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Short sequence paper

A heme-deficient strain of Escherichia coli has a three-base pair deletion
in a ‘‘hotspot’’ in hemA
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Abstract
The key regulatory step in heme biosynthesis in Escherichia coli is at the level of glutamyl-tRNA reductase (GTR), an enzyme which is
encoded by hemA. A strain, HU227, with a spontaneous in-frame mutation in hemA has no GTR activity. The mutation is shown to be a
three-base deletion at a ‘‘hotspot’’ in the gene. The amino acid sequence in this region is highly conserved.
D 2003 Elsevier Science B.V. All rights reserved.
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The biosynthesis of the tetrapyrroles, such as hemes,
chlorophylls, siroheme and corrin, begins with the synthesis
of y-aminolevulinic acid (ALA). The pathway is highly
conserved except for the synthesis of ALA which is derived
from glycine and succinyl CoA in some bacteria, in fungi
and in eukaryotes except for green plants. In most bacteria,
archaea and green plants, ALA is derived from glutamate in
three steps: glutamate (glu) is converted to glu-tRNA by
glu-tRNA synthetase; glu-tRNA is reduced by glu-tRNA
reductase (GTR), the gene product of hemA, to form glu-1semialdehyde (GSA); GSA is converted to ALA by GSAaminotransferase [1].
Escherichia coli synthesizes heme and siroheme. When
E. coli is grown in medium supplemented with ALA, it
accumulates the intermediates of tetrapyrrole biosynthesis
[2]. This suggests that regulation of the biosynthesis of ALA
regulates the whole pathway. Because glu-tRNA is an
intermediate in protein biosynthesis as well, and because
some GSA is converted to ALA spontaneously, the GTR
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step is the putative regulatory step for ALA synthesis. hemA
from E. coli has been cloned and sequenced and the amino
acid sequence of GTR has been derived from its nucleotide
sequence [3]. The amino acid sequence of GTR has several
highly conserved areas (Fig. 1, Ref. [4] and references
therein). Mutations in hemA and their effects on GTR
activity have been reported from various sources.
Nakayashiki et al. [5] reported that a mutation in E. coli
at nt 314 in hemA, which substitutes N for S105, caused
lower activity in the expressed GTR. A B. subtilis strain
with a mutation in hemA caused by a G-to-A transition,
which caused the substitution of C105 by Y, had no GTR
activity [6]. In E. coli and Chlorobium vibrioforme, S is at
that position, and barley, cucumber, Arabidopsis and Synechocystis have A at that position. The amino acid at
position 105 is adjacent to a highly conserved area (Fig.
1, Ref. [4] and references therein). When each C in GTR
from Methanopyrus kandleri was replaced with S, only C48
proved to be essential for activity, while replacement of H84
with A or Q reduced enzyme activity significantly [7].
For E. coli, Drolet et al. [8] reported that deletion of the
N terminal 29 codons of hemA eliminated GTR activity.
Wang et al. [9] showed that in Salmonella typhimurium
replacement of L3,4 with K stabilized GTR to proteolysis.
Deletions of codons for amino acids 3 – 7 resulted in no
GTR activity.
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Fig. 1. Nucleotide sequence of hemA and amino acid sequence of GTR in Hfr Cavalli. Underlined sequences are conserved regions [4] and the double underline
sequence is the conserved sequence concerned in the mutation in hemA of HU227. The numbers on the left refer to nucleotide positions and the numbers on the
right refer to amino acid positions.

Fig. 2. hemA of Hfr Cavalli and of the hemA strain, HU227, were sequenced by PCR of segments of the respective genes on their chromosomes. (A) The
fragments of hemA from HU227 amplified by PCR for sequencing are shown with their boundaries within and outside the structural gene. The relative position
of the repetitive sequences is shown as inside the center fragment. The scale is not accurate. (B) The sequences of the primers for PCR. A different set of
primers, IIV and VV, was used for PCR of the internal fragment of the wild-type gene from Hfr Cavalli.
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Plant GTR’s ‘‘have 31 –34 amino acids at the N terminus
which are not present in bacterial enzymes’’ [10], and which
are not part of the transit peptide required for transport of
GTR into the chloroplast. Deletion of the 30 N-terminal
amino acids of barley GTR does not change GTR enzymatic
activity but the cell becomes resistant to feedback inhibition
by heme. A truncated enzyme lacking the 19 N-terminal
amino acids can rescue an E. coli hemA mutant strain, but
the entire intact protein cannot. The following mutations
were made in barley hemA which had been truncated by
deletion of the first N-terminal 30 codons, and fused to
glutathione S-transferase (GST): a mutant with four amino
acid substitutions in GTR, M122 ! K, K154 ! N, F371 ! L,
E400 ! K, gave about 0.05 of wild-type GTR activity. K154,
F371 and E400 are conserved residues. A mutant with two
amino acid substitutions, L302 ! S and L387 ! H, where
L302 and L387 are conserved in higher plants and cyanobacterial enzymes, gave about 0.1 activity of wild type. A mutant with three amino acid substitutions, I318 ! L, R322 ! G
and N454 ! D, where the R322 is highly conserved and I318
is highly conserved (except for Chlorobium in which leu is
in this position), and N454 is conserved in plant but not
bacterial sequences, the activity was 0.05 of wild type. A
mutant with one amino acid substitution, L464 to P, had the
lowest activity, about 0.01 of wild type. L464 is highly
conserved except for B. subtilis where it is A.

This paper reports the identification of a non-lethal
spontaneous mutation in a ‘‘hotspot’’ in E. coli which causes
ALA auxotrophy.
A hemA strain, SASX41B (supplied by Barbara Bachman, Coli Genetic Stock Center [CSGC]), was first isolated
by Sasarman et al. [11] as a spontaneous mutant of Hfr
Cavalli, by neomycin selection. It was mutagenized to
hemin-permeability [12]. The resultant strain, HU227, has
no GTR activity, but it can grow on ALA or hemin. hemA is
part of an operon which includes prfA, encoding the
essential release factor 1 (RF1) [3]. However, the mutation
in hemA in HU227 is not lethal and the strain can grow
fermentatively on glucose.
The mutant hemA gene from HU227 was copied as three
overlapping pieces by PCR of chromosomal DNA prepared
from HU227 (Fig. 2). The wild-type gene in the parent
strain of HU227, Hfr Cavalli [11], was copied in the same
way. The PCR products were cloned into plasmid pUC18
(Invitrogen) and the inserts were sequenced. The same
procedure was followed for the wild-type parent strain,
Hfr Cavalli, except that a different set of primers was used
for the central overlapping piece.
The coding sequence of the mutant strain differed from
that of the parent strain in only one feature: a three-base pair
deletion from nucleotide positions 734 –742, which have a
run of three ATC triplets in the coding strand. This deletion

Fig. 3. (A) The nucleotide sequence of hemA from 711 – 742 bp. Features of the ‘‘hotspot’’. Repetitive sequences in the region (711 – 742 bp) around the site of
the three-base pair deletion mutation in HU227. There are three TCA repeats (dotted underline) and three ATC repeats (strikethrough), two overlapping sevenbase pair repeats and three overlapping four-base pair repeats. (B) The wild-type sequence is shown, followed by the intermediate in which any one of three
TCA’s or three ATC’s or two CAT’s is unpaired as a result of misalignment. This structure could lead to addition or deletion of the triplet. The third structure
shows the two strands after deletion of a triplet from both strands.
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results in the absence of one of a triplet of isoleucines from a
conserved region of the gene at amino acid residues 245 –
247 (I –I –I) (Fig. 1, double underline). The amino acid
sequence at positions 244 – 247, D – I– I– I, is conserved in
the amino acid sequence of GTR in E. coli, S. typhimurium
and C. vibrioforme. In Arabidopsis it is D – V – I – F, in
Synechocystis it is D – I– V – F, in Coxellia burnetii it is
D – I – V – I, in B. subtilis it is D –I –L – I, and in Methanobacterium thermoautotrophicum and Clostridium josui, it is
D – V –V –I. Thus, an aspartic residue with three hydrophobic amino acid residues appears to be a highly conserved
sequence.
It is clear from the base and amino acid sequence below
and Fig. 1 that removal of any one of three TCA’s or ATC’s
or any one of two CAT’s from the coding strand sequence
would cause only the deletion of an I and the reading frame
would not be disrupted.
GAT ATC ATC ATC AGT ! GAT ATC ATC AGT
D

I

I

I

S

D

I

I

105

The sequence, L226ARSDVVVSAT236 in GTR from M.
kandleri, has the following amino acid sequence LDVVVS-T which compares with L240READIIISAT250 in
E. coli. L, D and T are highly conserved as are three
hydrophobic amino acids after D. The X-ray structure for
GTR from M. kandleri [16] shows that this sequence is in
Domain II, the NADPH binding region and specifically in
the diphosphate recognition area [17]. It appears, therefore,
that the loss of an I from this sequence is affecting the
ability of cofactor to bind to the enzyme or to undergo the
conformational changes required to bring it close enough to
Domain I to react with glutamyl-tRNA [16].
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In an analysis of the populations of spontaneous mutations in lacI in E. coli, it was found that most of the
mutations occurred in a ‘‘hotspot’’ due to structural features
around a triple repeated tetramer, which resulted in addition
or deletion of one tetramer [13,14]. This was attributed to
misalignment of one copy of the repeat on the complement
of another. In this case, the result was a frame shift.
Structural features such as inter- and intra-strand base
pairing in the upstream sequences were proposed to support
the misaligned intermediates.
The region around the mutation in hemA (FIG. 3A) shows
two overlapping seven-base pair repeats (ATCATCA), three
overlapping four-base pair repeats (ATCA), and three threebase pair repeats each of ATC and TCA, and two three-base
pair repeats of CAT. These structural features explain why
loss of anyone of the multiple triplets, ATC, TCA, or CAT,
would produce the same base pair-stabilized misaligned
intermediate which would result in the same mutation
(Fig. 3B).
The parent of HU227, SASX41B, was selected by
growth on neomycin and a requirement for ALA for normal
growth. Therefore, the mutation in hemA in HU227 was
selected not to be lethal. A reading frame change in hemA
would result in the elimination of expression of the downstream gene coding for RF1, an essential protein. The
reading frame must not have changed and RF1 must be
expressed [15]. A mutation caused by a base-pair substitution might, or a three base pair deletion would, preserve the
reading frame, as long as early termination does not take
place. Based on the results presented here, we believe that a
three-base pair deletion in a ‘hotspot’’ in hemA results in the
deletion of one I in a conserved region of the gene product,
GTR, rendering the enzyme inactive.
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