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The nucleotide sequences of the Rhodobacter sphaeroides hemA and hemT genes, encoding 5-aminolevulinic
acid (ALA) synthase isozymes, were determined. ALA synthase catalyzes the condensation of glycine and
succinyl coenzyme A, the first and rate-limiting step in tetrapyrrole biosynthesis. The hemA and hemT
structural gene sequences were 65% identical to each other, and the deduced HemA and HemT polypeptide
sequences were 53% identical, with an additional 16% of aligned amino acids being similar. HemA and HemT
were homologous to all characterized ALA synthases, including two human ALA synthase isozymes. In
addition, they were evolutionarily related to 7-keto-8-aminopelargonic acid synthetase (BioF) and 2-amino-3-
ketobutyrate coenzyme A ligase (Kbl), enzymes which catalyze similar reactions. Two hemA transcripts were

identified, both expressed under photosynthetic conditions at levels approximately three times higher than
those found under aerobic conditions. A single transcriptional start point was identified for both transcripts,
and a consensus sequence at this location indicated that an Fnr-like protein may be involved in the
transcriptional regulation of hemA. Transcription of hemT was not detected in wild-type cells under the
physiological growth conditions tested. In a mutant strain in which the hemA gene had been inactivated,
however, hemT was expressed. In this mutant, hemT transcripts were characterized by Northern (RNA)
hybridization, primer extension, and ribonuclease protection techniques. A small open reading frame of
unknown function was identified upstream of, and transcribed in the same direction as, hemA.

Rhodobacter sphaeroides is a metabolically versatile fac-
ultative photosynthetic bacterium with varied growth and
biosynthetic capabilities (10). It can synthesize three kinds
of tetrapyrroles: bacteriochlorophylls, hemes, and corri-
noids. Depending on the physiological condition, the relative
amounts of the different tetrapyrroles vary greatly (22).
Bacteriochlorophyll is the predominant tetrapyrrole formed
during photosynthetic growth, and its synthesis responds to
environmental factors such as oxygen tension and light
intensity. Although the early portion of the biosynthetic
pathway is common to all tetrapyrroles, bacteriochlorophyll
production can be repressed without interrupting heme or
corrinoid production and without the accumulation of inter-
mediates, even transiently (10, 22).
The first committed precursor in the common tetrapyrrole

pathway is 5-aminolevulinate (ALA), and its formation is
rate limiting (21, 22). In R. sphaeroides, as in some other
bacteria, fungi, protozoa, and animals, the condensation of
glycine and succinyl coenzyme A (succinyl-CoA) is medi-
ated by the enzyme ALA synthase (succinyl-CoA:glycine
C-succinyl transferase [decarboxylating], EC 2.3.1.37) (2).
In a previous report from our laboratory, the existence of
two ALA synthase isozymes in R. sphaeroides was sug-
gested (47). In this study, nucleotide sequence determination
confirmed that two genes, hemA and hemT, each encode a
distinct ALA synthase. Questions have previously arisen
concerning the number, nature, and cellular location of ALA
synthases in R. sphaeroides (9, 17, 35, 36, 39, 42, 48, 52, 59).
By characterizing the expression ofhemA and hemT, we are
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now able to address some of these questions concerning the
specific function of each gene in tetrapyrrole biosynthesis.
Genes encoding ALA synthases in several bacteria have

been characterized (5, 15, 20, 25, 26, 32). Although ALA
synthase isozymes are found in some vertebrates (14), no
previous examples of bacterial isozymes have been re-
ported. Rhodobacter capsulatus, a bacterium related to R.
sphaeroides, encodes a single ALA synthase (5, 20). In most
bacteria, as in plants, ALA is formed by a different biosyn-
thetic route in which a glutamyl-tRNA intermediate is in-
volved (2, 21). Euglena gracilis utilizes both pathways, and
interesting evolutionary questions are raised by these find-
ings (53). In this study, HemA and HemT were found to be
homologous to each other and to all previously characterized
ALA synthases, suggesting common evolutionary origins. In
addition, the ALA synthases are evolutionarily related to
two enzymes which catalyze similar reactions, 2-amino-3-
ketobutyrate CoA ligase (acetyl-CoA:glycine C-acetyltrans-
ferase; EC 2.3.1.29) (Kbl) (1) and 7-keto-8-amino pelargonic
acid synthase (BioF) (40).

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacte-
rial strains and plasmids are listed in Table 1. R. sphaeroides
strains were grown with Sistrom's succinic acid minimal
mnedium (27), supplemented as needed with antibiotics at the
following concentrations: tetracycline, 1 ,ug/ml; streptomy-
cin, 50 ,ug/ml; spectinomycin, 50 ,ug/ml; and kanamycin, 25
,g/ml. R. sphaeroides cultures were grown aerobically at
30'C either on a rotary shaker or sparged with 30% 02-69%
N2-1% CO2. Photoheterotrophic cultures were grown in the
light (10 W/m2) either in completely filled screw-cap tubes or
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TABLE 1. Bacterial strains and plasmids

Organism and strain Relevant characteristic(s) Reference or source
or plasmid

E. coli
JM101 supE thi A(lac-proAB) F' traD36 34

proAB lacPqZAM15
DH5ct supE44 AlacU169 (4+80 lacZ AM15) 3

hsdRl7 recAl endAl gyrA96 thi-1 relA1

R. sphaeroides
2.4.1 Wild type 50
HemAl 2.4.1 derivative, hemA::f Kn' 37
HemT1 2.4.1 derivative, hemT::fl Smr Spr 37
HemAT1 2.4.1 derivative, hemA::a Kn' and hemT::Q Smr Spr 37

Plasmids
pBS Apr, with T3 and T7 promoters Stratagene
pUI551, pUI552 3.1-kb hemT SalI fragment 47
pUI553, pUI554 7.0-kb hemA San fragment 47
pUI1038 530-bp BgiII-XhoI hemT fragment in pBS This study (Fig. 8c)
PUI1042 565-bp NaeI-SacI hemA fragment in pBS This study (Fig. 7c)
pUI1044 147-bp FspI-SacII ORFA fragment in pBS This study

sparged with 95% N2-5% CO2. Strain HemATl was grown
with ALA added at a final concentration of 0.2 mM. Esch-
erichia coli strains were grown at 37°C with Luria broth (30)
supplemented as needed with antibiotics at the following
concentrations (per milliliter): 10 ,ug of tetracycline, 25 ,ug of
streptomycin, 50 ,ug of spectinomycin, and 50 ,ug of ampi-
cillin. Isopropyl-13-D-thiogalactoside (40 ,uM) and 5-bromo-
4-chloro-3-indolyl-13-D-galactoside (30 ,ug/ml) were used to
monitor P-galactosidase activity in the construction of plas-
mids. Cell growth was monitored turbidometrically with a
Klett-Summerson colorimeter.

Generation, deletion, and DNA sequence determination of
subclones. DNA fragments with sizes of 0.1 to 2.5 kb were
cloned into M13mpl8 and M13mp19 vectors (51, 58). Nested
deletion derivatives of the larger fragments were generated
by using the Cyclone I Biosystem of International Biotech-
nologies, Inc. (New Haven, Conn.). According to the man-
ufacturer's instructions, the single-stranded ends of cloned
DNA fragments were progressively digested by T4 DNA
polymerase, and overlapping clones entirely covering both
strands of the hemA and hemT regions were isolated. M13
bacteriophages were isolated, propagated, and used for the
generation of single-stranded DNA sequencing templates
(4). The DNA sequence was determined by the dideoxy
chain termination method (43) with commercial kits from
United States Biochemical Corp. (Cleveland, Ohio). a-35S-
dATP (>1,000 Ci/mmol) was purchased from the Amersham
Corp. (Arlington Heights, Ill.). Sequencing reaction mix-
tures were electrophoretically separated on 8% polyacryl-
amide gels with 42% urea in Tris-borate-EDTA buffer prior
to vacuum drying and autoradiography.
DNA sequence analysis. Computer programs from PC/

GENE (IntelleGenetics, Inc., Mountainview, Calif.) and
from the University of Wisconsin Genetics Computer Group
software package were used (13). The SwissProt (release
22), EMBL (release 31), and GenBank (release 72) data
bases were screened for sequence similarities with algo-
rithms based on that of Lipman and Pearson (28).

Plasmid constructions, DNA isolations, and generation of
32P-labeled probes. Plasmids and DNA fragments were iso-
lated, treated with modifying enzymes, and electrophoreti-
cally analyzed by standard techniques (30). Recombinant

plasmids were maintained in E. coli host strains (Table 1).
Radioactive DNA or RNA probes using [a-32P]dCTP (3,000
Ci/mmol) or [a-32P]CTP (800 Ci/mmol) (Amersham Corp.)
were made and utilized according to the manufacturers'
instructions with nick translation systems (Bethesda Re-
search Laboratories, Gaithersburg, Md.), random-primed
DNA labeling kits (Boehringer Mannheim Biochemicals,
Indianapolis, Ind.), or RNA transcription kits (Stratagene,
La Jolla, Calif.). Deoxyoligonucleotides (30-mers from
Genosys Biotechnologies, Inc., The Woodlands, Tex.) were
labeled at the 5' ends with [y-32P]ATP (6,000 Ci/mmol) as
previously described (24). Unincorporated nucleotides were
removed from labeled probes with Nuctrap push columns
(Stratagene).
RNA isolations and Northern hybridization techniques.

RNA was isolated from R. sphaeroides cultures when they
reached an approximate cell density of 109 cells per ml
grown photoheterotrophically or a density of 5 x 108 cells
per ml grown aerobically. Two methods were used in the
purification of total RNA: the method of Zhu and Kaplan
(60) and a second method based on that of Sarmientos et al.
(44). In this second method, cells from a growing culture (8
to 64 ml) were transferred to a flask in a boiling water bath
containing lysis buffer (500 mM sodium acetate, 200 mM
EDTA, and 5% sodium dodecylsulfate; 4:1 [vol/vol] ratio of
cells to lysis buffer). The lysate was immediately added to
hot phenol at 68°C, moved to an ice bath for several minutes,
and then centrifuged at 5°C. The RNA was extracted an
additional one or two times with phenol and once with
phenol:chloroform:isoamyl alcohol (25:24:1). The RNA was
precipitated overnight at 4°C with LiCl, 2 M final concentra-
tion. The RNA was pelleted, washed with 2 M LiCl, and
suspended in water. It was then ethanol precipitated with
sodium acetate, washed with 70% ethanol, and suspended in
0.5 ml of 50 mM Tris-chloride-5 mM MgCl2. Residual DNA
was removed with 10 U of RNase-free DNase I at 37°C for 20
min. Protein was removed by phenol extraction, and the
RNA was recovered by ethanol precipitation. Finally, the
RNA was dissolved in H20 at a concentration of 1 to 5
mg/ml. Approximately 200 pLg of RNA was obtained from 64
ml of cells.
RNA concentrations were determined both by orcinol
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(GTA)
CATGGTTC GCTTCTCGGT 18

GCGGCCGGAT CGTTCGGAAC GCCGGCGGAG GATCGGGTGC CACGCCAGAA GAGACGGCGC ATCGGGAACG GAGACCGGAC GCAAGGGAAG ACTGGCCCAT 118
CGAGCGCGTC AGGTTGAACA GAGACTCACG GCACGCGCCG TACCTACACC CATACAAATC TCTGTTCAAT GTATGGTTCA TGTCTTCGTG GGGAAGAAGG 218GTGGCCCCCT ATTCTCTAAC AATGTCCAGG GAAGTGTCGG CACGTTTCGC CGCGCATCAC GCGTGCGTCA GGAGTGTCAG CGGCAAAATG TCCGflqATT 318
CATCCAGATT GTAAGCCATA CAAATGGCCG ATAGGCGGCT CGGCAATGCC TGCCGCGATG CGTGTCGCTC CAACAGAAGG TGATCCCC ATGGAGTTCTCT 418.. *-- P-- 2' M E F S 4
CAGCACTTCCAGAAGCTCATTGACGACATGCGACTGGACGGGCGGTACAGGACGTTCGCGGAACTCGAGCGCATCGCCGGGGAGTTTCCGACCGCGCTCTGGCATGGT 526
Q H F Q K L I D D M R L D G R Y R T F A E L E R I A G E F P T A L W H G 40
CCGGACGGGCAGGCCAGACGCGTGACGGTCTGGTGCAGCAACGACTATCTGGGCATGGGCCAGAACGCCGAAGTGCTGGCCGCGATGCACCGGTCGATCGATCTGTCG 634
P D G Q A R R V T V W C S N D Y L G M G Q N A E V L A A M H R S I D L S 76

GGCGCCGGCACCGGAGGCACCCGCAACATCTCGGGGACCAACCGGCAGCACGTCGCCCTCGAGGCGGAACTTGCGGACCTGCACGGCAAGGAATCCGCGCTCATCTTC 742
G -A G T G G T R N I S G T N R Q H V A L E A E L A D L H G K E S A L I F 112
ACCTCCGGGTGGATCTCCAACCTCGCGGCTCTGGGCACGCTGGGCAAGATTCTGCCCGAATGCGCGATCTTCTCGGATGCGCTGAACCACAATTCGATGATCGAGGGC 850
T S G W I S N L A A L G T L G K I L P E C A I F S D A L N H N S M I E G 148

ATCCGCCGGTCCGGCGCCGAGCGCTTCATCTTCCACCACAACGATCCCGTCCATCTGGACCGGTTGCTTTCGTCCGTCGATCCGGCGCGCCCGAAGATCGTGGCCTTC 958
I R R S G A E R F I F H H N D P V H L D R L L S S V D P A R P K I V A F 184

GAAAGCGTCTACAGCATGGACGGCGACATCGCCCCCATCGCCGAAATCTGCGACGTGGCCGAGCGGCATGGTGCGCTGACCTATCTCGACGAGGTTCATGCGGTCGGA 1066
E S V Y S M D G D I A P I A E I C D V A E R H G A L T Y L D E V H A V G 220

CTTTACGGCCCGCGCGGCGGCGGCATCAGCGACCGCGACGGGTTGGCGGATCGGGTGACGATCATCGAGGGCACGCTCGCCAAGGCTTTCGGCGTGATGGGCGGCTAT 1174
L Y G P R G G G I S D R D G L A D R V T I I E G T L A K A F G V M G G Y 256

GTCAGCGGCCCGTCCCTGCTGATGGATGTGATCCGCAGCATGTCCGACAGTTTCATCTTCACCACCTCGATCTGCCCGCACCTCGCGGCGGGGGCCCTCGCGGCGGTC 1282
V S G P S L L M D V I R S M S D S F I F T T S I C P H L A A G A L A A V 292
CGGCATGTGAAGGCTCATCCCGACGAGCGCCGCCGGCAGGCGGAGAATGCGGTGCGCCTCAAGGTCCTGCTGCAGAAGGCCGGTCTCCCGGTTCTCGACACGCCCAGT 1390
R H V K A H P D E R R R Q A E N A V R L K V L L Q K A G L P V L D T P S 328
CACATCCTTCCCGTGATGGTGGGCGAGGCGCATCTCTGCCGCAGCATCAGCGAGGCGTTGCTCGCCCGCCACGCCATCTACGTCCAGCCGATCAACTATCCGACCGTG 1498
H I L P V M V G E A H L C R S I S E A L L A R H A I Y V Q P I N Y P T V 364

GCTCGGGGGCAGGAGCGGTTTCGGCTGACGCCGACGCCCTTCCATACGACGTCTCACATGGAGGCACTGGTCGAGGCGCTCCTCGCCGTTGGCCGGGATCTCGGATGG 1606
A R G Q E R F R L T P T P F H T T S H M E A L V E A L L A V G R D L G W 400

GCCATGTCGAGGCGGGCTGCCTAGGCAGGAGCCACCACCGGCTCTCGGTCCCGTGGCCGGCGCCTGCGCGGGATCGAAGCGCTCTCGCCCGCCGGCCATGCGCAACGG 1714

lemT

A M S R R A A - 407
ACCCGGGTGC CGGAAGACAC GCCATCGGAT CCGGCAAGGA CGGCGTGTTC GTCGCGGAGG GCACCCGGAC AGGCGCTGCG GGATCCGGCG CCGTCATCCT 1814
CTCGGCCGGA GAGATCGCCT TGATCCGGCA TCCCCCGAAG CCGTGGACGC GCCGTGCCTG CCTGCAG 1881
FIG. 1. DNA sequence of the chromosomal hemT region. Below the hemT coding region is the deduced amino acid sequence of its gene

product. A possible Shine-Dalgarno (46) ribosome binding site is underlined. An oligodeoxynucleotide complementary to the 30
double-underlined nucleotides at the 5' region of hemT was used in Northern hybridization and primer extension studies. The translation
initiation codon of the rdxA gene (38), which is transcribed in the opposite direction to hemT, is indicated in parentheses. Regions labeled 1
and 2 were identified as transcript initiation sites by primer extension studies (Fig. 8). Closed circles are shown below nucleotide sequences
matching those in the promoter region of the R. sphaeroides rnB operon (16).

assays and by A260 (8). RNA was electrophoretically sepa-
rated on agarose-formaldehyde gels (30) with 2 to 8 ,ug of
RNA per lane. RNA was transferred by capillary action to
nylon membranes (MagnaGraph; pore size, 0.45 ,um; Micron
Separations, Inc., Westborough, Mass.) (30), and a UV
cross-linker was used to bind the RNA to the membranes
(UVC 1000; Hoefer Scientific Instruments, San Francisco,
Calif.). Approximate sizes of the mRNAs were estimated by
using RNA standards (Bethesda Research Laboratories Life
Technologies, Inc., Gaithersburg, Md.), which, following
transfer to the nylon membranes, were stained with methyl-
ene blue dye (30). High-stringency hybridization and wash
conditions were used with labeled DNA and RNA probes.
Hybridization protocols were provided by the manufacturer
of the RNA transcription procedure used to generate RNA
probes (Stratagene). Hybridizations and washes with RNA
probes were done at 65°C. Hybridizations with end-labeled
oligonucleotide probes were done at 62°C, with final washes
at 45°C. All other DNA probes were hybridized at 45°C, with
wash temperatures of 55°C. Radioactive signals were quan-
titated with a Betascope 603 Blot Analyzer (Betagen Corp.,
Waltham, Mass.). Some signals were normalized relative to
those generated by probes specific for rRNA.

Ribonuclease protection assays. Ribonuclease protection
assays were done according to the directions for a commer-
cial kit (RPA II; Ambion, Austin, Tex.). Single-stranded
RNA probes were gel purified and hybridized overnight at
45°C with 10 to 30 jig of total RNA. The supplied mixture of
RNase A and RNase T1 was used in a 1:100 dilution at 37°C
for 30 min to digest unprotected single-stranded RNA.
Protected fragments were recovered by precipitation and
were resolved on 5% polyacrylamide gels containing 8 M
urea. An RNA template set (Ambion) was used to generate
32P-labeled size standards of 100 to 500 nucleotides in length.

Primer extension analysis. End-labeled oligonucleotides
were hybridized with 10 jig of total RNA and then used as
templates in reactions with reverse transcriptase and deoxy-
nucleotides as previously described (24). The same 32p_
labeled oligonucleotides were used in parallel sequencing
reactions with appropriate single-stranded DNA templates.
dGTP was incorporated in both the reverse transcriptase and
sequencing reactions. In addition, the analog dITP was used
to resolve difficulties in DNA sequence determination
caused by the high G+C content of R. sphaeroides DNA.

Nucleotide sequence accession number. Nucleotide se-
quences in the hemA and hemT regions have been assigned
GenBank accession numbers L07490 and L07489, respec-
tively.

RESULTS

DNA sequence determination of the hemA and hemT genes.
A 3.1-kb DNA fragment carrying hemT and a 7.0-kb DNA
fragment carrying hemA were previously isolated from chro-
mosomal DNA of R. sphaeroides wild-type 2.4.1 (47). The
complete nucleotide sequence determination of the 3.1-kb
hemT region has been described previously (38), and part of
this sequence is presented in Fig. 1. The hemA gene was
localized within the 7.0-kb region to two adjacent DNA
fragments generated by restriction endonuclease BamHI
(37). These two fragments, one 2.5 kb and the other 1.2 kb in
length, were each cloned into M13mpl9 in both orientations
relative to the vector sequences. The DNA sequences of
both strands of the BamHI fragments were completely
determined. The junction sequence was confirmed by using
a DNA fragment spanning the BamHI border that was
generated by restriction endonucleases BglII and SstI. The
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GGATCCTGCT CGCCCACGAG GCGGAAGCTG ACCTTGGCAT GGGCCTCGGC GGGCAGCACC GTCTTGAAGC CCGCCCCGGT ATAGCCGCCC CAGATGCCGT 100
TGATCTCGCA GGTGGGGCGC GACCAGATCA TCTCGAGGGG TGTGCGATCC TCTTCGCCTG CGGGCTGCGA GAGGCCCACG TCGCCGAGGA AGCGCGCGTG 200
ATCGAAGGCG AGCCCCTGCC ACTGGGCGCG GATCGCCTCG GGCAATTCGC TCACGCCGTC GTAGAAGCCG GGCAGGGTGA CGCGGCCGGT CTCGTCGTGA 300
AGGGCCGCGA GCGCGCGGGT CAGCACGCGG ATCGGGTTGA TCGCGACCCC GCCATACATG CCGGAATGCA GGTCCTTCGA GGGGCCGCGC ACCACCAGCT 400
CCTCGCCCAG CAGGCCGCGC AGCATGGTCA CGATGGCGGG CGTGCGCGAT TCGAAGAGGC CGGTGTCGCA GATCAGCGCC ACATCCGCGG TCAGCTCTTC 500
GGCATTCTCC TTCATGAAGG GCACGAGCGA GGGCGAGCCC GATTCCTCCT CGCCCTCGAG GAAGATCGTG AGGCGGCAGG GCAGCGTGCC GTGCTCGGCC 600
TTCCAGGCGC GGCAGGCCTC GAGGAAGGTC ATGAGCTGGC CCTTGTCGTC GGAGGCGCCG CGGCCGCGGA TCACCTTGCC GCGCGGCGTC TCCTCGATCG 700
CCGGCTCGAA GGGCGGACGG TCCCAGAGCG AGAGCGGATC GACGGGCTGC ACGTCGTAAT GGCCGTAGAA CAGCAGGTGC GGCCCTTGAC CCGGGGCATG 800
AGCCACCACC ATCGGATGGC CGGGGGTGGG GCGCTTCGAG ACCTCGAAGC CCAGCGACGC GAGATCGGCC ACCAGCCAGT CGGCGGCGGC CTCGCATTCG 900
GCGGCATGGG CGGGATCGGT CGAGATCGAG GGGATGCGCA ACAGCGCCAT CAGCCGGTCC AGAGCCTCGG GCAGGCCGGT GTCGATCCGG GTGAGCACGG 1000
CGTCGAGCGT CATCGTCTGG TCCTTCCACG TCCAATGTGT CCGCCGCAGC ACGGCGGGCG GAGCGGTGCC CTTCGCCGGA CTCGGCTCCT GCGCGTCCCG 1100
GTATGGGCCG CGGCTAAGGG CGAAGTCAAT TTGGAGGATG GCCGTGGGGC AGGGCGGGGG GCGTTCACAA GACGGGGAGG CTCTGTGCAG GAGGGGCGCG 1200
GTGGGCTAAG AGGGCCGCGA CAGGGTGCAG GTGGAGAGGA TC ATGCGTCTGGCAATGGTGGCAGCCCTCGGGATCTTGACGGCGGGGGCTGCGCTCGCC 1299

M R L A M V A A L G I L T A G A A L A
CAGCCGGTGACGGGCCGCGAGGCGAAGAAGATGCTCTTTCCCCCCGCGAAGGCCGAGGTGGAGATCCTGCCGGTCGCCTTCCTCTCCGAGAACGACCGCGCG 1401
Q P V T G R E A K K M L F P P A K A E V E I L P V A F L S E N D R A
CTCCTGCGCATGGTGGTGAGCGAGCAGCCCTATTACGGGGCCATCGCCGTCTCGCCCGATGAGGGGCTGGCCTCGGAGGCGACCATCGCGGCCGCGAAC 1500
L L R M V V S E Q P Y Y G A I A V S P D E G L A S E A T I A A A N

CATCACACGACCGAGGCCGCGGCGCGCGCCGCGCTCGCGGTCTGCGAGGAGAAGCGCAAGGGCAGGGCGCCGTGCGCGATCGTGGGATTCGTGCGCCCCAAG 1602
ORFA H H T T E A A A R A A L A V C E E K R K G R A P C A I V G F V R P K

GGCTGGAAGAGCCGCCCGCTCAGCCTATCGTCCGATGCAACCGAGGGATTCCGGGCCGACTATGGCGCCCGCGGCCCGAGGGCGCTGGCGGTCTCGCCG 1701
G W K S R P L S L S S D A T E G F R A D Y G A R G P R A L A V S P
GCCACCGGGCGCTGGGGCATCGGGACCGGAGCGGGGGCGGGAGAGAAGGCGCTTGCTGCCTGCGCGAAGGCCGGAGGCGCCGGGGATTGCGTGCTGGCG 1800
A T G R W G I G T G A G A G E K A L A A C A K A G G A G D C V L A

GTGGCCGATTGA CGCAGGGA CCAATGAACG GGTTTCAAAT TGGCCGGTTC CAGACTTAGG ATTTGATCCT TATCAAGGCC ATGTTGCGCC GAAAATTGAT
V A D -

GATGACACCC AGCTTGCTCG GCAGCCCGAG CGTCAGGGAG ACGAAG ATGGACTACAATCTGGCACTCGATACCGCTCTGAACCGGCTCCATACCGAGGGC 2000
M D Y N L A L D T A L N R L H T E G 18

CGGTACCGGACCTTCATCGACATCGAGCGGCGCAAGGGTGCCTTCCCGAAAGCCATGTGGCGCAAGCCCGACGGGAGCGAGAAGGAAATCACCGTCTGGTGCGGC 2105
R Y R T F I D I E R R K G A F P K A M W R K P D G S E K E I T V W C G 53

AACGACTATCTCGGCATGGGCCAGCATCCGGTGGTGCTGGGGGCCATGCACGAGGCGCTGGATTCGACCGGCGCCGGGTCGGGCGGCACGCGCAACATCTCGGGC 2210
N D Y L G M G Q H P V V L G A M H E A L D S T G A G S G G T R N I S G 88

ACCACGCTCTATCACAAGCGCCTCGAGGCCGAGCTCGCCGACCTGCACGGCAAGGAAGCGGCGCTGGTCTTCTCGTCGGCCTATATCGCCACCGACGCGACCCTC 2315
T T L Y H K R L E A E L A D L H G K E A A L V F S S A Y I A N D A T L 1231

TCGACGCTGCCGCAGCTGATCCCGGGCCTCGTCATCGTCTCGGACAAGTTGAACCACGCTTCGATGATCGAGGGCATCCGCCGCTCGGGCACCGAGAAGCACATC 2420 |
S T L P Q L I P G L V I V S D K L N H A S M I E G I R R S G T E K H I 158

TTCAAGCACAATGACCTCGACGACCTGCGCCGGATCCTGACCTCGATCGGCAAGGACCGTCCGATCCTCGTGGCCTTCGAATCCGTCTATTCGATGGATGGCGAC 25252
F K H N D L D D L R R I L T S I G K D R P I L V A F E S V Y S M D G D 193 HemA

TTCGGCCGCATCGAGGAGATCTGCGACATCGCCGACGAGTTCGGCGCGCTGAAATACATCGACGAGGTCCATGCCGTCGGCATGTACGGCCCCCGCGGCGGCGGC 2630
F G R I E E I C D I A D E F G A L K Y I D E V H A V G M Y G P R G G G 228

GTGGCCGAGCGGGACGGGCTGATGGACCGGATCGACATCATCAACGGGACGCTGGGCAAGGCCTATGGCGTGTTCGGCGGCTATATCGCGGCCTCGTCAAAGATG 2735 |
V A E R D G L M D R I D I I N G T L G K A Y G V F G G Y I A A S S K M 263
TGCGACGCGGTGCGCTCCTACGCGCCGGGCTTCATCTTCTCGACCTCGCTGCCGCCCGTCGTGGCGGCCGGTGCGGCGGCCTCGGTGCGCCACCTCAAGGGCGAT 2840
C D A V R S Y A P G F I F S T S L P P V V A A G A A A S V R H L K G D 298

GTGGAGCTGCGCGAGAAGCACCAGACCCAGGCCCGCATCCTGAAGATGCGCCTCAAGGGGCTCGGCCTGCCGATCATCGACCACGGCTCGCACATCGTGCCGGTC 2945
V E L R E K H Q T Q A R I L K M R L K G L G L P I I D H G S H I V P V 333
CATGTGGGCGACCCCGTGCACTGCAAGATGATCTCGGACATGCTGCTCGAGCATTTCGGCATCTATGTCCAGCCGATCAACTTCCCGACCGTGCCGCGCGGGACC 3050 |
H V G D P V H C K M I S D M L L I H F G I Y V Q P I N F P T V P R G T 368

GAGCGGCTGCGCTTCACCCCGTCGCCCGTGCATGATTCCGGCATGATCGATCACCTCGTGAAGGCCATGGACGTGCTCTGGCAGCACTGTGCGCTGAATCGCGCC 3155
E R L R F T P S P V H D S G M I D H L V K A M D V L W Q H C A L N R A 403

GAGGTCGTTGCCTGA CAGCTTCTGC GGATGCAAAG GCCCCTGCCC 3200
E V V A - 407

TGTGCTACTT CTTTCGGGAC AGGGCACCCC TGAGTCGGAA GCAACCGGCC GGGGTAAATC GGGGCAGGAC GGGCACACGC ATGATCTGGC GGAGGACACA 3300
ACCTTCGACG GCCGAAGTCG ATAAACCCAA AGGGTTCGAC GATTTCGAGT TGCGGTTGGG CGACCTGATG CGCGGTGAGC GGGCGACGCT CGGCAAGTCG 3400
CTGCTCGATG TCCAGCGCGA GCTGAAGATC AAGGCCACCT ATATCGCCGC CATCGAGAAT GCCGACGTGT CGGCCTTCGA GACGCAGGGC TTCGTGGCGG 3500
GATATGTGCG CTCCTATGCG CGCTATCTCG GCATGGACCC GGACGAGGCC TTCGCGCGCT TCTGCCACGA GGCGAACTTC ACCACGATGC ACGGCATGGC 3600
CGTTTCGGTG ACCGGCGCGC GCCGCGATAC CGGTCCGCGG TCCCGACCGC AGGGCGAGGG GCGCGATCCG CTGGCGGATC C 3681

FIG. 2. DNA sequence of the hemA region encompassing two adjacent BamHI-generated DNA fragments. The deduced amino acid
sequence of the gene product is shown below the hemA coding region. A possible Shine-Dalgarno (46) ribosome binding site is indicated in
bold type immediately upstream of hemA. An open reading frame of unknown function, ORFA, is indicated with the deduced amino acid
sequence of a possible gene product. Potential ORFA initiator codons and Shine-Dalgarno ribosome binding sites which precede them are
underlined. Oligodeoxynucleotides complementary to the sequences which are double-underlined at the 5' regions of ORFA and hemA were
used in Northern hybridization and primer extension studies. Arrows indicate transcript initiation sites upstream of ORFA and hemA that
were identified by primer extension studies. Closed circles indicate nucleotides which match the R. meliloti or E. coli anaerobox consensus
sequences for FixK/Fnr protein binding (Fig. 9).

nucleotide sequence of the 3.7-kb hemA region is presented
in Fig. 2.
Comparisons of ALA synthase sequences. DNA sequence

analyses revealed the locations of the hemA and hemT
genes. Each structural gene is 1,224 nucleotides in length,
and each is comprised of 407 codons (Fig. 1 and 2). In a
comparison of the hemA and hemT sequences, 65% of the
aligned nucleotides were identical. A comparison of the
deduced amino acid sequences showed 53% identity be-
tween aligned HemA and HemT residues, with an additional
16% of the aligned residues being similar. The HemA and
HemT proteins were predicted to have molecular masses of
44,558 and 44,332 Da, respectively. Both genes had a G+C
content of 66 mol%, with similar codon usage in each.
Data base searches revealed HemA and HemT to be

homologous to the single bacterial ALA synthases of R.
capsulatus (5, 20), Bradyrhizobium japonicum (32), Agro-

bacterium radiobacter (15), and Rhizobium meliloti (for
which only a partial sequence is available) (25, 26). In
pairwise comparisons of complete ALA synthase sequences,
identity between aligned residues ranged from 50 to 76%.
The greatest similarity detected was between the HemA of
R. sphaeroides and that of R. capsulatus; there was 76%
identity and an additional 10% similarity between aligned
residues. The resemblance between these two HemA se-
quences is significantly greater than that between HemA and
HemT of R. sphaeroides.
Homologies were also detected between HemA and

HemT and eukaryotic ALA synthases, including those of
Aspergillus nidulans (7), yeast (49), chickens (29), mice (45),
rats (56), and humans (6). The bacterial ALA synthases
resemble the C-terminal portion of eukaryotic ALA syn-
thases which comprise the mature proteins (14). An align-
ment of some of these sequences is shown in Fig. 3. In this
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T * **D*
Gg ...TFQI Y DQFFEKKIDEKKKDHT YR V F KTVN R KAQI FP M A DDYSDSLITKKEVS VWC S NDYLG
H1 ...TFQ Y DRFFEKKIDEKKNDHT YR V F KTVN R RAHI FP M A DDYSDSLITKKQVS VWC S NDYLG
H2 ... VFS Y DQFFRDKIMEKKQDHT YR V F KTVN R WADA YP F A QHFFEASVASKDVS VWC S NDYLG

RsA MD Y NLALDTALNRLHTEGR YR T F IDIE R RKGA FP K A M.WRKPDGSEKEIT VWC G NDYLG
RCA MD Y NLALDKAIQKLHDEGR YR T F IDIE R EKGA F K A Q.WNRPDGGKQDIT VWC G NDYLG
BjA MD Y SQFFNSALDRLHTERR YR V F ADLE MAGR H A I.WHSPKGK.RDVV IWC S NDYLG
RsT ME F SQHFQKLIDDMRLDGR YR T F AELE R IAGE FP T A L.WHGPDGQARRVT VWC S NDYLG

Gg K SR P RVCGA VMDTLKQH GAG A GGTRNISGT SKF H VD LE K ELADLHGK DA A L F S S CFVA
H1 M SR BP R V CG A VMDTLKQH GAG A GGTRNISGT SKF HVD LE R ELADLHGK DA|AL|L|F|S|S|CFVA
H2 K SR HP Q V LQ A TQETLQRH GAG A GGTRNISGT SKF H VE LE Q ELAELHQK DS AL L F S S CFVA
R8A M GQ HP V V LG A MHEALDST GAG S GGTRNISGT TLY H KR LE A ELADLHGK EA AL V F S S AYIA
RcA HGQ HP V V LA A MHEALEAV GAG S GGTRNISGT TAY H RR LE A EIADLHGK EA AL V F S ISIAYIA
BjA M GQ HP K V VG A MVETATRV GTG A GGTRNIAGT HHP L VQ LE A ELADLHGK EA AL L F T S GYVS
RsT N GQ NA E V LA A MHRSIDLS GAG T GGTRNISGT NRQ H VA LE A ELADLHGK ES AL I F T S GWIS

Gg NDSTL FTL AKMLPGCE YSDSGHAS IQGIRNS RVPKHI RHN VNH RELKKSDPST
H1 N DST L F TL AKMM P GCE I Y SD SG NH A SKI Q GIR N S RVPKYI F R HND VSH L RE LL QRSDPSV
H2 N|DST|L F TL AKIL|P GCE I Y SD AG|NH A SMI Q GIR|N S|GAAKFV|FRHD| PDH|L|KK LL EKSNPKI
RsA N DAT L S TL PQLI P GLV I V SD KL NH A SKI E GIR R S GTEKHI F K HND LDD L RR IL TSIGKDR

RcA N DAT L S TL RLLF P GLI I Y SD SL

NE
A SKI E GIK R N AGPKRI F R HND VAH L RE LI AADDPAA

BjA N QTG I A TI AKLI P NCL I L SD EL NH N SKI E GIR Q S GCERQV F R HD LAD L EA LL KAAGANR
RsT N LAA L G TL GKIL P ECA I F SD AL NH N SI E IR R S GAERFI F H HND PVH L DR LE SSVDPAR

Gg PK IV AF T HTV SMDG AVC LE L VA HEH GA IT FV DEAVGL AR GG IGD RDG V HK
H1 PK IV|AFE T V|H SMDG AVC P LE L CDVA HEF GA I T FV DEVEAVGL YG A RG G G IGD RDG V KIPK
H2 PK IV|AFE T VIH SMDG AIC P LE L CDV S HQY GA L T FV DEVHAVGL YG S RGA G IGE RDG I K|HK
RSA PI LV|AFE S V Y SNDG DFG RI IE |EI CD I A DEF GA L K YI DEVHAVG M YG P RG G G VAE RDG L K DR
RcA PK LI AFE S V Y SMDG DFG P IK H I CD I A DEF GA L T YI DEVHAVG M YG P RG A GVAEV RDG L K HR
BjA PK LI ACE S L Y SMDG DVA P LAKKI CD L A EKY NA M T YV DEVHAVG M YG P RG G

G
IAE RDG V

K
HR

RsT PK IVLAFE S VY SMDG DIA P IA
H

I SDJ V ERH GA L TYLIDEVHAVGl LLYG P GG ISD RDG L A DR

Gg M DI IS GTL G KA F A CV GOYI SSTSALIDT VRSYA A GFIF T TSLPP MLLA GA LESVRT LK SA
H1 M DI IS GTL G KA F G CV IGGYI ASTSSLIDT VRSYA A IGFIF T TSLPPj MLLA GA LESVRI LK SA
H2 I DI IS GTL G KA F G CV IGGYI ASTRDLVDM VRSYA A |GFIF| T ITSLPP MVLS GA LESVRL LK GE
RsA I DI IN GTL G KA Y G VF |GGYI AASSKMCDA VRSYA P |GFIF| S TSLPP VVAA GA AASVRH LK ..

RcA I DI FN GTL A KA Y G VF GGYI AASAKMVDA VRSYA P GFIF S TSLPP| AIAA GA QASIAF LB TA
BjA I DI LE GTL A KA F G CL GGYI AANGRIIDA VRSYA P GFIF[ T TALPP AICS AA TAAIKH LK TS
RsT V TI IEGTL A K F G VM GGYV SGPSLLMDV IRSMS D SFIF T TSICP HLAA GA LAAVRH VK AH

Gg EGQVL R RQH Q RNVKLMRQM L MDA GLP VVHCP SHI I P IRVADAAKNTEIC D K L MSQHS IYV
H1 EGRVL R RQH Q RNVKLMRQM L MDA GLP VVHCP SHI I P VRVADAAKNTEVC D E L MSRHN IYV
H2 EGQAL R RAH Q RNVKHMRQL L MDR GLP VIPCP SHI I P IRVGNAALNSKLC D L L LSKHG IYV
RsA GDVEL R EKH Q TQARILKMR L KGL GLP IIDHG SHI V P VHVGDPVHCKMIS D M L LEHFG IYV
RcA EGQKL R DAQ Q MHAKVLKMR L KAL GMP|IIDHG SHI

V P VVIGDPVHTKAVS D M L LSDYG VYV
BjA SWE.. R ERH Q DRAARVKAI L NAA GLP

VMSSD THI V P LFIGDAEKCKQAS D L L LEEHG IYI
R8T PDE.. R RRQ A ENAVRLKVL L QKA GLP VLDTPISHI L P VMVGEAHLCRSIS H A L LARHAIIW

Gg A IN Y PTV P RG E H L LR IA P T P H H TPQMMSYFLEKLLAT W KDVGLELKPHSSAECNFCRRP
H1 AQAIN Y PTV P RG EHE L LR IA P T P H H TPQMMNYFLENLLVT W KQVGLELKPHSSAECNFCRRP
H2 AQ IN Y PTV P RG EHE L LR LA P S P H H SPQMMEDFVEKLLLA W TAVGLPLQDVSVAACNFCRRP
R8A Q P IN F PTV P RG T E R LR FT P S P V H DSGMIDHLVKAMDVL W QHCALNRAEVVARcA Q P IN F PTV P RG T E R LR FT PSPPVVDHLDLKQIDGLVHAMDLL W ARCA
BjA Q P IN Y PTV A KG S E R LR IT P S P Y H DDGLIDQLAEALLQV W DRLGLPLKQKSLAAE
R8T WJP IN YLPTV A RG Q HR FUR LT P T P F H TTSHMEALVEALLAV G RDLGWAMSRRAA

Gg LHFEVMSERERSYFSGMS.KLLSVSA
H1 LHFEVMSEREKSYFSGLS.KLVSAQA
H2 VHFELMSEWERSYFGNMGPQYVTTYA

FIG. 3. Alignment of ALA synthase sequences from diverse sources. Bacterial ALA synthase sequences encoded by R. sphaeroides
hemA (RsA), R. capsulatus hemA (RcA) (5, 20), B. japonicum hemA (BjA) (32), and R. sphaeroides hemT (RsT) are aligned with those
encoded by eukaryotic genes from chicken, Gallus gallus heml (Gg) (29), and humans, Homo sapiens heml (H1) and hem2 (H2) (6). The
N-terminal portion of the eukaryotic proteins are proteolytically cleaved following import into the mitochondria and the sequences of these
regions are not shown (. . .). Aligned residues identical in at least six of these sequences are enclosed in boxes. Residues conserved in all of
these sequences as well as in those of BioF (19, 40) and Kbl (1) (Fig. 5) are indicated by asterisks. Residues likely to be involved in pyridoxal
phosphate binding are indicated by open arrows and by a closed circle. Closed arrow heads show two cysteine residues conserved in all of
the ALA synthase sequences.

alignment, 41% of the residues are identical in at least six of E. coli (40) and that of the kbl gene of E. coli (1) were also
the seven sequences. Pairwise comparisons of the homolo- identified as homologs of HemA and HemT. The BioF
gous regions of the ALA synthase isozymes of humans with enzyme, involved in biotin biosynthesis, mediates the con-
those of R. sphaeroides showed 49 to 50% identity and 68 to densation of alanine and pimelic acid-CoA to form 7-keto-8-
70% similarity between aligned residues. amino pelargonic acid (19, 40). The Kbl enzyme, which may
Comparisons of HemA and HemT with BioF and Kbl. The be involved in threonine metabolism, catalyzes the revers-

gene product of the bioF gene of Bacillus sphaericus (19) and ible cleavage-condensation reaction between 2-amino-3-ke-
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BsBioF
EcKbl
EcBioF
RsHemA

1 50
MNDRFRRE L QVIEEQGLTRKLRLFSTGNES...... EV.VMNGKKF

MRGEFYQQLTND L ETARAEGLFKEERIITSAQQA...... DITVADGSQV
MSWQEKINAA L DARRAADALRR.RYPVAQGAG......RWLVADDRQY
MDYNLALDTA L NRLHTEGRYRTFIDIERRKGAFPKAMWRKPDGSEKEI

51 * *** * * *
LLFSS N N YLG LATDSRLKKKATEGISKY G T J6 AGGSRLTT G
INFCA N N YLG LANHPDLIAAAKAGMDSH G F G MASVRFIC G
LNFSS N D YLG LSHHPQIIRAWQQGAEQF G I G SGGSGHVS G
TVWCG N D YLG MGQHPVVLGAMHEALDST GJ A E SGGTRNIS G

** 100
NFDI EQ LB S
TQDS H KE LE Q
YSVVW HQA LE E
TTLYU KR Lj A

101* * * * * * * * 150
BsBioF EI A DFKKTEA A IVFS GYL AN VGVISSV..MKAGDT I FS D AWN HAS IIDG
EcKbl KL A AFLGMED A ILYS 8 CFD AN GGLFETL..LGAEDA I IS D ALN HAS IIDG
EcBioF EL A EWLGYSR A LLFI S GFA AN QAVIAAM..MAKEDR I AA D RLS HAS LLEA
RsHemA EL A DLHGKEAA LVFS _SJ AYI ANJ DATLSTLPQLIPGLV I VS LDJ KLN HAS MIEG

151 * * **** 200
BsBioF CRLSKAKTIVYEHA D MVD L ERKLRQSHGDGLK..FIVTDGVF 8MDG DIAP
EcKbl VRLCKAKRYRYANN D MQE L EARLKEARERGARHVLIATDGLF SMDG VIAN
EcBioF ASLSPSQLRRFAHN D VTH L .ARLLASPCPGQQ..MVVTEGVF SMDG DSAP
RsHemA IRRSGTEKHIFKHN DJ LDDLL.RRILTSIGKD.RPILVAFESVY 8MDG DFGR

201 * * * * * * *250
BsBioF LPKIVELAKEYKAYIMI D DA AT G VL ND C TADYFGLKDEIDFTVG L
EcKbl LKGVCDLADKYDALVMV D|DS|H AV G FV G EN G R G SHEYCDVMGRVDIITG T L
EcBioF LAEIQQVTQQHNGWLMV D|DA H GT GVI G EQ GIRIG S..CWLQKVKPELLVVIT F
RsHemA IEEICDIADEFGALKYI EV H AV G MY G PR G G G VAERDGLMDRIDIING T L

251* * * 300
BsBioF S K AI. I AE G GFVSTSSIAKNYLLNNARSFIFQTALS P SAIEAAREGISII
EcKbl G K ALG G|AS G GYTAARKEVVEWLRQRSRPYLFSNSLA P AIVAASIKVLEMV
EcBioF G K GF. G VS G AAVLCSSTVADYLLQFARHLIYSTSMP P AQAQALRASLAVI
RsHemA G AY. LJ VF GJGYIAASSKMCDAVRSYAPGFIFSTSLP VVAAGAAASVRHL

301 * * 350
BsBioF ..QNEPER F KQLLKNAQYLRLKLEESGFVMKEGETP I ISLIIG GSHEAMQ
EcKbl ..EAGSEL R DRLWANARQFREQMSAAGFTLAGADHA I IPVML G DAVVAQK
EcBioF RSDEGDAR R EKLAALITRFRAGVQDLPFTLADSCSA I QPLIV G DNSRALQ
RsHemA ..KGDVEL RJ EKHQTQARILKMRLKGLGLPIIDHGSH L VPVHV LJ DPVHCKM

351 * * * * * * 400
BsBioF FSAK L LDE. G VFIPAIRP T VP K SS L ITVMAT H TIEQLDMVISKIKK
EcKbl FARE L QKE. G IYVTGFFY P V VP K G QA R I R TQMSAA H TPEQITRAVEAFTR
EcBioF LAEK L RQQ. G CWVTAIRP P T VP A G TA R L R LTLTAA H EMQDIDRLLEVLHG
RsHemA ISDM JLEHFGJ IYVQPINF LPJ T R GJ TEUR L FTPSPV H DSGMIDHLVKAMDV

401 414
BsBioF IGKEMGIV
EcKbl IGKQLGVIA
EcbioF NG
RsHemA LWQHCALNRAEVVA

FIG. 4. Alignment of HemA, BioF, and Kbl deduced amino acid sequences. Aligned residues identical in R. sphaeroides HemA
(RsHemA), B. sphaencus BioF (BsBioF) (19), E. coli Kbl (EcKbl) (1), and E. coli BioF (40) are enclosed in boxes. Of these residues, those
conserved in all of the ALA synthase sequences shown in Fig. 4 are indicated by an asterisk. Two glycine-rich regions which could be
involved in CoA (54) or pyridoxal phosphate (31) binding are underlined.

tobutyrate and glycine plus acetyl-CoA (1). The reactions
catalyzed by these two enzymes are very similar to that
catalyzed by ALA synthases. An alignment is shown in Fig.
4 of BioF, Kbl, and HemA sequences. Of the conserved
ALA synthase residues enclosed in boxes in Fig. 3, 25% are
also conserved in BioF and Kbl (Fig. 4).
Open reading frame analysis in the hemA region. An open

reading frame, designated ORFA, (Fig. 2) was found imme-
diately upstream of and transcribed in the same direction as
hemA. Several possible ATG or GTG initiation codons were
preceded by Shine-Dalgarno (46) ribosome binding sites
(Fig. 2). A 15- to 19-kDa protein could be encoded, although
the deduced amino acid sequence of the ORFA gene product
was not homologous to any of those in the data bases.

Transcript analyses ofhemA and hemT by Northern hybrid-
ization. RNA was analyzed from the wild-type and hem
mutant strains. Strain HemAl carries the il Knr cartridge
within the chromosomal hemA structural gene (Fig. 5) (37).

In strain HemT1 the chromosomal hemT gene is disrupted
by the Ql Smr Sp' cartridge (37). In strain HemAT1, both hem
structural genes are inactivated (37). Labeled DNA from the
5' end of hemA was used in Northern (RNA) hybridizations
(Fig. 5), and similar results were obtained by using hemA-
specific labeled RNA and labeled oligonucleotide probes
(data not shown). Two hemA transcripts, 1.4 and 1.9 kb,
were identified in RNA of the wild-type and HemT1 strains
grown either aerobically or photosynthetically. The smaller
of these transcripts was detected at levels twice those of the
larger transcript, and both transcripts were expressed under
photosynthetic conditions at levels three times higher than
those under aerobic growth conditions.

In RNA of the HemAl and HemAT1 mutants, a single
shortened transcript with a length of 0.68 kb was found. The
fQ cartridge insert in the hemA gene of these strains contains
transcriptional termination signals at the beginning of the
antibiotic resistance cassette (41), suggesting that transcrip-

BsBioF
EcKbl
EcBioF
RsHemA
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HemAl HemATI HemTl 2.4.1
02 PS 02 PS 02 PS 02 PS

1)ATG

KpnI Bgl11

02 PS

2.4.1 HemAl 2.4.1 HemAl
I I

_ 1.9 kb
-1.4kb

-0.68 kb

TGA(1224)

595 bp

hemA

omega Kn

FIG. 5. Northern hybridization analysis of hemA transcripts. A
labeled DNA probe (striped box) was used with RNA from wild-
type, 2.4.1, and hem mutant strains (HemAl, HemAT1, and
HemT1) grown aerobically (02) or photoheterotrophically (PS). In
each lane, 2 pug of total RNA was electrophoretically separated. The
sizes corresponding to hemA transcripts are shown on the right. The
hemA structural gene from the ATG translation initiation codon to
the TGA termination codon is 1,224 bp in length. In the HemAl and
HemAT1 mutant strains, an omega Kn' cartridge (41) disrupts hemrA
at nucleotide position 595.

tion initiates approximately 80 nucleotides upstream of
hem4A. Under photosynthetic conditions, the detected levels
of the shortened hemA transcripts in strains HemAl and
HemAT1 were approximately three- to fivefold higher than
those of the wild-type hemA transcripts. Under aerobic
conditions, however, there were no elevated levels of a
shortened hemA transcript in the hemA mutants relative to
the wild-type full-length transcripts.
Three hemT transcripts, 1.7, 1.4, and 0.9 kb, were de-

tected in RNA isolated from HemAl grown either aerobi-
cally or photosynthetically (Fig. 6) with a hemT-specific
RNA probe generated between XhoI and BglII restriction
sites (see Fig. 8c). The hemT transcripts were present in
photosynthetically grown cells at levels three times higher
than those in aerobically grown cells. No hemT transcripts
were detected in wild-type RNA (Fig. 6) or in RNA from
HemT1 or HemAT1 grown either aerobically or photosyn-
thetically (data not shown).
Mapping the 5' ends of hemA transcripts by primer exten-

sion and ribonuclease protection assays. A 32P-labeled oligo-
nucleotide primer, complementary to the sequence double
underlined in Fig. 2 at the 5' end of hemA, was hybridized
with 10 ,ug of total RNA. Transcript initiation sites were
identified by primer extension with reverse transcriptase
(Fig. 7a). The majority ofhemA transcripts, from aerobically
or photosynthetically grown cells, started 79 nucleotides
upstream of the ATG-methionine translational initiation
codon (indicated by arrows, Fig. 2 and 7a). The double
bands observed at this position may be artifacts resulting

-1.7 kb

- 1.4 kb

- 0.9 kb

FIG. 6. Northern hybridization analysis of hemT transcripts. A
hemT-specific labeled RNA probe (between the BglII and Xhol
sites, Fig. 9c) was used with RNA from the wild-type 2.4.1 and
hemA mutant HemAl. Strains were grown aerobically (02) or
photoheterotrophically (PS). In each lane, 8 ,ug of total RNA was
electrophoretically separated. The sizes of signals corresponding to
transcripts are shown on the right.

from pausing of the reverse transcriptase (33). In addition, a
second weaker signal was observed in the photosynthetic
sample but not in the aerobic sample (Fig. 7a). Identical
signals were detected with wild-type RNA (data not shown)
and with RNA from strain HemAl (Fig. 7a).
A single fragment of approximately 360 nucleotides in

length was identified with a hemA-specific RNA probe
following hybridization to wild-type RNA and ribonuclease
digestion (Fig. 7b and c). The same result was found with
RNA isolated from the HemAl, HemT1, and HemAT1
mutants (data not shown). These results predict a single
major transcriptional start site 65 + 20 nucleotides upstream
of the hemA translational initiation codon (Fig. 7c).
Mapping the 5' ends of hemT transcripts by primer exten-

sion and ribonuclease protection assays. A 32P-labeled oligo-
nucleotide primer, complementary to the hemT sequence
doubly underlined in Fig. 1, was used in primer extension
studies of wild-type and HemAl RNA. Multiple band pat-
terns were observed in reactions with RNA from HemAl
(Fig. 8a), and no signals at all were detected with wild-type
RNA (data not shown). The HemAl band patterns were
identical for aerobically and photosynthetically grown cells.
The majority of signals would indicate transcription initia-
tion in two main regions (labeled 1 and 2 in Fig. 1 and 8a),
one approximately 25 nucleotides upstream of the hemT
translational ATG start signal and the other approximately
60 nucleotides upstream of the ATG codon.
With a hemT-specific RNA probe (Fig. 8c), two protected

fragments were identified following hybridization to HemAl
RNA and ribonuclease digestion (Fig. 8b). The sizes of these
fragments were 100 and 125 nucleotides. Aerobically or
photosynthetically grown cells yielded the same results (data
not shown). These results predict two transcription initiation
sites, one 25 + 10 and the other 50 + 10 nucleotides

J. BACTERIOL.
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a. b.

A
A
A
C

T
A
G

-G-o
"'A
A
T
A
G
T
T

T

G
G
G

-T
C

G
A

2.4.1

500.
400'

300

200'

100

C.

transcript start site

Nael
IF

Sad
hemA

360 ~nt

FIG. 7. 5'-end mapping of hemA transcripts. (a) Primer exten-
sions with a hemA-specific oligonucleotide (Fig. 2) and RNA from
strain HemAl grown aerobically (02) or photoheterotrophically
(PS). The same 2P-labeled oligonucleotide was used to generate the
sequencing ladder (lanes A, C, G, and T). The arrow indicates the
major hemA transcript initiation site on the corresponding DNA
sequence of the coding strand. This site is 79 nucleotides upstream
of the hemA ATG translation initiation codon. An additional signal
found in the RNA of only photoheterotrophically grown cells is
indicated. (b) Ribonuclease protection assay with 10 pLg of RNA
from photoheterotrophically grown wild-type strain 2.4.1 and a
labeled RNA probe, described below. An approximately 360-nucle-
otide protected fragment was detected (arrow). The sizes (in nucle-
otides [nt]) of labeled RNA standards are indicated. (c) Depiction of
the RNA probe (leftward arrow between NaeI and SacI restriction
sites) which hybridized to hemA transcripts (rightward arrow),
yielding a 360-nucleotide protected fragment after ribonuclease
digestion of single-stranded RNA. The same location of a major
transcript start site (downward arrow) was deduced by the methods
used for the results shown in panels a and b.

upstream of the hemT translation-initiation codon. No pro-
tected fragments were observed with the hemT probe and 30
[tg of wild-type, HemT1, or HemATi RNA (Fig. 8b).

Identification of an ORFA transcript. A probe internal to
the ORFA coding region, generated from pUI1044 (Table 1),
identified a 0.7-kb wild-type transcript by Northern hybrid-

ization analysis (data not shown). A transcription initiation
site was found upstream of ORFA by primer extension
studies with a 32P-labeled oligonucleotide primer comple-
mentary to the ORFA sequence doubly underlined in Fig. 2
(data not shown). The location of this site is indicated by an
arrow in Fig. 2, and it was the same in RNA isolated from
aerobically and photosynthetically grown cells.

Sequences that may be involved in transcriptional regula-
tion. Upstream ofhemA, a sequence matching the consensus
sequence used to bind the transcriptional regulators Fnr and
FixK was found (Fig. 9A) (11, 46b). A good match for this
consensus sequence is found upstream of the hemA gene of
B. japonicum (11, 32). The locations of these putative
regulatory regions relative to the hemA genes and transcripts
are shown in Fig. 9B. No sequences similar to the consensus
were found upstream of R. sphaeroides hemT or R. capsu-
latus hemnA (5, 20). Upstream of what appears to be the
major hemT transcript initiation site are nucleotides (indicat-
ed by circles in Fig. 1) whose sequence and spacing match
those of the promoter region upstream of the R. sphaeroides
rrnB operon (16).

DISCUSSION

Sequence comparisons suggest structurally and functionally
important regions of HemA and HemT. The HemA and
HemT predicted molecular weights are in good agreement
with previous characterizations of ALA synthase from R.
sphaeroides (21, 36). In past studies, however, the presence
of isozymes and/or multiple forms of the enzyme was not
correlated with particular gene products (9, 17, 39, 42, 48,
52, 59). There are two similarly sized but immunologically
distinct ALA synthases in R. sphaeroides subsp.
denitrificans, and although the 2.4.1 wild-type R. sphaeroi-
des strain used in these studies is not capable of nitrate
respiration, HemA and HemT may be homologs of the
isozymes described by Michalski and Nicholas (35). A high
degree of homology was detected between all ALA syn-
thases examined, including those from such diverse sources
as humans and bacteria (Fig. 3). In the eukaryotic ALA
synthases, the N-terminal peptide sequence is cleaved fol-
lowing mitochondrial import (14). It is interesting that bac-
teria which utilize ALA synthase have previously been
suggested to be the evolutionary origin of the mitochondrial
organelles (57).

E. coli forms ALA by a different biosynthetic pathway (2)
and therefore does not encode ALA synthase. It does,
however, encode two enzymes, Kbl (1) and BioF (40), which
are evolutionarily related to ALA synthase. Common func-
tions of these enzymes include the binding of pyridoxal
5'-phosphate (PLP) and a CoA-bound substrate. The con-
served lysine residue indicated by an arrow in Fig. 3 (Fig. 4,
position 251) is likely to be involved in enzyme-PLP-Schiff
base formation (40). The region of an ALA synthase amino
acid substitution causing human sideroblastic anemia
(marked by a circle in Fig. 3) has also been implicated in PLP
binding (12). In two different regions of the sequence align-
ments, several glycines are conserved among all sequences
(underlined in Fig. 4). Although the spacings of these resi-
dues differ from previously identified motifs, glycine-rich
regions bind both dinucleotide-containing cofactors (54) and
PLP (31). Glycines may be used to bind CoA and PLP. It is
possible that cysteine residues play a role in the activation of
ALA synthases from R. sphaeroides (21, 22, 39, 42, 48), and
two cysteines are conserved in all of the ALA synthases
(Fig. 3).

VOL. 175, 1993



2300 NEIDLE AND KAPLAN
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HemTl 2.4.1
HemAiT1 HemAl
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100 nt

hemT

| -125-nt- I

FIG. 8. 5'-end mapping ofhemT transcripts. (a) Primer extensions with a hemT-specific oligonucleotide (Fig. 2) and RNA from aerobically
(02) or photoheterotrophically (PS) grown strain HemAl. The same primer was used to generate the sequencing ladder (lanes A, C, G, and
T). Two regions of transcripts initiation are shown in brackets (1 and 2) adjacent to the corresponding DNA sequence of the hemT coding
strand. (b) Ribonuclease protection assays with 30 ,ug each of RNA from photoheterotrophically grown strains HemAT1, HemT1, HemAl,
and 2.4.1 and a labeled RNA probe (see below). Arrows point to two protected fragments from RNA of HemAl. The sizes (in nucleotides
[nt]) of labeled RNA standards are given. (c) Depiction of the RNA probe (leftward arrow between XhoI and BglII restriction' sites) used to
hybridize with hemT transcripts (rightward arrows), not drawn to scale (... .). Transcript start sites (downward arrows 1 and 2) at locations
approximately 60 and 25 nucleotides upstream of the hemTATG initiation codon correspond to regions 1 and 2 of the primer extensions (panel
a) and to the 5' regions of the 125- and 100-nucleotide fragments detected by ribonuclease protection assays (panel b).

Specific roles ofALA synthase isozymes. In humans, ALA
synthase isozymes are regulated in a tissue-specific manner;
ALA synthase 1 is responsible for general tetrapyrrole
biosynthesis in all tissues, whereas ALA synthase 2 meets
the increased demand for hemes in erythroid tissues (6, 12,
14). The two enzymes and the corresponding genes are
differentially regulated, and the genes are located on differ-
ent chromosomes. R. sphaeroides is the only bacterium in
which ALA synthase isozymes have been found. The com-
plex regulation of tetrapyrrole biosynthesis in R. sphaeroi-
des had led to the hypothesis of a bacteriochlorophyll-
specific ALA synthase (22). In this report, however,
characterization of hemA and hemT indicates that neither
gene is expressed specifically in response to the increased
photosynthetic demand for bacteriochlorophyll. The genes
are, however, located on different chromosomes and are

clearly subject to different regulation. In R. sphaeroides
subsp. denitrificans, the relative level of each ALA synthase
isozyme is affected by the presence of nitrate in the growth
medium, but neither enzyme was found to have a distinct
denitrifying or photosynthetic physiological function (35).

Characterization ofhemA and hemT transcripts. Under the
physiological conditions tested, evidence for the expression
of hemA but not hemT was found in the wild-type strain
2.4.1. In the HemAl mutant, however, hemTwas expressed
under both aerobic and photoheterotrophic conditions. Un-
der photoheterotrophic growth conditions, a wild-type copy
of hemA carried in trans in strain HemAl reduced the level
of hemT expression by 75% (38a). It is possible that hemT is
normally expressed under physiological conditions which
have not been tested in these studies. Questions of mRNA
abundance and stability have not been addressed in this
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A. +
R. sphaeroides TTGATC CT TATCAA
B. japonicum TTGATC GG GATCAA

R. meliloti anaerobox TTGATC -- GATCAA
E. coZi anaerobox TTGA-- -- TATCAAT

B.
100 bp

R. sphaeroides x
- hemA

B. japonicum hemA

FIG. 9. Possible regulatory sequences upstream of hemA. (A)
Sequences upstream of hemA in R. sphaeroides and B. japonicum
(32) match the anaerobox consensus sequences for binding the
transcriptional regulatory proteins Fnr and FixK (11, 46a). The
arrow shows the transcript initiation site of R. sphaeroides. (B)
Depiction of the relative locations of the hemA genes, transcript
initiation sites (arrowheads), and anaerobox consensus sequences

(boxes).

report, and these factors may also contribute to our inability
to detect hemT transcripts in the wild-type 2.4.1 strain.
The sizes of the wild-type hemA transcripts, 1.4 and 1.9

kb, would suggest that additional genes are not coexpressed
with the 1.2-kb hemA, although it is possible that the larger
transcript could include a small downstream coding region.
The downstream region has not been explored, but a small
open reading frame of unknown function upstream of hemA
was independently expressed. The major hemA transcript
initiation site was identified. In addition a primer extension
signal, of unknown significance, was observed by using
RNA from photosynthetically but not aerobically grown
cells (Fig. 7a). No corresponding transcription-initiation site
was identified in ribonuclease protection assays, nor was a

photosynthetic-specific transcript identified in Northern hy-
bridizations.
Three hemT signals were identified by Northern hybrid-

ization analysis of strain HemAl RNA (Fig. 6). The 0.9-kb
signal is not large enough to encompass the entire 1.2-kb
hemT structural gene, and it may represent mRNA break-
down products. Preliminary results suggest that all hemT
transcripts are very unstable (38a). Two main transcript start
sites were identified. The relative intensity of signals sug-
gests that the 1.4-kb hemT transcript initiates approximately
60 nucleotides upstream of the ATG translation-initiation
codon and that the 1.7-kb hemT transcript initiates approx-
imately 25 nucleotides upstream of this ATG codon (Fig. 8).
The multiple bands observed in primer extension analyses of
the hemT transcripts may be related to the high G+C content
in this region, although further work is needed to determine
whether there are multiple transcript start sites within this
area.

Transcriptional regulation ofhemA and hemT. In the wild-
type and the HemT1 mutant, hemA was expressed photo-
synthetically at three times the aerobic levels. In addition,
hemT photosynthetic transcript levels compared with aero-

bic transcript levels were threefold higher in the HemAl
mutant. A similar increase in R. capsulatus hemA promoter
activity was found in hemA-lacZ fusion studies when oxygen

tension in the culture medium was lowered (55). The in-
creased transcription corresponds to a comparable photo-
synthetic increase in R. sphaeroides ALA synthase enzyme
activity, as measured in vitro (37). This level of hemA and
hemT transcriptional regulation, however, is not sufficient to
account for the great increases in bacteriochlorophylls,
relative to hemes, that occur under photosynthetic growth
conditions (10, 22). Previous studies have indicated that
ALA synthase activity is also regulated posttranslationally
(21, 22).

In the HemAT1 mutant, under photosynthetic conditions,
ALA added to the culture medium is not sufficient to
produce wild-type levels of bacteriochlorophyll (37). Under
these conditions of bacteriochlorophyll limitation, the tran-
scriptional response in HemAT1 may be increased expres-
sion of hemA, consistent with the high levels of a shortened
mutant hemA transcript found. In the HemAT1 mutant, no
shortened hemT transcript was detected at all despite the use
of probes specific for the 5' region of the transcript.

Possible DNA transcriptional regulatory sequences. The
hemA transcription initiation site is located within a short
region matching the consensus sequence for binding the
transcriptional regulators Fnr and FixK (Fig. 9) (11, 46b).
Although these regulators have not been identified in R.
sphaeroides, a similar consensus binding sequence is found
upstream of the oxygen- and light-regulatedpuc operon (23).
The location of the potential binding region relative to the 5'
end of hemA transcripts suggests that an Fnr or FixK-type
protein would act as a repressor in R. sphaeroides (Fig. 9b).
It is interesting to note that in R. meliloti, potential Fnr or
FixK-binding sites are found upstream of the fixK gene and
also upstream of the fixLJ genes which encode a two-
component regulatory system which responds to oxygen
levels through a heme moiety of the FixL protein (11, 18,
46a). The possibility that in R. sphaeroides an Fnr or FixK
homolog could affect heme formation and hemoprotein reg-
ulation through expression of ALA synthase needs to be
tested.
No Fnr or FixK-binding site was found upstream ofhem T.

The region upstream of hemT may serve to regulate expres-
sion of both hemT and rdxcA, a gene which encodes a
membrane protein likely to have oxidation-reduction func-
tions (38). Upstream of the main hemT transcript initiation
site were sequences like those in the promoter region of the
R. sphaeroides rrnB operon (16).
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