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The nucleotide sequence of the large subunit E of glutamate mutase of Clostridium tetanomorphum was determined. The protein consists of 483

amino acids and is not made in a precursor form, thus excluding the possibility of subunit E being a pyruvoyl enzyme. It shows no homology to

any other protein in the database, and while binding coenzyme B, a conspicuous B,, binding motif, shared amongst other proteins, is not detectable
at the sequence level.

Glutamate mutase; Cobalamin-dependent enzyme; Vitamin B,

1. INTRODUCTION

For the fermentation of glutamate, Clostridium tet-
anomorphum requires the enzyme, glutamate mutase,
which catalyzes the rearrangement of L-glutamate to
threo-f-methyl-L-aspartate in a vitamin B,,-dependent
reaction [1].

Several other adenosylcobalamin-dependent enzymes
are known, which catalyze similar carbon skeleton rear-
rangements. Both for methylmalonyl-CoA-mutase and
for a-methyleneglutarate mutase, the reaction may in-
volve a cyclopropane ring as an intermediate in the
rearrangement reaction [2,3]. Glutamate mutase has a
mechanistic problem, however, in that there is no obvi-
ous way to form such an intermediate (Fig. 1).

Therefore several ideas have been considered as to
how an analogous mechanism might be operative for
glutamate mutase as well. The formation of a Schiff’s
base at the amino group of glutamate mutase might be
such a possibility, and a model substrate was shown to
rearrange under such conditions [4,5]. The efficient inhi-
bition of the enzyme by 2-methyleneglutarate and (S)-3-
methylitaconate [6], but not by (R,S)-2-methylglutarate
is consistent with an active site accommodating a planar
group at the position of the nitrogen. However, no evi-
dence could be obtained for the presence of pyridoxal
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phosphate in the enzyme, nor for any effect upon exter-
nal addition of this coenzyme [7]. A remaining possibil-
ity was the presence of a pyruvoyl group as an acceptor
of the glutamate amino group in Schiff’s base forma-
tion.

To test this hypothesis, the enzyme from Clostridium
tetanomorphum was purified, cloned and sequenced. Py-
ruvoyl enzymes are generated from precursors [8)] and
should therefore show a disagreement between the N-
terminal sequence determined by Edman degradation
and the one deduced from the gene. In these enzymes
the protein chain is rearranged at a peptide bond via the
formation of anhydro-serine at the new N-terminus,
which then hydrolyzes to a pyruvoyl group [8]. A py-
ruvoyl mechanism would therefore require a continuous
gene encoding both E and S subunits, or a precursor
form for at least one of them.

The results reported here show that the sequence for
component E lies on a gene separate from the sequence
of component S, that there is an intervening gene be-
tween E and S, and that there is no precursor form of
either E or S.

2. MATERIALS AND METHODS

2.1. Protein purification

Glutamate mutase was purified from Clostridium tetanomorphum
strain H1 (DSM 528), obtained from Deutsche Sammlung fiir Mikro-
organismen. It was grown according to the method of Barker et al.,
using a semi-synthetic medium [9].

The purification largely followed the work of Barker and co-work-
ers [7]. Both subunits were purified from a singie preparation. The step
gradients of phosphate buffers in the DEAE column and the hydrox-
ylapatite column [7] were replaced by linear gradients. As a final
purification step, we used a chromatofocusing column (Pharmacia,
Fretburg). The column was prepared according to the manufacturer’s
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Fig. 1. Suggested reaction mechanism for the three vitamin B,,-dependent mutase reactions. The reaction is suggested to involve a cyclopropane
ring as intermediate of the rearrangement reactions.

instructions (equilibration buffer: 25 mM histidine/HCI, pH 6.2). Sub-
units E and S both elute from the column with polybuffer PBE 74
adjusted to pH 4.0.

2.2. Enzymatic assay

The enzymatic activity of glutamate mutase was determined by the
aerobic assay system described by Barker et al. [1]. It is based on
coupling the conversion of glutamate to methylaspartate with the
conversion of the latter to mesaconic acid, catalyzed by methylaspar-
tase, which can be followed by the increase in OD,,,. The assay mix-
ture consisted of 10 mM L-glutamate, 50 mM Tris/HC], pH 8.2, 3 mM
coenzyme B,,, 10 mM KCl, 2 mM MgCl,. In the early stages of the
purification, methylaspartase is present in the glutamate mutase frac-
tions; in later stages it was added at about 2 U/assay.

2.3. Tryptic digestion and Edman degradation of the resulting peptides

The protein (10 ug) was dissolved in 80 41 0.1 M Tris/HCI, pH 8.0,
and digested with 0.5 ug of trypsin for 4 h. The reaction was stopped
by the addition of 2 ul formic acid and the resulting peptide mixture
was separated by reverse-phase HPLC on a Hibar LiChrosphere col-
umn (125 x 2 mm) (Merck, Darmstadt) with a flow rate of 0.3 ml/min.
A gradient of 0-70% buffer B (0.1% trifluoroacetic acid (TFA) in
acetonitrile) was used over a period of 60 min. Buffer A was 0.1% TFA
in water.

The tryptic peptides were sequenced, using the Edman degradation
method in the sequencer version [10] on a gas-phase sequenator 477A
(Applied Biosystems). The phenylthiohydantoin derivatives were
identified on a HPLC system 130A (Applied Biosystems) according
to the manufacturer’s instructions.

2.4. Molecular cloning

Molecular cloning techniques were carried out as described in Sam-
brook et al. [11). Genomic DNA of Clostridium tetanomorphum
(DSM528) was prepared as described in [12]. Total RNA from Clos-
tridium tetanomorphum was isolated by the hot-phenol technique [13].
cDNA was prepared, with the You-prime kit (Pharmacia, Freiburg)
according to the manufacturer’s instructions. RNA-PCR was carried
out as described by Fritz et al. [14].

After preliminary attempts to use the sequence information of var-
ious peptides for PCR reactions of genomic DNA were not successful,
c¢DNA was prepared and used as starting material. Using a primer
corresponding to the N-terminus and a random primer, a 453 bp
fragment of the glutamate mutase gene was amplified. This sequence
information was then used for Southern blots and inverse PCR [15].

To determine which DNA restriction fragments were of suitable size
for inverse PCR (Fig. 2), genomic DNA was digested with various
restriction enzymes. For Southern blotting, the direct in-gel hybridiza-
tion technique was used [16]. A 453 bp fragment corresponding to the
N-terminus of subunit E obtained from PCR of cDNA served as the
probe. The fragment was labelled with [a¢->*P]JCTP for 1 h at 37°C,
using the Megaprime-labelling kit (Amersham,Braunschweig). The
Southern blot showed hybridization of the probe to a HindIII (1.2 kb)
and an AfIII (2.3 kb) fragment, together large enough to contain the
whole gene of the E subunit. After ligation at high dilution, the out-
ward primers were used to amplify fragments of 1.1 kb from the
HindlIII digest and 2.2 kb from the AfII digest. Sequencing of these
fragments gave information about the 5" and 3’ ends of the gene, which
was used to design primers for a new inward PCR, starting from
genomic DNA.
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The final sequence was established from three independent PCR
amplifications of clostridial genomic DNA by sequencing both
strands.

3. RESULTS AND DISCUSSION

Glutamate mutase consists of two subunits termed
component E (mol. wt. 50 kDa) and component S (14
kDa). N-Terminal sequencing of both subunits resulted
in the sequence of MELKNKKWTDEEFFKQREE-
VLKQWP for the N-terminus of component E and
MEKKTIVLGVIGSDDHAVGNKILD for the N-ter-
minus of component S. Since both subunits start with
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methionine, as do the homologous subunits from Clos-
tridium cochlearium [6], a pyruvoyl group at the N-
terminus may appear less likely, although such a group
might have been labile. We could rule out the possibility
that the N-terminus of the protein might be blocked and
that the determined sequence might only be that of a
small fraction of precursor by the fact that the yield of
the N-terminal methionine in the Edman degradation
was about 60%. Additional attempts to obtain chemical
evidence for the presence of a pyruvoyl group [8] by the
use of NaB*H, and phenylhydrazine were largely nega-
tive, even though some reaction was always detectable.

Hindlil

subunit S ORF

Hindlll

PCR

known sequence
subunit E

methylaspartase

digestion with Hindlil or Aflll
ligation at high dilution

PCR

Fig. 2. Cloning and sequencing strategy for glutamate mutase subunit E. On the top, the organization of glutamate mutase and its neighboring

genes is shown. HindIII or AfIl1 digests of Clostridium tetanomorphum were circularized at high dilution and used as starting material for inverse

PCR. The primer information was obtained from an initial PCR using an N-terminal and a random primer (top, labeled as ‘’known sequence’).

After sequencing the inverse PCR products, the final sequence was obtained by inward PCR directly from Clostridium tetanomorphum DNA, using
three independent reactions.
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glutamate mutase
subunit E
1 . . . . . . . . _rbs . . 100
ATCTCCCATGGGGCTTCTAGCAGAAGATCTTCCAGATAAAGCAGTTAGAATAATGAAAAAGTATTTGGTTAAAGTTTGATAGGAGGGAATTTCAGTGGAA
M E

101 . . . . . . . . . . 200
CTTAAGAATAAAAAATGGACAGATGAAGAATTTTTTAAACAAAGAGAAGAAGTATTAAAGCAGTGGCCAACAGETAAGGAAGTAGATTTACAGGAAGCTG
o X N K K W T D E E F F K O R E E YV L K Q0 W P T G K E ¥ D L Q E A V¥

201 . . . . . . . . . . 300
TAGATTACTTAAAGAAGGTACCAACAGAAAAGAACTTTGCTGATAAATTAGTTAGAGCAAAAGAAGCAGGAATAACTTTAGCTCAGCCAAGAGCAGGTGT
K v PTEIKNTFADZKTLVRAIKTEAGTI!ITLAOQPRALSGYV

301 400
TGCATTACTTGATGAACATATTAATTTATTAAGATATTTACAAGATGAAGGTGGCGCAGATTTATTACCTTCAACAATTGATGCATATACAAGACAGAAT
ALt L DEHTINLLRY L Q0D E GG AD L P_S I D A Y T R O N

401 . . . . . . . . . . 500
AGATATGAAGAATGTGAAATTGETATAAAAGAAAGTGAAAAAGCTGGAAGATCATTATTAAATGGTTTCCCAGGAGTTAACCATGGTGTTAAAGGTTATA
R Y EECETI &1 K E S EKAGRSLLNGTF PGV NHGV KGR

501 600
GAAAGGTTTTAGAATCAGTAAACTTACCACTACAAGCTAGACATGGTACACCAGATTCAAGATTACTTGCTGAAATAATTCACGCTGGTGGATGGACTTC
K vV L E S V N L Q ARHGTPDSRLLAETITILIHAGS GHMWTS

601 . . . . . . . . . . 700
AAATGAAGGAGGCGETATCTCCTACAACATTCCATACGCTAAATCAGTTCCAATTGATAAATGTTTAAAAGATTGGCAGTATTGCGATAGACTTGTTGGT
N E G &6 6 1 S Y NI PY A K SVYPIDKCLKDWOQGEYCDRLVEG

701 800
TTCTATGAAGAACAAGGAGTTCATATAAACAGAGAACCATTCGGACCATTAACAGGAACACTTGTACCACCATCAATGTCAAATGCAGTAGGAATTACAG
FY EE Q@ 6 V H N R E P G P LT GT LV PP S M S NAVYV G I TE

801 . . . . . . . . . . %00
AAGCTTTACTTGCAGCAGAACAAGGAGTTAAAAACATCACTGTTGGATATGGTGAGTGTGGAAACATGCTTCAGGATATAGCTGCATTAAGATGTTTAGA
AL L AAETZ QCGVY KNTITVGEYGGETC CGNMLODTIAALRTEILE

901 . . . . . . . . . . 1000
AGAACAGACAAATGAATACCTAAAAGCTTATGGATACAATGATGTATTTGTAACAACAGTATTCCATCAGTGGATGGGTGGATTCCCTCAAGATGAATCC
EQ T N E Y L KAY G Y NDVF VT TV FHQOEWMSGEGEFPQDES

1601 . . . . . . . . . . 1100
AAAGCATTTGGCGTTATAGTAACAGCTACAACTATAGCATCATTAGCAGGAGCAACTAAAGTTATAGTTAAGACTCCACATGAAGCTATTGGTATACCAA
K A F &6 V¥V I ¥ T AT TT1ASLAGATIKVY I VKTPHEATLIGIPT

1101 1200
CAAAAGAAGCTAATGCTTCAGGTATCAAAGCTACAAAGATGGCATTAAATATGTTAGAAGGACAGAGAATGCCAATGTCAAAAGAATTAGAAACTGAAAT
E AN A S G I KATIKMALNMLTESGA QRMPMSKETLETENM

1201 . . . . . . . . . . 1300
GGCAATTATAAAAGCTGAAACTAAATGCATACTTGATAAGATGTTTGAATTAGGAAAAGGTGATTTAGCAGTAGGTACTGTTAAAGCATTCGAAACTGGT
Al I KA ETZKTCI LDIKMTFETLGSGIKSGEDLAVGEGTVKAFETSE

1301 . . . . . . . . . . 1400
GTTATGGATATACCATTTGGACCAAGCAAATACAATGCAGGAAAAATGATGCCAGTTAGAGACAACTTAGGATGCGTAAGATACCTAGAATTCGGTAACG
v M D I P F G P S K Y N AGKMMPY RDNLGCVY R Y L EF G NV

1401 1500
TTCCATTTACTGAAGAATTAAAGAATTATAACAGAGAAAGATTAGCTGAAAGAGCTAAATTCGAAGGAAGAGAAGTTAGCTTCCAGATGGTTATTGATGA
P_E E E K N Y N R E R L E A G E Vv F o M ¥ D D
1501 . . . . . . . . . . 1600
TATATTTGCAGTAGGTAAAGGAAGACTTATCGGAAGACCAGAAAATAAATAATTTATAAGACCTTGTTTATTACCACATTTAATGCTGGCAGGAAACTGT
I F AV G K 6 R LI 6 R P E N K *
methyl aspartase
1601 1700

CAGCATGGATGTGGATAAAAATATATAATAACAATTAGTTGTTAAATTTTATTAAAAAAAAAGGACAGGTGAATAATTATGAAAATTGTTGACGTACTTT
K I Yy Db ¥V L C

1701 . . . ¢ . 1752
GTACACCAGGATTAACTGGATTCTATTTTGATGACCAAAGAGCAAT CAAAAA
I P 6 [ T 6 F Y F D D Q R A I K

Fig. 3. Complete nucleotide sequence of a 1.8 kb fragment obtained by PCR. It encodes the whole gene of subunit E of the glutamate mutase and

the N-terminal part of f-methylaspartase. The ribosomal binding site (rbs) is indicated by lines above and below the sequence. The amino acid

sequence of the identified ORFs are indicated in single letter code. Underlined parts of this sequence correspond to sequences determined by Edman

degradation, a double underline indicating two overlapping peptides. The primers used for the final PCR are indicated above the nucleotide
sequence.
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To obtain firm evidence, we decided to clone and se-
quence the DNA coding for the enzyme, since pyruvoyl-
containing enzymes are known to be generated from
precursors.

To determine the DNA sequence of the large subunit
of glutamate mutase, the products of three independent
PCR reactions were cloned and sequenced, and a con-
sensus was determined (Fig. 3). The sequence encoding
the N-terminal peptide is found to begin at nucleotide
95. but 5 codons upstream is an in-frame stop codon.
The GTG codon is the first reasonable start codon after
this stop codon and it is preceded by a ribosomal bind-
ing site 8 nucleotides upstream (sece below). We con-
clude therefore that the translated sequence is identical
to the sequence determined by Edman degradation, and
that there is no precursor form for glutamate mutase
subunit E. The protein consists of 486 amino acids and
has a calculated molecular weight of 53,706 Da and an
isoelectric point of pH 5.85. These data are consistent
with the behavior of the protein in SDS-PAGE and on
chromatofocusing columns. All peptide sequences were
precisely found again in the nucleotide sequence. The
distribution of hydrophobic and hydrophilic regions in
the protein is inconspicuous.

A homology search of the protein sequence using the
FASTA algorithm [17] revealed no significant homol-
ogy to any known protein in the databases. No signifi-
cant homology to any other vitamin B,,~containing pro-
tein was detectable, either in individual or clustered
alignments. These sequence alignments with other vita-
min B,,-containing proteins gave no hints for any com-
mon residue which may be involved in a vitamin By,
binding pocket.

There is no homology between components E and S.
While spectroscopic data clearly show that vitamin B,
binds to subunit E of glutamate mutase [6], Marsh and
Holloway postulated a binding motif in subunit S [18].
Using all known B,,-containing proteins, we could not
find evidence for a general use of this motif in other
proteins nor for any other significant motif in subunit
E, shared with other proteins. It appears that B,, bind-
ing pockets may have found individual solutions in dif-
ferent proteins, perhaps conserved at the structural level.

On the DNA level the gene exhibits many of the
features characteristic of genes from other clostridial
species [19]. The gene initiates with the alternative initi-
ator codon, GUG, which was also found for cel4 and
celE genes of Clostridium thermocellum, as well as for
the nifD gene of Clostridium pasteurianum. The gene is
preceded by the sequence GGAGG spaced 8 nucleo-
tides from the initiator codon, which is characteristic of
clostridial ribosomal binding sites [19]. Approximately
130 bp downstream from the stop codon, the gene cod-
ing for methylaspartase starts. Combining our data with
those obtained for methylaspartase and glutamate mu-
tase subunit S [18,20], we obtained the genomic organi-
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zation of the subunits of glutamate mutase and methyl-
aspartase, shown in Fig. 2.

The mechanism by which glutamate mutase catalyzes
the carbon skeleton rearrangement of glutamate to -
methylaspartate still remains unclear. Our data and
those obtained by Marsh and Holloway [18] indicate
that the genes for the two subunits are separated by an
unknown open reading frame of 1.3 kb.

A mechanism, in which an N-terminal pyruvoyl resi-
due is involved in a Schiff’s base formation, can be
excluded. For such a mechanism it would be necessary
that at least one subunit was synthesized as a precursor
molecule and was post-translationally modified via a
rearrangement involving an anhydro-serine.

Based on the assumption that the reaction mecha-
nism for all three vitamin B,,-dependent mutases is the
same, there are still plausible solutions to this problem.
One possibility is that the glutamate binding pocket in
the enzyme facilitates a non-radical rearrangement,
using charged amino acids or partial charges from the
backbone or other amino acid side chains. The second
possibility is the existence of a specific cofactor. We are
currently investigating possibilities of other post-trans-
lational modifications which may catalyze this reaction.
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