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Abstract Electron paramagnetic resonance (EPR) spectros-
copy of glutamate mutase from Clostridium cochlearium was
performed in order to test the idea, that a histidine residue of
component S replaces the dimethylbenzimidazole ligand of the
Co-atom during binding of coenzyme B,, to the enzyme. The
shapes and the superhyperfine splitting of the g,-lines of the
Co(IT) EPR spectra were used as indicators of the interaction of
the axial base nitrogen with the Co-atom. A mixture of com-
pletely *N-labelled component S, unlabelled component E, coen-
zyme B,, and glutamate gave slightly sharper g,-lines than that
with unlabelled component S. A more dramatic change was ob-
served in the Co(II) spectrum of the inactivated enzyme contain-
ing tightly bound cob(II)alamin, in which unlabelled component
S caused a threefold superhyperfine-splitting of the g line,
whereas the '*N-labelled protein only caused a twofold splitting,
as expected for a direct interaction of a nitrogen of the enzyme
with the Co-atom. By using a sample of *N-labelled component
S, in which only the histidines were '*N-labelled, the EPR spectra
showed no difference to those with unlabelled component S. The
experiments indeed demonstrate a replacement of the dimethyl-
benzimidazole ligand in coenzyme B,, by a histidine when bound
to glutamate mutase. The most likely candidate is H16, which is
conserved among the carbon skeleton rearranging mutases and
methionine synthase.
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1. Imtroduction

The coenzyme B,, (adenosylcobalamin)-dependent gluta-
mate mutase catalyzes the reversible carbon skeleton rear-
rangement of (S)-glutamate to (25,35)-3-methylaspartate [1].
The enzyme from Clostridium cochlearium consists of two pro-
tein components, E (&,, 107 kDa) and S (o, 14.8 kDa). The
active enzyme complex was characterized as a heterotetramer
(¢,0,) containing one coenzyme B, [2]. The glutamate mutase
genes from C. cochlearium, gimE [2] and glmS [3], as well as
from C. tetanomorphum, mutE [4-6] and mut S [6,7], have been
cloned, sequenced and overexpressed in Escherichia coli. The
deduced amino acid sequences of the components S revealed
significant similarities to a number of other cobamide-depend-
ent enzymes [7,8] suggesting a cobamide-binding motif. Com-
ponent S from C. cochlearium was shown to be indeed able to
bind coenzyme B, [2]. Electron paramagnetic resonance
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(EPR)-measurements performed with the recombinant protein
components of glutamate mutase [2] confirmed a reaction
mechanism suggesting the participation of radical intermedi-
ates [9,10]. Two different EPR signals were observed. Short
incubation (20 s at 25°C) of the substrate or of a competitive
inhibitor with the enzyme induced a signal (g, =2.1,
g, = 1.985), which was interpreted as that of a biradical gener-
ated by interaction of cob(II)alamin with an organic radical. It
was shown to represent a catalytically active state. The other
EPR signal (g, =225, g, =1989) was typical for
cob(Il)alamin alone when bound to the hydrophobic environ-
ment of the enzyme. This signal was formed during inactivation
of glutamate mutase as a result of extended incubation of the
enzyme (15 h at 37°C) in the presence of coenzyme and sub-
strate or inhibitor under anaerobic conditions.

A comparable inactive glutamate mutase fraction was previ-
ously purified from C. cochlearium. In contrast to the active
components E and S, which were obtained separately, an inac-
tive enzyme fraction was identified as a complex of both protein
components and tightly bound cob(IT)amide and aquoco-
bamide [11]. All attempts to completely separate these co-
bamide species from the protein failed. The coenzyme B,,-
dependent 2-methyleneglutarate mutase from C. barkeri also
contains very tightly bound cobalamin, of which only 50%
could be removed by the treatment of the enzyme with 8 M urea
[12,13]. Since there was an example for the coordination of the
cobalt atom of a p-cresolylcobamide from Sporomusa ovata to
a histidine residue of the peptide chain [14], a direct protein—
cobalt interaction was also assumed to be the cause for the tight
binding of the cobamides to the mutases [12].

The solution of the crystal structure of the B,,-binding do-
main of methionine synthase from E. coli revealed this enzyme
as the second example for direct cobalt—protein interaction.
The cobalt atom of cobalamin is coordinated to a conserved
histidine residue (H759 in methionine synthase, H16 in compo-
nent S of glutamate mutase and H485 in 2-methyleneglutarate
mutase) [8,15].

For the first time in a carbon-skeleton rearranging mutase,
we here present evidence that a histidine residue of the protein
rather than dimethylbenzimidazole coordinates to the Co-atom
of coenzyme B,.

2. Materials and methods

2.1. Bacterial strains and plasmids and growth media

E. coli strain MC 4100 [16] containing pOZ3 {3} and E. coli strain
DH5a [17] containing pOZS5 {2] were used for overproduction of gluta-
mate mutase components S and E [2,3], respectively. E. coli strain MC
4100 was grown on M9 minimal medium [18]. E. coli DH5a was culti-
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vated on Standard I nutrient broth (Merck, Darmstadt). For labelling
of component S with N, the E. coli strain MC4100 containing pOZ3
was grown on M9 minimal medium containing (*"NH,),SO, (1 g/l). The
his™ E. coli strain K12 Hfr G6{19] was grown in M9 medium containing
("NH,),S0, (1 g/) and 1 mM [“Nlhistidine.

2.2. Purification of the components of glutamate mutase and EPR
spectroscopy

The protein components E and S of glutamate mutase were purified
according to the method of Zelder et al. [2]. For EPR experiments the
assay contained component E (200-500 4M). component S (200-500
uM). 2.3 mM coenzyme B,,, 20 mM Tris-HC] pH 8.3, 10 mM 2-
mercaptoethanol. The mixture was incubated at 25°C and the forma-
tion of the catalytically relevant EPR signals {2] was induced by addi-
tion of 10 mM (S)-glutamate or 2-methyleneglutarate followed by fur-
ther 20 s incubation before freezing the sample in liquid nitrogen. In
order to achieve the formation of the ‘classical’ cob(ID)alamin EPR
signal, which represents an inactive form of glutamate mutase [2], the
mixture was incubated prior 1o freezing for 15 h under anaerobic con-
ditions at 37°C in the presence of (S)-glutamate (10 mM) or the inhib-
itor 2-methyleneglutarate (10 mM).

EPR spectra were recorded with a Varian E-3 EPR spectrometer at
a temperature of 77 K, microwave frequency 9100 MHz, microwave
power 25 mW, modulation frequency 100 kHz and modulation ampli-
tude 0.4 mT.

3. Results and discussion

For labelling recombinant component S with '*N, pOZ3, the
expression vector containing g/mS. was transformed into E. coli
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Fig. 1. EPR spectra of active glutamate mutase. The samples containing
component E, component S and coenzyme B,, were incubated with
(S)-glutamate for 20 s at 25°C followed by freezing in liquid nitrogen.
(A) All nitrogens of component S were '*N-labelled. (B) All nitrogens
of component S except those of the histidines were '"N-labelled. The
insert shows details of the g,-lines.
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Fig. 2. EPR spectra of inhibited and inactivated glutamate mutase.
(A) Conditions as in Fig. 1A, but glutamate was replaced by 2-methyle-
neglutarate. (B) As in A, except the anaerobic incubation prior to
freezing was extended to 15 h at 37°C. (C) is the difference spectrum
B ~ A. (D) Conditions as in Fig. 1B, except the anaerobic incubation
prior to freezing was extended to 15 h at 37°C.

MC 4100. Cultivation of the bacteria on M9 minimal medium
containing ('"NH,),SO, as sole nitrogen source followed by
induction with isopropyl g-p-thiogalactopyranoside (IPTG) at
A<y = 1.0 resulted in overproduction of component S, in which
all the nitrogens were '“N-labelled (["N]component S). The
protein was purified to homogeneity using the standard proce-
dure [2.3]. The specific activity of ['*"N]component S was in the
range of 600 nkat/mg protein and thus did not differ from that
of [“"N)component S. Unlabelled recombinant component E
was overproduced and purified as described earlier [2].

After addition of (S)-glutamate (Fig. 1A) or the competitive
inhibitor 2-methyleneglutarate (Fig. 2A) to samples containing
[*Nlcomponent S, ['*NJjcomponent E and ['*N]coenzyme B,
the ‘catalytically relevant’ EPR signals were induced. The ($)-
glutamate dependent signal differed slightly but significantly
from the EPR signals previously observed with ['*“N]component
S [2]. The values g, , = 2.1 and g, = 1.985 were not altered. but
the superhyperfine-splitting of the g -line was less. resulting in
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sharper lines. This result suggests that the coenzyme is in the
base-on state during catalysis [20] and that the cobalt is coordi-
nated to a nitrogen atom which belongs to component S. In
addition the data support the idea that the unresolved superhy-
perfine-splitting in the z-direction of the substrate induced EPR
signal (Fig. 1A and B) is not only due to a base-on form of
cobalamin, but additionally to the interaction of the cobalt
atom with another ligand during catalysis. By replacing (S)-
glutamate by (5)-(2,3.3,4.4-"H;)-glutamate this second interac-
tion was previously attributed to a hydrogen atom of the sub-
strate or of the 5-methyl group of 5’-desoxyadenosine [2].

In contrast to the glutamate induced signal, that induced by
the inhibitor 2-methyleneglutarate (Fig. 2A) obtained in the
presence of [“N]component S did not show significant altera-
tions as compared to earlier obtained spectra using [*“N]compo-
nent S [2]. After extended (15 h) anaerobic incubation of the
sample at 37°C, the inhibitor induced EPR signal was partly
converted to the cob(Il)alamin signal with a g, .-value of 2.25
(Fig. 2B), which is typically formed after long incubation of
glutamate mutase or other B,,-dependent enzymes in the pres-
ence of substrate or competitive inhibitors [2]. The triplet struc-
ture in the individual Co-hyperfine lines in the z-direction, due
to the coupling of the unpaired spin of Co(II) with the nuclear
spin of the axial [“*N]ligand (1 = 1), was changed into a doublet
(Fig. 2B) indicating a replacement of '*N by "*N (I = 0.5). This
is better resolved in the difference spectrum (Fig. 2C = Fig. 2
B — Fig. 2A), which was necessary because of the incomplete
conversion of the catalytically relevant “inhibitor signal’ to the
cob(Il)alamin EPR signal of the inactive enzyme. The twofold
splitting clearly shows that the cobalt is coordinated to a nitro-
gen atom of ['*N]Jcomponent S in axial position.

For producing a sample of component S, in which all the
nitrogens except those of the histidines were '"N-labelled, the
histidine auxothroph E. coli strain K12 Hfr G6 transformed
with pOZ3 was used. The cells were grown on 4 mineral me-
dium supplemented with ('*NH,),SO, and ["“Nihistidine. The
(S)-glutamate induced EPR signal using this special type of
component S is shown in Fig. 1B. There are no differences to
the EPR spectra obtained previously with ['*N]component S [2].
After anaerobic incubation of the sample for 15 h at 37°C, the
signal was totally converted to the cob(IT)alamin form (Fig. 2D)
clearly showing a '*N superhyperfine-splitting. This result
strongly suggests that the nitrogen, which coordinates the co-
balt atom of the coenzyme, belongs to a histidine residue of
component S. This is in good agreement with the sequence data
from several coenzyme B,,-dependent enzymes [7.8]. The highty
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conserved histidine residue (H16 in component S) belongs to
the coenzyme B,-binding motif and the corresponding residue
in methionine synthase was aiready shown to coordinate the
cobalt atom [15].
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