .I\. E K S 

1141 I\.CA TATCCI\.GCTG GCCGTTCGGGI\1\/\CI\.GT1\GC GCI\.TG CGGGT 1\.1\1\GGCGli'I\.GI\.G/\T 1\./\ 
TG'rI\.TI\.GGTCG1\CCGGCI\/\GCCC'rrfGTC/\TCGCUfI\.CGCCCI\.'ITfCCGC1\/\TCTCTl\.'rf 
Y M D L Q GNP Fey R M RTF A N S I 

1201 I\.GCGC1\GGCGCGC C1\ GGC CGCTCI\ GCTCGTTGCTCCI\ GTGGTTCGGCL\'I'GTCGCCGTI\. CI\. 
TCGCGTCCGCGCGGTCCGGCGI\GTCGI\.GCMCG/\.GGTCI\CCI\AGCCGTI\.CI\.GCGGCL\TGT 
F R L R I\. L G S LEN S W II N P M D G Y 

1261 TGGCATCGAGGMGI\.I\I\GGL\TI\GGAGTCGCTGGI\GI\GCI\.CTGC'rrCI\I\CL\TCGCGCGCGC 
ACCGT/\GCTCCTrCTrfCCT/\'rCC1'Cl\GCGI\CCTCTCGTGACGl\I\G'efGTI\.GCGCGCGCG 
MAD L F F P Y S I> S S L V A E V n H 1\ 

1321 I\.CTGGrGGGCGGTCTCCI\GI\.TCCCI\CTGCGGCGTMTGCCGGCI\.TGGGCC/\.TCI\CCI\.GCT 
TGI\CGI\CCCGCCl\.GI\GGTCTl\GGG'l'G/\C GCCGCl\.l"fAC GGCCGTl\.CCCGGTl\. GTGGTCGI\ 
C Q Q l\. TEL n W Q P T I G I\. II .I\. M V L 

1381 ~rrTTCTCT·TCI\TCCI\CCTGCl\GCl\GCGGCTGGCGI\CGCl\.GCCI\Gl~rGl\.GCI\GCTCATCGG 
Al\l\/\.G,I\GMG'fI\GGTGGI\CGTCGTCGCCGl\CCGCTGCGTCGGTC/\l\CTCG'rCGl\GTl\GCC 
K K E E J) V Q L L P Q R H L W N L LED 

~~ 

1441 C.I\.'rCCGGCGGI'TCCI\GCI\GTGGT'rrCl\Gl\CG/\.'fCGrl·TGGC'l"l'GTI'GCGGGI'Gl\.Tl\.CCGG 
GTI\GGCCGCGl\l\GGTCGTCI\.CCl\I\l\G'l'CTGGl'I\GGI\/\/\.CCGl\/\.Cl\l\CGCCGl\C'!'l\TGGCC 
I\. D P A ELL P K L H D K P K N n S I G 

1501 CI\MGt\CCGCCI\GCI\GGTGT1\I\.GTCATGG'rrGCCCAGC1\CC1\GTCGTI\.CCGTGTCGCCCA 
GT1.TCTGGCGGTCGTCCACI\.TTCAG'rACCf\1\CGGGTCGTGGTCAGCl\.TGGCAC/\.GCGGGT 
I\. F V .I\. L L n L J) n N G L V L n V T J) G 

1561 G/\.GI\.'nwI'G/\. CATl\ GCGC/\ GGA CCTCCl\ GCGI\TCCCGGG CCTCG GGecl\. CC/\.G/\.TCGCC GG 
CTCTl\t\ACTG'rI\.TCGCGTCC1'GG/\GGTCGCTAGGGCCCGGAGCCCGG'fGGl'CTI\.GCGGCC 
L S K V Y n L VEL S G P G n l\. V L D G 

1621 TC/\.GCCI\C/\.GCGTI\TCTCTCCGCGG/\.TCGl\J\Trc 
l\GTCGGTGTCGC/\TI\.G/\GJ\GGCGCC'l'I\OCTfl\.l\G 
T L W LTD H H PDF E 

ORF2 - ..... ....---
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Fig. 3. 
falA (E. coli) 

TAATGCGGCGAGTCCAGGGAGAGAGCGTGGACTCGCCAGCAGAATA TAAAATTTTC CTC A 
TCTTCTGGCG -GCCCACGGTGTGAACGTGGGCTTGCCAGCAAATCAGAAAATTTTCTTA'!' 
iQjl-1 ike gene (~. aerog9ne~) 

ACATCATCCTCGCACCAGTCGACGACGGTTTACGCTTTACGTATAGTGGCGACAATTTTT 
TCTTTACCCTCCGGCCAGTCGACGAAGTTGTACGCTTTCCGTATAGTGGCGACAATTTTT 

MIS L I A A L A V D R V I 
TTTA - TCGGGAA - ATCTCAATGATCAGTCTGATTGCGGCGTTAGCGGTAGATCGCGTTAT 
TGCACTCGGGAATGAATGAATGATCAGTCTGATTGCGGCGTTACGGGTAGATCGCGTCAT 

MIS L I A A L R V D R V I 

G MEN AMP W N L PAD LAW F K R N 
CGGCATGGAAAACGCCATGCCGTGGAACCTGCCTGCCGATCTCGCCTGGTTTAAACGCAA 
TGGTATGGAAAACGCCATGCCATGGAACCTGAATGAAGATCTCGCCTGGTTCAAACGCAA 
G MEN AMP W N L NED LAW F K R N 

T L N K P V I M G R II T W E S I G R P L 
CACCTTAAATAAACCCGTGATTATGGGCCGCCATACCTGGGAATCAATCGGTCGTCCGIT 
CACGTTAAATAAGCCGGTGGTGATGGGGCGTCTGACCTGGGAATCCATTGGGCGCCCATT 
T L N K P V V M G R L T W E S I G R P L 

P G R K N I I L S S Q P G T D D R V T W 
GCCAGGACGCAAAAATATTATCCTCAGCAGTCAACCGGGTACGGACGATCGCGTAACGTG 
GCCGGGGCGTAAAAATATCGTGATCAGCAGCAAACCCGGCAGCGACGATCGCGTGCAGTG 
P G R K N 1 V ISS K P G S D D R V Q W 

V K S V D E A I A A C G D V PEl M V I 
GGTGAAGTCGGTGGATGAAGCCATCGCGGCGTGTGGTGACGTACCAGAAATCATGGTGAT 
GGTCTCCTCCGTAGAAGAAGCAATTGCCGCCTGCGGCGATGTGGAAGAGATTATGGTGAT 

V S S VEE A I A A C G D VEE I M V I 

G G G R V Y E Q F L P K A Q K L Y L T H 
TGGCGGCGGTCGCGT1'TATGAACAGTTCTTGCCAAAAGCGCAAAAACTGTATCTGACGCA 
CGGCGGCGGCCGGGTGTATGACGAGTTCCTGCCGAAAGCGCAGAAGCTCTACTTGACCCA 
G G G R V Y D E r L P K A Q K L Y L T II 

I D A EVE G D T H F P DYE P D D W E 
TATCGACGCAGAAGTGGAAGGCGACACCCATTTCCCGGATTACGAGCCGGATGACTGGGA 
TATTGATGCGGAAGTGGAAGGCGATACCCATTTCCCGGATTACGATCCGGACGAATGGGA 

I D A EVE G D T II F P D Y D P DEW E 

S V F S E F H DAD A Q . N S H S Y C F E 
ATCGGTATTCAGCGAATTCCACGATGCTGATGCGCAGAACTCTCACAGCTATTGCTTTGA 
GTCGGTGTTCAGCGAGTTTCATGACGCCGACGCGCAGAACTCCCATAGCTACTGCTTTGA 
S V F S E F If DAD A Q N S 11 S Y C F E 

I L ERR * 
GATTCTGGAGCGGCGGTAATTTTGTATAGAATTTACGGCTAGCGCCGGATGCGACGCCGG 
GATCCTCGAACGCCGTTAAGCGGGCAGGATAGCGATAAAAAAACCCCG ---- GTCGCGrC 

I L ERR * 
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maaR, a Gene that Encodes a Positive 
Regullator of the Monoamine Regulon 
in Klebsiella aerogenes 

34 



ABSTRACT 

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

nctivatlon of aryl sulfatase synthesis by tyramine. This gene was 

cloned by eomplementatJon 0 f a !(. aerogenes mutant in which 

Lyrn lll :i TlC falls to t'eliev(~ the arylsulfatase repression caused by 

sulfur compounds. The moaR gene also acti va ted inductj on of the 

synthesis of both tyramine oxidase and the 30-kDa protein that is 

specifically induced by high concentrations of tyramine or 

catecholamines . The moaR gene on the chromosome of the wild-type 

stra .in of ~ aerogenes was disrupted by homologous recombination 

wi tIt a plasmid containing the inacti vated moaR. The resul tant 

mutant showed the same phenotype of previously isolated atsT 

mutant strains that are negative for the derepressed synthesis of 

aryl suI fa tase . In tIli s 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 

moti f in its C-terminus . Thus, . t seems likely that the MoaR 

protein regulates the operons by binding to the regulatory region 

of the monoamine regulon . The MoaR protein is 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 all 

arylsulfatase (the atsA gene product) whose synthesis is regulat ­

ed by sulfur compounds and aromatic 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 oxjdase (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, 27) . The 

derepression of arylsulfatase synthesis and the tyramine oxidase 

synthesis occur coordinately upon the addition of these monoamine 

compounds (1 7, 21). The a tsA gene is part of an operon wi tIl the 

atsB gene, which encodes an activator for atsA gene expression 

(19). The maoA gene is part of an operon wi th the maoe 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 js involved in the derepression of the synthesis 

of arylslllfatase. We found that this gene (moaR) plays a central 

role in the positive regulation of the expression of the monoa­

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

Bacterial strains and plasmids. The bacterial strains used 

in tllis study arc LLsLed.in TabJe 1. pMCJ40~3 (G) and pVI~Xl1 wer e 

provided by Y. Yamada and A. Nakazawa (Yamaguchi Universi t y). 

pEL3 (4) was provided by E. Ohtsubo (Tokyo University). pHSG298 

(28) was purchased from Takara Shuzo Co., Ltd. (Kyoto, Japan). 

p MW 21 9 ( 29 ) and pUC 4 K I XX ( 30 ) we rep u r c has e d from N j p p 0 n G en e 

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 Takara Shuzo Co., Ltd. or Toyobo Co., Ltd. (Osaka, Japan). 

Indoxylsulfate and p-nitropllenylsulfate were purchased from Sigma 

ChernLcaL Co. (st. LOlds, MO). [3JI"I-tyrHTTline hydroclllorjcle (~O C·I/ 

mmol) and [35 S ] - methionjne was purchased from New England Nuclear 

Research/Du Pont (Boston, Mass.). The other compounds used were 

stalldard commercial preparations. 

Culture media. The rich medium used was LB (1% 

polypeptone, 0.5% yeast extract, and 0.5% NaCl). The minimal 

mediuJIl used was l{ medium (16), which consjsts of 0.5% xylose, 3 

mM Na2S04' 0.1% NH 4Cl, 0.01% MgC1 2 .6H 20, 0.001% each of NaCl, 

MnCI 2 .4Il 20, FeCI 3 .6H ZO and 0.05 M potassium phosphate buffer (pH 

7 .2) . 

Manipulation of DNA. Preparation of plasmid and phage DNA, 

restriction endonuclease digestion, ligation, 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. NaN0 2 was used as the mutagenic 

agent, as deseribed by Eisenstark et al. (7). For selection of 

mutant strains from ~ aerogenes W70, white colonies that failed 

Lo syntllesJz;e arylsul raLas~ in tile presenee or tyramine (:3 mM) 

were selected by use 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 mutat ion. 

Chromosomal DNi\ prepared from ~ aerogenes W70 by the method of 

Marmur (14) was partially digested with Sau3AI, 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/ml of kanamycin. 

Groups of 120 kanamycin-resistant colonies were inoculated into K 

medium wi th ~3 mM tyramine and the aryl sulfatase activi ty 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 SmaI fragment 

contai n ing the kan gene in pUC4KIXX was inserted in to an EcoRV 

8J te ill the rnoaE gene. The illacti va ted maaR gene was subeloned 

into pEL3 (4) and resultant plasmid (pELAT5) was used to trans­

form into L aerogenes W70. The transformants were grown on LB 

plates containing kanamycin (50 ug/ml) at 42 o C, overnight. Since 

pELAT5 has the temperature-sensitive replicon, the transformants 

should appear as Kmr colonies only after homologous recombination 

of the plasrni.d (15). The insert of the kan gene i.nto the moaR 

gene on the chromosome was confirmed by Southern Hybridization 

with non-radioactive labellng of the fragment containing moaR as 

a probe. 

Assay of enzymatic activities. Bacterial cells were grown 

aerobically at 28 0 C in K medium. The activities of arylsulfatase 

(1), tyramine oxidase (20) and ~-galactosidase (22) were assayed 

as described previously. One unit of aryJsulfatase was defined as 

the amount of enzyme causing formation of one nmol of p-ni.trophe­

nol per min at 30°C. One unit of tyramine oxidase was defined as 

the amount metabolizing one #mol of tyramine per min at 30°C. One 

unit of ~-galactosidase was defined as the amount catalyzing the 

release of 1 nmol of o-ni.trophenol from o-nitrophenyl-~­

galactoside per min at 30 o 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 pVEX11 and the result­

ant plasmid (pVEXKH) was transformed into BL21(DE3). Ten ILCi of 
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[35 S ] -rnethion lne 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 0 C for 5 min (26). The concentrated cells were 

disso]ved in 100 #1 of sample buffer (pH 6.8), which contained 50 

mM Tr 1 s - lICI , 2% 2-mercaptoethanol, 4% sodi urn dodecyl suI fa te 

(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 

arylsul£atase synthesis by tyramine did not occur. We isolate d 

a JTlutant straln, 1L aerogenes K801, ln 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 iIldicater 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 strain W70 (Table 2), the structural gene for arylsulfatase 

(atsA) had clearly not been mutated. Strain K80l could not 

utilize tyramine as the sole source of ni trogen nor did it 

produce any monoamine oxidases. 

Cloning of the gene that complements the mutation 

responsible £or the absence or the derepressed synthesis of 

arylsulfatase. A plasmid carrying the moaR gene was found by 

transformation of L aerogenes K801 with a Sau3AI library and 

screening transformants for synthesis of aryl sulfatase in the 

presence of sulfate and tyramine. One posi ti ve colony was found 

among ]4,000. This plasmid (pATll) contained a 1.3-kb insert and 

complemented the L aerogenes atsT mutants, K6l1 and MKN204. Like 

strajn K80l, these mutants failed to synthesize aryl sulfatase 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 maaR 

gene carried by plasmid pAT11 on the synthesis of aryl sulfatase 

ancl 0 r tyramJlle oxld;ls(~ was 

was present in mutant 

eXillllll1Gd 

strains 

(Table 2). 

K801 (maaR), 

When plasmId 

K611 (atsT, pAT11 

tynA) , and MKN204 (atsT, tynA) , the repression of aryl sulfatase 

the addition of tyramLne. A by sulfate was relieved by 

restriction map of the cloned chromosomal fragment in pAT11 was 

constructed. The gene that complemented the !lloaR mutati.on was 

located within a 1.3-kb fragment (Fig. 1). 

In strain W70, the synthesis of tyramine oxidase was induced 

by tyramine. The mutant strajns K801, K611, and MKN204 failed to 

synthesize tyramine oxidase even when tyramine was present. After 

transfer of the plasmid pAT11 into strain K801, but not in strain 

K611 or MKN204, the synthesis of tyramine oxidase was inducible 

by tyramine. Since transformants of strain K13 (tynA13) and MKN63 

(tynA63) carrying pATll did not have any monoamine oxidase activ­

i ty, we concluded that pATl1 did not contain the maoA or tynA 

genes and did contain moaR that seems to be allelic to atsT. 

Strain .K80l carrying pATl1 had rather high levels of 

tyramine oxidase and arylsulfatase activities, even without 

tyramine. This ph nomenon may be the result of overproduction of 

the gene product from the multiple-copy plasmid pAT1l. Therefore, 

we subcloned the 1.3-kb fragment containing moaR on plasmid pATl1 

into a low-copy-number plasmid, pMW2l9, which has a pSC101 

replicon and is present as only a few copies per host chromosome 

(29). The resul tant plasmid, pATW4, was introduced into strain 

K80l and the acti vi ties of tyramine oxidase and arylsulfatase 
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wi th and wi thout t y r amine we r e e xamined. No a e ti v ! ty o f e1 t h er 

enzyme was found in th e abs e n ce of t yr a mi n e. Th ese e nz y mes were 

induced by tyramine. These results show t ha t the gene t hat 

complements the mutation that is responsible for f a i l ur e in t h e 

derepressed synthesis of arylsulfa t ase by tyramine also i nduc e s 

tyramine oxidase. 

Disruption of the moaR gene on the chromosome. The moaR. 

gene that was inactivated by insertion of the Kmr gene, on a 

heat-labile replicon containing plasmid pEL3 (4) , was 

recombinated with the chromosomal DNA of K. aerogenes W70. About 

2% of the transformants were def e ctive in the der e press e d 

synthesis of arylsulfa t as e in t he presence of tyramine . The 

resultant mu t ant strain (MK1) showed the same phenotype as 

strains K80l, K61l, and MKN204 (Table 2). 

Induction o~ 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 (pMAl) 

that included the regj on downstream of the atsBA operon. Its 

synthesis was not induced in the moaR mutant K80l carrying this 

plasmid. Its synthesis was induced by tyramine in strain K80 l 

t hat carried t he plasmid pATM1, wIdcll 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 pAT11 s e ems 

to have a positive regulatory effect on monoamine-induced oper ­

ons . Thus, we designated the positive regulatory gene moaR in ­

stead of atsT . 
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Nucleotide sequence of the positive regulatory gene. Tbe 

complete nucleotide sequence of the 1.3-kb fragment contaJ nIng 

the moaR gene was determined (Fig. 3). We found an open reading 

frame (OHF) capable of encoding a protein of about 26-kDa. This 

ORF consists of 684 bp, with a putative ATG initiation codon at 

posi tion 39:3 and a TAA termination codon at posi tion 1074. The 

putative initiation codon is 8 nucleotides from a potential 

ribosome-binding site (gGGAGG). In the 3'-flanking region of this 

ORF. we found a palindromic sequence [I:1G;-19.3 kcal (ca. -80.9 

kJ) Imol] which may act as a p-independent terminator. 

Analysis of the promoter for the moaR gene. 

the promoter region of the moaR gene, 

transcriptional fusion was constructed with a 

To identify 

a maaR' : : lacZ 

promoter probe 

vector, pMC1403. A 0.58- kb EcoRI -BamBI fragmen twas subcloned 

into pMC1403 (Fig. 1). The resultant plasmid was named pMCAT1. 

The level of expression of the moaR promoter was studied by 

rneasur Ing the j3 -galactosidase acti vi ty of the fusion in cells 

that carried pMCATl and were grown with or without tyramine 

(Table 3). j3-Galactosldase in strain W70 that carried pMCAT1 was 

induced by tyramine. This result suggests that the promoter 

region of moaR is located in the O. 58-kb EcoRI-BamHI fragment, 

and this promoter is regulated positively by tyramine. When 

plasmid pMCATl was transferred into the moaR mutant strain K801, 

f3 -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 for homologles between the amino acid se ­

que n ceo (' M 0 aR and pro t e ins in the S W ISS an d PRO SEQ cl a tab a s e s . 

We found that the C-terminnl region of MoaR (amino acid 

residues 179-198) exhibj ts sequence homo] ogy to a conserved 20-

amino-acid region of DNA-bind:Lng 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 MaaR is compared with those in 

several other regulatory proteins in Fi gure 4. Several proteins 

are members of response regulators and several others like 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 pVEX11. The 1.3-kb KpnI­

HindIII fragment was subcloned into pVEX11. The resultant plasmid 

was named pVEXfUI. The product de r 1 ved from the plasml d pVEXKJI was 

produced under control or the T7 expression system. Its molecular 

weight was approximately 26,000, as determined by SDS-PAGE and 

autoradiography (Fig. 5), coincidi.ng 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 is not derepressed by tyramine. This 

strain is also negative for tyramine oxidase activi ty and the 

production of a 30-kDa protein that is specifically induced by 

high concentrations of tyramine and dopamine. 

Previously, Okamura et ale isolated three atsT mutant 

strains, namely, K019, K110, and 1(113, which were derived from 

the wild-type strain W70. In these mutant strains, the 

aryl sulfatase synthesis was not derepressed by tyramine and, 

moreover, no tyramine oxidase acti vi ty could be detected (21). 

Since Tyn+ revertants of these mutants and the transductants 

obtained from the wild-type strain to an atsT mutant strajn 

showed that all of the Tyn + cells were a tsT+, Murooka et ale 

concluded that the tyramine oxidase synthesis is essential for 

the derepressed 

Unfortunately, 

synthesis 

these atsT 

of arylsulfatase 

mutant strains 

by tyramine (16) . 

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 wi th loss of the abili ty 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 

arylsulfa tase, tyramine oxidase, and the 30-kDa protein, which 

are all regulated by monoamines, such as tyramj ne , dopamine, 

octopamine, and norepinephrine. Thus, we designated the gene moaR 
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and the operons regulated by moaH. as the monoam i.ne regulon. 

SInce transfer of the moaR gene into strain K801 and the 

atsT mutant strains resulted in complementation or the moalt and 

atsT mutations; the derepressed synthesis of arylsulfatase, the 

syntheses of tyramine oxidase and the 30-kDa protein In the 

presence of tyramine or related monoamines, we concluded that the 

atsT mutation is 

common positive 

identical to moaR, and the moaR gene encodes a 

regulator of the monoamine rcguloll. 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 btnding 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. 
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TABLE 1. List of bacterial strains and their characteristics 

strain 

lh aerogenes 

W70 

1(801 

K13 

K611 

MKN63 

MKN204 

h coli 

JM109 

BL21(DE3) 

Relevant genotype Source or reference 

wlld-type MacPhee et al. ( 12 ) 

moaR This paper 

tynA13 Adachi et al. ( 2) 

tynA13, atsTl1 Murooka et al. (16) 

tynA63 Murooka et al. ( 18 ) 

t,YnA63, atsT204 Mutagenesis of MKN63 

recA1, endA1, gyrA96, thi, Yanisch-Perron et al. 

hsdRl7, supE44, A -, ~(lac- (30) 

proAB), relAl, [F', proAB+, 

lacIQZ M15, traD36] 

hsdS, gal (lcI857, indl, 

Sam7, nin5, lacUV5-T7genel) 
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TABLE 2. Levels of monoamine (tyramine) oxidase and arylsulfatase 

induced by tyramine a 

Sulfur Enzymatic actlvltylJ 
Strain source Tyramine (mU/mg of proteIn) 

(genotype) Plasmid ( 3 mM) 
( ~3 mM) Monoamine Arylsulfatase 

Oxidase c 

W70 Methionine 541 
(wild-type) Na2S04 <0.01 2 

Na2S04 -I- 1.24 315 
pAT11 Na2S04 2.99 3J2 
pAT11 Na2S04 + 9.54 4~8 

K13 Na2S04 <0.01 5 
(tynA13) Na2S04 + <0.01 231 

pAT11 Na2S04 <0.01 21 
pAT11 Na2S04 + <0.01 339 

MKN63 Na2S04 <0.01 2 
(tynA63) Na2S04 + <0.01 143 

pAT11 Na2S04 <0.01 1 ~3 
pAT11 Na2S04 + <0.01 248 

K801 Methionine 843 
(moaR) Na2S04 <0 .01 1 

Na2S04 + <0.01 1 
pAT11 Na2S04 5.44 442 
pAT11 Na2S04 + 6.80 384 
pATW4 Na2S04 <0.01 4 
pATW4 Na2S04 + 4.28 268 

K611 Methionine 575 
(atsT11, Na2S04 <0.01 2 
tynA13) Na2S04 + <0.01 2 

pAT11 Na2S04 <0.01 117 
pAT11 Na2S04 + <0 .01 153 

MKN204 Methtonine 313 
(atsT204, Na2S04 <0.01 <1 
tynA63) Na2S04 + <0.01 1 

pAT11 Na2S04 <0.01 171 
pAT11 Na2S04 + <0.01 183 

MK1 Methjonine 201 
(moaR: : kan ) Na2S04 <0.01 2 

Na2S04 + <0.01 <1 
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UTile cells were grown in K rnedjurn wiLh the sulfur source indI­

cated, in the presence (+) or absence (-) of tyramine (3 mM). The 

cells were harvested after approximately three doublings of cell 

nurnb~r . 

bValues 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 

maaR in K. aerogenes that carry plasmid pMCATl a . 

Strain 
(genotype) 

W70 

(wild-type) 

K801 

Tyramine 
(:3 mM) 

+ 

+ 

E-GaLactosidase activIty 
(U / mg of cells) 

498 

2157 

484 

507 

aCells were grown in K medium in the presence (+) or absence 

(-) of tyramine; cells were harvested after three doublings of 

eel -I number. 
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LEGEND FOR FIGURES 

Fig. 1. Restriction endonuclease map of pATll and construction 

of pMC!\Tl. The arrows show gene orientations. The construction of 

pMC!\Tl Is descrLbed in the text. 

Fig. 2. Induction of 30-kOa protein by tyramine. lanel, 2: W70 

(pMAl), lane3: K80l (pMA1), lane4: K801 (pATMl). For lanel, cells 

were grown in K medium in the absence of tyramine and for lanes 2 

to 4, cells were grown in 1\ medi urn in the presence of 20 mM 

tyramine. 

Fig. 3. Nucleotide sequence of the 1.3-kb fragment and the 

predicted amino acid sequence of moaR. The presumptive ribosome­

binding si te (SO) is indicated. The horizontal arrows show in­

verted-repeat sequences. The ODBJ/GenBank/EMBL accession number 

is 015072. 

Fig. 4. Comparison of the amino acid sequence of the highly 

conserved C-termlnal region of the product of the moaR gene with 

the DNJ\ - binding regions of regulators contalnlng some response 

regulators. Identical amino acids are shaded. 

Fig. 5. Expression of plasmid-encoded moaR. The 35S-labeled 

proteins synthesized by T7 expression system from BL21 (pVEXll) 

(control; lanel) or strain BL2l (pVEXKH) (lane 2) were separated by 

SDS-polyacrylamide gel electrophoresis. The arrow head shows the 

MoaR protein. 
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II ig. 3 

GATATTATTTTGGCAACAGCGGGTCAGGCGTAATCACATGATTAAGCCGCGGCGAAAATT 
61 AAATGCATCCTGTTAAGGTATAAGTGAAAAAAAACAAAAATCCATCGTTCTTTAGGATGA 

121 GAATCACGCGTCGGGAATAGGGTTTTTTTATCACCAGGGGCAGGTACGCCGGGTGTTAAT 
181 CTTATTTGTTTATGTTTTAACGCCGCTATCGTAAAGCATGGCTGGGGTGTTTTTTAAATG 
241 CTTTATATAACAATGTATTGCTGAAAATTTTGTAACGGCTATCACATTGTTAATATGTTA 
301 ATGATTGTGTTACTTAAATGTGAAATGTATGCTTCAATTATCAGTAGTCATCCATGTGTC 

361 ATGTACCA TCATCTCGACGGGGAGGCCCTATCATGTCTGCTTTGTTAAAAGCCAGCCGTA 
50 M 5 ALL K A 5 R N 

MoaR --
421 ATGATGCGATAATAGCCCGTTGTTTACAGACTATTTCCCAGTTAATTCCACTAACTTCAG 

D A I I ARC LOT ISO LIP L T S A 

481 CGGTGTTTTATCGAGTAAATAATCGTTTAAAACCCGAAAACTATATATTGCATAATATTT 
V F V R V N N R L K PEN Y I L H N I 5 

541 CCGATAATACGCACCAACAATATCTGGAAAACTTCCAGCCGCTGGATCCGCTGCTACCGT 
D NTH 0 0 Y LEN FOP LOP L L P S 

601 CGCACTTTAGCCACCAGAACACCACCGTGGCGGCGATGACGCCGCGGCTCTGCGACCGCA 
H F S H 0 N T T V A A M T P R LCD R N 

661 ACCGGCATTACTATCATGAATTTATGTTGCCGAATAACGTGCGCGACATGACCGAGATCT 
R H Y Y H E F M LPN N V ROM T E F 

721 TTATCCGCCGCGAGCGGCGGATCGTCGCCGGTATCTCGCTGATGCGCGACGTGCCTTTCT 
I R R ERR I V A GIS L M R D V P F S 

781 CCAGCGAAGAGCGCCAGCGGGCCCAGGCGGTGCTGCCGCTGGTAGAGCTGGCCATTCGCG 
5 E E R 0 R A 0 A V L P L VEL A I R 0 

841 ACTGCCTGCAGGAAGAAGATGATCTGCCCGCCATCCTGACGGCGAAAGAGCGGGAAATCG 
C L 0 E E D D L P A I L T A K ERE I V 

901 TCGGCATGGTGCGCGAAGGCGCCAGCAATAAGCTGATTGCCCGCCAGCTGGATATCTCGC 
G M V REG A S N K L I A R 0 L D I 5 L 

961 TCTCGACGGTAAAAACGCACCTGCGCAATATTTTCGCCAAGACCGAAGTGGTCAATCGTA 
S T V K T H L R N I F A K T E V V N R T 

1021 CCGAACTGGTTTCCCGAACCTGGATGCCGGCCGCTCAGCGTACGCTGCATCTGTAATCTG 
E L V S R T W M P A A 0 R T L H L * 

1081 ACTTTCGCATCCCGCGCGCGCCGTGGCAGCACGGCGTTTTCCTGATGCCTGTGGGTATCA 

1141 CTCCCTGGAGGATCCCCCGGGGGGAGGCTTTTTTGACCGGAGCACGCCCTACGATGTCGA 

1201 GTACACCTCTCACTGATAATGCGCTTTCCCGGCCCGCCGGGCTGGTGGTGTCCCTGCGTT 
1261 TGCTGGCGGCGATC 
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Nucleotide Sequence of the Gene for 
Monc)amine Oxidase (maoA) from 
Escherichia coli 
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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. De l e t ion 

analysis showed that two amine oxidase genes are locnted 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 L coli agrees 

with that deduced from the nucleotide sequence of the gene. The 

leader peptide 

quence of the 

extends over. 30 amino acids. The nucleotide se­

gene and amino acid sequence of the predict~d 

mature enzyme (M. W. 8J. 295) were highly homologous to those of 

the maoAl{ gene and monoamine oxidase from Klebsiella aerogenes. 

Prom these rec,ul ts and cillLllysis of the enzyme acti vi ty, we con­

cluded that the gene encodes for monoamine oxidase (maoAE ). The 

tyrosyl residue which may convert to topa quinone in the L coli 

enzyme was located by comparison with amino acid sequences at the 

cofactor sites in other copper/topa quinone-containing amine 

oxidases . 
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PreviousJLy, we cloned the struc tural gene for monoamine 

ox i cJ as e ( m II 01\ K ) f r () m K 1 e b s i e 11 a a e r 0 g ell e s (1). The !!! a 01\1< g ~ Il e 1 s 

part of the mao operon that also includes the maoC gene wl1ich 

l](lS an unknown functj on and Lnduc i h I y expressed by tyram lHo. and 

the related monoamine compounds (~). The mao operon 1s conLro.Lled 

by a positive regulator moaR gene in ~ 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 BaI!!EI-BamHI fragment from ~ coli clone 5Fl (4) into 

pKI212 (5), and the resul tant plasmid pMOEBl was transferred to 

L aerogenes MKN63 that is deficient in monoamine oxidase (maoA) 

(6). The transformants carrying pMOEBl complemented the maoA 

mutation of ~_ aerogenes (2). 

Several deletion plasmids from pMOEBl were constructed by 

subcloning of fragments or digestion with appropriate restriction 

enzymes (Fig. 1). The properties of these plasmids were analyzed 

by the pro d u c t i vi t y 0 f ami n e 0 x J d as e in E. co 1. i W 311 0 an d by 

complementation tests with !L. aerogenes MKN63 (maoA). Klebsiella 

celJs 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 acti vi ty was assayed by a radiome tric procedure 

wi th [3H] tyramine (6) and by a ~olorimetric assay coupled wi th 

peroxidase and ei ther o-dianisidine (9) or Q-phenylenediamine 

(1). Deletion analysis suggests that two regions essential to 

produce amine oxidases are located wi thin a 3.6-kb PvuII -PvuII 
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fragment (pMOSP3) and a 11.1-kb PvuII-PvuII fragment (pMOLP4), 

respectI vely (Fig. 1). By using the clone of the K. aerogenes 

lllaoCA genes, the analogous location of the potential maoAE gene 

in E. colI was mapped. The muoAK probe (~.6 - kb Smal - Smul 

fragment) (2) hybridized strongly to the 11.1-kb PvulI-PvuII 

fragment but not to the 3. 6-kb PvuII-PvuII fragment. The maoe 

probe (1. 3-kb EcoRI -SmaI) (2) dId not hybridize to any fragment. 

The cells of lL aerogenes MKN63 (tynA) carrying a plasmid pMOLP4 

containing the 11.1-kb PvuII-PvuII fragment showed monoamine 

oxidase activity by radiometric procedure with [3 H]tyramine and 

colorimetric procedure (Fig. 1). In the cells carrying a plasmid 

pMOSP3 containing the 3.6-kb PvuII-PvuII fragment, however, high 

activity was detected only by colorimetric procedure with tYl'a-

mine as the substrate and with Q-phenylenediamine or o-dianisj_-

dine as a coupling indicator. This result suggests that the gene 

for unknown amine oxidase is located In the 3. 6-kb PvuII-PvuII -- --

fragment. Thuc:;, the gene in the 3. 6-kLJ PvuII-PvuII fragment was 

tentatJvely flamed maoX. 

The nucleotide sequence of the 4.9-kb PvuII-EcoRI fragment. 

which carries the maoAE gene, was determined (Fig . ~). Sequencing 

reactions were performed by the M13 dideoxy-chain termination 

method (10) wJ th an Au toread T7 sequencing ki t (Pharmacia LKB 

Biotechnology, Uppsala, Sweden). We found an open reading frame 

capable of coding for about 84.4-kDa protein. The ORF con tains 

2,274 bp with an ATG initiation codon at position 925 and a TGA 

termination codon at posi tJ.on :3,196. The putative initjntlon 

codon is preceded by the Shine-Dalgarno sequence GAGG (11) and a 
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sequence with a similarity to the -10 consensus sequence (gATAAT) 

but a low similarity to the -35 region (caGgCA) of promoter . In 

the ~3' -flanking region 0 r the ORF, we found a palindromj c se­

quence (I:1G, -20.8 kcal lca.-87.4 kJ]/mol) that may act as a p­

independent termina tor. This ORF was 75.0 % homo] OgOl1S to the 

DNA sequence and 83.2 % homologous to the amino acid sequence of 

Klebsiella monoamine oxidase gene, maoAK (Fig. 3). 

To identify the product of the maoAE gene and the processjng 

site that gives rise to the mature protein, we determined the N­

terminal amino acid sequence of the purified monoamine oxidase 

from the periplasmic fractton of ~ coli JM109 cells that carried 

a plasmid pMOEBl contalning the maoAE gene. The first 40 amino 

acids were identified as IIis-Gly-Gly-Glu-Ala-His-Met-VaJ-Pro-Met 

-Asp-Lys-Thr-Leu-Lys-Glu-Phe-Gly-AJa-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 posi tion 31 to 70 of the ORF (Fig. 2). From these res1l1 ts 

and the enzyme activity in tIle 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 sig-nal peptide. 

Previously, Cooper et al. (12) reported that amine oxidase 

of h coli contained copper/topa quinone as the cofactor. Howev­

er, they did not determine the amino acid sequence of the enzyme. 

At residue 47~)-477 in the amino acid sequence deduced from DNA 

sequence of maoAE , we found the predicted cofactor si te 

(-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 ill 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 analysis of 

p MO E 81. De] e t :L 0 n p 1 a s m 1 d s we ret ran s r err edt 0 !L.. a e r 0 g c n e s M 1< N 63 

(cynA) (1) and assayed for amille oxidase acLlvitles by radiomet ­

ric procedure wi th [3H ] tyramine and color imetr i c procedure as 

described in the text. Homology to maoAK was detected by Southern 

hybridization using the maoAK and maoC genes from pT058 (2) as 

probes. ND. not done. 

Fig. 2. Nucleotide sequence of the 3. 2- kb fragment and the 

predicted amino acid sequence of rnaoAE . 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 

k 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 

si te of the precursor enzyme. The DDBJ /GenBank/EMBL accession 

number is D23670. 

Fig. 3. Comparison of amino acid sequences of monoamine oxidases 

from E. col Jl and ~ aerogenes. Identical amino acids are 

indicated by the shaded boxes. The predicted cofactor si tes for 

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

essing sites . 
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6 1 
1 21 
1 8 1 
24 1 

301 
36 1 
421 
481 
54 I 
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72 1 
78 1 

84 1 

901 

2. 

CGATCCTACCCAGGGCCGTATCAGCCGACCGTAAAGAGCCGTTGCGTAGTGCGGAATGTG 
CCATGAACTTCCGTGATGATTGTATGTGGAAGGTGATGCCAGCACTGGCAGCAGGCTGTT 
CAATCGTGAATAAAGCTTCGGAAACCACGCCACTGACGATGTTGCGCGTGGCGGAACTGG 
CCAGCGAGGCTGGTATCCCTGATGGCGTTTTTAATGTCGTCACCGGGTCAGGTGCTGTAT 
GCGGCGCGGCCCTGACGTCACATCCTCATGTTGCGAAAATCAGTTTTACCGGTTCAACCG 
CGACGGGAAAAGGTATTGCCAGAACTGCTGCTGATCACTTAACGCGTGTAACGCTGGAAC 
TGGGCGGTAAAAACCCGGCAATTGTATTAAAAGATGCTGATCCGCAATCCCTTATTGAAG 
GCTTGATGACCGGAAGCTTCAATTGTATTAAAAGATGCTGATCCGCAATGGGTTATTGAA 
GGCTTGATGACCGGAAGCTTGCGTTTTATCGAACCCGTAAAGCCAGGCGATACCATCCAG 
GTGCGTCTCACCAGAAGAAAAACCAACAGGTGTGGTGGAATGGGCTGTAGAGGTATTCAA 
TCAGCATCAAACCCCGGTGGCGCTGTATTCAATTCTGACGCTGGTGGCCAGGCAGCACGG 
TGATTTTGTCGATTAATCGGTGAATGAAGGGCAACGGCGAATAGTTGCCCTTTTATTTCA 
CTAAGTTTTGTGACGTTGTCACATATATGCTGATGTGTACATCTATTTTCAGGGCATCCA 
CTGTATGAAAAGCTGGGCACACCTGCCAAACAACCTGGCAGGTG~~G~~~ATCCCCTTTG 

(- 35) 
CATCAGTACTGATAATGTGAACCTGACTAAACCGCCCACAGAGCGCGGTTGCTAACAAGA 

-10 
ACACAACATCTGACGAGGTTAATAATGGGAAGCCCCTCTCTGTATTCTGCCCGTAAAACA 

SD MetGlySerProSerLeuTyrSerAlaArgLysThr 
maoA 

961 ACCCTGGCGTTGGCAGTCGCCTTAAGTTTCGCCTGGCAAGCGCCGGTATTTGCCCACGGT 
T h r Leu A I aLe u A I a Val A I aLe uSe r P h e A I a T r p Gin A I aPr 0 Val P h e A I a .tLL~J~-'- _ 

t 
1021 GGTGAAGCGCATATGGTGCCAATGGATAAAACGCTTAAAGAATTTGGTGCCGATGTGCAG 

G I Y. G I u A I a H i s.M e t ~~.L.E.LQJLe_ !.A s pLy s T h r Leu L y s G I uP he G I y A I a Asp Val G I r! 

lOBI TGGGACGACTACGCCCAGCTCTTTACCCTGATTAAAGATGGCGr,GTACGTGAAAGTGAAG 

1141 CCTGGTGCGCAAACAGCAATTGTTAATGGTCAGCCTCTGGCACTGCAAGTACCGGTAGTG 
ProGlyAlaGlnThrAlalleValAsnGlyGlnProLeuAlaLeuGlnValProValVal 

1201 ATGAAAGACAATAAAGCCTGGGTTTCTGACACCTTTATTAACGATGTTTTCCAGTCCGGG 
MetLysAspAsnLysAlaTrpValSerAspThrPhel leAsnAspValPhoGlnSerGly 

1261 CTGGATCAAACTTTCCAGGTAGAAAAGCGCCCTCACCCACTTAATGCGCTAACTGCGGAC 
LeuAspGI nThrPheGI nValGI uLysArgProHi sProLeuAsnAI aLeuThrAI aAsp 

1321 GAAATTAAACAGGCCGTTGAAATTGTTAAAGCTTCCGCGGACTTCAAACCCAATACCCGT 
Glul I eLysGlnAI aValGlul leValLysAlaSerAlaAspPheLysProAsnThrArg 

1381 TTTACTGAGATCTCCCTGCTACCGCCAGATAAAGAAGCTGTCTGGGCGTTTGCGCTGGAA 
PheThrGlulleSerLeuLeuProProAspLysGluAlaValTrpAlaPheAlaLeuGlu 

1441 AACAAACCGGTTGACCAGCCGCGCAAAGCCGACGTCATTATGCTCGACGGCAAACATATC 
AsnLysProValAspGlnProArgLysAlaAspVal I leMetLeuAspGlyLysHisl Ie 

1501 ATCGAAGCGGTGGTGGATCTGCAAAACAACAAACTGCTCTCCTGGCAACCCATTAAAGAC 
IleGluAlaValValAspLeuGlnAsnAsnLysLeuLeuSerTrpGlnProlleLysAsp 
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1561 GCCCACGGTATGGTGTTGCTGGATGATTTCGCCAGTGTGCAGAACATTATTAACAACAGT 
AlaHisGlyMetValLeuLeuAspAspPheAlaSerValGlnAsnl lei leAsnAsnSer 

1621 GAAGAATTTGCCGCTGCCGTGAAGAAACGCGGTATTACTGATGCCGAAAAAGTGATTACC 
GluGluPheAlaAlaAlaValLysLysArgGlylleThrAspAlaGluLysValIleThr 

1681 ACGCCGCTGACCGTAGTTATTTTCGATGGTAAAGATGGCCTGAAACAAGATGCCCGGTTG 
ThrProLeuThrValVal I lePheAspGlyLysAspGlyLeuLysGlnAspAlaArgLeu 

1741 CTCAAAGTCATCATCAGCTATCTTGATGTCGGTGATGGCAACTACTGGCACATCATCGAA 
LeuLysVal I lei leSerTyrLeuAspValGlyAspGlyAsnTyrTrpHisl lei leGlu 

1801 AACCTGGTGGCGGTCGTTGATTTAGAACAGAAAAAAATCGTTAAGATTGAAGAAGGTCCG 
AsnLeuValAlaValValAspLeuGluGlnLysLyslleValLyslleGluGluGlyPro 

1861 GTAGTTCCGGTGCCAATGACCGCACGCCCATTTGATGGCCGTGACCGCGTTGCTCCGGCA 
ValValProValProMetThrAlaArgProPheAspGlyArgAspArgValAlaProAla 

1921 GTTAAGCCTATGCAAATCATTGAGCCTGAAGGTAAAAATTACACCATTACTGGCGATATG 
ValLysProMetGlnl lei leGluProGluGlyLysAsnTyrThr I leThrGlyAspMet 

1981 ATTCACTGGCGGAACTGGGATTTTCACCTCAGCATGAACTCGCGCGTCGGGCCGATGATC 
I leHi sTrpArgAsnTrpAspPheHisLeuSerMetAsnSerArgValGlyProMetl Ie 

2041 TCCACCGTGACTTATAACGACAATGGCACAAAACGCAAAGTCATGTACGAAGGT TCTCTC 
SerThrValThrTyrAsnAspAsnGlyThrLysArgLysValMetTyrGluGlySerLeu 

2101 GGCGGCATGATTGTGCCTTACGGTGATCCTGATATTGGCTGGTACTTTAAAGCGTATCTG 
GlyGlyMetl leValProTyrGlyAspProAspl leGlyTrpTyrPheLysAlaTyrLeu 

2161 GACTCTGGTGACTACGGTATGGGCACGCTAACCTCACCAATTGCTCGTGGTAAAGATGCC 
AspSerGlyAspTyrGlyMetGlyThrLeuThrSerProlleAlaArgGlyLysAspAla 

2221 CCGTCTAACGCAGTGCTCCTTAATGAAACCATCGCCGACTACACTGGCGTGCCGATGGAG 
ProSerAsnAlaValLeuLeuAsnGluThrl leAlaAspTyrThrGlyValProMetGlu 

2281 ATCCCTCGGCCTATCGCGGTATTTGAACGTTATGCCGGGCCGGAGTATAAGCATCAGGAA 
I leProArgProl leAlaValPheGluArgTyrAlaGlyProGluTyrLysHisGlnGlu 

2341 ATGGGCCAGCCCAACGTCAGTACCGAACGCCGGGAGTTAGTGGTGCGCTGGATCAGTACA 
MetGlyGlnProAsnValSerThrGluArgArgGluLeuValValArgTrpl leSerThr 

2401 GTGGGTAACTATGACTACATTTTTGACTGGATCTTCCATGAAAACGGCACTATTGGCATC 
ValGlyAsnTyrAspTyrllePheAspTrpllePheHisGluAsnGlyThrlleGlylle 

2461 GATGCCGGTGCTACGGGCATCGAAGCGGTGAAAGGTGTTAAAGCGAAAACCATGCACGAT 
AspAlaGlyAlaThrGlylleGluAlaValLysGlyValLysAlaLysThrMetHisAsp 

2521 GAGACGGCGAAAGATGACACGCGCTACGGCACGCTTATCGATCACAATATCGTGGGTACT 
GluThrAlaLysAspAspThrArgTyrGlyThrLeul leAspHisAsnl leValGlyThr 
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2581 ACACACCAACATATTTATAATTTCCGCCTCGATCTGGATGTAGATGGCGAGAATAACAGC 
ThrHi sGlnHisl leTyrAsnPheArgLeuAspLeuAspValAspGlyGluAsnAsnSer 

2641 CTGGTGGCGATGGACCCAGTGGTAAAACCGAATACTGCCGGTGGCCCACGCACCAGTACC 
LeuValAlaMetAspProValValLysProAsnThrAlaGlyGlyProArgThrSerThr 

2701 ATGCAAGTTAATCAGTACAACATCGGCAATGAACAGGATGCCGCACAGAAATTTGATCCG 
MetGlnValAsnGlnTyrAsnlleGlyAsnGluGlnAspAlaAlaGlnLysPheAspPro 

2761 GGCACGATTCGTCTGTTGAGTAACCCGAACAAAGAGAACCGCATGGGCAATCCGGTTTCC 
GlyThrl leArgLeuLeuSerAsnProAsnLysGluAsnArgMetGlyAsnProValSer 

2821 TATCAAATTATTCCTTATGCAGGTGGTACTCACCCGGTAGCAAAAGGTGCCCAGTTCGCG 
T y r Gin I I e I Ie Pro T y r A I a G I yG I y T h r His Pro Va I A I a L y s G I y A I a Gin P h e A I a 

2881 CCGGACGAGTGGATCTATGATCGTTTAAGCTTTATGGACAAGCAGCTCTGGGTAACGCGT 
ProAspGluTrpl leTyrAspArgLeuSerPheMetAspLysGlnLeuTrpValThrArg 

2941 TATCATCCTGGCGAGCGTTTCCCGGAAGGCAAATATCCGAACCGTTCTACTCATGACACC 
TyrHi sProGlyGluArgPheProGluGlyLysTyrProAsnArgSerThrHisAspThr 

3001 GGTCTTGGACAATACAGTAAGGATAACGAGTCGCTGGACAACACCGACGCCGTTGTCTGG 
GlyLeuGlyGlnTyrSerLysAspAsnGluSerLeuAspAsnThrAspAlaValValTrp 

3061 ATGACCACCGGCACCACACATGTGGCCCGCGCCGAAGAGTGGCCGATTATGCCGACCGAA 
MetThrThrGlyThrThrHisValAlaArgAlaGluGluTrpProlleMetProThrGlu 

3121 TGGGTACATACTCTGCTGAAACCATGGAACTTCTTTGACGAAACGCCAACGCTAGGGGCG 
TrpValHisThrLeuLeuLysProTrpAsnPhePheAspGluThrProThrLeuGlyAla 

3181 CTGAAGAAAGATAAGTGATTGTTTCAGACAAAAAAACGCACCAGGTGCGTTTTTTTACTT 
LeuLysLysAspLys*** 

3241 ATGAGCGACCAGATTATACCGTACACACACCGACTTAGTTT 
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A Monoamine-Regulated Operon in Klebsiella 
aeragenes Containing moaE and moaF That 
is Controlled by the Gene (maaR) That Is the 
Positive Regulator of the Monoamine Regulon 
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ABSTRACT 

1\ :30 - kDa protein accumula ted upon induction by a high con ­

centration of tyramine in wild-type cells of Klebsiella aerogenes 

that carried u plasmid (pi\S123) thRt included the struetural gene 

for arylsulfatase (alsA). The synthesIs of the 30 - kDa protein, 

IJke t hat of al'ylsulfatase and tyramine oxidase, was induced in 

response both to dopamine and to octopamine, as well as in re­

SpOIl s e to tyra.mtne. De I e tion analys is showed that the region 

essential for inductioIl of the 30-kDa protein was located within 

a 2.0-1<b cloned s~gment downstream of the atsBA operon. The 

llucleot J de sequence of the 2.0 - kb fragment contR in ed two open 

reading frames, IIloaE and moaF. TlJe expression of a putatl ve 

promoter of moaE was induced by the addi tioll of :3 to 20 rnM tyra ­

mine, auJ. the moaT' gene was transcribed from this monoamine -

tnducl ble promoter . The ami no aci d sequence of the first 18 

amino ac.;lds from the nmino-terrnlnus of the purified 30-kDa pro­

tein agreed wi th tllat deduced from the nucleotide sequence of 

mORF. Using a stru ill wi th a mutant moaR gene, we found that the 

gene (moaR) that acts as the positive regulator of the monoamine 

regulon also controlled tIle induction of the 30-kDa protein. 
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JNTHODlJCTtON 

[n Klebsiella aerogenes, arylsul('ates are metabolized by an 

arylsulfatase (the product of the atsA gene), the synthesis of 

whi ch Is regulated by sllifur-contalnlng compounds and aromattc 

rnolloamlnes . Synthesis of tlle enzyme is repressed by sulfate lons 

or cysteine (3, 4, 7) and it is induced by tyramine, dopamine, 

octopaml n e, and noreplnepJlrine (1, 2, 7). These monoamine COIll ­

pounds also induce synthesis of tyramine oxidase (the product of 

the tynA gene) and monoam lne oxidase (the product of the maoA 

gene) (11, 14). The p.tsA gene forms un operon with the atsB gene, 

wld ell encodes an activator of the expression of the atsA gene 

(13). The maoA gene forms an operon with the maoe gene, the 

functi.on of which is unknown (18). The expression of tbe atsB£1 

operon, the maoCi\ operon, tile tyni\ gene, and the moaR gene are 

regulated by a common positive regulator, MoaH (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

jous operons by bLnding to the regulatory regions of the monoa­

mine regulon . The MoaR protein is subject to autonomous control. 

Thj s repor t describes the specific induction of a ~30 - kDa 

protein by high concentrations of tyramine or catecholamines in 

Klebsiella cel] s thnt carry a plasm_ld 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 prote.in and 

the gene for a prote.in homologous to insect-type alcohol dehy­

drogenase . 
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MATERI ALS AND METHODS 

llacter i al strains and p lasmi ds. The bacterial strains used 

in this s t ely are listed in Table 1 . pKI21 2, a plasmid conferrjng 

res' stance to kanamycill {Kli r ~ WaS cor.str cte previously (13) . 

O thel~ reco:1'I)~?: ' :':- t plQs~,'l~~S were c!ei ' va tl ves of pKI212, 

~nzyme s and chemicals . Restrict~01 en Oil ' cleases, T4 DNA 

ligase , e..::d ca-Lf in1:e s ti e a.LKaline phosph atase we r e p urchased 

fran Ta~a.~ a Shu z o Co " L -:: ,'. (Kyoto, Ja.pan) or Toyo b o Co., Ltd. 

(O sax ' , Japa ) . Ty r ami n e hydroch o r i de wa s purchase d from Sigma 

Cherr.~8a ' Co. (St . LOL;.is , MO). The o the r compolnd s us ed were 

s ta car a COl mercial pre arations. 

Culture me d i a. The r:~h medi-cm 'u sed WH.S Lurla-Bertan i 

medium (1% p o lypep t one , 0 . 5% yeast e x tract, 0. 5% NaCI ). Th e min i­

mu m medium us e d for Klebsiella s t r a ins was K medium (11), whi c h 

consis t s of 0.5% x ylos e, 3 mM Na2S04' 0.1% NH 4 CI, 0.01% 

MgCl 2 . 6II20, 0.001% e ach NaCl, MnC1 2 . 4H20, and FeCl 3 . 6H 20, and 

0.05 M potassium phosphate buffer (pH 7.'2). The minimum medium 

used for ~. coli was M9 medium (10). 

Manipulat:ion of DNA. Pr e paration of plasmid and phage DNA . 

restriction endonuclease dj gestion, ligation, and agarose elec ­

trophoresis we r e p e rform e d by the methods of ManJatis e t al. 

(10). Transformation of L aerogenes was performed by a modified 

ve r s Ion (4) 0 f the met 11 0 d 0 f I-I an ah an (6). 

Analysj s of cell extracts. · Bacterial cells we re grown 

aerobically at 28°C in K me dium. The cells were conc e nLraLed and 

suspended in 50 10M Tr is - lIel bur fer (pH 7.2). Cell extracts ob ­

tained by sonication were mixed wi tIl sample buff e r (pH 6.8), 

which contained 50 mM Tris - HCI, 2% 2 - mercaptoethanol. 4% sodium 
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dodecyl sulfate (SDS), and 5% glycerol. After the samples had 

been botled for 5 rntn, the proteins were separated by SDS-polya­

crylarnide gel electrophores is (SDS-PAGE) and stained wi th 0.2% 

Coomassie brilliant blue (CBB). 

Assay of f3 -galac tosldase act:i vi ty. Bacter.Lal c'(!lls were 

grown aerobically at 2S o C in K medium. The activity of ~ ­

galactosidase was estlmated spectrophotornetrlcally by the method 

of Miller, wi ttl 2-ni trophenyl-galactopyranoside (ONPG) as the 

substrate (15). 

J\nalysis 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 (Pharmacja LKB Biotechnology) was used to determine the 

DNA sequences . The nucleotide and amino acid sequences were 

analyzed wi th GENETYX programs (SDC Software Developmen t Co., 

Ltd., Tokyo, Japan) . 

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, 

CAl . 

Nucleotide sequence accession number. The DDBJ/GenBank/ 

EMBL nucleottde sequence accession number of the fragment se-

quenced in this study is 
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RESULTS 

A 30-kDa proteIn that js Induced by t.yrnmlne. In a previ-

ous study we cloned the structurFlI gene for arylsulfatase (atsA) 

from ~ aerogenes W70 (13). The cloned plasmid, pAS123, contained 

a 7. S - kb ell rornosornal DNA fragmcJl L LIla L i Jlcluc1ccl the IJlOIlO<llllillC ­

regulated atsBi\ operon (1:3). During the purlfication of at"yIsu]­

fatase from ~ aerogenes W70 that carried pAS123, we found that 

productIon of a 30-kDa protein was induced by a high concentra­

tion of tyramine (~O mM). The protein was visualised after SDS-

PAGE as a dense CBB-stained band. The level of the 30 - kDa protein 

jncreased wit}, increasing concentrations of tyramine from 3 mM to 

~O mM. However, no dense balld 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 wi thout the 

plasmi d, the 30 - kDa prote in seemed to be der i ved from plasmi d 

pAS123. 

E-rfects 0 f various amines on the produetion of the 30-kDa 

protein. Varjolls Clmines (each at 20 mM) were tested for thejr 

abili ty to induce the production of the 30-kDa protein in ~ 

aerogenes W70 ceJ 1s that carried pAS123 (Fig. IB). Dopamine and 

norepinephrin e 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 oc topamine, as 

well FlS 1n response to tyramtn8, as is Lite production of tyra­

mine oxidase and arylsulfatase. However, these latter enzymes 

were not observed as dense bands on gels after SDS-PAGE. Other 

monoamine, diamine, and polyamine compounds had no did effect on 
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tIle production by plasmid-carryjng cells of the 30 - kDa protein 

(data not shown). 

TIle region essential ~or the production of the 30 - kDa pro­

tein. To identl fy the regj on essential for the production of 

the :30-kDa pro tein, a ser ies of deletion plasmids was construct ­

ed. The deletion plasmids were introduced into L aerogenes W70 

and tes Led for their abili ty to produce the 30-kDa protein. The 

deletion Hnnlys _ls suggested that the region essential for the 

production of the 30-kDa pro tein was located wi thin a 2. O-kb 

SalI-.fu2eI fragment, downstream from the atsBA operon (Fig. 2). 

Nucleo tide sequenee of the region required for the produe ­

tton o~ the 30-kDa protein. The complete nucleotide sequence of 

the 1,967-bp SalI-SpeI fragment was determined (Fig. 3). We found 

two open read ing frames (ORFs) capable of encoding proteins of 

about 26 and 29 }{D({ . The fi rs t ORF consists of 774 bp, wi th a 

putative ATG initiation codon at posltlon 153 and a TAA termina­

tion codon at posi tion 928 . The putative ini tiation codon is 

preceded by a sequence that is similar to the -10 and -35 con­

sensus sequence (gcGAgi\= 18 bp =TATcgT) and has a potent Jal r i bo­

some-binding si te (i\GGAGa) (17). The second ORF consists of 789 

bp wjth an ATG initiation codon at position 952 and a TAG termi­

nation codon at position 1,740. The initiat:lon 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 tentati vely designated these genes moaE 

and mo al' , respectively . 
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Control of the synthesis or the 30-leDa protein by the 

product of the moaR gene. Since tyramine-inducible enzymes are 

regulated by the product of the moaR gene, we exarnlned the syn­

thesis of the :30-kDa protein in a strain of ~ aerogenes wi th a 

mutant moal{ gene. The synthesi s of the 30- kDa prote in was not ob­

served in cells of the maaR mutant K80I that carried pMAI, 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 K80I that carried plasmid pATMl. This plasmid was con -

s tructect by cloning of the !!'~QaR gene in to plasmj d pMAl (5). In ~ 

coli JMI09 cells that carried pMAl, the 30-kDa protein was not 

detec ted after incuba tion in the presence of 20 mM tyramine, 

whereas cells that carried pATMI synthesized t.he 30 - kDa protejn 

in the presence of tyramine (Fig. 4). These results suggest that 

the synthesis of the 30-kDa protein is controlled by the moaH 

gene and that "wild-type" h coli cells do not have the maaR gene 

or that such a gene is not functional in ~ coli. 

IdentificatIon of the gene that encodes the 30-kDa protein. 

We introduced plasmid pATMI into the wild-type stra .in of ~ aero­

genes W70 and tested .Lts ability to produce the 30-kDa protein. A 

denser band of the 30-kDa protej n was observed in the case of 

W70(pATMl) cells than in the case of W70 cells that carried plas­

mid pMAI. We purified the 30-kDa protein from W70(pATMI) cells by 

fractiona tion wi ttl (NII4 ) 2S04' wi th subsequent ion-exchange 

chromatography on DEAE cellulose and reverse-phase chromatogra-

phy. Peak frac tlons of protein were subJ ected 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-kDn protein. The first 18 amino acids were iden­

tified as Ala-Asp-Gly-Phe-Ala-Pro-JI i s-Gly-Asn-Leu-Lel.l-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 

moaF gene encoded the 30-kDa protein whose expression was con­

trolled by moaR. 

Transcriptional analysis of the moaE and moaF genes. To 

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, p~1SKM, that 

was constructed by insertion of a kanamycin-resistance gene into 

a promoter probe vec tor, pMS437C (8). Then O.39-kb SaII-PsLl, 

1.09-kb SaII-PvuII and O. 70-kb PstI-PvuII fragments were sub­

cloned into pMSKM and the resul tant plasmids were named pMSPE, 

pMSPEF, and pMSPF, respecti vely (Fig. 5). The levels of expres­

sion of the promoter were studied by measuring the ~-galactosi­

dase activity of each fusion in ~ aerogenes W70 cells that car­

ried these plasmids and had been grown with or without tyarmine. 

f3 -Galactosidase activi ty in strain W70 that carried pMSPE or 

pMSPEF was induced by tyramine . However, in straln W70 that car­

ried pMSKM or pMSPF there was no induction of ~ -galactosidase 

activity by tyramine at any concentration tested (Table 2). These 

results suggest that the moaE and moaF genes are transcribed 

polycistronically from the moaE promoter, which is regulated by 

monoamine compounds. To clar i fy the role of the moaE gene, we 

deleted a 0.47 -kb NaeI -stuI fragmen t from the moaE gene, con-
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structing plasmid pDEl (Fig. 2). The synthesis of 30-kDa protein 

in strain W70 that carried pDEl was observed at the same level 

as that in strain W70 that carried pMAl. This resul t suggests 

that the product of the moaE gene is not essential for or Is not 

a regulator of the expressionof moaF but that moaF is 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 PRO SEQ 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 moaE -

moar operon, whlch belongs to the monoamine regulon that is con -
e...---

trolled by monoamines. A 30-kOa prote1n is produced 1n increasing 

amounts 1n response to jncreasing concelltratjons of tyrami1le. The 

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

such as dopamine and octopamj ne. These compounds also induce 

arylsulfatase (atsA), tyramine oxidase (tynA) and monoamine 

oxidase (maoA) . The 30-kOa protein was not observed in a moaH. 

mutan t strain of Klebsiella, K801 or in E. coli cells. However, 

the introduction of the moaR gene into these s trains 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 wi th the moaR gene on the K. 

aerogenes chromosome . From these resul ts, we conclude that the 

moaE-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 wi th that from posi ti.on 14 of the amino acid se-

quence deduced from the nucleotide sequence of moaF. These re-

suIts suggest that the 30-kDa protein is processed between 

Ala12Leu13 and Ala14 in Klebsiella aerogenes and is secreted into 

the periplasm. Although accumulation of large amounts of the pro­

tein in the per iplasm 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 acjd sequence 

of the 30-kDa protein to those of other known proteins were 
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fOUD d . 

The results of the JacZ fuslon analys.ls and the monE deln ­

LIon analysIs suggesL lhaL the moaE and moaF genes are tran­

scribed polycistronically from the moaE promoter, whIch is acti ­

vated by the addl tioD of monoamine compounds. The amlno nc ld 

sequence of MoaE is llomologous to lhose of proteins that belong 

to the insect-type alcohol dehydrogenase/ribitol dehydrogenase 

famlly. It is possible that the moaE gene might encode an enzyme 

that catalyzes the oxidoreduction of monoamine compounds or their 

metabolites. 

As shown schematically in Fjgure 6, the moal"{ gene is induced 

by monoamine compounds, and the MaaR protein regulates at least 

f :lve operons, namely, atsBA, maoCA, moaR, tynA, and moaEr, by 

binding to the regulatory region of the monoamine regulon. The 

discovery of the new operon moaEF regulated by the moaR gene may 

be an indlcation of a more interesting role for the monoamine 

regulon in living cells. 

87 



REFERENCES 

1. l\dachi, T., Y. Murooka, and T. Harada. 1973. Derepression of 

arylsulfatase synthesis Ln Aerobacter aerogenes by tyramine. 

J. Bacteriol. 116:19-24. 

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

aryl sulfatase synthesis by sulfur compounds in Klebsiella 

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

3. Adachi, T., li. Okamura, Y. Muraoka, and T. Harada. 1974. 

Catabolite repression and derepression of arylsulfatase 

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

4. Azakami, II., II. Sugino, and Y. Murooka. 1992. Clonlng and 

nucleotide sequence of a negative regulator gene for Klebsi­

ella aerogenes arylsulfatase synthesis and identification of 

the gene as folA. J. Bacteriol. 174:2344-2351. 

5. Azakami, n., n. Sugino, N. Yokoro, N. Iwata, and Y. Murooka. 

1993. moaR, a gene that encodes a positive regulator of the 

monoamine regulon in Klebsiella aerogenes. J. Bacteriol. 175: 

6287-6292. 

6. Hanahan, D. 1983. Studies on transformation of Escherichia 

coli with plasmids. J. Mol. BioI. 166:557-580. 

7. narada, T., and B. Spencer. 1964. Repression and induction of 

arylsulfatase synthesis in Aerobacter aerogenes. Biochem. J. 

93:373-378. 

8. Kawamukai, M., J. Kishimoto, R. Utsumi, M. IIlmcno, T. Komano, 

and D. Alba. 1985. Negative regulation of adenylate cyclase 

gene (cya) expression by cyclic AMP-cyclic AMP receptor 

protein in Escherichia coli: studies with cya-lac protein and 

operon fusion plasmids. J. Bacteriol. 164:872-877. 

88 



9. MacPhee, o. G., I. W. Sutherland, and J. F. Wilkinson. 1969. 

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

10. Maniatis, T., E. F. Fritsch. and J. Sambrook. 1982. Mo l ecular 

Cloning: a Laboratory Manual. Cold Spring Harbor Labora t ory, 

Cold Spring Harbor, N.Y. 

11. Muraoka, Y., T. Adachi, H. Okamura, and T. Harada. 1977. 

Genetic control of aryl sulfatase synthesis jn Klebsiella 

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

12. Muraoka, Y., 

mapping of 

regulation 

T. Higashiura, and T. Harada. 1978. Genetic 

tyramine oxidase and arylsuJfatase genes 

in intergeneric hybrids of enteric bacteria. 

Bacteriol. 136:714-722. 

and 

J . 

13. Muraoka, Y., K. Ishibashi, M. Yasumoto, M. Sasaki, H. Sugino, 

D. 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. 

14. Okamura, n., Y. Murooka, and T. Harada. 1977. Tyramine oxi­

dase and regulation of aryl sulfatase synthesis ill Klebsiella 

aerogenes . J. Bacteriol . 129:59-65. 

15. Pardee, A. D., F. Jacob, and J. Monod. 1959. The genetic 

control of cytoplasmic expression of inducibility in the 

synthesis of j3-galactostdase by L. coli. J. Mol. BioI. 

1:165-178. 

16. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc -

ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci. 

USA 74:5463-5467. 

89 



17. Shine, J., and L. Dalgarno. 1974. The 3'-terminator sequence 

of Escherichia coli 16S ribosomal RNA: complementarity to 

nonsense tr.Lplets and rlbosome-blndlng sItes. Proc. Natl. 

Acad. Sci. USA 71:1342-1346. 

18. Sugino, II., ~1. Sasaki, II. Azakami, M. Yamash ita, and Y. 

Muraoka. 1992. 1\ monoamJ.ne-regulated Klebsiella aerogenes 

operon containing the monoamine oxidase structural gene 

(maoA) and the maoC gene. J. Bacteriol. 174:2485-2492. 

19. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved 

M13 phage cloning vectors and host strains: nucleotide se­

quences of the M13mp18 and pUC19 vectors. Gene 33:103-119. 

90 



Table 1. Bacterial strains and their characteristics 

Strain 

L aero~nes 

W70 

K80I 

MKN63 

L coli 

JMI09 

Relevant genotype Source or 

reference 

Wildtype 9 

moaR 5 

tynA63 12 

~ (lac-proAB) relA1 (F' proAB+ 

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

and moaf wi th the gene for f3 -galactosidase in K. aero­

genes W70 a 

Plasrnlcl b Tyrumine (rnM) f3 - Galactosldase actlv.iLy (lJ)c 

pMSKM 0 230 

3 190 

20 260 

pMSPE 0 150 

3 2,620 

20 8,730 

pMSPEF 0 130 

3 2,570 

20 3,820 

pMSPf 0 250 

3 210 

20 240 

aCells were grown in K medium in the presence or absence of 

tyramine . Cells were harves ted after three doublings of cell 

numbers. 

b See also Figure 5. 

CActivities 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: lnne 1, 0 ml\1; 2, 

1 mM; 3, 3 mM; 4, 5 mM; 5, 10 mM; 6, 20 mM. (B) Amines were 

added to the medi urn as follows: lane 1, tyramine (20 mM); 2, 

dopandne (5 rnM); :-3, octoparn.Lne (20 mM); 4, Ilorepjnephrjne (S 111M). 

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. Dele tj on 

plasmi ds we re used to trans form 1\. 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 ruoaE and llloaF genes. 

The presumptive ribosome-binding site (SD) and possible promoter 

regions (-10 and -35) are indicated. The arrows show the direc­

tion of moaE and moaF. The amino-terminal amino acid sequence of 

the pur if led 30-kDa protein, determined by automatic Edman 

degrada tion, is shown by double underl ining. The DDBJ /GenBank/ 

EMBL access.Lon number js ------. 

Fig. 4. Induct jon of the 30-kDa proteill (arrowhead) by tyramine 

in E. coli cells. Lanes 1 and 2, .JMI09 (pATM1); lanes 3 and 4, 

JMI09 (pMA.l). 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. 5. Construction of lacZ-fusion plasmids, p~1SPE, pMSPEF, and 

pMSPF. The arrows show the orientation of genes. The constrllctjon 

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 rnonoamines, 

such as tyramine, octopamlne, dopamine, norepinephr ine, 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 aryl sulfa­

tase which is repressed by sulfur compounds via a negative regu ­

lator, FolA (4). MoaR also positively regulates the tyni\, maoC ­

maoA, and moaE-moaF operons. 
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Fig. 3 

S a I I 
1 GTCGACCCCGTCACCATGAAGCCGGTCGTGGCCCGCAGGCGATCCCTGTGAGCGAGATCC 

61 ATTAACCACCACGGCTATCGTTCTTCCGGGCGATAGCCGGGACCTGACGCGCTTTTTAAG 
121 GTAATCGGAAACCCCATTACAGGAGAGTGCGGATGGCGAGAGTCGTGGTAATTACCGGCG 

SO MclAlaArgValValVallJeThrGJyGly 
moaE-'" 

181 GTGGAACCGGAAIIGGCGCTGCCTGCGCGCGGCTGATGCACCCCGCGGGCGAACGGGTGT 
G ] y T h r G J Y I leG 1 y A 1 a A 1 a C y sAl a A r g Leu M e tfJ i s Pro A 1 a G 1 y G 1 u A r g Val Ph e 

241 ITATTACCGGACGGCGCGACGCIGTCAGGGCTGTCGCCAATGAGACCGGGGCCACGGCGC 
IleThrGlyArgArgAspAlaValArgAlaValAlaAsnGluThrGlyAlaThrAlaLeu 

Nael 
301 TGGTGGCGATGCCGCCGACGGCGAGGIGTGGCGCCAGCGGCTGCTGCCGGCGAICCICGA 

ValAlaMeLProProThrAlaArgCysGlyAlaSerGlyCysCysArgArgSerSerThr 
Pstl 

361 CCAGACCGGCGGGATTGATGICCTCATCTGCAGCGCCGGCGGGATGGGCAACAGCCCCGC 
ArgProAlaG]yLeuMetSerSerSerAlaAlaProAlaGlylrpAlalhrAlaProPro 

421 CGCCGAGACCAGCGACCGCCAATGAGCGCGAGGCGCTGGACGGCAATCTCACCAGCGCCT 
ProArgProAlaIhrAlaAsnGluArgGluAlaLeuAspGlyAsnLeuThrSerAlaPhe 

481 TCGCCAGCGTTCGCGCCTGTCTGCCTTCGCTGATTGCCCGCCGCGGCAATGTGCTGTTTG 
AlaSerValArgAlaCysLeuProSerLeuIleAlaArgArgGlyAsnValLeuPheVal 

541 TCGCCTCCATCGCCTCTCTGGCCGCCGGGCCGCAGGCCTGCGGCTACGTCACCGCCAAAC 
AlaSerlJeAlaSerLeuAlaAJaGlyProGlnAlaCysGlyTyrValThrAlaLysHis 

601 ACGCITTAATCGGCCTGATGCGCTCCGTCGCCCGCGATIATGGCCCCCAGGGGGTACGCG 
AJaLeullcGlyJ.cuMelArgSerValAlaArgAspTyrGlyProGlnGlyValArgAla 

661 CTAACGCTATCTGTCCCGGCTGGGICACGACGCCGATGGCGGATGAAGAGATGCACCCGC 
AsnAlalleCysI'roGlyTrpValThrThrProMetAlaAspGluGluMetJlisProLeu 

721 IGATGCAGGCGGAAGGGCTATCGCTGACTGAGGCTTATCAGCGGGTGTGCCGCGACGTIC 
Me lGlnA 1 aGluGl yLeuSerI.euThrGluA laIyrGlnArgValCysArgAspValPro 

Stul 
781 CGCTACGCCGCCCCGCCAGCCCCGAGGAGAIAGCCCAGGCCTGTCAGITTCICTGCICIC 

LeuArgArgProAlaSerProGluGlulleAlaGlnAlaCysGlnPheLeuCysSerPro 

841 CGCAGGCCGCCATCATCAGCGGCGCTACGCTGGTCGCCGACGGCGGGGCCAGTATCGTCG 
GlnAlaAlallelleSerGlyAlaTllrLeuValAlaAspGlyGlyAlaSerIleValAsp 

901 A TG TT CCC A CICIG G CG TITG CCT A A CG CCCI A CTC IG TTCA GG A G CCCCI A I G A CTTCA 
ValProThrLeuAlaPheAla*** SO MetThrSer 

moaF 
961 GAAGCCGTATTTATCCAGGTCGGCGCGCTGGCCGATGGTTTTGCGCCGCACGGTAACCTG 

G 1 u A 1 a Val Ph ell e GIn Val G 1 y A 1 aLe u A 1 a Asp G 1 y P he A 1 aPr 0 II i s G JL6 s n L e_u 

1021 CTGGCTACCGCCAGCCTGCCCGCCGGCGAAAACTTTACCTTTTATGTCGCCGGGAGCGAG 
Leu A 1 a T h r A 1 a ~ e _r Leu Pro A 1 ~ G 1 y G 1 u A s n P h e T h r P h e T y r Val A 1 a G 1 y S erG ] u 
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p v u I I 
1081 CCGCAGCAGCTGGTTATCGAAGATGAGCAGACGCTAAGCTGGAACGGCAAGCGCGCCCCC 

ProGlnGlnLeuValIleGluAspGluGlnThrLeuSerTrpAsnGlyLysArgAlaPro 

1141 TGGCGAGCGACCGCCCTGCGCCCGGACATTCTGTTTATCGACTTCCTTGACCCGGAGCGG 
TrpArgA 1 aTllfA laLeuA rgProAsp I leLeuPhe I leAspPheLeuAspProG 1 uArg 

1201 GATAACGCCAGCATTAGCGCGGTATGCAACCTGACGCAGCGCAATGCCACGCTGGTATAC 
AspAsnAlaSerIleSerAlaValCysAsnLeuThrGlnArgAsnAlaThrLeuValTyr 

1261 GGCCAGCTGCCGGACGAAGCGCCGCGCGCTGGACGCCTTCAGCCGGGTAGAACAAGGGTT 
G.1 y GIn Le ul l r () Asp G 1 u A 1 aPr 0 A r gAl a G 1 y A r g Le u GIn Pro G 1 y A r g T h r A r g Va J 

1321 GCGCTGACCGCGGTTGAGGTCCGTTTCGTCTTCGCCCGCCTGGATGCCCAGCCGGGGCCG 
AlaLeuThrAlaValGluValArgPheValPheAlaArgLeuAspAlaGlnProGlyPro 

Sphl 
1381 CTGCCGGGCTTTACCGATGCGCTCATTGGCATGCGCAATCAGTACACCTACAGCCCGACC 

LeuProGlyPheTllrAspAlaLeuIleGlyMetArgAsnGlnTyrThrTyrSerProThr 

1441 GAGCGCTATGAGCACATCTATCTCAACGACAATTTTTACGCCTGGCAGTGTCTGGACGGC 
GluArgTyrGJullisIleTyrLeuAsnAspAsnPheTyrAlaTrpGlnCysLeuAspGly 

1501 GTGGAAAAGGGGCTGGCGGATGTCGATCGCTGCCACTATGTGCAGGTGGCTGAGGATCTC 
ValGluLysGlyLeuAlaAspValAspArgCysHisTyrValGlnValAlaGluAspLeu 

1561 TATCTGTTCGTCTGGCGGGAGAAAATCATTCCCACGCTGGGGGTGATCCTCATCGATCTG 
Tyrl,euPheValTrpArgGluLysIleIleProThrLeuGlyValIleLeuIleAspLeu 

1621 CAGCAGATGCGCACTGACGGCAAGATCATGGGCTATCAGGGCAGCGATTTCGGCGCCCTC 
GlnGlnMelArgThrAspGlyLyslleMetG.1yTyrGlnGlySerAspPheGlyAlaLeu 

1681 AGCAATTTTCCGGTCGGCGCCACGGCGAAGATCCTCAACGTCACCCGCCATCAGGAATAG 
SerAsnPheProValGJyAJaThrAlaLysIleLeuAsnValThrArgIlisGJnGlu*** 

1741 TAGGGCGCCGCCGGGCACGCTTTCAGGCACCGCACCCGTCATTTCGCCGGGTGGCGGCTG 
1801 CGCCTTACCCGGCCTACCGGGGCCTCTCACAGGCTCACACCTCGCAGGCCCGGTAAGCGC 
1861 AGCGCCACCGGGCGATGCTATCAGGCACAGAGCCGCTTTATTGCCGGGTGCGTGGCGCCT 

Spel 
1921 TACCCGGCTACGGTCCGTAGCAGCCAGCCGTTAACTTACCCACTAGT 
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Fig. 4 
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Fig . 5. 
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総括

腸内細菌Klebsiellaaerogenesにおいてアリールスノレファターゼ合成は硫黄化合物に

よって抑制され、モノアミン化合物によって脱抑制される。さらにこのモノアミン化合

物はモノアミン酸化酵素の合成も誘導する。木研究で、はサルフェートレギュロンとモノ

アミンレギュロンの交点であるアリールスルファターゼ遺伝子の発現調節機構の解明を

中心に、モノアミンレギュロンの全体像を明らかにすることを目的とした。以下、本論

文を要約する。

第一章では、アリールスルファターゼ合成の硫黄化合物による抑制機構を解明するた

めに、その調節因子をコードする遺伝子をクローニングし、その解析について述べた。

κaerogenesにおけるアリールスルファターゼ合成の負の調節遺伝子をクローニング

した。デイリーション解析により、この遺伝子は1.61kbの断片中に位置することがわ

かった。この断片を合むプラスミドをatsR変異株(サルフェートの存在下でもアリー

ルスルファターゼ合成を抑制しない株)に導入したところ、 atsR変異を相補し、アリ

ールスルファターゼの合成はサルフェートやシステインの存在下で抑制され、この抑制

はチラミンの添加により解除された。この1.6kbの断片の全DNA配列を決定したとこ

ろ、二つのORFが見つかった。一つはそのN末を欠いており、 E.coliのdiadenosine

tetraphosphatase遺伝子(apsH)と高い相向性があった。もう一つのORFは、このapaH

-likeな遺伝子と逆向きに位置し、 E.coliのdihydrofolatlereductaseと高い相向性があっ

た。この領域をKlebsiella菌に導入することにより、野生株の30倍以上のdihydrofolate

reductase活性が得られた。さらにデイリーション解析を行ったところ、アリールスル

ファターゼの抑制に必要な領域はわIA遺伝子のコーディング領域と一致していた。ま

た、 εcoliのfolA遺伝子をKlebsiellaのatsR変異株に導入したところ、アリールスル

ファターゼ合成の抑制がみられた。以上のことから、わIA遺伝子がatsオベロンの負の

調節因子であると結論した。

第二章では、モノアミン化合物によるアリールスルファターゼの脱抑制機構を解明す

る目的で、その調節因子をコードする遺伝子を単離、解析し、さらにモノアミン化合物

によって誘導される幾つかの遺伝子の発現調節について述べたo κaerogenesよりア

リールスルファターゼ合成がチラミンによって脱抑制されない変異株を取得した。この

変異株(K801)はチラミン酸化酵素や30kDa蛋白 (atsオペロン下流域を導入した株にお

いて高濃度チラミンによって特異的に誘導合成される分子量約3万の蛋白質 ;4章で詳

述)のチラミンによる誘導も行われなくなった。そこでこの株を用いてアリールスル

ファターゼ、の活性化を調節する遺伝子(moaR)をクローニングし、そのDNA塩基配列を

決定した。クローニングした遺伝子をK801株に導入したところ、モノアミン化合物に
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よるアリールスルファターゼの脱抑制、及びチラミン酸化酵素、 30kDa蛋白の誘導合成

が回復した。また、塩基配列よりMoaR蛋白のC末領域には二成分系調節蛋白のものと

相向性を示すhelix-turn-helixモチーフが見つかった。さらにmoaR-lacZfusionにより、

MoaR蛋白はmoaR遺伝子自身の発現を正にautoregulationしていることがわかった。以

上のことから、 MoaR蛋白はatsオペロン、 tynオベロンを合む幾つかのモノ アミンレ

ギュロン遺伝子を正に調節していることがわかった。

第三章では、 εcoliのモノアミン酸化酵素遺伝子の単離、解析について述べた。モノ

アミン酸化酵素の構造遺伝子が大腸菌ゲノムの30.9分付近に位置することを発見した。

デイリーション解析の結果、この領域には二つのモノアミン酸化酵素が存在することが

わかった。このうちのー遺伝子のDNA塩基配列を決定した。 E.coliから精製したモノア

ミン酸化酵素のN末の40アミノ酸のペプチド配列は、この遺伝子のDNA境基配列から予

想されるものと一致していた。また、シグ、ナノレペプチドと思われる配列が30アミノ酸に

わたって存在していた。この遺伝子のDNA配列とこれから予想されるmatureenzyme( 

分子量81， 295)のアミノ酸配列は、 κaerogenesのDNA塩基配列及びモノアミン酸化

酵素のアミノ酸配列とそれぞれ高い相同性があった。これらの結果と酵素活性の解析結

果を併せて、本遺伝子がモノアミン酸化酵素(maoAE)をコードするものと結論した。

また、 E.coliの本酵素と他のcopper/topaquinone合有アミン酸化酵素のコファクタ一

部位とのアミノ酸相向性より、 topaquinone への変換が示唆されているチロシン残基が

位置していた。

第四章では、アリールスルファターゼやモノアミン酸化酵素と同様にモノアミン化合

物によって誘導合成される30kDaの蛋白質の発見と、その遺伝子解析について述べたo

アリールスルファターゼ、遺伝子(atsA)を合むプラスミド(pAS123)をもっκaerogenes

において、高濃度のチラミンの添加により約30kDaの蛋白質が誘導合成されているのを

発見した。この蛋白質はアリールスルファターゼ、やモノアミン酸化酵素と同様にチラミ

ンに加えてドーパミンやオクトパミンでも誘導された。デイリーション解析により、こ

の蛋白の誘導合成に必須な領域は、 atsBAオペロンの下流の約2.0kbの断片中に位置す

ることがわかった。この領域のDNA塩基配列より、 二つのORF、moaE、moaFが見つ

かった。 moaEプロモーターはチラミンの添加により活性化され、 二つの遺伝子moaE

、moaFはこのプロモーターからポリシストロニックに転写されていることが示唆され

た。 30kDa蛋白を精製し、そのN末アミノ酸配列を決定したところ、 moaF遺伝子の

DNA塩基配列から予想されるN末配列と一致していた。また、データベースとのホモロ

ジー検索により、 moaE遺伝子産物はチラミンあるいはその代謝産物を酸化還元するこ
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とが示唆された。モノアミン化合物による30kDa蛋白の誘導合成は、他のモノアミンレ

ギュロンと同様に正の調節因子moaRによって制御されていた。

以上の結果をまとめたのがFig.5.1.である。
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