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細菌における δ-アミノレプリン酸生合成に関する研究
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緒日

δ ー アミノレ プリ ン酸 (ALA)は、へム、 コリン、 クロロフィル、チトクロム等、

テ トラピ ロール化合物の最初の前駆体であり、生物に普通的に存在する重要な

アミノ酸である o ( 1 ) 

さらに近年、 ALAに安全性の高い感光性除草剤としての用途が見いだされ注目

されている O 現 在 ALAは 化 学 合 成法により生産、市販されているが非常に高価で

あり、安価な合 成法が開発されれば除草剤lをはじめとする広範な用途開発が 進

展するもの と期待されている。微生物による ALA生産も種々検討されているが 未

だ工業 的 生 産には至っておらず、 ALA高生産株の育種が必要とされている o

現在まで ALA生合成の研究は主として呼吸系酵素ーへムの合成 ー の微生物学観

点から行われてき た 。 酵 母 を 好気培 養した時には高等動植物と同様なチトクロ

ム系を示すのに対し、嫌気状態で培養した時では不完全なチトクロム系しか示

さないことが 19 30年 頃 Warburgらにより指摘され(2， 3)、その後ミトコンドリア

の構造、電子 伝達系や TCAサイクルな どの呼吸酵素系の生成と調節の機構が詳し

く解析され てきた (4，5，6，7，8)。そしてへム合成の最初の中間体が ALAであり、

ALA synthaseに よ り 合 成 さ れ る こと、 ALA synthaseはへム合成の律速段階であ

りへムにより抑制されることが明かとなった(9 )。現在、酵母において ALA syn 

thaseをコードする HEM1遺伝子は cytochrome oxidase subunit 4(COX4)遺伝子と

同様に HAP2一HAP3により調節されている こ と が 明 か と な っ て い る (1 0 )。一方、細

菌においてはミトコンドリアは存在しないことから、呼吸醇素系生成の調節 と

いっても、酵母の場合とは大幅に異なり、 また細菌聞における呼吸様式の多 様

性から考えて み ても酵素系生成の調節に関しても多面的であることが考えられ

るo 1 9 5 7年に seljanskiらは Staphylococcus aureu Sからへム無添加の培地中で

増殖できない変異株を単離した(11 )。これらの変異株はチトクロム、カタラー

ゼ等いわゆる呼吸鎖系の合成酵素が 欠損しており、 これらの形態はリーキーに

似た、増殖が遅い不明瞭なコロニー " SCV(Small colony variant)または Ncf

-(Normal colony formatin-deficient)と呼ばれる"を形成した。 これらの変異

株 はその後詳しく解析された。大腸菌 で は そ の 変 異 は ゲ ノ ム 中 に 広 く 存 在 して

おり hem C、 hemD、 hemGの遺伝子はオペロンを形成していることが分かつてきた

(12，13)0 hemB(14，15)、 hemC(16)、 hemD(13，17)、 hemG(18) 遺伝子はクローニ

ングされ、 ヒト (hemB，hemC)、ラット (hemB)、酵母 (hemB)から単離された遺 伝 子

と高いホモロジーを示し、へム合 成経路が多くの穫に渡って保存されているこ

とが示された。 このようなへムに 至る合 成 経 路 を 、 FIG.1.1に示す。
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FIG. 1. 1 Simplified scheme of the biosynthesis of heme. 

ALA，ふaminolevulinicacid; P8G， porphobilinogen; HM8， hydroxymethylbilane; 

UROGEN I and 111 ， uroporphyrinogen I and 111; Vit .812， vitamine 812; COPROGEN川，

coproporphyrinogen 111; PROTOGEN IX， protoporphyrinogen IX; PROTO IX， protoporphyrin IX; 
ALAD， o-aminolevulinic acid dehydratase; UROIS， uroporphyrinogen-I synthase 
(porphobilinogen deaminase); UROIIIC， uroporphyrinogen-III cosynthase; UROD， 

uroporphyrinogen-I日decarboxylase; COPROGEN 111 OXID， coproporphyrinogen-1I1 oxidase; 
FC. ferrochelatase. 

このへム合成の最初]の前駆休である L̂̂ の合成には、 2 つの経路の存在が 報 告

されている。最初に発見されたのがグリシンとスクシニル Cô から L̂̂ synthas 

e(̂L̂S) (succinyl-Cô: glycine C-succinyl transferase [decarboxylating]， 

EC 2.3.1. 37) によって合成される Shemin(C~) 経路である o この経路は、動物、

かび、酵母、光合成 *IIJ菌等で確認されている(1 9 )。もう 1つの経路はグルタミ

ン酸 の炭素骨格がそのままの形で保存される C5経路である(20) 0 この経路 は 植

物、藻類で見いだ さ れ 、 3つの ス テ ッ プ か ら な る と さ れ て い る o 第 一のステッ

プは、 グル タミン酸が glutamyl-tRN̂ synthaseにより触媒され glutamy]-tRN̂ と

なる反応で、 これはタンパク質 合成 と共役している o 次に glutamyl-tRN̂ は N̂D

引卜dependent reductase (glutamyl-tRN̂ reductase [EC5.~. 3.1])に よ って g1 

utamateート semialdehyde(GŜ)もしくはその環状体である 2-hydroxy-3-aminote

trahydropyran-l-oneへと変換される。 GŜ は さ ら に GŜ aminomutase に よりア

ミ ノ 基 の分子内転移が起こり L̂̂ が合成される。 この経路は当初椅物、藻類にお
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いて の み 存在 するとされてきたが Escherichia col i ( 2 1 )や Salmonella typhim 

ulium(22)等の細 菌 に お い て も その存在が確認された。 この 2つの経路を FI G. 1. 

2 ，こ示す。

C5 pathwav 

COOH 
|tRNAGlu 
CH勺

~. . synthase 
?H2 
CHNH勺

-"，"v""， ， glt X COOH 

Glutamate 

C4 pathwav 

?H2NH2 
COOH 

+ 

Glycine 

COOH 

引2 tRNA Glu 

CH2 reductase 

?H NH2 

?=O hemA 
tRNAG1u 

GlutamyトtRNA

COOH 

?H2 
CHっ

~ 

?HN H2 
CHO 

Glutamate 1-
semialdehyde 

(GSA) 

GSA 

COOH 

CH2 

CH2 

C=O 

CH2NH2 
U
川

1

0

2

2

c

q

 

O

H

H

=

ω

 

C
l
C
I
C
l
C
1
C
 

ALA 

hemA 
ふAminolevullnicacid 

(A凶)

SuccinyトCoA

FIG. 1.2 Simplified scheme of the biosynthesis of o-aminolevulinic acid 

大腸菌の ALA生合成経路の研究は 、 1960年代に E. c 01 K-けから数積の ALA要求

性変異株が 単 離されたことに始ま る (23，24，25)0 これらの変異はすべて ALA無添

加の培地で増殖できない要求性変異株である o これらの変異の 1つは hemAと 11子

ばれ、染色体上の位置は 27mi nであったo もう 1 つの変異は E旦~と呼ばれ 4 m i nに

存在していたo 当時大腸菌におい ても ALA合成は唯 一 ALA synthaseによって生合

成さ れ る と 考えられていたので、 こ の変異は ALA synthase欠損 に よ る も の とさ

れ、包豆旦Aと命名されたo こ の こ とは 1958年 Kikuchiらの大腸菌から ALASを 精 製 し

大腸菌にお け る ALA合成は C4経路よるものであるという報告(2 6 )や、他の積の A

LA synthase遺伝 子 を 大 腸 菌 iこ導入した形 質転 換体 は、 ALA無添加の培地中でも

増殖できると いう実験事実によっても支持されていた。

1 9 8 9年、 3つのグループにより大腸菌包豆mA遺伝子が単離されその櫛造等が解



析された (27，28，29)。さらに、 Salmonella typhimuriu m ( 3 0 )、 B acillu s subt 

ilis(31)に おい て も hemA遺伝子が単離され、 こ れら 遺伝 子聞 には 高 い相同性が

見られた o し かしながら、既に単離されている動物や光合成細菌の hemA(ALA s 

ynthase)遺伝 子 とは相向性は認められなかった。 この hemA遺伝 子 が単離された

年に、 1960年代に単 離さ れた ALA要 求性変異株を材料として大腸菌の ALA生合成

経路が明らかにされた(3 2 )。その結果、 ALA synthase(C4， Shemine)活性は認め

られず植物と 同じ C5経路によって ALA生合成が行われていることが確認された。

従って、大腸菌等においては、 hemA遺伝子は glutamyl-tRNA reductaseを指す

ようになった。

一 方、 ALA要求 性 を 示 す も う 1つの変異(2.旦旦主)は、染色体上 4m i nの位置に 存 在

することが 報 告されて以来、 こ の 変異株は解析されることはなかった。近年 E.

c 01 iの popCと同様の変異株が新たに単離され hemLと命名された (33，34)。これを

相補することの 出来る遺伝子 hemL遺伝子を解析した結果大麦の GSA aminomutas 

eと高い相向性を示した。また、 この遺伝子産物も同定され、 GSAから ALAへの変

換を触媒することが認められた。 このように、大腸菌においては C5経路によ っ

て ALAが生合 成さ れ 各 酵 素 、 遺 伝 子も同定された。

S almonell a菌においては大腸菌よりも さ ら に 多 く の ALA要求性変異株が得ら れ

ており詳しく研究されている。そして、大腸菌と同様 hemA(30)、 hemL(35)遺伝

子も存在し C5経路によって ALAが生合成されていることが明かとなった。 しかし

ながら、 Salmonell a菌において、 gene replacement法で hemA、 hemLのdouble m 

u t a n tを単離 、 解析したところその変異株において VitB12が合成されているこ と

が明かとなった。 この事実は Salmonell a菌において C5経路以外にも ALA生合成経

路が 存在 している可能性を示唆した(3 6 ) 0 

さらに、 Gram陽性細菌である Bacillus subtili Sは過去に ALA生合成が C4経路

によっ て行われていることが報告されていたが、近年大腸菌や Salmonell aと同

様に C5経路 に よって ALAが生合成されていることが確認された。また染色体上 で

の位置は前 者 では hemA、 hemL遺伝子 は染色体上に散在しているのに対し、 Baci

1 1 u sにおいては hemAXBCD Lオペロンを形成していることが明かとなった(3 7 )。

こ のよ うに、細菌においては ALAの生合成は C5経路が majorな経路として同定

されている が別 の 経 路 の 可 能 性 を示 唆する結果も得られており、より詳細な解

析が求められている。そこで、本研究において Escherichi a coliを材料として

ALA生合成 機構の解析を行った。

一 方 ALAの応用面において、 イリノイ 大 学 の Rebeizらが ALAの散布が雑草(双

子葉植物等)に対し殺草効果のあることを見いだした(38)。雑草の多くが双子

葉植物に分類さ れ る こ と か ら 、 選択 性除草剤としての活用を提案しており、自

然界での分 解性 も 高 い こ と か ら 、新しいタイプの除草剤!として注目されている。

さらに Rebeizらは、 ALAがキャベツ し ゃ く と り 虫 等 の 有 害 虫 に 対 し で も 殺 虫性が

あることを報告している(3 9 )。

植物に吸収された ALAはテトラピ ロール化合物の 一 種 で あ る Pchlid (プロトクロ

ロフィリド) に変換され、光化学反応によって活性酸素が生じ、 これが植物の

4 



リポフ。ロテイ ンを酸化し、枯死に至るとされている。 この反応は"光力学的除

と呼ばれ、主として双子葉植 物で発現し、単子葉植物では起こりにくいと草"

されている (38)0 ALAによる除草効果は 3-5mMの比較的低濃度で有効であり、 直

接、 雑草 や葉の茎に噴霧すれば 2-3日で 100先に近い殺草効果があると報告さ れて

いる(3 8 )。

ALAは現在、 化学合成法によっ て 生産され市販されているが、非常に高価 で あ

り価 格は 19当り数千円から 1万円もする。従って、除草剤として大量に使用す

るにはより安価な 製 造 法 の 開 発 が望まれている o そこで微生物、特に高い ALAの

生産能力がある光 合 成 細 菌 を 用 いての発酵生産の研究が行われている。

このよ うに、 δーア ノ レフリ

して重要であるばかりでなく、

ン 酸はテトラピロール化合物の最初の前駆体と

農薬 として も注 目を 集め てい るア ミノ 酸で ある。

本研究においては、 E scherichi a c 01 iの ALA生合成機構とその遺伝子レベルで

の発現調節 機構の解明と、 植物病原菌で xanthan gum などの有用多糖生産閣で

ある Xanthomonas campestris pv. p haseol i、 ピタ ンB1 2生産菌である Propio 

nobacterium freudenreichiiの細菌を材料として、 ALAの大量生産を目的とし た。
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Cloning and characterization of genes involved in the biosynthesis of 

o -aminolevulinic acid in Escherichia coli. 
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INTRODUCTION 

The synthesis of ALA is the first step in the biosynthesis of 

hemes, chlorophylls, corrins, and bile pigments (11). The biosyn 

thetic pathway from ALA to hemes involves seven different enzy

matic steps and seems to be highly conserved in animals, plants, 

and bacteria. ALA is synthesized by either of two major pathways. 

In the C4 pathway (7), ALA is formed by condensation of glycine 

and succinyl CoA. This reaction is catalyzed by ALA synthase (EC 

2.3.1.37), which is found in animal cells, yeasts, fungi, and 

certain bacteria. In the C5 pathway, ALA is formed from glutamate 

by a series of reactions which include activation of glutamate by 

ligation to tRNA, reduction of the activated glutamate to yield 

GSA by an NAD(P)H-dependent reductase, and transamination of GSA 

to form ALA by a GSA 2,1-aminotransferase (EC 5.4.3.8) (Fig. 1). 

The C5 pathway is found in plant chloroplasts, cyanobacteria, 

anaerobic archaebacteria, ~ coli, and Salmonella typhimurium. It 

has been reported that genes complementing an ALA-auxotrophic 

HemA- mutant of E. coli encode a structural component of glutamyl 

tRNA dehydrogenase (3, 10, 17). Complementation of the ALA-auxo

trophic HemL - mutations in E. coli (6) and S. typhimur ium (4) 

yielded genes that encode GSA aminotransferase. However, Ii ttle 

is known about the molecular basis of the metabolic regulation of 

the synthesis of ALA. 

In this report, we describe the isolation of two classes of 

ALA-requiring mutants, both of which are defecti ve in the C5 

pathway for synthesis of ALA. A study of the genes that comple

mented these mutants led us to a new gene that appeared to be in

volved in the synthesis of ALA. We also showed some evidence that 
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Fig. 1. The C5 pathway for formation of ALA. PLP is t1le pyrIdoxal 

phosphate. 
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~ coli may have an alternative, minor pathway for the ALA syn

thesis where hemA is involved. 
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RESULTS 

(a) Isolation and characterization of mutants deficient in the 

biosynthesis of ALA 

Mutants requiring ALA for growth (Ala-) were isolated from 

strain C600 by mutagenesis with NTG. Six Ala- mutants (114, 121, 

123. 124, 133. and 145) were obtained (Table I). None of these 

Ala- mutants grew even in LB medium unless it was supplemented 

wi th ALA. These mutants required ALA at more than 25 /1 g/ml for 

maximum growth. These mutants had strictly non-leaky phenotypes 

unlike the Hem- mutants isolated by others (14, 12). 

The defect of ALA formation from glutamate in Ala- mutants 

was examined. A cell extract of the parental strain C600 was 

capable of generating labeled ALA from 1-[14C]glutamate but not 

from 2- [ 14C] glycine (Table II) as reported previously (1). In 

contrast to the extract of Ala+ cells, the cell extracts of all 

the Ala- mutants were unable to generate labeled ALA from 1-

[14C]glutamate. These results indicate that all the Ala- mutants 

isolated were defective in the formation of ALA via the C5 path 

way from glutamate. 

(b) Classification of Ala- mutants by the cloned genes 

To determine the defective loci of 1\la- mutants, the genes 

that allowed recovery of growth of Ala- mutants in medium without 

ALA were cloned from the chromosomal DNA of ~ coli C600. Frag

ments from the chromosomal DNA partially digested by EcoRI were 

ligated with EcoRI-cleaved pBR322 and introduced into competent 

cells of strain 121. After a three-day incubation at 37oC, 16 

Ala+ clones which grew up on the selective plate (LB agar supp e

mented wi th 100 /1 g Ap/ml wi thout ALA) were isolated. All the 
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TABLE I 

List of E. coli strainsa 
---

Strain Genotype Source or r e f e r e nc e 

E. coli C600 hsdR hsdM thr - l leu-6 thi - l Ogawa, H. 

hem+ 

114 hemM14 This study 

121 hemL21 This study 

123 hemL23 This study 

124 hemM24 This study 

133 hemM33 This study 

145 hemL45 This study 

JMI09 relA supE44 endAl hsdR17 ~96 Yanisch - Perron et -- --

relAl thi ~ (lac-proAB) [F'/traD36 al. (18) 

proAB+ lacIQ lacZ~ M15] mcrA- mcrB+ 
-- - -

aMutagenesis with NTG (25 ~g/ml) and 50 ~g Cm/ml was achieved as 

described by Sklar (15). The mutagenized cells were spread on 

plates of LB (1% tryptone [Difco]/ 0.5% yeast extract / 0.5% 

NaCI) that contained ALA (50 ~g/ml), and the colonies were 

replicated on synthetic medium (0.5% glucose/ 0.2% ammonium 

sulfate/ 0.05% KH 2P04 / 0.4% Na2HP04/ 0.01% MgCI 2 .6H 20/ 0.001% 

each of NaCI, MnCI 2 .4H20, FeCI 3 .6H20 and CaCI 2 .2H 20). Amino acids 

(25 ~ g/ml) and vi tamins (1 ~ g/ml) were also added to the SYD -

thetic medium. 
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TABLE II 

Formation of ALA from glutamate by extracts of parent and mutant 

cells 

Source of Incubation 

cell extracta mixture 

C600 Complete 

Complete 

Complete 

Complete 

114 Complete 

Complete 

Complete 

121 Complete 

123 Complete 

124 Complete 

133 Complete 

145 Complete 

Labeled Incubation 

substrate time (min) 

[14C]Glu 

[14C]Glu 

[14C]Gly 

[14C]Gly 

[14C]Glu 

[14C]Glu 

[14C]Gly 

[14C]Glu 

[14C]Glu 

[14C]Glu 

[14C]Glu 

[14C]Glu 

o 

90 

o 

90 

o 

90 

90 

90 

90 

90 

90 

90 

ALA formation 

cpm/mg proteinb 

50 

750 

<40 

<40 

<40 

60 

<40 

<40 

<40 

<40 

<40 

<40 

aMethods: Cell extracts were prepared as described by Avissar and 

Beale (1). Cultures of ~ coli C600 were grown for 16 h at 37 . C 

in LB medium. Cells were washed twice with extraction buffer (0.1 

M Tris pH 7.9/ 0.3 M glycerol/ 15 mM MgCI 2 / 3 mM DTT). The cell 

pellet was suspended in 4 ml of extraction buffer per g of cells. 

The suspension was sonicated at 4 0 C and centrifuged at 10,000 x 
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K for 10 min. Low- mo l ecular - weight ma t erial s we r e removed from 

the supernatant by passage through a column of Sephadex G- 25 

equilibrated with assay buffer (0. 1 M Tris pH 7.9/ 1 M glycerol/ 

15 mM MgCI 2 / 1 mM DTT). The extract was used directly or stor e d 

at -80o C until used for enzyme assays. 

bMethods: Assays of ALA synthesis were performed as described by 

Avissar and Beale (1). For the C5 pathway, the 50 - ~1 reaction 

mixture was composed of the desired amount of cell extract, 50 

~M glutamate that included L-l-[14C] - glutamate (NEN Research 

Products)/ 1 mM NADPH/ 5 mM ATP/ 5 mM levulinate/ 20 ~M pyridox 

al phosphate/ 0.1 OD 260 units of glutamyl tRNA from ~ coli 

(Boehringer Mannheim Biochem.). Reactions were incubated at 37· C 

for 90 min. For the C-4 pathway, the reaction was performed as 

described by Kikuchi et al. (7). Incubation was terminated by the 

addition of 20 ~l of 0.5 M Na.phosphate buffer pH6.8/ 10 ~l of 

acetylacetone/ 5 ~l of 1 mM ALA. The resulting mixture was 

boiled for 20 min and cooled rapidly to room temperature. The 

denatured protein was removed by centrifugation. ALA pyrrole in 

the supernatant was purified by ion-exchange chromatography or 

direct chromatography on Whatmann 3MM paper with the upper layer 

of a mixture 10 N ammonia:n-butanol:H20 (1:49:50, v/v) as solvent 

(16). The spots of radioactive ALA pyrrole on the paper chroma

tography were cut out and radioactivity was assayed in a liquid 

scintillation counter. In the colorimetric assay, ALA was quanti 

tated spectrophotometrically at 553 nm after reaction with acety 

lacetone and Ehrich reagent (16). 
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plasmid prepared from each transformant was confirmed to have the 

abili ty to retransform strain 121 to Ala +. Interestingly, the 

transformants exhibited heterogeneous growth on the selective 

pIa te. A smaller number of transformants grew up as var iously 

sized colonies, presumably because their growth started after 

various length lag periods. This phenomenon was observed only for 

the growth of transformants on the selective plates, just after 

the uptake of DNA. Once these transformants grew, they continued 

to grow normally. 

Restriction maps of the isolated DNA fragments were con 

structed (Fig. 2A). All plasmids carried an identical 18 - kb 

EcoRI-EcoRI insert (pAS002) with exception of pAS001 (Fig. 2A). 

Plasmid pAS001 lacked a large part of the insert that included 

one of the EcoRI junctions between the insert and the vector. 

Deletion analysis showed that the gene complementing the Ala 

mu tat ion was I 0 cat e d wit hi n a 1. 4 - k b Hp a 1-E coR I f r a gm en t ( Fig. 

2A). The pAS023 plasmid that contains only this fragment was used 

to transform variety of Ala- mutants. pAS023 also complemented 

Ala- strains 123 and 145, as well as strain 121. These transform

ants also exhibi ted the heterogeneous growth. Other Ala - muta

tions (114, 124 and 133), by contrast, were not complemented by 

pAS023 at all. From these results, we classified the mutant 

strains into at least two groups that corresponded to mutations 

at different loci. Thus, we tentati vely designated the former 

class of mutations as AlaA-. 

(c) Determination of the gene deficient in the AlaA- mutation 

The map position on the ~ coli chromosome was determined 
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for the gene that complemented AlaA-. A physical map of the E. 

coli chromosome generated from overlapping lambda phage clones 

that encompassed the entire genome of ~ coli was used (8). As a 

probe for the gene complemented AlaA-, the 1.4-kb HpaI-EcoRI 

fragment from pAS023 (Fig. 2A) was isolated and labeled with a 

non-radioactive DNA-labeling kit (Boehringer Mannheim, F. R. G.). 

The probe hybridized to the coordinate posi tion of clone 15A7, 

9H2 and 4E4 on the gene mapping membrane (Takara Shuzo Co. Ltd., 

Kyoto, Japan). This result indicated that the gene complementing 

the AlaA- mutation was located at 4 min on the genome. 

The nt sequences of both strands of the 1.4-kb IIpaI-EcoRI 

fragment of pAS023 were determined by the dideoxy chain-termina

tion method (13). A homology search using GENETYX programs (SDC 

Software Development Co., Ltd., Tokyo, Japan) revealed that the 

gene essential for complementing AlaA- was identical to hemL, the 

gene that encodes GSA aminotransferase, which has been mapped at 

4 min and sequenced previously (6). Al though our i sola ted hemL 

lacked the 245 bp at the 3'-end that correspond to 82 aa resi

dues at the C-terminus of the HemL protein, it complemented the 

mutations in 121, 123 and 145. The complete hemL gene isolated 

from the Kohara clone 15A7 was also found to strictly complement 

the AlaA- mutation but not others. From these results, we con

cluded that the AlaA- mutants were defective in the locus known 

as hemL. 

(d) Cloning and identification of genes that complemented Alan

To investiga te the defecti ve loci of other mutants than 

AlaA- (hemL), the genes to recover their growth in the selective 

plate were cloned by using pBR322 into the strain 133 as a host. 
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One posi ti ve clone was obtained. The resul tant plasmid pAS332 

tha t contained a 11-kb EcoR1 -EcoR1 fragment complemented Ala

mutant strains 114 and 124 as well as strain 133 (Fig. 2B), sug

gesting that these three mutants belong to the same class of Ala 

mutations, which was tentatively designated AlaB-. Thus, our Ala

mutants were genetically classified into two groups with muta

tions at different loci, AlaA- (hemL) and AlaB-. The latter 

mutants seemed to have a defect in glutamyl tRNA dehydrogenase in 

the C5 pathway for synthesis of ALA. 

Plasmid pAS332 was introduced into the AlaA- mutants, 123, 

121, and 145. Unexpectedly, pAS332 complemented the AlaA- muta

tion too and the transformants formed small colonies on the 

selective plates. The weakness in the growth was also observed in 

the successive plate culture and the liquid culture. This phe

nomenon is clearly different from the leaky phenotype of muta

tion. This result indicates that plasmid pAS332 should carry more 

than one gene involved in ALA synthesis. Thus, further deletion 

analysis was carried out to determine the region essential for 

complementation of the Ala- mutation. The AlaB- mutation was 

also complemented by the deletion plasmids pAS334, pAS335 and 

pAS336, as well as by pAS332 (Fig. 2B). However, the mode of 

complementation changed to heterogeneous, as observed in the case 

of the transformation of AlaA- mutants with pAS023. No complemen

tation of the AlaA- mutation was observed with plasmids pAS334, 

pAS336, or pAS337. This result suggests that there is an addi

tional gene that was lost during construction of deletion plas

mids from pAS332. As expected, another deletion plasmid, pAS333 
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(F ig. 2B), complemented bo t h AlaA- (hemL) and AlaB- mu t a tions and 

exhibi ted small colonies . Furthermore, we subcloned the 2. 3 - kb 

PstI-NheI fragment on pAS333 into a low - copy - numb e r p l asmid, 

pRK290, which possesses a P1 type replicon and generates only a 

few copies per host chromosome (2). The same mode o f c omp leme n t a 

tion by this plasmid was also observed, indicating that t hese 

phenomena were not caused by only the high - copy- number plasmid. 

(e) Characterization of the genes that complemented Alan- and its 

relation with hemA 

To localize the genes complemented AlaB - and all Ala muta 

tions, the 3.6-kb PstI-EcoRI fragment from pAS332 was used as a 

probe. Thi s probe hybridized to the coordinate position of 

clones 12A3, 4D10, 13H6 on the gene mapping membrane (8). This 

result shows that the gene complementing AlaB - or both AlaA- and 

AlaB- are located at 21 min on the chromosome where hemA is known 

to be located (14). 

Fig. 3 shows the nt sequence of the 2.0-kb SaII - NaeI fragment 

from pAS332. The nt of the gene that complemented AlaB - can be 

read clockwise on the chromosome and consists of 621 bp, with a 

putative ATG start codon at nt position 360 and a TAA termination 

codon at nt position 981 (Fig. 3). The putative start codon is 

preceded by a nt with a high degree of similarity to the - 10 and 

-35 consensus sequences and includes a potential ribosome - binding 

site (AGGA). The gene product was deduced to be a 23 - kDa polypep 

tide consisting of 201 aa residues. This protein has no homology 

with either the known ALA-associated proteins or any other pro 

tein that is known to date. This protein appeared to be a novel 

enzyme that catalyzes a reaction in the synthe s i s of ALA in the 
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Fig. 2. Deletion maps of the hemL region (A) and the hemA and 

hemM region (D) and complementation test of AlaA- and AlaO-

mutations. The top horizontal line represents the h coli chromo-

some. The broken line of pAS001 indicates spontaneous deletion 

occurred during transformation. Tile lines of plasmids indicate 

remaining DNA fragments. The directions of transcription are 

indicated with arrows. Symbol + in map A represents tIle comple-

mentation but observed heterologous (mixed witll small and normal) 

colonies. The letters of S. II. and N in map D indicate small. 

heterologous. and normal colony formations. respectively. Meth-

ods: Plasmids prepared by a mini-scale preparation were used to 

transform mutant strains (114. 121. 123. 124. 133. and 145) and 

the complemented colonies grew on the selective plate (LD agar 

wi th 100 J1 g Ap/ml wi thou tALA) were observed. 
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C5 pathway. We designated the new gene hemM as a member of genes 

involved in the synthesis of heme. 

The gene that complemented all Ala- mutations could be read 

counterclockwise and it was located 200 bp upstream from hemM. 

The two genes were found to be transcribed divergently (Figs. 2 

and 3). The gene upstream from hemM consists of a 1254-bp ORF 

wi th a potential ATG start codon at nt posi tion 146. To our 

surprise, the nt sequence of the gene that complemented all Ala-

mutations was identical to that of hemA of E. coli. -- ---

Two hundred bp downstream from hemM we also found a 609-bp 

ORF (ORF2 in Fig. 2B). Since pAS337 that carried the ORF2 did not 

complement any Ala- mutations, there is no evidence that this 

gene is involved in the synthesis of ALA. 
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1 Sa I I 
Ser Leu Val Val Gly Gly GIn Val Met Pro Gin Ala Leu Leu Ser Asp Leu Ala GIn 

5'-GT CGA CAG CAC CAC GCC GCC CTG CAC CAT CGG CTG CGC AAG CAG GCT GTC AAG CGC CTG 
60 
Asp Leu Lys Asp Pro Ser Phe Ser Val Arg Glu Arg Leu Ser Val Pro Ala Thr Lys His 
ATC GAG CTT ATC CGG CGA AAA CGA TAC ACG TTC TCG CAG CGA TAC AGG TGC CGT TTT ATG 
120 -- hemA 
Asn lIe Gly Leu Ala Leu Leu Thr Met 
GTT GAT ACC GAG TGC TAA AAG GGT CAT GTCTGCGGGAAATAATACCAACGTTGATAGGGTTAGTCTGCT 
189 
TGCATCATACAGGATGCGTAAGATCAATAAAAGAGAGCGCCCCCTTTTGGAGTAATTGCCGAAAGCCGTTAGATTCTGG 
268 Nhe I SD 
CAATTAAGACAACTTGAACATAGACGATAGCGGACGGTAACGCTAGCATTAAGGGTTATAACTGCAACGTATCTCAAGG 
347 herrM--
6CTTGTCATCACT ATG CCC CTG CCC GAT TTT CGT CTT ATC CGC CTC GTA CCG CTG GCT GCT 

Met Pro Leu Pro Asp Phe Arg Leu lie Arg Leu Val Pro Leu Ala Ala 
408 1 16 
CTT GTG CTC ACT GCC TGT TCC GTT ACC ACG CCC AAA GGT CCT GGC AAA AGC CCG GAT TCG 
Leu Val Leu Thr Ala Cys Ser Val Thr Thr Pro Lys Gly Pro Gly Lys Ser Pro Asp Ser 
468 36 
CCA CAA TGG CGT CAG CAT CAG CAA GAC GTG CGC AAT CTT AAT CAG TAT CAG ACT CGC GGC 
Pro GIn Trp Arg Gin His GIn GIn Asp Val Arg Asn Leu Asn GIn Tyr Gin Thr Arg Gly 
528 56 
GCG TTC GCT TAT 'ATT TCT GAC CAA CAA AAA GTG TAC GCC CGC TTT TTC TGG CAG CAA ACC 
Ala Phe Ala Tyr lIe Ser Asp GIn GIn Lys Val Tyr Ala Arg Phe Phe Trp GIn GIn Thr 
588 76 
GGC CAG GAT CGC TAC CGT CTG CTG CTC ACT AAC CCA TTG GGC AGC ACG GAA CTG GAG CTG 
Gly GIn Asp Arg Tyr Arg Leu Leu Leu Thr Asn Pro Leu Gly Ser Thr Glu Leu Glu Leu 
648 SaIl 96 
AAT GCT CAA CCG GGT AAC GTG CAG TTA GTC GAC AAT AAA GGT CAG CGT TAT ACC GCC GAT 
Asn Ala GIn Pro Gly Asn Val GIn Leu Val Asp Asn Lys Gly GIn Arg Tyr Thr Ala Asp 
708 116 
GAC GCC GAA GAG ATG ATT GGC AAA TTG ACC GGA ATG CCA ATT CCG CTC AAC AGC TTG CGC 
Asp Ala Glu Giu Met lIe Gly Lys Leu Thr Gly Met Pro lIe Pro Leu Asn Ser Leu Arg 
768 136 
CAG TGG ATT TTA GGT TTA CCG GGT GAT GCA ACC GAC TAC AAA CTG GAC GAC CAG TAC CGG 
GIn Trp lie Leu Gly Leu Pro Gly Asp Ala Thr Asp Tyr Lys leu Asp Asp Gin Tyr Arg 
828 156 
CTG AGC GAA ATT ACC TAC AGC CAG AAT GGC AAA AAC TGG AAG GTT GTT TAT GGT GGT TAT 
Leu Ser Glu lIe Thr Tyr Ser GIn Asn Gly Lys Asn Trp Lys Val Val Tyr Gly Gly Tyr 
888 . 176 
GAC ACC AAA ACG CAA CCT GCG ATG CCA GCC AAT ATG GAA CTC ACC GAC GGT GGT CAA CGC 
Asp Thr Lys Thr GIn Pro Ala Met Pro Ala Asn Met Glu Leu Thr Asp Gly Gly GIn Arg 
948 196 
ATC AAG TTA AAA ATG GAT AAC TGG ATA GTG AAA TAA TGCGGACACAG TGGCCCTC TCCGGCAAAAC 
lIe Lys Leu Lys Met Asp Asn Trp lIe Val Lys *** 
1014 207 
TTAATCTGTTTTTATACATTACCGGTCAGCGTGCGGATGGTTACCACACGCTGCAAACGGTGTTTCAGTTTCTTGATTA 
1093 Hpa I ORF2--
CGGCGACACCATCAGCATTGAGCTTCGTGACGATGGGATATTCGTCTGTTAACGCCCGTTGAAGGC GTG GAA CAT 

Val Glu His 
1168 1 3 
GAA GAT AAC CTG ATC GTT CGC GCA GCG CGA TTG TTG ATG AAA ACT GCG GCA GAC AGC GGG 
Glu Asp Asn Leu lIe Val Arg Ala Ala Arg Leu Leu Met Lys Thr Ala Ala Asp Ser Gly 

23 
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1228 
CGT CTT CCG ACG GGA AGC GGT GCG AAT ATC AGC ATT GAC AAG CGT TTG CCG ATG GGC GGC 
Arg Leu Pro Thr Gly Ser Gly Ala Asn lie Ser lie Asp Lys Arg Leu Pro Met Gly Gly 
1288 43 
GGT CTC GGC GGT GGT TCA TCC AAT GCC GCG ACG GTC CTG GTG GCA TTA AAT CAT CTC TGG 
Gly Leu Gly Gly Gly Ser Ser Asn Ala Ala Thr Val Leu Val Ala Leu Asn His Leu Trp 
1348 63 
CAA TGC GGG CTA AGC ATG GAT GAG CTG GCG GAA ATG GGG CTG ACG CTG GGC GCA GAT GTT 
Gin Cys Gly Leu Ser Met Asp Glu Leu Ala Glu Met Gly Leu Thr Leu Gly Ala Asp Val 
1408 Sph I 83 
CCT GTC TTT GTT CGG GGG CAT GCC GCG TTT GCC GAA GGC GTT GGT GAA ATA CTA ACG CCG 
Pro Val Phe Val Arg Gly His Ala Ala Phe Ala Glu Gly Val Gly Glu lie Leu Thr Pro 
1468 BamHI 103 
GTG GAT CCG CCA GAG AAG TGG TAT CTG GTG GCG CAC CCT GGT GTA AGT ATT CCG ACT CCG 
Val Asp Pro Pro Glu Lys Trp Tyr Leu Val Ala His Pro Gly Val Ser lie Pro Thr Pro 
1528 123 
GTG ATT TTT AAA GAT CCT GAA CTC CCG CGC AAT ACG CCA AAA AGG TCA ATA GAA ACG TTG 
Val lIe Phe Lys Asp Pro Glu Leu Pro Arg Asn Thr Pro Lys Arg Ser lIe Glu Thr Leu 
1588 EcoRI 143 
CTA AAA TGT GAA TTC ACC CAG GCG TAC GGG CGG GCG AAT ACC AAA GGe GCT CCA TTC AGG 
Leu Lys Cys Glu Phe Thr Gin Ala Tyr Gly Arg Ala Asn Thr Lys Gly Ala Pro Phe Arg 
1648 163 
AGA ACG GCG GTA AAG TGC AGG AGT CTG GGC AAA CTG CTT CTT GAA TGC GCG GGT AAA TGT 
Arg Thr Ala Val Lys Cys Arg Ser Leu Gly Lys Leu Leu Leu Glu Cys Ala Gly Lys Cys 
1708 183 
CTG TTG AGA GTC GAA GCG GTA TTG CAG CGC GAT GTC CAG AAT CGG ACG CGC AGT CAG GCG 
Leu Leu Arg Val Glu Ala Val Leu GIn Arg Asp Val Gin Asn Arg Thr Arg Ser Gin Ala 
1768 Ba I I 203 
TAG TGCGACCGCCGATTTCGACAAACGACGAGCACGAATATACGCGCCAATAGCATGGCCAGTGACATCTTTAAACAT 

*** 1846 
TCTCTGTAAGTGCCACTTGGAATAACCTGCTTCGCCGCTACATTGTCGAGCGACAGGGGCTGATCCAGATGACCTTCCA 
1925 Nael 
GCCTGATTAAAAGGTCGCGAATAATGCCGGC-3' 

Fig . 3. Nucleotide sequences of hemA and hemM regions and deduced 

aa sequences. Sequences were analyzed with the GENETYX program 

(SDC Software Development Co., Ltd., Tokyo, Japan). The aa se-

quence of the encoded protein is shown above the corresponding nt 

sequence. Numbers above the line are nt and numbers below the 

line are aa. The nt number 1 represents the SaIl site 1n hemA 

(Fig. 2D). The direction of translation is indicated by arrows. 

SD represents the ribosome binding site. Asterisks indicate a 

stop codon. The complete nucleotide sequence has been submitted 

to EMBL/GenDank/DDDJ under accession no. DI0264. 
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DISCUSSION 

A contradiction as to the role of hemA in the ALA synthesis 

in ~ coli has been arisen. Initially, Leang et al e (9) suggested 

that hemA was encoding ALA synthase. Recently, the hemA gene was 

isolated and its nt determined (3, 10, 17). The deduced aa se 

quence for the HemA protein shows no similarity to those of known 

ALA synthases. Avisar and Beale (1) demonstrated that ~ coli 

forms ALA from glutamate via the C5 pathway. and that the strain 

SASX41B with the hemA mutation was characterized as the mutant 

deficient in glutamyl tRNA dehydrogenase. Thus. hemA in ~ coli 

was re-designated as the gene encoding glutamyl tRNA dehydroge 

nase. However, the gene product has not yet been well character 

ized. Previous observations are in contrast to our finding that 

hemA conferred the limited growth to both hemL and hemM mutants 

in the C5 pathway. This finding suggests that hemA may not be 

located on the C5 pathway and may playa role in an alternative, 

minor, pathway for the biosynthesis of ALA. The weak growth of 

transformants suggest that the ALA formation via the alternative 

pathway is insufficient to recover the normal growth. This pre 

diction may be supported by the studies on ALA in S. typhimurium. 

Elliott and Roth (5) proposed that hemA and hemL are required for 

one route of ALA synthesis and that a second, minor route for 

synthesis of ALA may operate in S. typhimurium. 

The hemM appears to be a new gene that involved in the C5 

pathway. It is possible that hemM could be another candidate for 

the gene encoding glutamyl tRNA dehydrogenase or its subuni ts. 

Further investigations will be required to elucidate the function 
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of hemM in the synthesis of ALA. 
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CONCLUSIONS 

(lJ Several E. coli Ala - mutants wi th defects in the C5 

pathway were isolated. Genes responsible for the Ala- auxotrophy 

were cloned. By using these genes, the mutants isola ted were 

classified into two groups, AlaA- and AlaB-. 

(~) The AlaA mutants were determined to be defective in 

hemL that is located at 4 min on the chromosome and known to 

encodes GSA aminotransferase. 

(~) The analysis of AlaB- mutants resulted in the finding of 

a new gene that was essential for the synthesis of ALA via the C5 

pathway. The new gene that was designated hemM encoded an 207 aa 

ORF and was adjacent to hemA that is located at 27 min and thou

ght to encode glutamyl tRNA dehydrogenase. The hemM and hemA were 

located 200 bp apart and transcribed divergently. 

(1) The hemA gene has the ability to confer the weak growth 

to two different loci of mutations, hemL and hemM. These observa

tions raise questions about the role of hemA in the synthesis of 

ALA. The product of hemA appears to act in an alternative, minor 

pathway that is distinct from the C5 pathway. The hemM gene could 

be another candidate for the gene encoding the glutamyl tRNA 

dehydrogenase, or its subunits. 
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SUMMARY 

Several mutants of Escherichia coli that had lost their abili

ty to synthesize o-aminolevulinic acid (ALA) via the C5 pathway 

were isolated. Their defective loci were classified into two 

groups, AlaA- and AlaB-. The genes that complemented these muta 

tions were cloned. Nucleotide (nt) sequencing indicated that the 

gene that complemented AlaA- was identical to hemL that is locat

ed at 4 min on the E. coli chromosome and encodes glutamate 1-

semialdehyde (GSA) aminotransferase. The gene complementing AlaB 

contained an open reading frame (ORF) encoding a polypeptide of 

207 aa, that was found to be a new gene, involved in the synthe 

sis of ALA via the C5 pathway. Thus, we designated the gene hemM. 

The hemM gene was adjacent to hemA that is located at 27 min and 

previously thought to encode glutamyl tRNA dehydrogenase. Howev 

er, we found that hemA complemented both the AlaA- (hemL) and 

AlaB- (hemM) mutants defective in the C5 pathway, although the 

transformants showed small colonies on the selective medium 

without ALA. These results suggest that hemA is not involved in 

the C5 pathway but controls a second, minor pathway for synthesis 

of ALA. 
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Cloning and characterization of the glutamate l-semialdehyde 

aminomutase gene from Xanthomonas campestris pv. phaseoli. 
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INTRODUCTION 

o -Aminolevulinic acid (ALA) is the first intermediate in the 

synthesis of hemes, chlorophylls, and billins. ALA is synthesized 

by either of two major biosynthetic pathways, namely the C5 and 

C4 pathways (15). In animal cells, yeast, fungi, and certain 

bacteria including non-sulfur purple bacteria, Rhodobacter, or 

Rhizobium, the synthesis of ALA is catalyzed by ALA synthase (EC 

2.3.1.37) (7). The C5 pathway was found in plants (2), and some 

bacteria including Escherichia coli, Salmonella typhimurium, 

cyanobacteria, and anaerobic archaebacteria (1). In this pathway, 

ALA is synthesized in three steps, ligation of tRNA to glutamate, 

reduction of glutamyl-tRNA to form Glutamate 1-semialdehyde 

(GSA), and transamination of GSA to form ALA. 

ALA-requiring mutants of ~ coli and ~ typhimurium have been 

identified on the basis of separate locations of two genes hemA 

and hemL that encode a structural component of glutamyl tRNA 

reductase (EC 6.1.1.17) (4, 11, 17) and GSA aminotransferase (EC 

5.4.3.8) (9), respectively. 

Recently, we isolated two classes of ALA defective mutants in 

E. coli (10). One class of mutants is identical to hemL, and 

another class of mutants is deficient in a new gene, hemM, that 

is involved in the C5 pathway of ALA synthesis. Characterizations 

of these mutants and their complemented genes raised questions 

about the role of hemA in the synthesis of ALA that hemA is not 

involved in the C5 pathway but controls a second, minor pathway 

for synthesis of ALA. 
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Xanthomonas species are gram-negative bacteria of agricultural 

and industrial importance due to their plant pathogeneci ty and 

their production of the useful polysaccharide, xanthan gum (18). 

The mechanisms by which bacteria cause plant disease and the 

regulation of biosynthetic pathway of xanthan gum are poorly 

understood at the genetic level. We have developed an efficient 

transformation and conjugation systems in Xanthomonas species 

(14). To investigate the ALA biosynthesis of phytopathogenic 

bacteria, we isolated the gene from ~ campestris pv. phaseoli 

that complemented an ALA defective mutation in ~ coli. The 

cloning and nucleotide sequence show that phytopathogenic bacte

rium, ~ campestris pv. phaseoli, has a gene for GSA aminotrans 

ferase. Moreover the deduced amino acid sequence is highly homol

ogous to those of HemL proteins from other organisms. It appears, 

therfore, that Xanthomonas synthesizes ALA via the C5 pathway. 
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MATERIALS AND METllODS 

The bacterial strains and growth conditions. The strain of X. 

campestris pv. phaseoli used in this work was isolated in Thai-

land as a phytopathogenic bacterium for Phaseolus and stocked 

as the Hiroshima University Type Culture strain no. HUT8925. The 

bacterium was cultured in 2xYT [1.6% Bactotryptone, 1.0% Bacto 

yeast extract (Difco), 0.5% NaCI] at 28· C. E. coli strains 114 ---

and 145 were AlaB- (hemM14) and AlaA - (hemL45), respecti vely. 

(10). The AlaA- mutant strain 145 has been proved to deficient in 

hemL that is located at 27 min on the E. coli chromosome and 

complemented wi th the hemL gene. E. coli JM109 was used for - --

propagation of M13mp18 and M13mp19 phage vectors. E. coli cells 

were grown in LB [1% Bactotryptone, 0.5% Bacto yeast ex-

tract (Di fco), 0.5% NaCI] or 2xYT at 37' C. The cuI ture of Ala -

strains of E. coli were supplemented with ALA at 50 ~g/ml. 

Enzymes and chemicals. Restriction endonuclease, T4 DNA Ligase, 

alkaline phosphatase, and Bal31 nuclease were purchased ei ther 

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

(Osaka, Japan). The other compounds used were standard commercial 

preparations. 

Cloning of GSA aminotransferase gene. Cloning experiments were 

performed by the methods given in the manual of Maniatis et al. 

(12) using plasmid vector pUC18 (19). Chromosomal DNA from X. 

campestris pv. phaseoli, prepared by the method of Marmur (13), 

was partially digested with Sau3AI. DNA fragments from 4 to 10 kb 

3 5 



in length were isolated from an agarose gel, ligated to a BamH1-

digested pUC18 with T4 DNA Ligase, after treatment with alkaline 

phosphatase, and used to transform into ~ coli strain 145 (HemL 

). Transformants were selected on LB agar plates contained ampi 

cillin (Ap) (100 ~g/ml) but no ALA. 

DNA sequencing. Sequencing reaction were performed by the M13 

dideoxy-chain termination method (16) with Autoread T7 Sequencing 

kit (Pharmacia LKB Biotechnology, Uppsala, Sweden). An automated 

laser fluorescence sequencing apparatus (Pharmacia LKB Biotech

nology, Uppsala, Sweden) was used to determine the DNA sequences. 

The GenBank-EMBL-DDBJ accession number for the DNA sequence in 

Fig 2 is D12642. 

Computer analysis. The nucleotide and amino acid sequences were 

analyzed with GENETYX programs (SDC Software Development Co. 

Ltd., Tokyo, Japan). 
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RESULTS AND DISCUSSION 

Cloning of the gene from ~ campestris ~ phaseoli that comple 

ments the hernL mutation of ~ coli 

Chromosomal DNA from X. carnpestris pv. phaseoli was partially di 

gested with Sau3AI. The fragments were ligated with BamHI-digest 

ed pUC18, and the ligation mixture was used to transform the E. 

coli AlaA- (hernL) mutant 145. After a three-days incubation, four 

Ala + clones grew up on the selection plate prepared wi th Ap 

without ALA. The plasmids prepared from these transformants were 

confirmed to have the ability to retransform strain 145 to Ala+, 

and the plasmids were designated pXP001 pXP002, pXP003 and 

pXP004. Two of the 4 clones, ~ coli 145 carrying pXP003 and 

pXP004, grew in one day by contrast to other clones that required 

2 to 3 days to form colonies on the selective plate. 

Deletion analysis of the cloned genes 

Restriction maps of the isolated DNA fragments were constructed 

(Fig. 1A). pXP001, pXP002, pXP003, and pXP004 contained an iden

tical 1.5-kb SaIl-SaIl fragment, but the chromosomal DNA frag 

ments in the plasmids pXP001 and pXP002 were inserted at the 

opposi te direction to those in plasmid pXP003 and pXP004 (Fig. 

1A). The differences in the strengths of complementation between 

pXP003 or pXP004 and pXP001 or pXP002 for Ala- seem to be due to 

the directions of the inserts of chromosomal fragments towards 

the lacZ gene on pUC18. Since pXP003 had the shortest insert of 

the 3.5-kb Sau3AI-Sau3AI fragment than others, this plasmid was 
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characterized in detail. To define the location of the gene on 

the 4-kb fragment that complemented the hemL mutation, the frag

ment was digested wi th restriction endonucleases and/or Ba131 

nuclease. The fragments were subcloned into an appropriate site 

of the pUC18 vector. In the case of the fragments truncated with 

Ba131, the fragments were ligated at the blunt end to the Hincll 

site of pUC18. The resultant plasmids were tested for their 

ability to complement the hem mutations. Figure 1B shows that the 

gene complementing hemL is on the pXC320 plasmid, which has an 

insert of less than 1.7 kb. None of the plasmids complemented the 

mutant strain 114 (hemM14) (data not shown). 

Nucleotide sequence of the gene that complemented hemL 

The 1.7-kb Hincll/BaI31-Kpnl fragment on pXC320 was digested with 

various restriction endonucleases and the resultant fragments 

were subcloned into phages M13mp18 and M13mp19. Seventeen over

lapping fragments, which covered both strands of the entire 

fragment that complemented the hemL mutation, were sequenced. The 

complete nucleotide sequence of the sense strand and the deduced 

amino acid sequence are shown in Fig. 2. 

One open reading frame (ORF) , located between nucleotide 289 

to 1575, was found. The ORF consists of 1287 bp with a putative 

ATG initiation codon that is preceded by a nucleotide with simi

larity to the -35 (TTccaA) and -10 (gATcAT) consensus sequences 

of ~ coli and a potential ribosome-binding site (AGGA). The gene 

product was deduced to be a polypeptide of 45-kDa consisting of 

429 amino acid residues. 
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Fig 1 A restriction nuclease map of the cloned hemL region 

from 2L.. carnpestris pv. phaseoli (A) and the deletion map of 

hemL region (B) and complementation of hemL mutant 145. The 

heavy line represents the 2L.. campestris pv. phaseoli chromo-

some. The lines of plasmids indicate remaining DNA fragments. 

The directions of transcription of lacZ (A) and hemL (n) are 

indicated by arrows. Symbol + represents the complementation. 

Sand B indicate Sau3AI and BamHI, respectIvely. 
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* 1 Hi nc I I /Ba 131 
AGTCGGCAAGCGACAAACGAACGGCGCCAACGGCCACCGAAATCACACTTTCTGAACATCTACAGCCGGATGC 

*74 -35 - 10 
CAATGACTGGGCGCCATCAGCTCAT TCCAAACTGTCGATCCCGTCGCGT TCGATCA TAGGCAGCCAAGTTCCCCCACCC 
*153 
GCCCACTTCGACGGGTAGGCGGGCGTCCGACGGGTAGGCGCGCGCGGCCGCAGGCCTGACAATGGCGGACGCGATGCCC 

, *241 SO hemL-
GCTGCCGGGCGTCGATGCCCCCAATCGGTACTCCTCA8QG8TCTGCGC ATG.AAC. CAT. TCC. CGC. TCC. CAC 

Met -Asn - His - Ser -Arg-Ser - His 
*310 
GCC. CTG. TTC. GCC. CAG. GCG. CAG.ACT. TTG.CTA. CCG.GGC.GGC. GTC.AAC. TCG. CCG. GTA. CGG. GCG 
A1a-Leu-Phe-Ala-G1n-A1a-Gln-Thr-Leu-Leu-Pro-Gly-Gly- Val-Asn-Ser-Pro-Val - Arg -Ala 
*370 
TTC.AAG. TCG.GTC. GGC. GGC. GAG. CCG. TTC. TTC. GTG. GCG. CGC. GCC. GAT.GGC. CCC. TAT. CTG. TTC 
Phe-Lys-Ser-Val-Gly-Gly-Glu-Pro-Phe-Phe-Val -Ala-Arg-Ala-Asp-Gly-Pro-Tyr-Leu- Phe 
*430 Sa 1 I 
GAT.GTC. GAC. GAC. AAC. CGC. TAT.ATC. GAC. TAT. GTG. GGC. TCG. TGG. GGG. CCG.ATG.ATT.GCC. GGG 
Asp-Val-Asp-Asp-Asn-Arg-Tyr-Ile-Asp-Tyr-Val-Gly-Ser-Trp-Gly-Pro~Met - Ile-Ala-Gly 

*490 
CAC.AAC. CAC. CCG. GCC. GTG. CGC. GAA. GCG. GTC. GAG. CAG. TCG.ATC.CGC.AAC.GGG. CTC. TCG. TTC 
His-Asn-His-Pro-Ala-Val-Arg-Glu-Ala-Val-Glu-Gln-Ser-Ile-Arg-Asn-Gly-Leu - Ser-Phe 
*550 
GGT.GCA. CCG. TGC. GCA. GCC. GAA. GTG. ACG.ATG. GCG. CAG. ACC.ATC. GCC.CGG. CTG. GTG. CCC. TCC 
Gly-Ala-Pro-Cys-Ala-Ala-Glu-Val-Thr-Met-Ala-Gln-Thr-IIe-Ala- Arg-Leu-Val-Pro- Ser 
*610 KpnI 
TGC. GAG.ATG. GTG. CGC. ATG. GTC.AAC. TCC. GGT.ACC. GAA. GCT. ACG. CTG. TCG. GCG. GTA. CGC.CTG 
Cys-Glu-Met-Val-Arg-Met-Val-Asn-Ser-Gly-Thr-Glu-AIa-Thr-Leu-Ser-Ala-Val-Arg - Leu 
*670 
GCG. CGT. GGC. GCC. ACC. GGG. CGC.AAT. CGC.ATC.ATC.AAG. TTC.GAA. GGC. TGT. TAT.CAC. GGC. CAT 
Ala-Arg-Gly-Ala-Thr-Gly-Arg-Asn-Arg-Ile-Ile-Lys-Phe-Glu-Gly-Cys-Tyr-His-Gly- His 
*730 SphI 
GGC.GAT. TCG. TTC.CTG. GTC.AAG. GCC. GGC.AGC.GGC.ATG.CTG.ACC.CTG.GGC. GTA. CCG.ACC. TCG 
Gly-Asp-Ser-Phe-Leu-Val-Lys-Ala-Gly-Ser-Gly-Met-Leu-Thr-Leu-Gly-Val-Pro-Thr-Ser 
*790 
CCC. GGC. GTA.CCC. GCA. GGG. CTG.AGC. GAG. CTG.ACC. GCC.ACG. CTG. AGC. TTC.AAC. GAC. TTC. GAG 
Pro-Gly-Val-Pro-Ala-Gly-Leu-Ser-Glu-Leu-Thr-Ala-Thr-Leu-Ser-Phe-Asn-Asp-Phe-Glu 
*850 
GGC. GCC. ACC. GCG.CTG. TTC.GAC.GAG.ATC. GGT. GCG. GAG. GTG. GCG.GCG. GTG. ATC. ATC. GAG. CCG 
Gly-Ala-Thr-Ala-Leu-Phe-Asp-Glu-Ile-Gly-Ala-Glu-Val-Ala-Ala-Val-Ile-Ile-Glu- Pro 
*910 Pst I 
GTG.GTC. GGC. AAT. GCC.AAC. TGC.ATT. CCG. CCG. CAG. GCC. GGC. TAT.CTG. CAG. CAT. CTG. CGC.ACG 
Val-Val-Gly-Asn-Ala-Asn-Cys-Ile-Pro-Pro-Gln-Ala-Gly-Tyr-Leu-Gln-His-Leu-Arg- Thr 
*970 
GTG. TGC. ACT. AGG. CAC.GGC. GCG. TTG.CTG. ATC. TTC. GAC. GAA. GTG. ATG.ACC. GGC. TTC.CGC. GTC 
Leu-Cys-Thr-Arg-His-Gly-Ala-Leu-Leu-Ile-Phe-Asp-Glu-VaI-Met-Thr -Gly-Phe -Arg - Val 
*1030 
GCG. CTC. GGT. GGT.GCG. CAG. GCG. CAT. TAC. GGC. GTG.ACC. CCG. GAC.CTG. ACC~-ACC. TTC.GGC.AAG 
Ala-Leu-Gly-Gly-Ala-Gln-Ala-His-Tyr-Gly-Val-Thr-Pro-Asp-Leu-Thr-Thr-Phe-Gly-Lys 
*1090 Sphl 
ATC.ATC. GGC.GGC. GGC.ATG.CCG.GTG. GGC. GCC. TAC. GGC. GGC. CGC. CGC. GAC. TTG.ATG. GAG. CAG 
Ile-Ile-Gly-Gly-Gly-Met-Pro-Val-Gly-Ala-Tyr-Gly-Gly-Arg-Arg-Asp - Leu-Met-Glu-Gln 
*1150 
GTT.GCT. CCG. GCC. GGG. CCG. ATC. TAC. CAG.GCC. GGC.ACC. TTG. TCG. GGC.AAC.CCG. GTG. GCC.ATG 
Val-Ala-Pro-Ala-Gly-Pro-Ile-Tyr-Gln-Ala-Gly-Thr-Leu-Ser -Gly-Asn-Pro-Val-Ala-Met 
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*1210 
GCC. GCA. GGC. CTG. GCG.ATG. CTG. GAG. CTG. GTG. CAG.GAG. CCG. GGC. TTC. CAC.ACG. CGC. TTG.AGC 
Ala-Ala- Gly-Leu-Ala-Met-Leu- Glu - Leu-Val -Gln -Glu - Pro -Gly - Phe-His -T hr - Arg - Leu-Ser 
*1270 Sphl 
GAG. GCC. ACC.AGC. ATG. CTG. TGC. GAA. GGC. CTT.GAA. GAT. GCC. GCG. CGC. GCA. GCC.GGC.ATT. GCC 
Glu-Ala-Thr-Ser-Met-Leu-Cys-Glu -Gly - Leu -Glu -Asp -Ala -Ala-Arg -Ala -Ala -Gly - Ile - Ala 

. *1330 
GTG.ACC. ACC.AAC. CAG. GTT. GGC. GGC.ATG. TTC. GGG. CTG. TTC. TTC. ACC. GAC. GAC. GTC. GTG. GAG 
Val-Thr-Thr-Asn-Gln-Val-Gly-Gly -Met-Phe -Gly - Leu - Phe-Phe - Thr -Asp - Asp - Val - Val - Glu 
*1390 
AGC. TAC. GCA. CAG. GCC.ACG. GCG. TGC. GAC. ATC. ACC.AGC. TTC.AAC. CGA. TTC. TTC. CAC. GCG. ATG 
Ser-Tyr-Ala-Gln-Ala-Thr-Ala-Cys-Asp-Ile - Thr-Ser - Phe -Asn -Arg - Phe -P he - His - Ala - Met 
*1450 PstI 
CTG. CAG. CGG.GGC. GTC. TAC. CTG. GCG. CCC. TCG. GCG. TAC.GAA. GCC. GGC. TTC. ATG. TCC. AGT. GCG 
Leu-Gln-Arg -Gly-Val-Tyr-Leu -Ala-Pro-Ser -Ala-Tyr-Glu-AIa -Gly-Phe -Met - Ser - Ser -Ala 
*1510 
CAC.GAC. GAG. GCG. GTG. ATC. GAA. GCC.ACG. CTG. GCG. GCA. GCG. CGC. GAG. GCG. TTT.GCG. GAC. GTG 
His-Asp-Glu-Ala-Val-Ile-Glu-Ala-Thr-Leu -Ala -Ala -Ala -Arg -Glu-Ala- Phe-Ala-Asp - Val 
*1570 
GCG.CGC. TGA TCGqCTGGGAATCGGGAATGGGGAGTTGGGAATCGGTGCGCAATTAGCGCGGGGCGTTGAGGGTTT 
Ala-Arg-*** 
*1630 KpnI 
GCGGTGCGCGTGGCCGCGTGCCCGCAAGGCTGTGTGGCGGTGCCTCCGAACGCGCGCCACGGTACC 

Fig 2 Nucleotide sequence and the deduced amIno acid se -

quence of the hemL gene of ~ campestr is pv. phaseoli. The 

putative sequence of promoter and SD (ribosome-binding sIte) 

is underlined. The direction of translation is Indicated by 

arrow. The complete nucleotide sequence has been submitted to 

EMBL/GenBank/DDDJ and accession no. Is 12642. 
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Comparison of the HemL protein to those of other organisms. 

The nucleotide sequences of the hemL gene encoding GSA amino

transferase from other organisms, including Barley (8), Salmonel 

la typhimur i urn ( 5), E. col i and Syne chococcus ( 9) , have been 

reported. 

Therefore, we compared the predicted amino acid sequence of 

the ORF of X. campestris pv. phaseoli with HemLs of other organ 

isms, namely, barley, Synechococcus, ~ typhimurium, and ~ coli. 

The amino acid sequence of the ORF from ~ campestris pv. phaseo 

Ii is homologous over its entire length to the other proteins 

wi th a total identi ty greater than 55% in all cases, Barley, 

55.2%: Synechococcus, 57.7%; ~ typhimurium, 62.4%; and ~ coli, 

62.5%. From the complementation of the hemL mutation and the 

similari ty of amino acid sequence, we conclude that the cloned 

gene from ~ campestris pv. phaseoli is hemL that encodes GSA 

aminotransferase. The hydrophobici ty plot of the HemL protein 

from ~ campestris pv. phaseoli also showed remarkably similar to 

the profiles of other HemLs (data not shown). 

Aminotransferases require pyridoxal 5'-phosphate as a co 

factor, and the pyridoxal 5'-phosphate bind to a lysine residue 

(6). Grimm et al. (9) suggested that the acti ve-si te lysine is 

invariably preceded by a leucine and 

that in GSA aminotransferase of X. 

a glycine residue. We found 

campestris pv. phaseoli six 

amino acid residues around the putative active site lysine resi 

due ( LYS 267) were conserved and that the Phe 265 was substituted 

for leucine. The analysis of second structure of the predicted 

HemL protein of X. campestris pv. phaseoli with Chou-Fasman 
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equation (3), showed that the predicted pyridoxal 5'-phosphate-

binding region could form a part of fi-strand, as predicted for 

HemL proteins from other sources. Thus, the sUbstitution of 

Phe 265 for leucine seems not to affect the active structure of 

the HemL protein. 

Thus, a phytopathogenic bacterium, ~ campestris pv. phaseo

Ii, has GSA aminotransferase that is involved in the C5 pathway 

for synthesis of ALA. 
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Compar ison of the amino acid sequence of the HemL 

from X. campestris pv. phaseoli with those of other 

organisms. Amino acid residues conserved in all IlemL proteins 

are indicated by asterisks. A putative pyridoxal 5'-phos-

phate-binding site in various IIemL is boxed. DARLEY, bar ey; 

SYNECHO, Synechococcus; SALMO, S. typhimurium; ECOLI, E. 

coli; XANTH, X. campestris pv. phaseoli. 



SUMMARY 

The gene, from Xanthomonas campesris pv. phaseoli, for glutamate 

1-semialdehyde (GSA) aminotransferase which is involved in the C5 

pathway for synthesis of o-aminolevulinic acid (ALA) was cloned 

onto a mul ticopy plasmid, pUC18, by the complementation for an 

ALA-deficient mutant (hemL) of Escherichia coli. Sub cloning of 

deletion fragments from the initial 3.5-kirobase (kb) chromoso-

mal fragment allowed the isolation of an 1.7-kb fragment which 

could complement the hemL mutation. Nucleoride sequence analysis 

of the 1.7-kb fragment revealed an open reading frame that is 

located downstream from a potential promoter sequence and a 

ribosome-binding site. The open reading frame encodes a polypep

tide of 429 amino acid residues, and the deduced molecular mass 

of this polypeptide is 45,043 Da. The amino acid sequence shows 

high degree of homology to the HemL proteins from other organ

isms, and the putative pyridoxamine 5'-phosphate binding site is 

conserved. 
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Cloning and characterization of the gene for glutamate I-semialdehyde 

2, l-aminomutase which is involved in the 6 -aminolevulinic acid 

synthesis in Propionibacterium freudenreichii 
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INTRODUCTION 

Propionibacterium species are Gram-posi ti ve bacteria that are 

used in several dairy and fermentation systems, including produc

tion of cobalamin (e. g., vi tamin B12 ) and propionic acid (20). 

Advances in fermentation technology and product separation, 

together with the development of genetically engineered strains, 

may result in improvements in performance that are necessary to 

make these fermentations more economically competi ti ve and may 

also improve the quality of current products. The need for im 

proved strains for industrial fermentations has prompted genetic 

studies of these bacteria. 

o-Aminolevulinic acid (ALA) is the fi rst intermediate in the 

synthesis of hemes, cobalamin, and chlorophylls. In 

Propionibacterium, ALA is a precursor of heme and cobalamin 

syntheses (14). ALA is synthesized by either of two major 

biosynthetic pathways, namely, the C5 and C4 pathways (20). In 

animal cells, yeast, fungi, and in certain bacteria including 

non-sulfur purple bacteria, Rhodobacter, and Rhizobium, the 

synthesis of ALA is catalyzed by ALA synthase (EC 2.3.1.37) (8). 

The C5 pathway has been found in plants (2), and in some 

bacteria, including Escherichia coli (4, ,10, 12, 13, 16, 24), 

Salmonella typhimurium (6), cyanobacteria (10), anaerobic 

archaebacteria (1), and Bacillus subtilis (11). In this pathway, 

ALA is synthesized in three steps: ligation of tRNA to glutamate, 

reduction of glutamyl-tRNA to generate glutamate 1-semialdehyde 

(GSA), and transamination of GSA to generate ALA. 

ALA-requiring mutants of ~ coli and S. typhimurium have been 
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identified on the basis of separate locations of two genes, hemA 

and hemL, that encode the structural component of glutarnyl tRNA 

reductase (EC 6.1.1.17) (4, 16, 24) and that of GSA aminomutase 

(EC 5.4.3.8) (5, 10, 12), respectively, although the role of hemA 

is still obscure (12). 

To investigate the biosynthesis of ALA in a vitamin B12-produc

ing bacterium, we isolated the gene from P. freudenreichii that 

complemented a hemL mutation in ~ coli. The complementation and 

the nucleotide sequence of the gene show that ~ freudenreichii 

has a gene for GSA aminomutase. Moreover, the deduced amino acid 

sequence is highly homologous to those of HemL proteins from 

other organisms. It appears, therefore, that Propionibacter ium 

synthesizes ALA via the C5 pathway. 
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MATERIALS AND METHODS 

A vitamin B12-producer, P. freudenreichii IFO 12424 (IFO, 

Institute for Fermentation, Osaka) was cultured in glucose com

plete medi urn [12.5 g Polypepton (Wako Pure Chemicals Co. Ltd. 

Osaka Japan), 11.0 g vi tamin-free casamino acids, 2.5 g yeast 

extract, 2.25 g NaH2P04 .2I1 20, 1.76 g K3P04 , 0.5 g L-cysteine, 0.4 

g MgCI 2 . 6H 20, 0.01 g FeS04.7II20, 44 mg Ca-pantothenate, 0.3mg 

biotin, 10.0 g glucose, 5.0 g KN0 3 , 0.018 g CoCI 2 .6H20, 0.001 g 

per liter, pH 7.0) at 28' C for three days. E. coli 

strains SASX41B (hemA41, 23) and 145 (hemL45, 12) were defective 

in the C5 pathway of ALA synthesis. ~ coli JM109 was used for 

propagation of M13mp18 and M13mp19 phage vectors. ~ coli cells 

were grown in LB medium [1% Bactotryptone, 0.5% Bacto yeast 

extract (Difco, Detroit, MI.), 0.5% NaCI, pH 6.8] or 2 x YT [1.6% 

Bactotryptone, 1 . 0% Bacto yeast extract (Difco), 0.5% NaCI, pH 

6.8] at 37' C. The cuI tures of Ala - strains of ~ coli strains 

were supplemented with ALA at 50 ~g/ml. 

Restriction endonucleases, T4 DNA ligase, alkaline phosphatase, 

and Bal31 nuclease were purchased ei ther from Takara Shuzo Co. 

Ltd. (Kyoto, Japan) or Toyobo Co. Ltd. (Osaka, Japan). All other 

compounds used were standard commercial preparations. Cloning 

experiments were performed by the methods given in the manual of 

Maniatis et ale (17) using plasmid vector pUC18 (26). Chromosomal 

DNA from P. freudenreichii, prepared by the method of Marmur 

(18), was partially digested with Sau3AI. DNA fragments from 4 to 

9 kb in length were isolated from an agarose gel, ligated to 

BamHI- digested pUC18 that was treated with alkaline phosphatase, 
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and used to transform E. coli strain 145 (hemL). Transformants 

were selected on LB agar plates that contained ampicillin (Ap) 

(100 j1 g/ml) but no ALA. 

Sequencing reactions were performed by the M13 dideoxy - chain 

termination method (21) 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 Gen 

Bank-EMBL-DDBJ accession number for the DNA sequence in Figure 2 

is D12543. The nucleotide and amino acid sequences were analyzed 

with GENETYX programs (SDC Software Development Co. Ltd., Tokyo, 

Japan) . 
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RESULTS 

Chromosomal DNA from ~ freudenreichii was partially digested 

with Sau3AI. The fragments were ligated with BamHI - digested 

pUC18, and the ligation mixture was used to transform the ~ coli 

HemL - mutant 145. After a two-day incubation, two Ala+ clones 

grew up on the selection plate prepared with Ap but without ALA. 

The two plasmids prepared from these transformants were confirmed 

to have the ability to reconvert strain 145 to Ala+, and the two 

plasmids were designated pFR001 and pFR002, respectively. 

Restriction maps of the isolated DNA fragments were 

constructed (Fig. 1). pFR001 and pFR002 had an identical 3.3 - kb 

Sau3AI fragment. Since pFR002 had the shorter chromosomal insert, 

this plasmid was characterized in detail. To define the location 

of the gene on the 3. 3-kb fragment that complemented the hemL 

mutation, the fragment was digested with restriction 

endonucleases and/or Bal31 nuclease. The fragments were 

subcloned into an appropriate si te of the pUC18 vector. In the 

case of the fragments truncated wi th Ba131, the fragments were 

ligated at the blunt end to the HinclI site of pUC18. The 

resul tant plasmids were tested for their abili ty to complement 

the hem mutations. Figure 1 shows that the gene that complemented 

hemL was on the pFR222 plasmid, which has an insert of less than 

1.9 kb. None of the plasmids complemented the mutant strain 

SASX41B (hemA41) (data not shown). 

The 1.9-kb BcII/BamHI fragment on pFR222 was digested wi th 

various restriction endonucleases and the resultant fragments 

were subcloned into phages M13mp18 and M13mp19. Twenty overlap-
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500 bp 
I • .. I Complementation of 

Sequenced region 145 (heml) 
I • .. I 

= 
pFROOl 

~ u ~~ V> E ~ V> ~ 
c:c c:c V) 0- Q... V) c:c Q... -, 

~~'----~'--------~~------~'--~'~~'~'------~;0~'------~1 + 

hem l 

pFR002 
~ ~ 
c:c V) 

~I ----~--------~------~--~--~--~i~ + 

pFR203 

pFR201 + 

pFR202 

pFR222 + 

pFR 223 

fig. 1. 1\ deletion map of the cloned hemL region from P. freud -

enreichii and the complementation of the hernL mutant ~ coli 

145. The heavy line represents the chromosome of ~ freuden -

reichii. The lines representing the plasmids indicate the 

remaining fragments of DNA. The direction of transcription 

of hemL is indicated by an arrow. The symbol + represents 

complementation. Sand D indicate Sau3AI and DarnIlI, respec-

tively. 
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ping fragments, which covered both strands of the entire fragment 

that complemented the hemL mutation, were sequenced. The complete 

nucleotide sequence of the sense strand and the deduced amino 

acid sequence are shown in Figure 2. 

One open reading frame (ORF), located between nucleotides 

122 and 1444, was found. The ORF consi sts of 1323 bp wi th a 

putative ATG initiation codon that is 7 bp downstream from a 

potential ribosome-binding site (AGGA), (113-116). No potential 

promoter sequence similar to the -35 and -10 consensus sequences 

of E. coli or B. subtilis (no reports of promoters in 

Propionibacterium exist), was found upstream of the ORF. In the 

3'-flanking region of this ORF, we found a palindromic sequence [ 

~G=-42.6 kcal/mol (ca.-178 kJ/mol)], which may act as a termina

tor of transcription. The gene product was deduced to be a poly

peptide of 46 kDa, consisting of 441 amino acid residues. Analy

sis of the codon utilization of the ORF revealed a strong prefer

ence for guanine and cytosine at the third position of the codon 

(90%), consistent with the high G+C content of the genome of 

Propionibacterium (25). The overall G+C content of the ORF is 

70%. 

Since the direction of transcription of the ORF is opposi te 

to that of the lac promoter on pFR201, we constructed a plasmid 

in which the ORF was located downstream from the lac promoter. 

The resultant plasmid, pFR204, complemented the E. coli 145 

mutant (hemL), and the formation of colonies was observed within 

one day, whereas E. coli cells transformed by pFR201 formed 

colonies that were visible after only 2 to 3 days. These results 

suggest that in the region upstream of the ORF, there may exist 
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BamHI 1 
GGATCCGGCCCGCGeCTGGGCGACCGGTCGTCGGGCCGGCCC 

43 SD 
CGCTGCGGGCAGACCCTGAGAATGCGAGGGGCAAGGCCATGCCCGCTGCCGGAATGCCCGGCCCGAC~GAACCC 

122 hemL~ Sma I 
ATG AGT GTC AGT GAC GAA TTG TTC GCA GAA GCC CTC AAG GTC ATG CCC GGG GGC GTC TCC 
Met Ser Val Ser Asp Glu Leu Phe Ala Glu Ala Leu Lys Val Met Pro Gly Gly Val Ser 

182 
TCG CCG GTG CGC GCC TAC CGC AGT GTC GGG GGC ACG CCA CGC TTC GTG AAG CGG GCG CTG 
Ser Pro Val Arg Ala Tyr Arg Ser Val Gly Gly Thr Pro Arg Phe Val Lys Arg Ala Leu 

242 Pvull 
GGT TCC CAC ATC GTC GAC GTC GAC GAC AAG CGC TAT GTC GAC CTG GTG TGC AGC TGG GGG 
Gly Ser ·His lie Val Asp Val Asp Asp Lys Arg Tyr Val Asp Leu Val Cys Ser Trp Gly 

302 Pstl 
CCG ATG ATC GCC GGC CAC GCC CAC CCC GAG GTG GTG GCC GCC GTG CTG CAG GeC GTT GeC 
Pro Met lie Ala Gly His Ala His Pro Glu Val Val Ala Ala Val Leu Gin Ala Val Ala 

362 
GAT TCC ACC TCG TTC GGC GeG CCC AGT GAG GTG GAG CTG CGG CTC GCC CAG GCC GTC GTC 
Asp Ser Thr Ser Phe Gly Ala Pro Ser Glu Val Glu Leu Arg Leu Ala Gin Ala Val Val 

422 
GCC CGC ATG GGC GGC GCC ATC GAC AAG GTG CGC TTC ACC TGT TCG GGC ACC GAG GCC GTG 
Ala Arg Met Gly Gly Ala lie Asp Lys Val Arg Phe Thr Cys Ser Gly Thr Glu Ala Val 

482 
ATG ACC GCG GCC CGA CTG GCG CGC GGC ATC ACG AAG CGA CCG CTG CTG GTC AAG TTC GTC 
Met Thr Ala Ala Arg Leu Ala Arg Gly lie Thr Lys Arg Pro Leu Leu Val Lys Phe Val 

542 
GGC TGC TAC CAC GGC CAT TCC GAT TCC TTC CTG GTG TCG GCC GGC TCC GGG GTG GeA AGC 
Gly Cys Tyr His Gly His Ser Asp Ser Phe Leu Val Ser Ala Gly Ser Gly Val Ala Ser 

602 
CTG GGC CTG CCC GAT TCG CCC GGC GTG CCC AAG GAG GTC GeC GGC GAC ACG GTC GeC CTG 
Leu Gly Leu Pro Asp Ser Pro Gly Val Pro Lys Glu Val Ala Gly Asp Thr Val Ala Leu 

662 
CCC TAT GGG CGC ATC GAC ATG GTC GAG GAG CTG TTC GeC GAG CGT GGC GAC CAG GTG GeG 
Pro Tyr Gly Arg lie Asp Met Val Glu Glu Leu Phe Ala Glu Arg Gly Asp Gin Val Ala 

722 
GeC ATC GTC ACC GAG GGe GTC CCG GCG AAC ATG GGe GTC ATC GTG CCG CCC GAG GGC TTC 
Ala lie Val Thr Glu Gly Val Pro Ala Asn Met Gly Val lie Val Pro Pro Glu Gly Phe 

782 
AAC CGT CGC CTG CAT GAC ATC GCC CAC GCC CAC GGC GCC CTT CTC ATC CAG GAC GAG GTG 
Asn Arg Arg Leu His Asp lie Ala His Ala His Gly Ala Leu Leu lie Gin Asp Glu Val 
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842 Pstl 
CTC ACC GGT TTC CGG CTG AGC CCC ACC GGC GCC TGG GGA CTG CAG GGG GCG AAG GAG GGG 
Leu Thr Gly Phe Arg Leu Ser Pro Thr Gly Ala Trp Gly Leu Gin Gly Ala Lys Glu Gly 

902 Sphl 
TGG ACT CCC GAC CTG TTC ACC TTC GGC AAG GTG ATC GGT GGC GGC ATG CCA CTG GCG GCC 
Trp Thr Pro Asp Leu Phe Thr Phe Gly Lys Val lIe Gly Gly Gly Met Pro Leu Ala Ala 

962 Pvull 
GTG GGT GGT TCG GeG CAG CTG ATG GAC TAC CTG GCC CCC GAG GGG CCC GTC TAC CAG GCG 
Val Gly Gly Ser Ala Gin Leu Met Asp Tyr Leu Ala Pro GlU Gly Pro Val Tyr Gin Ala 

1022 Ba I I 
GGC ACC CTG TCG GGT AAC CCG GCT GCC TGC GCG GCG GGG CTG GCC ACG CTT GCC CTC ATG 
Gly Thr Leu Ser Gly Asn Pro Ala Ala Cys Ala Ala Gly Leu Ala Thr Leu Ala Leu Met 

1082 
GAC GAC'GCC GCC TAC TCC CGA CTG GAC GCC ACC GCC GAC CGG GTC TCG GCG ATG GeC GAT 
Asp Asp Ala Ala Tyr Ser Arg Leu Asp Ala Thr Ala Asp Arg Val Ser Ala Met Ala Asp 

1'142 
GCG GeG CTG GAG TCC GCC GGG GTG CCC CAC CGG ATC AAC AAG GTC TCC AAC CTG TTC AGC 
Ala Ala Leu Glu Ser Ala Gly Val Pro His Arg lie Asn Lys Val Ser Asn Leu Phe Ser 

1202 
GTC TTC CTC ACC GAC GCC CCG GTG ACT GAC TTC GCC TCG GCG TCC AAG CAG GAC ACC AAG 
Val Phe Leu Thr Asp Ala Pro Val Thr Asp Phe Ala Ser Ala Ser Lys Gin Asp Thr Lys 

1262 
GCG TTC TCG CGC TTC TTC CAC GCG GCA CTC GAT GCC GGC CTG TGG CTG GCC CCC AGC GGC 
Ala Phe Ser Arg Phe Phe His Ala Ala Leu Asp Ala Gly Leu Trp Leu Ala Pro Ser Gly 

1322 Stul 
TTC GAG GCC TGG TTC TGC TCC ACC GCC CTG GAT GAC GAC GAC CTT GAG GTC ATC GAC GeC 
Phe Glu Ala Trp Phe Cys Ser Thr Ala Leu Asp Asp Asp Asp Leu Glu Val lie Asp Ala 

1382 
GGC CTG CAC AAG GCT GCA CAG GCG GCC GCC CAG GGC CTT TCC TCG TTG GAG GAT GTG CGC 
Gly Leu His Lys Ala Ala Gin Ala Ala Ala Gin Gly Leu Ser Ser Leu Glu Asp Val Arg 

1442 
CGC TGA TCGGTGTCTCGCCAGGCGGTGGCAATTGCGGAGTGGGCGCGTTTCCGGQTTGTTCQCCGGACGCGC~Q8QI 
Arg *** 

1519 Bell 
GCCATGTCCGAAACTGTTCAAATGGTGATCA 

Fig. 2 . . Nucleotide sequence and the deduced amino acid sequence 

of the hemL gene of ~ freudenreichii. SD, a ribosome-bind-

ing site and the putative terminator of transcription are 

underlined. The direction of translation is indicated by nn 

nrrow. The complete nucleotide sequence has been submitted 

to EMBL/GenBank/DDBJ and the accession no. is D12543. 
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an alternative promoter sequence that can be recognized, but only 

weakly, by the RNA polymerase of ~ coli. 

The nucleotide sequences of the hemL genes encoding GSA 

aminomutase from other organisms have been reported. Therefore, 

we compared the predicted amino acid sequence of the ORF of P. 

freudenreichii wi th those of HemL proteins of other organisms, 

namely, barley (9), Synechococcus (10), S. typhimurium (5), ~ 

coli (10, 13), ~ subtilis (11), and Xanthomonas campestris pv. 

phaseoli (19). The amino acid sequence of the ORF from P. 

freudenreichii is somewhat homologous over its entire length to 

the other proteins with a total identity greater than 45% in all 

cases, as follows: barley, 46.8%; Synechococcus, 48.8%; S. 

typhimurium, 46.2%; E. coli, 46.4%; B. subtilis, 46.5%; and X. 

campestris pv. phaseoli, 48.9%. From the complementation of the 

hemL mutation and the similarity to other amino acid sequences, 

we conclude that the cloned gene from P. freudenreichii is hemL 

and encodes GSA aminomutase. The hydrophobicity plot of the HemL 

protein from ~ freudenreichii was also remarkably similar to the 

profiles of other HemL proteins (data not shown). 

Aminomutases require pyridoxal 5 1 -phosphate (PLP) as a 

cofactor, and the PLP can bind to a lysine residue (7). The 

active-site lysine is invariably preceded by a leucine and a gly

cine residue. We found that in the GSA aminomutase of P. 

freudenreichii phenylalanine replaces leucine, as in the enzyme 

from 2L.. campestris pv. phaseoli. The analysis of the secondary 

structure of the predicted HemL protein of P. freudenreichii, 

using the Chou-Fasman equation (3), showed that the predicted 
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PLP-binding region could form a part of ~-strand, as predicted 

for HemL proteins from other sources. Thus, the substitution of 

phenylalanine for leucine seems not to affect the structure of 

the HemL protein. 
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DISCUSSION 

The Gram-posi ti ve bacterium, B. subtilis has the hemAXCDBL 

gene cluster that includes hemA, which encodes glutamyl tRNA 

reductase, hemX, which encodes a hydrophobic protein of unknown 

function; hemC, which encodes hydroxylmethylbilane synthase; 

hernD, which encodes uroporphyrinogen III synthase; hernB, which 

encodes porphobilinogen synthase; and hemL, which encodes GSA 

aminomutase. These six genes may constitute a hem operon, encod

ing the enzymes required for the synthesis of uroporphyrinogen 

III from glutamate (11). In this report, we have shown that a 

second Gram-positive bacterium, P. freudenreichii, has a GSA 

aminomutase that is involved in the C5 pathway for the synthesis 

of ALA. It will be of interest to determine the existence of hem 

operon in ~ freudenreichii since the bacterium is used to pro 

duce cobalamin via ALA as a precursor (14), and the only other 

genetic information available for this species is the nucleotide 

sequence of the gene for phosphofructokinase (15). 
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SUMMl\.Ry 

The gene, from Propionibacterium freudenreichii. for glutamate 

1-semialdehyde (GSA) 2. 1 - aminomutase, which is involved in the 

C5 pathway for synthesis of o-aminolevulinic acid (ALA), a pre

cursor in heme and cobalamin biosynthesis. was cloned onto a 

multicopy plasmid, pUC18 , via complementation of an ALA- deficient 

mutant (hemL) of Escherichia coli. Subcloning of fragments from 

the initial 3.3-kilobase (kb) chromosomal ~ragment allowed the 

isolation of a 1.9-kb fragment which could complement the hemL 

mutation. Nucleotide sequence analysis of the 1.9- kb DNA fragment 

revealed an open reading frame (ORF) that was located downstream 

from a potential ribosome-binding site. The ORF encoded a poly

peptide of 441 amino acid residues. and the deduced molecular 

mass of this polypeptide is 45,932 Da. A high G + C content (70%) 

of the codons of the ORF was found and was consistent with the 

taxonomic features of species of Propionibacterium. The amino 

acid sequence showed a high degree of homology to the IIemL 

teins from other organisms, and a putative binding si te 

pro

-for 

pyridoxal 5'-phosphate was conserved, wi th the exception of a 

single substitution of phenylalanine for leucine. These results 

suggest that ALA is synthesized via the C5 pathway in a producer 

of vitamin B12 , ~ freudenreichii. 
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第 4章総 括

δ ー アミノレプリン酸 (ALA)は、へム、 クロロフィル、チトクロム等テトラピ ロ

ール化 合物の最初の前駆体であり、生物に普遍的に存在する重要なアミノ酸であ

る。 さらに選択除草剤としての用途 も 見いだされ農薬としても注目を集めている。

この生合成は、従来グリシンとスクシニル CoAから ALAシンターゼによって生合成

される Shemine(C4)経路によって生合成されると考えられてきた。近年、植物に お

いてグルタミ ン酸か ら 生 合 成 さ れ る C5経 路が発見され、大腸菌の ALA生合成も C5経

路に よる と さ れてきた。 しかしながら、別経路の存在の可能性も示唆されるなど

より詳細な解析 が求められている。本研究においては、細菌 (E.coli.Xanthomona 

s. P ropionibacteriu m)の ALA生合成と その遺伝子レベルでの発現調節機構を解 明

すること を 目 的 とした。以下、本論文を要約する o

第 1章では大腸菌の ALA生合成機構に ついて述べた。まず、大腸菌の ALA生合成

がどちらの経路によって行われているかを調べた。 C5経路の活性は検出できた が

Shemine(C4)経路の活性は検出できなかった。大腸菌においては ALA生合成は C5経

路に より合成されているものと考えられる。 ALA生合成に関わる遺伝子を単離する

ため、次に変異処理によって ALA要求性変異株 6株を取得した。 これらの変異 はす

べてグルタミン酸からの ALA生合成 (C5経路 ) を 欠 損 し て い たo 変異を相補する 遺伝

子をクローニングして各変異株に対す る相補性を調べたところ、 これらの変異は

少なく とも 2種類 に大 別さ れた (AlaA-.AlaB-)。

A 1 a A一株を相補する遺伝子 (alaA)は 大腸菌 染 色 体 上 約 4分の位置にあった o 一方

A1aB-株を相補 する遺伝子 (a1aB)は約 2 7分の位置にあった。遺伝子の欠失解析を

行 ったところ"不均一な"相補性を 示した O さらに alaB遺伝子に隣接して存在す

る a1 a C遺伝子は AlaA-株、 AlaB-株ど ちらも 相 補 し た 。

取得した 3つ の遺 伝 子 の 全 塩 基 配 列 を決定した。

a 1 a A遺伝子は 1278bpよりなり推定 分子量 4万 5干の蛋白をコードしていた。 こ

の遺 伝子はホモロジー検索の結果 hemL遺伝子であった o 従って A1aA-株は hemLで

あ ると考 えら れる。

alaB遺伝子 は 621bpよりなり推定 分 子量 2万 3干の蛋白をコードしていた。 この

遺伝子知 の遺伝子とのホモロジーはなく新規の遺伝子であった。 この遺伝子 hemM

と名ずけた。

a 1 a C遺伝子は 1254bpよりなり推定分子量 4万 6千の蛋白をコードしていた。 こ

の遺伝子はホ モ ロジー検索の結果意外にも hern A遺伝子と同ーであった。 hernA遺伝

子は C5経路における g1utamy1-tRNA reductase 欠 損 変 異 株 を 相 補 で き る 遺 伝 子と

して単離され、そのため glutamy1-tRNA reductase をコードするものと考えられ

てきた。 しかしながら、本研究においては hernAと呼ばれている遺伝子は hernL、 he

mMどちら の 変異も相補出来ることか ら 、 glutamyl-tRNA reductase をコードする
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だけでなく C5経路以外の別経路上の 遺 伝子としても働いているものではないかと

推定された。

さらにこれら 3つの遺伝子を変異株、親株に導入し ALA生合成能を測定したとこ

ろh旦旦旦、主立旦A単独で導入した変異株は親株と同程度まで回復したのに対し h旦旦旦-h

emA領域を導入 す ると ALA生合成能は数倍上昇した。 hemM-hemA遺伝子は隣接して逆

向きに存在してお り両遺伝子間で何らかの調節機構が存在しているものと考えら

れ fこ。

第 2章では 植 物病原細菌である Xanthomonas campestri s pv. p haseol iの ALA生

合成に関する 遺伝子の単離と解析について述べた。大腸菌の hemL変異株を宿主と

し相 補で きる遺伝子を単離した。本遺 伝 子 の 塩 基 配 列 を 決 定 し た と こ ろ 、 推 定分

子量 45，043の蛋白をコードしていた。ホモロジー検索を行った結果、 GSA aminom 

utaseと同定し た 。従って、 Xanthomona S属において C5経路の存在が確認できた 。

第 3章ではビ タミン B1 2生産菌である Propionibacteriu mより ALA生合成に関わる

遺 伝子の単離と解析について述べた。大 腸 菌 の hemL変異株を宿主とし相補できる

遺伝子を単離した。本遺伝子の塩基配 列を決定したところ、推定分子量 45，932の

蛋白 をコードしていた。ホモロジー検索を行った結果、 GSA aminomutaseと同定し

た。 Propionibacteriu m属においては C4経路と C5経路の共存が報告されているが、

このうち C5経路 の酵素の遺伝子が確認できた。

本研究にお いて 3つの細菌から C5経路上の GSA aminomutaseを codeする hemL遺伝

子を単離した。 推 定されるアミノ酸配列を次の F1 G. 5. 1に示す。 GSA aminomutas 

eはピ リドキサールリン酸 (PLP)を補 酵素とする酵素でありその結合部位も共通 し

て見られた。ま た、他の PLPを補酵素とする酵素ともその結合部位を比較した (F1 

G. 5. 2)0 PLP 結合部位は従来 leucine， glycineに続く lysineに結合するとされて

し'¥l'こカ玉、 X anthomonas campestri s pv. p haseol i、 P ropionibacterium freudenre 

i c h i iの HemLにおいては leucineが phenylalanineに変化しており、必ずしも 1e u c i 

neが PLPの結 合 に必要でないことが明 かとなった O
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F T S LA III rOD [ E 1<1 V E AA E 1< V LIt W I 
tTtLtllTEEOIOAILAAAIIIVMSAL 
t M t V til S M [) 0 [ N N TID AA 11 n V F A I~ L 
t M. Y til S M E lJ [ N Nfl D AA n n Y F AI< I. 
tMtStllDEAVIEArLAAAIIEAFADVl\n 
t L t T tilT 0 ED/ EN T I OAA E K Y FA E I S n n 
t C t T • L D D [) 0 LEV IDA G 1I 11< A A 0 A A A 0 G L S S LEO V n n 

FIG . 5.1 Comparison of the deduced amino acid sequence of the HemL protein . 
Amino acid residues conserved in all HemL proteins are indicated as asterisks. 
A putative pyridoxal 5'-phoshate-binding site in various HemL proteins is boxed . 
BARLEY, barley; SYNECHO, Synechococcus; SAL, S. typhimurium; ECOLl , E.coli; 
XANTHO, X. campestris pv. phaseoli; BACI , B. subtilis; PROPION, P. freudenreichii 
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hUlllan ornithine aminotransrerase 

rat ornithine arninotransferase 

E.co/i 2-arllino -3-ketobutyrate CoA ligase 

5-arllinolevulinic acid synthase 

barley GSA arninOlnutase 

Synecl1ococcus GSA arninolnutase 

E. coli GSA alninotnutase 

X. cafnpestris pv. pl1aseoli 

GSA aminolnutase 

288 296 
VLLGI<ALSG 

288 296 
VLLGI<I\LSG 

240 248 
GTLGI<ALGG 

386 39t1 
GTLGI<AFGC 

268 276 
TILGI<IIGG 

271 279 
TILGI<IIGG 

269 277 
ICLGI<IIGG 

263 271 

TIFGI<IIGG 

266 274 

P. freudenreichii GSA aminolllutase FTFGI<VIGG 

FIG . 5.2 The conserved amino acid sequences surrounding the putative 
pyridoxal binding lysine. 
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生物聞における L̂̂ 生合成経路の分布をまとめたものを次の FI G. 5. 3に示す。 こ

れは Wooseらに よって分類された系統樹 (Woose. C. R. (1987) Microbiol. Rev. 

51， 221-271)に 、 現在までに報告された L̂̂ 生合成経路を重ね合わせたものである 。

植物以外の真核 生物においては C4経路が、植物、藻類、古細菌、真性細菌におい

ては C5経路が確認されている o 本研 究で材料とした E. 主立1i、!. f ampestri s pv. 

phaseol i は purple bacteria の γ-subgroupに、 P. f reudenreichi l は gram-posil

ive bacteriaに それぞれ分類されて お りこれまでの報告と 一 致した (̂ vissar. Y. 

1.， J. G. Ormerod， S. 1. seale (1989) r̂ch. Microbiol. 151， 513-519)0 
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FIG. 5.3 Universal phylogenetic tree illustrating the distribution of the two 

ALA biosynthetic routes. 

以上の結果 より 考察すると、細菌における L̂̂ 生合成経路について C4経路と C5経

路のどちらか、 もしくは両者の共存が考えられているが、大腸菌においてはこれ

ら 2 つ以外の別 経路が示唆されたこと か ら、 これら以外にも L̂̂ 生合成経路が存在

し、 細胞にとって必須な L̂̂ の生合成、その調節が行われているものと考えられ た o
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