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Abstract—In archaca the first general tetrapyrrole precursor S-aminolevulinic acid (ALA) is formed via the tRNA-dependent
five-carbon pathway from glutamate. We have cloned the hemA gene encoding the central cnzyme of the pathway glutamyl-
tRNA reductase from the methanogenic archacon Methanobacterium thermoautotrophicum by complementation of an Escherichia
coli hemA mutant to ALA prototrophy. An 1194 bp open reading frame that encodes a 398 amino acid polypeptide with the
calculated M, 44,509 was detected. The deduced amino acid sequence showed 20-35% amino acid identity to bacterial HemAs
with the highest identity score to the Pseudomonas aeruginosa HemA. An identity of approximately 22% was found to plant
HemAs. Glutamyl-tRNA reductase activity was shown for the M. thermoautotrophicum HemA after overexpression in E. coli and
partial purification. The enzymatic reaction catalyzed by the partially purified enzyme revealed a temperature optimum of 65 °C
at an optimal pH of 7.0. The reductase utilized preferentially NADPH for the reduction of the activated carboxyl group. The
presence of ATP and GTP showed no obvious influence on catalysis. Copyright © 1996 Elsevier Science Ltd

Introduction In archaea a varicty of hemes, corrinoids, and the
unique nickel-containing porphinoid F,,;, havc becn
Tetrapyrroles such as hemes, chlorophylls, corrinoids, described as the central tetrapyrrole cofactors for the
and coenzyme F,;, play an essential role in the metabo- various elucidated pathways of energy conscrva-
lism of most organisms as integral parts of electron tion."**'** In contrast to the information accumulated
transport chains and as prosthctic groups of various about the structural and funtional features of some of
enzymes.'™ They are all synthesized from 5-aminolevu- these molecules, almost nothing is known about the
linic acid (ALA), for which two routes of biosynthesis molecular basis of their biosynthesis and its regulation.
are used in nature. The Shemin pathway utilizes the Only one gene involved in heme biosynthesis (hemB),
one step condensation of glycine and succinyl-CoA by encoding ALA dchydratase, has been cloned from the
ALA synthase and is found in the o-group of the archcon Methanothermus sociabilis.*
proteobacteria, yeast, avian, and mammalian cells.'™ . .
The two-step C,-pathway starts with an NADPH- To initiate a molecular analysis qf the enzymes ?md
dependent reduction of glutamyl-tRNA by the genes involved in the arc'hacbactcrlal ALA formation,
glutamyl-tRNA reductase (HemA) to yield glutamate- we cloned and characterized the hemA genc from M.
1-semialdehyde (Fig. 1) ALA is formed in the thermoautotrophicum  and  investigated some  bio-

second step during a pyridoxamine 5'-phosphate- chemical properties of the encoded glutamyl-tRNA
dependent transamination performed by glutamate- reductase. M. thermgautotrophlcum Is a  strictly
1-semialdchydc-2, 1-aminomutase (HemL. Fig. 1)."""!" anaeroblc, methanogenic archaepn growing on H, and
The Cs-pathway operates in plants, algae, and all CO. with a temperature optimum of 65°C. The
analyzed bacteria, with the cxception of the a-group of organism contains corrinoids and coenzyme Fyy, but is

i . . 212224 ] .
the proteobacteria.” Interestingly, this biosynthetic devoid of cytochrome. ALA and uroporphyri-
route was shown to be present in the archaea M.

nogen Il have been shown to be intermediates in the
) Jer o
thermoautotrophicum and Sulfolobus solfataricus."*™'° biosynthesis of ..

The genes for glutamyl-tRNA reductase (hemA) and Results and Discussion
glutamate-1-semialdehyde-2,1-aminomutase (hemL ) have Cloning of the M. thermoautotrophicum hemA gene by
been cloned from various bacteria and plants.*" complementation of an E. coli 5-aminolevulinic acid
Recent investigations of the regulation of heme auxotrophic mutant

biosynthesis in E. coli and P aeruginosa identified the

formation of the general precursor 5-aminolevulinic Transformation of the ALA-auxotrophic E. coli strain

18-20

acid (ALA) as one major regulatory point. GE1387, carrying a mutation in the gene for glutamyl-
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Figure 1. C.-pathway of 5-aminolevulinic acid formation. The reaction of the glutamyl-tRNA synthetase is common to protein biosynthesis and
tetrapyrrole biosynthesis. Therefore, the first step dedicated to tetrapyrrole synthesis is the glutamyl-tRNA reductase reaction. All reactions are
given with the currently known cofactors. The abbreviations in brackets represent the genetic symbols for the bacterial genes encoding the
respective enzyme. While the identity of the enzymes and the tRNA involved in ALA formation has been established, the precise mechanism of

the glutamyl-tRNA reductase reaction is still uncertain, and the chemical nature of the GSA intermediate is still a subject of discussion.

1-13,17.30

The figure shows one of the proposed structures for the intermediate, the linear form.”

tRNA reductase (hemA) with an M. thermoautotro-
phicum genomic library to ALA prototrophy, yielded
approximately 50 slow-growing colonies. Restriction
analysis revealed the presence of an identical 3346 bp
fragment in nine of the 10 isolated complementing
plasmids. One of these nine inserts from the plasmid
pMthemA was subjected to complete DNA sequence
determination. Two potential open reading frames
encoded by the sequenced DNA fragment were identi-
fied (Fig. 2). The first 1194 bp open reading frame
from position 59 to position 1252 encoded a 398 amino
acid protein with a calculated M, of 44,509, which
showed a high degree of amino acid sequence identity
to bacterial and plant glutamyl-tRNA reductases (Fig.
3). The highest degree of identity (35%) was found to
the enzyme encoded by the P aeruginosa hemA gene.
An approximately 22% amino acid sequence identity
was detected when the archaebacterial protein was
compared to plant analogues (Fig. 3). Several regions
of amino acid sequence were found unique to the
archaebacterial protein and were found absent in the
bacterial and plant enzymes (Fig. 3). Due to the high
homology to other known hemA genes and to the
encoded glutamyl-tRNA reductase activity (see below),
the open reading frame was named hemA. In vivo
protein expression experiments in E. coli using the M.
thermoautotrophicum hemA gene cloned behind the T7
RNA polymerase promoter of pBluescript SK+
(pBlueMthemA) identified a polypeptide with an M, of
approximately 43,000 as the product of the cloned
hemA gene (Fig. 4, lane 3). The obtained result is in
good agreement with the value deduced from the
cloned gene. The protein of 43,000 was not detected in

control experiments using pBluescript without inserted
DNA (Fig. 4, lane 2).

The M. thermoautotrophicum hemA gene encodes
glutamyl-tRNA reductase

To identify and initially characterize the enzymatic
activity encoded by the cloned gene, the M. thermoau-
totrophicum hemA gene was overexpressed in E. coli.
The expressed HemA protein was partially purified and
analyzed for its catalytic properties. Partial purification
was achieved by heating the obtained extracts for 30
min to 65°C to denature major parts of the host
proteins. One major protein with an M, of approxim-
ately 45,000 and some minor contaminants were the
result of this procedure (data not shown). This major
protein was missing in experiments using only the
expression vector without cloned DNA (data not
shown). Activity tests under aerobic conditions with the
partially purified protein using purified E. coli tRNA®"
aminoacylated with [“C]Glu as substrate were
performed. The assays yielded radioactive glutamate-
1-semialdehyde (GSA) as the product as identified by
HPLC chromatography (data not shown). Due to the
instable nature of GSA, all other glutamyl-tRNA
reductase tests were performed with the addition of
purified recombinant E. coli glutamate-1-semialdyde-
2,1-aminomutase to produce the stable intermediate
ALA* The glutamyl-tRNA reductase reaction was
found to be clearly RNase sensitive (Table 1). A
temperature optimum of 65 °C and a pH optimum of
7.0 were measured for the M. thermoautotrophicum
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glutamyl-tRNA reductase (Table 1). NADPH was
found an essential cofactor for the enzymatic reduction
process while the addition of NADH yiclded only low
enzymatic activity (Table 1). Earlier an enzymatic
mechanism for the glutamyl-tRNA reductase reaction
similiar to the enzymology of the peptide chain-¢longa-
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Figure 2. Nucleotide sequence and deduced amino acid sequences of
the cloned M. thermoautotrophicum hemA gene and orfl in its
3'-region. The repeated DNA sequence in the 3'-region of the hemA
gene are underlined. Please note that orfl is orientated in the
opposite direction to hemA. RB=ribosome binding site.

tion reaction during protein biosynthesis with a stimu-
latory role for GTP was proposed.! However, similiar
to the findings for the E. coli and Chlamydomonas
reinhardtii systems, no additional proteins seemed to be
required for the M. thermoautotrophicum glutamyl-
tRNA reductase reaction, and neither the addition of
GTP nor ATP to the enzymatic reaction showed any
stimulatory effect (Table 1).*'° The possibility to
overproduce and -purifiy active thermostable glutamyl-
tRNA reductase should help to determine the
functional and structural basis for glutamyl-tRNA
recognition and reduction.

Analysis of the 3'-region of the cloned M. thermoauto-
trophicum hemA gene

To investigate the existence of a potential M.
thermoautotrophicum hem operon, as detected in a
varicty of Gram-positive bacteria, the cloned 5'- and
3’-regions of the hemA gene were sequenced.” No
obvious similarity to currently known hem genes was
observed. However, the cloned hemA gene was directly
followed by a four-times repeated, almost identical
DNA sequences of 50 bp (Fig. 2). To investigate the
potential role of the repeats as repetitive element
spread throughout the whole M. thermoautotrophicum
genome, Southern blot experiments were conducted.
However, only one signal with M. thermoautotrophicum
genomic DNA was visible when the repeated DNA
sequence was used as a probe indicating the single site
location of the investigated DNA repeats (data not
shown). The biological function of the observed DNA
repetition remains unclear. A second open reading
frame (orfl) of 1116 bp from position 2640 to position
1525 orientated in the opposite direction to hemA was
found in the 3’-region of hemA (Fig. 2). The deduced
372 amino acid protein with a calculated molecular
weight of 42,691 contains amino acid motifs highly
homologous to ATP binding sites found in a variety of
other proteins. In vivo protein expression experiments
using orfl cloned behind the T7 RNA polymerase
promoter revealed the presence of a protein with M, of
approximately 43,000 (Fig. 4, lane 1). The highest
degree of amino acid identity for Orfl was found to
the cell division control proteins of various bacteria
and of yeast, suggesting a possible involvement of the
Orfl protein in the cell cycle of M. thermoauto-
trophicum >**

Nucleotide sequence accession number

The nucleotide sequence data reported in this paper
appeared in the EMBL, GenBank and DDBJ Nucleo-
tide Sequence Databases under the accession number
X83691.

Experimental

General

All enzymes employed were purchased from United
States Biochemicals, Bad Homburg, Germany, unless
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Figure 3. Amino acid sequence comparison of the proteins deduced from the currently known hemA genes.'™”
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stated otherwise. Chemicals were reagent grade from
Merck, Darmstadt, Germany. Nucleotides, 5-amino-
levulinic acid, and antibiotics were from Sigma, Deisen-
hofen, Germany. Growth media were obtained from
Difco, Augsburg, Germany. Oligonucleotides were
purchased from Roth, Karlsruhe, Germany. Radio-
isotopes were supplied by Amersham, Braunschweig,
Germany.  Methanobacterium  thermoautotrophicum
strain Marburg was cultured and harvested as outlined
before.® Escherchia coli strain DH5a was cultured on
LB medium at 37 °C unless stated otherwise.”” Growth
media for the ALA-auxotrophic mutant of E. coli
GE1387 were supplemented with 50 pg/mL ALA.
Ampicillin was used at a concentration of 100 pg/mL.
Genomic DNA from M. thermoautotrophicum was
prepared as outlined before and partially digested with
Sau3A, sized, fractionated, and ligated into the BamHI
site of pUCBM20.%”"** The genomic library was ampli-
fied in the E. coli DH5a. The ALA-auxotrophic strain
GE1387 (hemA-) was transformed via electroporation
with an M. thermoautotrophicum genomic library
prepared in pUCBM20.*** Complementing plasmids
were selected by cultivating the transformed bacteria
on LB medium without ALA."* One complementing
plasmid termed pMthemA was subjected to further
analysis. All DNA manipulations were carried out as
described, unless stated otherwise.” The structures of
pUCBM20 and pBluescript SK+ have been described
before.> DNA sequencing was performed with

123

— 94
— 67

43
HemA

Orfl —

b 30

Figure 4. In vivo expression of the hemA gene and orfl residing on
the cloned M. thermoautotrophicum genomic DNA fragment. The
plasmid-encoded gene products were labeled with [*Simethionine as
described in the text and detected by autoradiography after separa-
tion of proteins on SDS-polyacrylamide gels.”** The plasmids
pBlueMthemA (lane 3), pBluescript (lane 2), and pBlueMtorf1 (lane
1) used in these experiments are described in the text. The position
and apparent molecular weights of protein standards run on the
same gel are indicated.

Table 1. Functional properties of the partially purified glutamyi-
tRNA reductase (HemA) from M. thermoautotrophicum

Changes to normal Incubation pH Glutamyl-tRNA

assay conditions® (°C)  value  reductase
activity"
— 65 7.0 420
RNase treatment® 65 7.0 35
No NADPH addition 65 7.0 52
NADH instead of NADPH 65 7.0 71
Addition of 2 mM GTP 65 7.0 405
Addition of 2 mM ATP 65 7.0 395
— 30 7.0 45
—_ 40 7.0 102
— 55 7.0 255
— 65 7.0 420
— 75 7.0 270
— 65 5.0 45
— 65 6.0 127
— 65 6.5 390
— 65 7.0 420
— 65 7.5 402
— 65 8.0 105
— 65 9.0 32

*Enzyme assays were carried out as detailed in the Experimental.
"Glutamyl-tRNA reductase activity is expressed as pmol of [“C]ALA
synthesized from E. coli [“C]Glu-tRNA®" per mg protein fraction.
50 pL of the heat treated column fraction containing partially
purified M. thermoautotrophicum glutamyl-tRNA reductase were
used for each assay.

‘RNase A (10 mg) treatment was for 30 min at 30 °C.

denatured double-stranded plasmid DNA by the
dideoxy method with Sequenase version 2.0.” In vivo
translation and analysis of the obtained products was
performed as described earlier.*~* The complete DNA
sequence of the insert of pMthemA was determined
via primer walking. Escherichia coli BL21 (DE3), which
carries T7 RNA polymerase under control of the
lacUV5 promoter, was transformed with the plasmids
pBlueMthemA and pBlueMtorfl and as a control
pBluescript SK+.

Overexpression and purification of the M. thermoauto-
trophicum hemA

Escherichia coli GE1387 transformed with pGP1-2
(encoding the thermo-inducable T7 RNA polymerase
gene) and pBlueMthemA or as a control with pBlue-
script SK+ were grown overnight in LB media at 30 °C
containing 50 pg kanamycin/mL and 75 pg ampicillin/
mL to an OD,,, of 0.8 to 1.2, and T7 RNA polymerase
was induced by a temperature shift to 42°C for 30
min.* Incubation was continued for a further 1 h at
37 °C before the bacteria were harvested by centrifuga-
tion. The cells were resuspended in extraction buffer
(50 mM Hepes, pH 7.9, 10 mM EDTA, 5 mM DTT,
20% v/v glycerol) including 10 mM KCl, sonicated and
centrifuged for 90 min at 100,000 xg. Obtained cell
free extracts were heated for 30 min to 65°C.
Resulting debris of denatured proteins was removed by
centrifugation. Subsequently, the cleared supernatant
was loaded directly onto a DEAE cellulose cofumn at a
concentration of 10 mg protein per mL column
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volume. After extensive washing with extraction buffer,
proteins were eluted with extraction buffer containing
300 mM KCI. The tRNAs which were still bound to the
ion exchanger at 300 mM KCl, were eluted with extrac-
tion buffer containing 1 M KCL The protein (300 mM
KCl elution step) and nucleic acid (1 M KCI elution
step) fractions were dialyzed extensively against assay
buffer (20 mM Hepes, pH 7.0 or pH values as
indicated, 10 mM KCI, 10 mM MgCl,, 3 mM DTT,
10% v/v glycerol).'%192037

Glutamyl-tRN A reductase assay

Protein extracts (50 pL each) dialyzed against assay
buffer were incubated in the presence 10 mM levulinic
acid, pH 7.0, 10 uM pyridoxal 5'-phosphate, 3 mM
NADPH, 10 mM Glu, 20 units RNAsin, 20.000 cpm
[“C]Glu-tRNA®" (41 cpm/pmol) at 65 °C (or tempera-
tures as indicated) for 15 min. Subsequently, the assays
were supplemented with 30 pug/mL E. coli glutamate-
1-semialdehyde-2,1-aminomutase purifed to apparent
homogeneity, as described earlier and incubation was
continued for another 20 min at 30 °C."*'**" Aminoacy-
lated tRNA®" was prepared using purified E. coli
Glutamyl-tRNA synthetase, as outlined -earlier.”'*"
The reactions were stopped by the addition of 400 puL
20 mM KOH. Samples were boiled for 5 min and
subsequently neutralized by the addition of 65-80 pL
100 uM HCI (the exact amount HCI was determined in
pilot experiments with assay buffer) and 100 uL 0.5 M
tris-HCI, pH 7.0. Samples were applied to 300 pL
Dowex-1 columns equilibrated with H,O. The formed
[“CJALA, found exclusively in the flow through
fraction, was directly quantitated by liquid scintillation
counting. All [*C]Glu derived from the deacylation of
[“C]Glu-tRNA®™ was retained by the column
material.'""*** HPLC analysis of the enzymatic product
was performed as outlined carlier.""
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