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FIG. 1. 1 Simplified scheme of the biosynthesis of heme.
ALA, d6-aminolevulinic acid; PBG, porphobilinogen; HMB, hydroxymethylbilane;
UROGEN I and I, uroporphyrinogen | and IlI; Vit .B12, vitamine By,; COPROGEN I,
coproporphyrinogen Ill; PROTOGEN [X, protoporphyrinogen 1X; PROTO IX, protoporphyrin IX;
ALAD, 8-aminolevulinic acid dehydratase; UROIS, uroporphyrinogen-l synthase
(porphobilinogen deaminase); UROIIIC, uroporphyrinogen-lll cosynthase; UROD,
uroporphyrinogen-lll decarboxylase; COPROGEN Il OXID, coproporphyrinogen-IIl oxidase;
FC, ferrochelatase.
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FIG. 1.2 Simplified scheme of the biosynthesis of 8-aminolevulinic acid
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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 1s 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.,1l-amlnotransferase (EC 5.4.8.8) (Fig. 1).
The C5 pathway 1s found in plant chloroplasts, cyanobacteria,

anaerobic archaebacteria, E. coli, and Salmonella typhimurium. It

has been reported that genes complementing an ALA-auxotrophic
HemA ™ mutant of E. coll 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. typhimurium (4)

yielded genes that encode GSA aminotransferase. However, 1little
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 defective 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

10
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E. 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 (I14, 121,
123, I24, 133, and I45) were obtained (Table I). None of these
Ala” mutants grew even in LB medium unless it was supplemented
with ALA. These mutants required ALA at more than 25 pgg/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). 1In
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 Ala  mutants, the genes

that allowed recovery of growth of Ala mutants in medium without
ALA were cloned from the chromosomal DNA of E. 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 I21. After a three-day incubation at 37°C, 186
Alat clones which grew up on the selective plate (LB agar supple-

mented with 100 g Ap/ml without ALA) were isolated. All the

13



TABLE I

List of E. coli strains®

E. coli €600 hsdR hsdM thr-1 leu-6 thi-1 Ogawa, H.

+

hem
I14 hemM14 This study
I21 hemL21 This study
I23 hemL23 This study
124 hemM24 This study
133 hemM33 This study
145 hemL45 This study

JM109 relA supE44 endAl hsdR17 gyrA96 Yanisch-Perron et

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

proAB* 1aci9 1acZAM15] mcrA~ mcrB*

AMutagenesis with NTG (25 pg/ml) and 50 g g Cm/ml was achieved as
described by Sklar (15). The mutagenized cells were spread on
plates of LB (1% tryptone [Difcol/ 0.5% yeast extract / 0.5%
NaCl) that contained ALA (50 pxg/ml), and the colonies were
replicated on synthetic medium (0.5% glucose/ 0.2% ammonium
sulfate/ 0.05% KH2P04/ 0.4% NazHPO4/ 0.01% MgClz.GHZO/ 0.001%
each of NaCl, MnCl,.4H,0, FeClgz.6H50 and CaCl,.2H,0). Amino acids
(25 pg/ml) and vitamins (1 pgg/ml) were also added to the syn-

thetic medium.

14



FABLE. LI

Formation of ALA from glutamate by extracts of parent and mutant
cells

Source of Incubation Labeled Incubation ALA formation

cell extract? mixture substrate time (min) c¢pm/mg protein

C600 Complete (14cic1u 0 50
Complete (14ciGlu 90 750
Complete [14cicly 0 <40
Complete (14cicly 90 <40
114 Complete [14ciG1u 0 <40
Complete (14ci61u 90 60
Complete [14C]Gly 90 <40
Tk Complete [14c]G1u 90 <40
123 Complete [14ci61u 90 <40
124 Complete [14ciG1lu 90 <40
133 Complete [14ciG1u 90 <40
145 Complete (14ciG1lu 90 <40

dMethods: Cell extracts were prepared as described by Avissar and
Beale (1). Cultures of E. 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 T7:9/ 0.3 M glycerol/ 15 mM MgClz/ 3 mM DTT). The cell

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

The suspension was sonicated at 4°C and centrifuged at 10,000 x

15



g for 10 min. Low-molecular-weight materials were 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 MgCly/ 1 mM DTT). The extract was used directly or stored
at -80°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-ux 1 reaction
mixture was composed of the desired amount of cell extract, 50
M glutamate that included L—l—[l4C]—g1utamate (NEN Research
Products)/ 1 mM NADPH/ 5 mM ATP/ 5 mM levulinate/ 20 uM pyridox-
al phosphate/ 0.1 ODgao units of glutamyl tRNA from E. 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 g1 of 0.5 M Na.phosphate buffer pH6.8/ 10 1 of
acetylacetone/ 5 1l 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:H,0 (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
ability to retransform strain 121 to Ala'. Interestingly, the
transformants exhibited heterogeneous growth on the selective
plate. A smaller number of transformants grew up as variously
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”
mutation was located within a 1.4-kb Hpal-EcoRI fragment (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 I45, as well as straln I21. These transform-
ants also exhibited the heterogeneous growth. Other Ala  muta-
tions (I14, I24 and I33), by contrast, were not complemented by
pPAS023 at all. From these results, we classified the mutant
strains into at least two groups that corresponded to mutations
at different loci. Thus, we tentatively designated the former
class of mutations as AlaA™.

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

The map position on the E. 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 E. coli was used (8). As a
probe for the gene complemented AlaA™, the 1.4-kb Hpal-EcoRI
fragment from pAS023 (Fig. 2A) was 1solated and labeled with a
non-radioactive DNA-labeling kit (Boehringer Mannheim, F. R. G.).
The probe hybridized to the coordinate position of clone 15AT7,
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 Hpal-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). Although our isolated 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 I21, I23 and 145. The complete hemL gene 1isolated
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 AlaB~
To 1investigate the defective 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 I33 as a host.
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One positive clone was obtained. The resultant plasmid pAS332
that contained a 11-kb EcoRI-EcoRI fragment complemented Ala”
mutant strains I14 and 124 as well as strain 133 (Flig. 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 1loci, 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 I45. 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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(Fig. 2B), complemented both AlaA™ (hemL) and AlaB™ mutations and
exhibited small colonies. Furthermore, we subcloned the 2.3-kb
PstI-Nhel fragment on pAS333 into a low-copy-number plasmid,
pRK290, which possesses a Pl type replicon and generates only a
few copies per host chromosome (2). The same mode of complementa-
tion by this plasmid was also observed, indicating that these
phenomena were not caused by only the high-copy-number plasmid.
(e) Characterization of the genes that complemented AlaB 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. This 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 27 min on the chromosome where hemA is known
to be located (14).

Fig. 3 shows the nt sequence of the 2.0-kb Sall-Nael 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 1is
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 207 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 synthesis of ALA in the
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Fig. 2. Deletion maps of the hemL region (A) and the hemA and
hemM region (B) and complementation test of AlaA™ and AlaB~
mutations. The top horizontal llne represents the E. coll chromo-
some. The broken llne of pAS001 indlicates spontaneous deletlon
occurred during transformation. The lines of plasmids indicate
remaining DNA fragments. The directions of transcriptlon are
indicated with arrows. Symbol + in map A represents the comple-
mentation but observed heterologous (mixed with small and normal)
colonies. The letters of S, II, and N in map B indicate small,
heterologous, and normal colony formatlons, respectively. Meth-
ods: Plasmids prepared by a mlnl-scale preparation were used to
transform mitant strains: (hld, 121, 123, 124, 588, And I456) asnd
the complemented colonles grew on the selectlve plate (LB agar

with 100 g g Ap/ml without ALA) 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
with a potential ATG start codon at nt position 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 1s no evidence that this

gene is involved 1in the synthesis of ALA.
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I=Sall
Ser Leu Val Val Gly Gly Gln Val Met Pro Gln Ala Leu Leu Ser Asp Leu Ala Gln
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 Ile Gly Leu Ala Leu Leu Thr Met
GTT GAT ACC GAG TGC TAA AAG GGT CAT GTCTGCGGGAAATAATACCAACGTTGATAGGGTTAGTCTGCT
189
TGCATCATACAGGATGCGTAAGATCAATAAAAGAGAGCGCCCCCTTTTGGAGTAATTGCCGAAAGCCGTTAGATTCTGG
268 Nhel SD
CAATTAAGACAACT TGAACATAGACGATAGCGGACGGTAACGCTAGCAT TAAGGGT TATAACTGCAACGTATCTCAAGG
347 hemM ——
ACTTGTCATCACT  ATG CCC CTG CCC GAT TTT CGT CTT ATC CGC CTC GTA CCG CTG GCT GCT
Met Pro Leu Pro Asp Phe Arg Leu Ile Arg Leu Val Pro Leu Ala Ala
408 | 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 Gln Trp Arg Gln His Gln Gln Asp Val Arg Asn Leu Asn Gln Tyr Gln 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 Ile Ser Asp Gln Gln Lys Val Tyr Ala Arg Phe Phe Trp Gln Gln Thr
588 76
GGC CAG GAT CGC TAC CGT CTG CTG CTC ACT AAC CCA TTG GGC AGC ACG GAA CTG GAG CTG
Gly Gln Asp Arg Tyr Arg Leu Leu Leu Thr Asn Pro Leu Gly Ser Thr Glu Leu Glu Leu
648 Sall 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 GlIn 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 Glu Met Ile Gly Lys Leu Thr Gly Met Pro Ile 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 CGC
Gln Trp Ile Leu Gly Leu Pro Gly Asp Ala Thr Asp Tyr Lys leu Asp Asp Gln 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 Ile Thr Tyr Ser Gln 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 Gln Pro Ala Met Pro Ala Asn Met Glu Leu Thr Asp Gly Gly Gln Arg
948 196
ATC AAG TTA AAA ATG GAT AAC TGG ATA GTG AAA TAA TGCGGACACAGTGGCCCTCTCCGGCAAAAC
Ile Lys Leu Lys Met Asp Asn Trp Ile Val Lys *#*%
1014 207
TTAATCTGTTTTTATACATTACCGGTCAGCGTGCGGATGGT TACCACACGCTGCAAACGCTGTTTCAGTTTCTTGATTA
1093 Hpal 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 Ile 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 Ile Ser Ile 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
Gln Cys Gly Leu Ser Met Asp Glu Leu Ala Glu Met Gly Leu Thr Leu Gly Ala Asp Val
1408 Sphl 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 Ile 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 Ile Pro Thr Pro
1528 {23
GTG ATT TTT AAA GAT CCT GAA CTC CCG CGC AAT ACG CCA AAA AGG TCA ATA GAA ACG TTG
Val Ile Phe Lys Asp Pro Glu Leu Pro Arg Asn Thr Pro Lys Arg Ser Ile Glu Thr Leu
1588 EcoRI 143
CTA AAA TGT GAA TTC ACC CAG GCG TAC GGG CGG GCG AAT ACC AAA GGC GCT CCA TTC AGG
Leu Lys Cys Glu Phe Thr Gln 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 Gln Arg Asp Val Gln Asn Arg Thr Arg Ser Gln Ala
1768 Ball 203
TAG TGCGACCGCCGATT TCGACAAACGACGAGCACGAATATACGCGCCAATAGCATGGCCAGTGACATCT TTAAACAT
Xk

1846
TCTCTGTAAGTGCCACT TGGAATAACCTGCTTCGCCGCTACAT TGTCGAGCGACAGGGGCTGATCCAGATGACCT TCCA
1925 Nael

GCCTGATTAAAAGGTCGCGAATAATGCCGGC-3

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

aa sequences. Sequences were analyzed wlth the GENETYX program
(SDC Software Development Co., Ltd., Tokyo, Japan). The aa se-
quence of the encoded proteln 1s shown above the corresponding
sequence. Numbers above the line are nt and numbers bclow the

line are aa. The nt number 1 represents the Sall site In hemA

(Fig. 2B). The direction of translation 1s Iindicated by arrows.

SD represents the ribosome binding site. Asterisks indlicate a
stop codon. The complete nucleotlide sequence has been submitted

to EMBL/GenBank/DDBJ under accesslion no. D10264.
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DISCUSSION

A contradiction as to the role of hemA in the ALA synthesis
in E. coli has been arisen. Initially, Leang et al. (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 E. 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 E. 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 play a 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 1is 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 subunits.

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

(1) Several E. coli Ala” mutants with defects in the C5

pathway were isolated. Genes responsible for the Ala  auxotrophy
were cloned. By using these genes, the mutants 1solated were
classified into two groups, AlaA™ and AlaB .

(2) 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.

(3) 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.

(4) 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 ¢ -aminolevulinic acid (ALA) via the C5 pathway
were 1isolated. Their defective 1loci 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

6 ~Aminolevulinic acid (ALA) 1is 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 E. coll and S. 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 1is identical to hemL, and
another class of mutants is deficient in a new gene, hemM, that
is involved in the C5 pathway of ALA syntheslis. 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 pathogenecity 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 1in Xanthomonas species

(14). To 1investigate the ALA biosynthesis of phytopathogenic

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

that complemented an ALA defective mutation in E. coli. The
cloning and nucleotide sequence show that phytopathogenic bacte-

rium, X. 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 METHODS

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

campestris pv. phaseoll used in this work was isolated in Thail-

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% NaCl] at 28 C. E. coll strains 114
and I45 were AlaB~ (hemM14) and AlaA™ (hemL45), respectively.
(10). The AlaA™ mutant strain I45 has been proved to deficient in
hemL. that is located at 27 min on the E. coli chromosome and
complemented with the hemL gene. E. coli JM109 was used for
propagation of M13mpl8 and M13mpl9 phage vectors. E. coli cells
were grown in LB [1% Bactotryptone, 0.5% Bacto yeast ex-
tract(Difco), 0.5% NaCl] or 2xYT at 37 C. The culture of Ala

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

Enzymes and chemicals. Restriction endonuclease, T4 DNA Ligase,

alkaline phosphatase, and Bal3l nuclease were purchased either
from . Talkars Shuzo Co. Ltd. Ksoto, Japan) or 'TFoyobo 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
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in length were isolated from an agarose gel, ligated to a BamHI-
digested pUC18 with T4 DNA Ligase, after treatment with alkaline
phosphatase, and used to transform into E. coll strain I45 (HemL™
). Transformants were selected on LB agar plates contained ampi-

clllin ‘CAR) (100 me/ml) but nel ALAL

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 1s D12642.

Computer analysis. The nucleotide and amino acid sequences were

analyzed with GENETYX programs (SDC Software Development Co.

ILitd:.; Tokyo, Japamn).
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RESULTS AND DISCUSSION

Cloning of the gene from X. campestris pv. phaseoli that comple-

ments the hemL mutation of E. coli

Chromosomal DNA from X. campestris pv. phaseoli was partially di-

gested with Sau3Al. The fragments were ligated with BamHI-digest-
ed pUC18, and the ligation mixture was used to transform the E.

coli AlaA™ (hemL) mutant I45. After a three-days incubation, four

Ala*t clones grew up on the selection plate prepared with 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, E. coli I45 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). pXP001l, pXP002, pXP003, and pXP004 contained an iden-
tical 1.5-kb Sall-Sall fragment, but the chromosomal DNA frag-
ments in the plasmids pXP001l and pXP002 were inserted at the
opposite direction to those in plasmid pXP003 and pXP004 (Fig.
1A). The differences in the strengths of complementation between
pXP003 or pXP004 and pXP00l1l 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-Sau3Al 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 with restriction endonucleases and/or Bal3l
nuclease. The fragments were subcloned into an appropriate site
of the pUC18 vector. In the case of the fragments truncated with
Bal31l, the fragments were ligated at the blunt end to the HincII
site of pUC18. The resultant plasmids were tested for their
ability to complement the hem mutations. Figure 1B shows that the
gene complementing hemlL 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 HincII/Bal31-Kpnl fragment on pXC320 was digested with
various restriction endonucleases and the resultant fragments
were subcloned into phages M13mpl8 and M13mpl9. 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 E. 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 X. campestris pv. phaseoll (A) and the deletion map of

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

heavy line represents the X. campestris pv. phaseoll chromo-

some. The lines of plasmids Indicate remalining DNA fragments.
The directions of transcription of lacZ (A) and hemL (B) are
indicated by arrows. Symbol + represents the complementation.

S and B indicate Sau3AIl and BamHI, respectively.
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*]1 Hincll/Bal3l

AGTCGGCAAGCGACAAACGAACGGCGCCAACGGCCACCGAAATCACACTTTCTGAACATCTACAGCCGGATGC
x74 S =1
CAATGACTGGGCGCCATCAGCTCAT TCCAAACTGTCGATCCCGTCGCGT TCGATCATAGGCAGCCAAGT TCCCCCACCC
%163
GCCCACT TCGACGGGTAGGCGGGCGTCCGACGGGTAGGCGCGCGCGGCCGCAGGCCTGACAATGGCGGACGCGATGCCC
%241 SD hemlL ——
GCTGCCGGGCGTCGATGCCCCCAATCGGTACTCCTCAAGGATCTGCGC 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
Ala-Leu-Phe-Ala-Gln-Ala-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)l'l
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-1le-Asp-Tyr-Val-Gly-Ser-Trp-Gly-Pro-Met-1le-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-Ile-Ala-Arg-Leu-Val-Pro-Ser
*610 Kpnl
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-Ala-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 Sphl
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-VYal-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-I1le-Gly-Ala-Glu-Val-Ala-Ala-Val-1le-1le-Glu-Pro
¥910 Pstl
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-1le-Pro-Pro-Gln-Ala-Gly-Tyr-Leu-Gln-His-Leu-Arg-Thr
*¥970
CTG. 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-1le-Phe-Asp-Glu-Val-Met-Thr-Gly-Phe-Arg-Val
1030 ok
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
[le-1le-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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1200

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-GIn-Glu-Pro-Gly-Phe-His-Thr-Arg-Leu-Ser
x1270 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-lLeu-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-1le-Thr-Ser-Phe-Asn-Arg-Phe-Phe-His-Ala-Met
%1450 Pstl

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-Ala-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-T1le-Glu-Ala-Thr-Leu-Ala-Ala-Ala-Arg-Glu-Ala-Phe-Ala-Asp-Val
*¥1570 '

GCG. CGC. TGA TCGGCTGGGAATCGGGAATGGGGAGT TGGGAATCGGTGCGCAAT TAGCGCGGGGCGT TGAGGGTTT
Ala-Arg-*%* ‘

*¥1630 Kpnl
GCGGTGCGCGTGGCCGCGTGCCCGCAAGGCTGTGTGGCGGTGCCTCCGAACGCGCGCCACGGTACC

Fig 2 Nucleotide sequence and the deduced amino acid se-

quence of the hemL gene of X. campestris pv. phaseolil. The

putative sequence of promoter and SD (ribosome-binding site)
is underlined. The direction of translation 1s indicated by
arrow. The complete nucleotide sequence has been submitted to

EMBL/GenBank/DDBJ and accession no. 1s 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 typhimurium (5), E. coli and Synechococcus (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, S. typhimurium, and E. coli.

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

1li is homologous over its entire length to the other proteins
with a total identity greater than 55% 1in all cases, Barley,

55.2%: Synechococcus, 57.7%; S. typhimurium, 62.4%; and E. coli,

62.5%. From the complementation of the hemL mutation and the
similarity of amino acid sequence, we conclude that the cloned

gene from X. campestris pv. phaseoli 1is hemlL that encodes GSA

aminotransferase. The hydrophobicity plot of the HemL protein

from X. campestris pv. phaseoll 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
(). Grimm et al. (9) suggested that the active-site lysine is
invariably preceded by a leucine and a glycine residue. We found

that in GSA aminotransferase of X. campestris pv. phaseoli six

amino acid residues around the putative active site lysine resi-
due (Ly3267) were conserved and that the Phe?6% was substituted
for leucine. The analysis of second structure of the predicted

HemlL, protein of X. campestris pv. phaseoli with Chou-Fasman
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equation (8), showed that the predicted pyridoxal 5'-phosphate-
binding region could form a part of B-strand, as predicted for
Heml., proteins from other sources. Thus, the substitution of
Phe?65 for leucine seems not to affect the active structure of

the HemL protein.

Thus, a phytopathogenic bacterium, X. campestris pv. phaseo-

li, has GSA aminotransferase that 1is involved in the C5 pathway

for synthesis of ALA.
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BARLEY. MAGAAAAVASGISIRPVAAPKISRAPRSRSVVRAAVSIDEKAYTYQKSEE

|
SYNECHO. | MVTSSPFKTIK*DE
SALMO. | MSK+EN
ECOLTI. | MRK+*EN
XANTHO. | MNHSR¢HA
BARLEY. Bl ¢ IFNAAKELMPGGVNSPVRAFKSVGGOPIVFDSVKGSHMWDVDGNEYIDYV
SYNECHO. 15 IFAA*QK#M###+S+ ¢4 4+ +KS+¢+Q¢ [VFDRVKDAYAW* *++GNR# + ¢+ ¢
SALMO. 7 LYSA*RE*#[#++sNet o2+ 2 TG+ T+ FIEKADGAYLY**+GKA* s 24+
ECOLI. 7 : LYOA*RE*# [+t ssNe vttt TGee+ T FIEKADGAYLY*##+GKA##t ¢
XANTHO. 9 ¢ LFAQ+QT#L#+##+N+++++3KS*++E+FFVARADGPYLF*#++DNR* ¢+ #++
BARLEY. 101 : GSWGPAI IGHADDKVNAALTETLKKGTSFGAPCALENVLAOMYISAVPSI
SYNECHO. 65 tT*++AIC++AHPEVIE*LKVAMEK*#T# 4+ ¢ +CAL*NVL*EMVIDA*+SI
SALMO. 57 : *S+++MVL*+NHPAIRN*VIEAAER*L#+ ¢+ ¢ TEM¢VKM*ELVTNL*¢+TM
ECOLI. 57 *StttMVL*4NHPAIRN*VIEAAER*L##++ ¢ TEM*VKM*OLVTEL**TM
XANTHO. b9 : ASt++MIA++NHPAVRE*VEQSIRN*L*¢+++CAA+VTIM*OQTIARL#*+SC
BARLUEY., 1648 1 EMVRFYNSGTEACMGALRLVRAFTGREKILKFEGCYHGHADSFLVKAGSG
SYNECHO. 115 : Ett2F #2442+ sCMAVL**MA*AYR#4DKt ettt tsAtMEet et et s
SALMO. 107 : Dt Mt 24243 TMSAI ¢ +AGY*#4DKt [ttt ettt AsCLET S0
EEOLT, 107 ot DtttMe+ 2222t TMSAT#2ASGY+2+DK* [ #4222 2 04 2ACL ottt
XANTHO. 109 : Et+4Mt+ 24244 T LSAVEtACCGAttsNRe [+ 222422+ 2GISFer ettt s
BARLEY. 201 VATLGLPDSPGVPKGATVGTLTAPYNDADAVKKLFEDNKGE IAAVFLEPY
SYNECHO. 165 VA* L 4D+ ¢+ ¢ KSTTAN*L*APY ¢+ LEAVKAL*AENPG* 1 ¢GVIL*¢1
SALMO. 157 : AL*# 0N+ + ¢+ t ADFAKH#L*CTY*+LTSVRAA*EQYPO* [ #ST VeV
ECUUSE: U EBT 2 AL#++Q#N+++ + t ADFAKY*L*CTY*+ LASYRAA*EQYPQ# [ *CI IV *+V
XANTHO. 159 ML*#4V*T+42 42 AGLSEL*A*LSF++FEGATAL*DEIGA*V+AVI*sY
BARLE YL 261k 1} VGNAGF IPPOPAFLNALREYTKQDGALLVFDEVYMTGFRLAYGGAQEYFGI
SYNECHO. 215 V*+SGFIV*DAGF +EG+¢EITLEHD*##VF# 22 s s [+YG*VIEKF*V
SALMO. 207 : A**+MNCVP* LPEF*PG*+ALCDEFG*s s [ [#o# s+ 24V A*A+DYY YV
ECOLL. 207 : At *tMNCVYP# LPEF#PG# *tALCDEFG* s+ [ 1 #2422+ VELAtAIDYY sV
XANTHO. 209 : V++ANCIP+OAGY+QH* ¢+ TLCTRHG# ¢ [F# sttt 2222V GtAtAHY sV
BARLEY. 3081 4 TPOVTITUGRTTGGOLPVGAYGGRKD IMEMVAPAGPMYOQAGTLSGNP LAMT
SYNECHO. 265 TeeLeTU et 20|t ooVt 2KREISQLVI*AtsMer ettt r et o907
SALMO., 257 : Vet L#CL|ttt 222 4Met 24 F 22 RRDVIDAL* T4V ERs 22 o000 ] ¢4A
ECOLI. 257 : Vet #CL{tttr a2 sMeea e F+2RRDVEDAL##To eVt sttt | e4A
XANTHO. 259 : TNL'TFttt#ttOM‘O'*YJ'R_RDL'EOVHA*'l""“""VHA
BARLEY. 351 : AGIHTLKRLMEPGTYEYLDKYTGELYRGILDVGAKTGHEMCGGH I RGMF G
SYNECHO. 315 : *+[KT*ELLROQ**+TYEY*DOI*KR*SD*+LLAIAQET*+HAACGGQVS#*#+++
SALMO. 307 : *+FAC+NEVAQ++ [HET*DEL*TR+*AE+*LCEAAQEA*IPLVYNHVG*#+ ¢+
ECOLT. 307 : *+FAC+NEVAQ*+VHET+DEL*TR+*AE+* LLEAAEEA* IPLVYNHVG*#++
XANTHO. 309 : **LAM*ELVOE*+FHTR*SEA*+SM+CE+*LEDAARAA IAVTTNQVG#*#*4+ ¢
BARLEY. 401 : FFF-AGGPVYHNFDDAKKSDTAKFGRFHRGMLGEGYYLAPSQFEAGFTSLA
SYNECHO. 365 : FteT-EGP+HNYEDAKKS#LOK*S++HRG*+EQ# [ # ¢+ +2QF e+ ++T 4| ¢
SALMO. 357 : [#+*+TDAES*TCYODVMACH*VER*K* *FHL#*EE*Ves s ¢ s AF+ 22V e
ECOLE, 857 4 I#+TDAES*TCYODVMAC*VER*K* ¢ FHM# ¢ DE#Ve st s AF* ¢+t Ma V2
XANTHO. 359 : L**TD-DV+ESYAQATAC* I TSN+ +FHA#+OR#Vet s+ +AY+2 2+ MeS+
BARLEY. 450 : HTTODITEKTVEAAEKVLRWI
SYNECHO. 414 : *TEED*DA*LA*+RTVMSAL
SALMO. 407 : *+SMDD*NN#[D*+RRVFAKL
ECOLI, 407 *SMED*NN#]D*+*+RRVFAKL
XANTHO. 408 : *DEAV*EA+ LA+ +REAFADVAR

Fig 3 Comparison of the amino acid sequence of the HemlL

protein from X. campestris pv. phaseoll with those of other

organisms. Amino aclid residues conserved In all HemL proteins
are indlcated by asterlisks. A putative pyridoxal 5'-phos-
phate-binding site in various HemL 1s boxed. BARLEY, barley;

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

coli; XANTH, X. campestris pv. phaseoll.
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SUMMARY

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

l-semialdehyde (GSA) aminotransferase which is Involved in the C5
pathway for synthesis of & -aminolevulinic acid (ALA) was cloned
onto a multicopy plasmid, pUC18, by the complementation for an

ALA-deficient mutant (hemL) of Escherichia coli. Subcloning 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 HemlL. proteins from other organ-
isms, and the putative pyridoxamine 5'-phosphate binding site is

conserved.
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BIE

Cloning and characterization of the gene for glutamate l-semialdehyde
2,1-aminomutase which is involved in the & -aminolevulinic acid

synthesis in Propionibacterium freudenreichii
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INTRODUCTION

Propionibacterium species are Gram-positive bacteria that are

used in several dairy and fermentation systems, including produc-
tion of cobalamin (e.g., vitamin Blz) and propionic acid (20).
Advances 1in 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 competitive 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.

6 ~Aminolevulinic acid (ALA) is the first intermediate in the
synthesis of hemes, cobalamin, and chlorophylls. In

Propionibacterium, ALA 1is a precursor of heme and cobalamin

syntheses (14). ALA 1is 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 1in plants (2), and in some

bacteria, 1including Escherichia coli (4, ,10, 12, 13, 18, 24),

Salmonella typhimurium (G5 cyanobacteria (100, 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 1l-semialdehyde
(GSA), and transamination of GSA to generate ALA.

ALA-requiring mutants of E. 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 glutamyl 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
ig still ebscure (12},

To investigate the biosynthesis of ALA in a vitamin Blz-produc—

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

complemented a hemL mutation in E. coli. The complementation and

the nucleotide sequence of the gene show that P. freudenreichii

has a gene for GSA aminomutase. Moreover, the deduced amino acid
sequence 1is highly homologous to those of HemL proteins from

other organisms. It appears, therefore, that Propionibacterium

synthesizes ALA via the C5 pathway.
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MATERIALS AND METHODS

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

Institute for Fermentation, Osaka) was cultured in glucose com-
plete medium [12.5 g Polypepton (Wako Pure Chemicals Co. Ltd.
Osaka Japan), 11.0 g vitamin-free casamino acids, 2.5 g yeast
extract: 12025 NaH2P04.2H20, 15706 g K3PO4. 0.5 g L-cysteine, 0.4
g MgClZ.GHZO, 0.01 g FéSO4.7H20. 44 mg Ca-pantothenate, 0.3mg

biotin, 10.0 g glucose, 5.0 g KNO5, 0.018 g CoCl,y.6H50, 0.001 g

Na,MoO 4 per liter, pH T7.0) at 28 C for three days. E. coli
strains SASX41B (hemA41, 23) and I45 (hemL45, 12) were defective
in the C5 pathway of ALA synthesis. E. coli JM109 was used for
propagation of M13mpl8 and M13mpl9 phage vectors. E. coli cells
were grown in LB medium [1% Bactotryptone, 0.5% Bacto yeast
extracts (Difco, Detroelt, ME.), 0.5% NaCly pH 6.8l o' 2 X YT [1.6%
Bactotryptone, 1.0% Bacto yeast extract (Difco), 0.5% NaCl, pH
6.8] at 37" C. The cultures of Ala” strains of E. coli strains
were supplemented with ALA at 50 pxg/ml.

Restriction endonucleases, T4 DNA ligase, alkaline phosphatase,
and Bal31l nuclease were purchased either 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 al. (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 I45 (hemL). Transformants
were selected on LB agar plates that contained ampicillin (Ap)
(100 g 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 P. freudenreichii was partially digested

with Sau3AI. The fragments were 1ligated with BamHI-digested
pUC18, and the ligation mixture was used to transform the E. coli
HemL~ mutant I45. After a two-day incubation, two Alat 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
Sau3Al 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 Bal3l nuclease. The fragments were
subcloned into an appropriate site of the pUC18 vector. In the
case of the fragments truncated with Bal3l, the fragments were
ligated at the blunt end to the HincII site of pUC18. The
resultant plasmids were tested for their ability to complement
the hem mutations. Filgure 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 BclI/BamHI fragment on pFR222 was digested with
various restriction endonucleases and the resultant fragments

were subcloned into phages M13mpl8 and M13mpl9. Twenty overlap-
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500 bp Complementation  of

Sequenced  region 145 (heml)

]
[

o = =3 Z £ EE =
pFROO1 T < o e 4 ; i
hemL
< =

pFRO02 ; " et +
pFR201 , A +
pFR202 P ey " ; »
pFR222 | s . +
pFR223

Fig. 1. A deletion map of the cloned hemL region from P. freud-

enreichil and the complementation of the hemL mutant E. coli

I45. The heavy line represents the chromosome of P. freuden-
reichii. The lines representing the plasmids indlcate the
remaining fragments of DNA. The direction of transcription
of hemL is indicated by an arrow. The symbol + represents

complementation. S and B Indicate Sau3AIl and Bamlll, 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 consists of 1323 bp with 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 |
AG=-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 1is

70%.

Since the direction of transcription of the ORF is opposite
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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43

BamHI |
GGATCCGGCCCGCGCCTGGGCGACCGGTCGTCGGGCCGGCCC

SD

CGCTGCGGGCAGACCCTGAGAATGCGAGGGGCAAGGCCATGCCCGC TGCCGGAATGCCCGGCCCGACAAGGAAGAACCC

122
ATG
Met

182
TCG
Ser

242
GGT
Gly

302
CCG
Pro

362
GAT
Asp

422
GCC
Ala

482
ATG
Met

542
GGC
Gly

602
CTG
Leu

662
cce
Pro

722
GCC
Ala

782
AAC
Asn

heml —=—
AGT GTC AGT
Ser Val Ser

CCG
Pro

TCC
Ser

ATG
Me t

TCC
Ser

CGC
Arg

ACC
Thr

TGC
Cys

GGC
Gly

TAT
vl

ATC
[le

CGT
Arg

GTG
Val

CAC

‘His

ATC
Ile

ACC
Thr

ATG
Met

GCG
Ala

TAC
Tyr

CTG
Leu

GGG
Gly

GTC
Val

CGC
Arg

CGC
Arg

ATC
[le

GCC
Ala

TCG
Ser

GGC
Gly

GCC
Ala

CAC
His

CCC
Pro

CGC
Arg

ACC
Thr

CTG
Leu

GAC
Asp

GCC
Ala

GTC
Val

GGC
Gly

TTC
Phe

GGC
Gly

CGA
Arg

GGC
Gly

GAT
Asp

ATC
Ile

GAG
Glu

CAT
His

GAA
Glu

TAC
Tyr

GAC
Asp

CAC
His

GGC
Gly

GCC
Ala

CTG
Leu

CAT
His

TCG
Ser

GAC
Asp

Gly

GAC
Asp

117G
Leu

CGC
Arg

GTC
Val

GCC
Ala

GCG
Ala

ATC
Ile

GCG
Ala

TCC
Ser

(6/070]
Pro

ATG
Me t

GTC
Val

ATC
[le

T1C
Phe

AGT
Ser

GAC
Asp

CAC
His

cce
Pro

GAC
Asp

CGC
Arg

GAT
Asp

GGC
Gly

GTC
Val

CCG
Pro

GCC
Ala

GCA
Ala

GTC
Val

GAC
Asp

CccC
Pro

AGT
Ser

AAG
Lys

Gly

TCC
Ser

GTG
Val

GAG
Glu

GCG
Ala

CAC
His

GAA
Glu

GGG
Gly

AAG
Lys

GAG
Glu

GAG
Glu

GTG
Val

ATC
Ile

T7C
Phe

CcCcC
Pro

GAG
Glu

AAC
Asn

GCC
Ala

GCC CTC AAG GTC ATG

Ala

GGC
Gly

CGC
Arg

GTG
Val

GTG
Val

CGC
Arg

ACG
Thr

CTG
Leu

AAG
Lys

CTG
Leu

ATG
Met

CAC
His
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Leu

ACG
Thr

TAT
Tyr

GTG
Val

GAG
Glu

T7C
Phe

AAG
Lys

GTG
Val

GAG
Glu

T7C
Phe

GGC
Gly

GGC
Gly

Lys

CCA
Pro

GTC
Val

GCC
Ala

CTG
Leu

ACC
Thr

CGA
Arg

TCG
Ser

GTC
Val

GCC
Ala

GTC
Val

GCC
Ala

Val

CGC
Arg

GAC
Asp

GCC
Ala

CGG
Arg

TGT
Cys

CCG
Pro

GCC
Ala

GCC
Ala

GAG
Glu

ATC
Ile

CTT
Leu

Met

TTC
Phe

CTG
Leu

GTG
Val

CTC
Leu

TCG
Ser

CTG
Leu

Gly

Gly

CGT
Arg

GTG
Val

Cc1C
Leu

Smal
CCC GGG GGC GTC
Pro Gly Gly Val

GTG AAG CGG GCG
Val Lys Arg Ala

Pvull
GTG TGC AGC TGG
Val Cys Ser Trp

Pstl
CTG CAG GCC GTT
Leu Gln Ala Val

GCC CAG GCC GTC
Ala Gln Ala Val

GGC ACC GAG GCC
Gly Thr Glu Ala

CTG GTC AAG TTC
Leu Val Lys Phe

TCC GGG GTG GCA
Ser Gly Val Ala

GAC ACG GTC GCC
Asp Thr Val Ala

GGC GAC CAG GTG
Gly Asp Gln Val

CCG CCC GAG GGC
Pro Pro Glu Gly

ATC CAG GAC GAG
Ile Gln Asp Glu

TCC
Ser

CTG
Leu

GGG
Gly

GCC
Ala

GTC
Val

GTG
Val

GTC
Val

AGC
Ser

CTG
Leu

GCG
Ala

TTC
Phe

GTG
Val



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 Gln 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 Ile Gly Gly Gly Met Pro Leu Ala Ala

962 Pvull
GTG GGT GGT TCG GCG CAG CTG ATG GAC TAC CTG GCC CCC GAG GGG CCC GIC TAC CAG GCG
Val Gly Gly Ser Ala GIn Leu Met Asp Tyr Leu Ala Pro Glu Gly Pro Val Tyr Gln Ala

1022 Ball
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 GCC GAT
Asp Asp Ala Ala Tyr Ser Arg Leu Asp Ala Thr Ala Asp Arg Val Ser Ala Met Ala Asp

1142
GCG GCG 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 Ile 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 Gln 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

1822¢ © “Stul
TTC GAG GCC TGG TTC TGC TCC ACC GCC CTG GAT GAC GAC GAC CTT GAG GTC ATC GAC GCC
Phe Glu Ala Trp Phe Cys Ser Thr Ala Leu Asp Asp Asp Asp Leu Glu Val Ile 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 TCGGTGTCTCGCCAGGCGGTGGCAATTGCGGAGTGGGCGCGTTTCCGGCTTGT TCGCCGGACGCGCCCACT
Arg *%% .

1519 Bell

GCCATGTCCGAAACTGT TCAAATGGTGATCA

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

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

Ing site and the putative terminator of transcription are
underlined. The direction of translation 1is indlcated by an
arrow. The complete nucleotide sequence has been submitted

to EMBL/GenBank/DDBJ and the accession no. is D12543.

58



an alternative promoter sequence that can be recognized, but only
weakly, by the RNA polymerase of E. coli.

The nucleotide sequences of the hemlL genes encoding GSA
aminomutase from other organisms have been reported. Therefore,
we compared the predicted amino acid sequence of the ORF of P.

freudenreichii with those of HemL proteins of other organisms,

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

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

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

freudenreichii is somewhat homologous over 1its 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 P. freudenreichil was also remarkably similar to the

profiles of other HemlL proteins (data not shown).

Aminomutases require pyridoxal 5'-phosphate (PLP) as a
cofactor, and the PLP can bind to a 1lysine residue (7). The
active-site lysine is invariably preceded by a leucine and a gly-
cine residue. We found that 1in the GSA aminomutase of P.

freudenreichil phenylalanine replaces leucine, as in the enzyme

from X. 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 B -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-positive 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;
hemD, which encodes uroporphyrinogen III synthase; hemB, 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
ST 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 P. 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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SUMMARY

The gene, from Propionibacterium freudenreichii, for glutamate

l1-semialdehyde (GSA) 2, 1l1-aminomutase, which is involved in the
C5 pathway for synthesis of 6 -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 fragment 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 Heml. pro-
teins from other organisms, and a putative binding site for
pyridoxal 5'-phosphate was conserved, with 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 B;,, P. freudenreichii.
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FA4E BIF

= T3 L2 2B CALA)ES SRoA S i et g b R m A S b e E R
— VLGV OBRYVIOFBETHY, AV YENIKFETHIEELT I /VRTSH
5, L WERBRERELTOARDAEVE ENWEBELLTOAEIHEZED TWL %,
COEEGRIB. R T Y v v ER7 = VloAPSALAY ¥ 7 — ¥t &k - TH &K
&N B Shenine(CHHBBIC L THEEREN I EEASN T E L, HFE, Y B
WT IV I VB OEEREINBCIERPER SN, KBREOALAEGK b C5#E
BicksdsahTc&h, LrLluats, JIBRKOGHEOAEHE SRR EN S E
L OFMABABITBRODSNT WD, AHRICBBW T, HMBE(E.coli, Xanthomona
s, Propionibacterium) DALAE AR & ZT O\ ixT v x0T o FBHE KK %KY
T3l E2HME L. BT, ABXEENT 3,

F1IETRABEOAMAMAKBER >IN, 9. KBEDOALAE &K
BEBLLOBRICL-TITbhTWwWdhr 2T NI, CSEROEHRIRI T& LM
Shemine(CA) B o EHRBRB TERh > 7fto RKBEIECBWL TRALAEASKIZCHE
itk AREMLTVWEbDEEIOND, ALAMEAKICHMODIERT2HEEST S
feh, WIRERUE X > TALAERBEZRBKE6HEKEMB LA, Chos0FERRT
NTIT NG I VEBPOSOALAEEGR(CSERB)ERBLTWE, EREMEMHT % #
FE /70 —=v 7 LTEERKICHT MUY EZTAALLIAE CHS50ZFRI
i E b2 @B ICKINE N (Alad™,AlaB ),

AMlad B2+ 2 F(alad) B KBRERBEARLEHNADOMNBIIKCS > e —F
AMaB HZ T 2EET (alaB) B2 7THOMBICd > o BEBIETOREREI %
T-o&lhr” Ag—n” HEHE 2R LI, &S ialaBEAEFICHELTELEY
alaCiifz F i3 AlaA ¥k, AlaB Bk & B S b L 7o

MBE LA 20#EETOLREBER *REL %,

alaA R FR1278bpL VR DEEL FR A5 TOEHE2I - FLTWE, C
DHEERFRFET Y -—RFEOER henliBEF TH > o W > TAlaA ¥k X henl T
b B EEZ SN B,

alaBifz FR621bpk W R VEELFR2AIFOEHE2I—-—FLTWE, O
HEETHOEERERFLOFTE Y —RBRHFROEKRT TEH > 7o & Dz FhenM
P S

alaCBifR FR1254bp L VB OMEER FRA4T76 FOEHE2 I - FLTW, &
DEERFRFTFEI Y -—REFOERBAICD hemAiizr F LR —Td » 720 henAik (z
FRCSFEKITB I 5glutamyl-tRNA reductase RIBZRME L2 CcCx 2&ET &
L CTHBEExNh, TDO/HHglutamyl-tRNA reductase % 3 — F¥2ab0LEXSN
T&fko LOLAMKS, AMRICBOTRhemAE i H TV 5 & TF 3 henl. he
nMEBL S oZER MBI RS &M S. glutamyl-tRNA reductase > 3 — K9 %
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RITRACSERBUAORHER Lo TFELTOSHMOVWTVWE bDOTRIE VWD L
HEE &Nt

ESRINSISDODERFEERK. HHBCHEALAMAESREBEREL 2 & C
HhenM, hemAB i TH AL AZRKERIPHEKLEAREEE TRERIEL O L henM-h
emAfAIK Z A3 2 LALAE SRR B R B LA Lo hemM-henmAsfifx ¥ R B L T
MEGFELTBVHEARTHITCHS»OWARMLBPEELTVWE D EEXS
N 7o

FW2ETRMYHEFEMBEA Td % Xanthomonas campestris pv. phaseoli ®ALAL
BRiIcET A2 EETFORHBEEMITc-W TR N, KBBEOhenlZERK 2 E X &
LEMcCE 2R FEHBELL, AR TOREBENEZRELALE A, HER
FRL5, 0430 FEH%2 3 - FLTWH, ®* T P —RFEEIT >R, GSA aminon
utase& A L 7o W > T, XanthomonasBiIK B W TCSEBROGFHEMVHR T & 1,

FEIETIRESY ¥ YBIZEERB TS 5Propionibacteriumk D ALAESGKRICBM b %
B FOHRHRMBEBITK W TR, KB@EOhenlZERHKEZHE XL LHEMTE 2
B FEHBELAL AERFOHEBENEZRELALE A, HESLS T HL5, 9320
EH%2a3—-FLTWk, 0 ¥ —REEZIT->LER., GSA aminomutase& A FE L
720 PropionibacteriunfBIC B VW T RCUABEB ECSBER O GEPHE 1L T W 3 25,
CDILOSEMOMBEOBMKET VR T & 7o

AMFRICBYT3I >D>OMBE» S5 CFEIE EDGSA aminonutase® coded % heml il (=
F 2B LA, HEEENEZ T/ BEFEZXROFIG.5.1IC/Rdo GSA aminomutas
el Y F+4—n ) YRR(PLP)ZHFIMKR LT IBMETHIL ZOHEGMM bILMEL
THRoNhk, /. WOPLPEHBRLTIBMRLIZTOEAWMMNEILE L 2 (FI
G.5.2)0 PLP # A MAL X B X leucine. glycinelT #t  lysinelc /T 5 L &1 T
W 7o 23, Xanthomonas campestris pv. phaseoli. Propionibacterium freudenre
ichii®HemLic 8 W T ik leucined phenylalanineicZ b L TEBH, L F L bleuci
neMWPLPOH S METIHR W EBHNE K - 1,
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proteins are indicated as asterisks.

-binding site in various HemL proteins is boxed.
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s, SAL, S. typhimurium; ECOLI, E.coli:
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XANTHO, X. campestris pv. phaseoli; BACI|, B. subtilis: PROPION, P. freudenreichii

FIG. 5.1 Comparison of the deduced amino acid se
Amino acid residues conserved in all HemL

A putative pyridoxal 5'-phoshate
BARLEY, barley; SYNECHO



human ornithine aminotransferase

rat ornithine aminotransferase

E.coli 2-amino-3-ketobulyrate CoA ligase
5-aminolevulinic acid synthase

barley GSA aminomutase
Synechococcus GSA aminomulase

E. coli  GSA aminomulase

X. campestris pv. phaseoli

GSA aminomutase

P. freudenreichii GSA aminomutase

288 296
VLLGKALSG

288 296
VLLGKALSG

240 248
GTLGKALGG

386 394
GTLGKAFGC

268 276
TTLGKIGG

o 279
TTLGKIGG

269 277
ICLGKIIGG

263 271
TTFGKIGG
266 274
FTFGKVIGG

FIG. 5.2 The conserved amino acid sequences surrounding the putative

pyridoxal binding lysine.
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VBB T 2AMVEARBRRONTNIZ E LD EDOERDFIC.5.3IC/RT, C
NidWooseb ok » THHENAR&HEH (Woose. C. R.(1987) Microbiol. Rev.
51,221-2T1)4k, BAF TRERMESNANNEEAREREZHRLGDLDE L DO TSH %o
YU ANAOEBEYICE L CRCAER S, Y. BB, SHAR. AR CB L
TRCERMPMBENLT WY %2, AWFH THME & LAE coli. X. campestris pv.
phaseoliidpurple bacteria @ y -subgrouptc. P. freudenreichiitd gram-posit
ive bacterialc T h Fh o BahtcBBhohnhEorcoeyg s —L K< (Avissar. V.
J., J. G. Ormerod, S. I. Beale (1989) Arch. Microbiol. 151, 513-519)o

| EUBACTERIA | [ EUKARYOTES |

purple baclerl

clilales
! anhnq!s fungl
Gram-poslllve k .

baclerla 5 . _plants, red algae
green non- ., =77 (exlraplaslidic)
sulfur baclerla &

cyanobacterla® i

(prochlorophytes)
(chloroplasts)
green sullur baclerla

flavobaclerla
bacleroldes m

Thermologa———__\

annun llagellales

1
|||H|I||||||I|ll|ll||

microsporidia

ALA Biosynthetic Route

= undetermined
_— Five-carbon
o ALA synthase

exlreme
halophlles

. rrrrm Both pathways reported
exlreme
melhanogens  (hermophlles S Absent or Five-carbon

| ARCHAEBACTERIA |

FIG. 5.3 Universal phylogenetic tree illustrating the distribution of the two
ALA biosynthetic routes.

UELo#ERIDZERT B E, HIBICBY BANMESRERIC O W TCAERR & C5F
BoLrboh, bLARMFORENZEILSAL T VSN, KBRBicBLWTIR N
S22 oPAORIERBRMRE NI EDS, TSP A K BALMVESRERBTFLE
L. fiflaic & > THHEBALAOEEGKR., TOPEBITODhAhTVWE b bD EFE X S N T,
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AR EBGFF s brn, Kik. RYK5HIEY, CHEEBY $ LAEH
EBHBLLPOBELERLE T, WRETO>O LKA RBBERA T L& D,
POBRKHMHEEBO E LAF RARE. KL MHE, HIIME B, AN
AKRBBIECREEL 4,

ERHENAMBIE L CHE, - M O0BMEEWD £ LBk IHEL O
R TR F. WO BALE IERRSHE BEBAM L. BA@MAR «©
Db RME L % T,

TRAMRAEZT T ALV BESEKERE LTLAR &S, HERBL D)
EEVALEFLAHRYEDHE. HEEEDFCLL SRH VAL T,

Bk, AFIICH E L, MIBHTEEE LAS. Korbsrisate, HAZMA, &
FHABE*R UL TEMEMF¥TRZoKMic. BILESH L LY $ 4.
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