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SUMMARY

Their common structural feature is the reversible migration of a
large fragment, CO .S .CoA or CHNH3f .COz, from one carbon
atom to an adjacent carbon.
In view of the role of stereochemical investigations in the elucidation of molecular rearrangements,
a study was initiated of the stereochemical course of these enzymic reactions.
This paper reports the results obtained from
a study of the reaction catalyzed by glutamate mutase (three-3methyl-r,-aspartate
carboxyaminomethylmutase,
EC 5.4.99.1).
This reaction proceeds in DzO without the incorporation
of
deuterium
into glutamate
or three-3-methylaspartate
(1, 2).
Hence, the breaking and reforming of C-C
bonds must be
accompanied by an intramolecular
migration of hydrogen.
The
stereochemistry
of this rearrangement
can therefore be studied
with three-3-methyl-L-aspartate-3-D
(II, Scheme 1) formed by

4-Deuterioglutamic
acid was prepared
by incubation
in
DzO of ammonium
mesaconate
with an extract of Clostri&urn tetanomorphum. In these extracts,
methylaspartase
catalyzed the formation
of threo-3-methyl-L-aspartate-3-D,
which was then rearranged
to glutamate
by the cobamide
coenzyme-dependent
glutamate
mutase.
The monodeuteriosuccinate
obtained
by chloramine-T
oxidation
of the
glutamate
showed
a plain negative
optical rotatory
dispersion
curve, and was therefore
(R)-succinate-2-D.
It
was concluded
that the intramolecular
rearrangement
of
thero-3-methyl-L-aspartate
to L-glutamate
proceeded
by
net inversion of configuration
of carbon atom 3. (R)-Succinate-2-D
was also prepared
from (2S,3R)-aspartic
acid3-D.

YcoF

Two well studied enzymic rearrangements
requiring cobamide
coenzymes for activity appear to have no ready analogy in
organic chemistry.
These are the methylmalonyl
coenzyme A
mutase reaction (Equation 1) in which methylmalonyl
coenzyme
A is isomerized to succinyl coenzyme A, and the glutamate
mutase reaction (Equation 2) in which three-3-methyl+aspartate is isomerized to L-glutamate.
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1

the methylaspartase-catalyzed
addition of ammonia to mesaconate (I) in DzO (Scheme 1). In the subsequent isomerization
of II by glutamate mutase, replacement of the “glycine”
fragment by a hydrogen atom from the methyl group with conservation of the original configuration
would result in deuterioglutamate III.
However, if the incoming hydrogen atom were to
approach from the side opposite to that of the leaving “glycine”
fragment, an inversion of configuration would occur at carbon 3
of the methylaspartate,
and deuterioglutamate
V would be
formed.
Degradation
of the glutamate-4-D
with chloramine-T
would yield deuteriosuccinate
IV or its enantiomorph
VI, and
these can be distinguished
by their optical rotatory dispersion
curves (3). These experiments were performed and showed that
864
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the glutamate mutase reaction occurred with net inversion of
configuration.
Preliminary
reports of this investigation
have
appeared elsewhere (4, 5).
EXPERIMENTAL
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PROCEDURE

Methods-Deuterium
concentrations
were determined
by
<oxidizing the samples in liquid air oxygen and evaporating the
resulting water into a uranium converter (6) attached to a mass
spectrometer.
Optical rotatory dispersion measurements were
made on a Bendix-Ericsson
Spectropolarimeter.
Mass spectra
were obtained with a Hitachi Perkin-Elmer
model RMU-6D
mass spectrometer.
Melting
points were determined
on a
Fischer-Johns
hot stage and are uncorrected.
Solvents were
freed of peroxides (when necessary), dried, and redistilled.
Enzymic Preparation
of Deuterioglutamate
from Ammonium
dfesaconate in DBO-A
suspension of 9.11 g (70 mmoles) of
mesaconic acid (recrystallized
from hot wat.er and dried at 100”;
m.p. 200.5201.5”)
in 30 ml of DzO was treated with anhydrous
ammonia until all the acid had dissolved (pH 9 to 10). The
.solution was lyophilized, and the dry residue was dissolved in DzO
to give a 1.75 M solution.
Optimum conditions for the conversion of ammonium
mesaconate to glutamate were determined
in preliminary
experiments
by the manometric
L-glutamic
,decarboxylase assay (7).
Crude extracts of Clostridium
tetanomorphum were prepared
as previously described (8), except that the charcoal treatment
Such an extract (75 ml,
was omitted, and were stored at -10”.
44 mg of protein per ml) was treated with 0.2 mmole of sodium
A
pyruvate and 0.2 mmole of cr , oc’-dipyridyl
and lyophilized.
solution of the dried powder (3.9 g) and 2 mmoles of mercaptoethanol in 64 ml of DtO was incubated anaerobically in the dark
for 1 hour at 0” to activate glutamate mutase, and was treated
with the D20 solution of diammonium
mesaconate (60 mmoles;
Incubation
of the mixture under Nz in
final volume, 100 ml).
the dark for 5 hours at 37” resulted in the formation of 49 mmoles
of nn-glutamate
(pH of the solution remained at 8.0 f 0.2).
The reaction was stopped by heating in a water bath at 80” for
15 min, and precipitated
proteins were removed by centrifugation and washed with water.
The combined supernatant solution and washings were diluted
to 300 ml and passed through a column (7 cm in diameter and 15
cm high) of Dowex l-X&acetate
(50 to 100 mesh). The column
was washed with 1500 ml of’Hz0, and glutamic acid was eluted
with 1 liter of 1 N acetic acid. Fractions giving a positive test
with ninhydrin were pooled, and the solution (650 ml) was concentrated under reduced pressure to 130 ml and allowed to stand
at 0” for 24 hours.
The crystals were collected by filtration
(2.9 g), and a second crop (1.2 g) was obtained by concentrating
The combined fractions were recrystallized from 75
the filtrate.
ml of hot water by the addition of 150 ml of 95% ethanol, and
the product was collected by filtration and washed with ethanol
and ether. Yield, 3.23 g, containing
19.6 atom y0 excess deuterium (1.76 atoms of excess deuterium
per molecule).
The
racemization
of C-2 of the glutamate and the distribution
of
deuterium in the molecule will be discussed below.
The product migrated as authentic glutamic acid in paper
ionophoresis (0.1 M sodium formate buffer, pH 3.85, 1300 volts,
1 hour).
Ninhydrin-positive
or ultraviolet-quenching
impurities
The L-glutamate
content
could not be detected on the paper.
Contaminawas 99 f 3% of that expected for m-glutamate.
tion by three-3-methyl-L-aspartic
acid was less than 0.3%,
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FIG.
1. Optical rotatory dispersion curves (length, 0.1 dm;
c, grams per 100 ml; temperature,
24’). A, succinic acid from
(2S,3R)-aspartate-3-D
(c, 0.692 in methanol).
B, succinic acid
from on-glutamate-4-D
(c, 0.673 in methanol).
C, nn-glutamate4-D (c, 0.647 in H,O). D, on-glutamate&D
(c, 0.680 in 1 N
&Sod.

determined
by enzymic assay (9). Essentially no mesaconic
acid could be detected by absorption at 240 mp. The optical
rotatory
dispersion
curves of the deuterio-m-glutamate
in
water and in 1 N HzS04 are shown in Fig. 1.
Preparation
of Reference (R)-Deuteriosuccinic
Acid-(2S,3R)Aspartic acid-3-D was prepared by incubation of fumarate and
ammonia with whole cells of Proteus vulgaris in DzO (lo), and
contained 15.2 atom ‘% excess deuterium (1.07 atoms of excess
deuterium
per molecule).
It was treated with NaNOn-NaBrHBr (10, 11)) yielding (2s) 3S)-2-bromosuccinic
acid-3-D which
contained 20.4 atom y0 excess deuterium (1.02 atoms of excess
deuterium per molecule).
A solution of 253 mg (1.3 mmoles)
of the bromosuccinate in 5 ml of water was added to a suspension
of catalyst prepared by hydrogenation
of 160 mg of Pt02.H20
Hydrogenation
was continued at atmospheric
in 10 ml of water.
pressure and 23” for 2 hours, when hydrogen uptake (31 ml) had
ceased. The catalyst was removed by filtration
and washed
with water, and the combined filtrate and washings were extracted continuously
overnight with ether. The ether extract
The residue
was dried over MgSOc and evaporated to dryness.
was dissolved in a minimum of hot purified tetrahydrofuran
and precipitated
by the careful, dropwise addition of benzene.
Yield, 136 mg (90%); m.p. 187-189”.
Two similar recrystallizations yielded 121 mg, m.p. 189190”.
The (R)-deuteriosuccinic
acid contained 17.1 atom y0 excess deuterium
(1.03 atoms of
excess deuterium per molecule), and exhibited a plain negative
optical rotatory dispersion curve (Fig. 1). A 2-mg sample was
converted to succinic anhydride by refluxing for 30 min with 2
ml of acetyl chloride, evaporating the reagent, and washing the
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resulting crystals with ether (12). Mass analysis of the product
showed peaks at m/e 56, 57, and 58 (C3H40), indicating that the
succinic acid consisted of 85.7% D1, 6.0% Dz, and 8.3% normal
molecules (cf. Reference 12).
Degradation of Deuterioglutamic
Acid to (R)-DeuteriosuccinateThe following is a simplified modification of known procedures
for this degradation
(13, 14). A solution of 250 mg of deuterioglutamate in 10 ml of water was adjusted to pH 4.5 with 1 N
NaOH, cooled in an ice bath, and treated (with magnetic stirring)
with 8.74 ml of a freshly prepared 10 ?ZOsolution of chloramine-T.
The mixture was readjusted to pH 4.5, heated at 40” for 10 min,
cooled in ice, and filtered to remove p-toluenesulfonamide.
The
filtrate was treated with 9.5 ml of 12 N HCl and heated in a
boiling water bath for 15 min. The cooled solution was partially
neutralized with 10 ml of 6 N NaOH and extracted continuously
with ether for 18 hours.
Succinic acid was recovered from the
dried (MgSOJ ether extract and recrystallized
three times as
described above (102 mg, m.p. 187-189”).
It contained 17.4
atom y0 excess deuterium (1.04 atoms of excess deuterium per
molecule), and was recrystallized
again for rotation measurement. A plain negative optical rotatory dispersion curve was
obtained
(Fig. I).’ Mass analysis of the anhydride
showed
peaks at m/e 56, 57, and 58, indicating that the succinic acid
consisted of 88% Dr, 6% Dt, and 6% normal molecules.
Degradation of Normal oM%tUmic
Acid in DzO-The
above
procedure was applied to normal glutamic acid in DzO with
reagents in which exchangeable hydrogen was partly replaced
by deuterium.
The succinic acid contained 10.5 atom y0 excess
deuterium
(0.63 atom of excess deuterium per molecule).
The
significance of this deuterium
incorporation
will be discussed
below.
RESULTS

AND

DISCUSSION

In previous studies ((10) cj. References 15 and 16) on the aspartase-catalyzed addition of ammonia to fumarate (VII, Scheme 2)
in DtO, it was shown that (2S,3R)-aspartate-3-D
(VIII) is formed,
and this was interpreted to result from the trans-stereochemistry
of the addition (Scheme 2). In the present investigation deuterioaspartate (VIII)
was also prepared in this way, and was converted (10, 11) to (2X,3&‘)-2-bromosuccinate-3-D
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1 Similar curves, but with somewhat higher rotations, were
obtained for the deuterio-r&-glutamate
(Fig. 1). This compound
is an equimolar mixture of the diastereomers (2R,4R)-glutamate4-D and (2S,4R)-glutamate-4-D.
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2. Nuclear magnetic resonance spectra in D,O of normal
(lower curve), and of deuterio-nn-glutamate
(upper
curve). Concentrations were 25 mg per ml, and temperature was
25’. Reading from left to right (in the direction of increasing field), the first triplet
(8 = 3.81 ppm from an internal
standard of sodium 3-trimethylsilyl-1-propanesulfonate)
represents the proton on C-2, and the AzBz system (centered around
6 = 2.49) renresents the vrotons on C-4 and C-3. Numerical
u&es represent integrals;
in arbitrary
units, between limits
shown. The spectra were taken on a Varian DA-60 nuclear magnetic resonance spectrometer equipped with a V-3251 A integrator.
FIG.
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reaction which is known to proceed with retention.
Removal of
bromine by catalytic hydrogenation
produced a monodeuteriosuccinate (X) which must have had the R configuration.
Since the completion of this preparation,
Cornforth et al. (3)
reported
the synthesis of a similar deuteriosuccinate
from
(2S,3R)-malate-3-D
which was prepared by enzymic transhydration
of fumarate in DzO (15, 17, 18). Cornforth et al.
made the further important observation that the deuteriosuccinate formed from malate-3-D
showed a plain negative optical
rotatory dispersion curve.
The deuteriosuccinate
prepared from the aspartate-3-D
also
showed a plain negative optical rotatory dispersion curve (Fig. I),
thus confirming the results of Cornforth et al., and it can be
concluded that this is characteristic
of authentic
(R)-monodeuteriosuccinate.
The deuterioglutamate
was prepared from ammonium mesaconate with crude extracts of C. tetanomorphum.
The first step
in this synthesis has been demonstrated
to yield threo-3-methyln-aspartate (19-22) by trans-addition
of ammonia to mesaconate (I, Scheme l), and in DzO the product of this addition (II)
would be labeled with deuterium on C-3. As mentioned previously, rearrangement
by glutamate mutase would result either
in monodeuterio-n-glutamate
III or V. However, owing to the
presence in the extracts of other enzymes (glutamate racemase,
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glutamic
dehydrogenase,
and transaminases),
nn-glutamate
was obtained which contained
1.76 atoms of deuterium
per
molecule.
Degradation
of this product with chloramine-T
gave
essentially monodeuteriosuccinate
(1.04 atoms of deuterium).
The other 0.7 atom of deuterium must be on C-2 of the glutamate,
since its nuclear magnetic resonance spectrum (Fig. 2) showed a
decrease of approximately
SO%, compared to normal glutamate,
in the area assigned to the a-proton; and, if C-3 of the deuterioglutamate was assumed to have 2 protons, the ratio of the areas
for Hcz, :Hc3):Hc4) was 0.32:2.0:1.07.2
The deuteriosuccinate
obtained
from the glutamate
also
showed a plain negative optical rotatory dispersion curve essentially equal to that of the reference compound (Fig. l), and must
therefore be of the (R) configuration
(VI, Scheme 1). Furthermore, mass analysis of the reference sample and of the succinate
derived from the glutamate showed that they were both nearly
90% monodeuteriosuccinic
acids. It is clear, as shown in
Scheme 1, that only (4R)-glutamate-4-D
(V) could have given
rise to (R)-succinate-2-D.
The rearrangement
of three-3methylaspartate
to n-glutamate must, therefore, have occurred
by net inversion of configuration
of C-3 of the methylaspartate.
The hydrogen from the methyl group approached C-3 from the
In the
side opposite to that of the leaving “glycine” fragment.
reverse direction, the “glycine”
fragment approached
C-4 of
glutamate from the side opposite to that of the leaving hydrogen,
resulting in three-methylaspartate.
Molecular
rearrangements
(Equation
3, in which R is the
migrating fragment)

Yx.+2,-G

(3)

which are accompanied by the dissociation of an anionic group
at the migration terminus and the bonding of a nucleophile at
the migration origin, have generally been classified as “carbonium ion rearrangements.”
These have frequently been shown
to occur with inversion of configuration
at both the origin and
terminus of migration
(24). The observed stereochemistry
of
the glutamate
mutase reaction is consistent with such a rearrangement.
Formally,
the cobamide coenzyme could be
postulated to remove a hydride ion from the methyl group of
3-methylaspartate.
Migration
of the “glyeine”
residue (an
expectedly
good migrating
group) to the resulting electron
deficient center would be followed or accompanied by addition
of the “hydride ion” at the migration origin.
This process would,
Alternatively,
as noted, be expected to proceed with inversion.
the enzyme-coenzyme
may be inducing a heterolytic cleavage of
2 The presence of deuterium on C-3 of glutamate is not excluded
by analysis of the succinate obtained from the chloramine-T
degradation.
3Cyanopropionic
acid, an intermediate
in this
degradation, undergoes exchange of hydrogen in (Yposition to the
nitrile group (cf. Reference 23). Deuterium on C-3 of glutamate
would therefore be largely lost. Degradation
of normal glutamate in DzO (see “Experimental
Procedure”)
gave succinate
containing
0.63 atom of carbon-bound
deuterium.
Hydrolysis
of the intermediate
nitrile with acid in the present procedure, or
with alkali in the degradation of leucine (23), resultedinessentially
the same degree of exchange. The nuclear magnetic resonance
spectra (Fig. 2) are in accord with the interpretation
that the
enzymically prepared glutamate was labeled only in the 2 and 4
positions.

and
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the C-2 to C-3 bond of 3-methylaspartate,
with formation of a
glycine carbanion.
This would be accompanied or followed by
a migration of hydrogen from the methyl group to the neighboring positive carbon and a recombination
of the anionic and
cationic fragments to give the straight chain glutamate.
This
process too may be expected to proceed with inversion.
However, inversion is not a necessary condition
for a cobamide
coenzyme - dependent
rearrangement.
Methylmalonyl
- CoA
undergoes isomerization
to succinyl-CoA
with retention
of
configuration
of C-2 (25). Further aspects of mechanism will
therefore be more conveniently discussed in the third paper of
this series (25).
Acknowledgments-We
are grateful to Professor H. A. Barker
for helpful discussions, to Professor S. Beychok for help with
the optical rotatory dispersion measurements, to Professor J. A.
Glaze1 for the nuclear magnetic resonance spectra of normal and
deuterioglutamate,
and to Professor N. J. Turro for help with
the mass analyses of succinic anhydride.
We are pleased to
acknowledge the technical assistance of Mrs. J. S. Withers.

REFERENCES
1. IODICE, A. A., AND BARKER, H. A., J. Biol. Chem., 238, 2094
(1963).
2. BARKER,
H. A., ROOZE, V., SUZUKI, F., AND IODICE, A. A., J.
Biol. Chem., 239, 3260 (1964).
3. CORNFORTH,
J. W., RYBACK, G., POPJ~K, G., DONNINGER,
C.,
AND SCHROEPFER,

G., JR., Biochem.

Biophys.

Res. Commun.,

9, 371 (1962).
4. SPRECHER, M., AND SPRINSON,
D. B., Federation. Proc., 22, 361
(1963).
5. SPRECHER,
M., AND SPRINSON, D. B., Ann. N. Y. Acad. Sci.,
112, 655 (1964).
6. NIEF,
G., AND BOTTER, R., in J. D. WALDRON
(Editor), Advances in mass spectrometry,
Pergamon Press, New York,
1959. n. 515.
7. UMBR&,
W. W., AND GUNSALUS,
I. C., J. Biol. Chem., 169,
333 (1945).
8. BARKER, H. A., SMYTH, R. O., AND HOGENKAMP,
H. P. C.,
Biochem.
Prepn., 10, 27 (1963).
9. BARKER, H. A., SMYTH, R. D., WILSON, R. M., AND WEISSBACH,
H., J. Biol. Chem., 234, 320 (1959).
10. KRASNA, A. I., J. Biol. Chem., 233, 1010 (1958).
11. HOLMBERG,
B., Ber. deut. them. Ges., 60, 2198 (1927).
12. POPJ~K, G., GOODMAN,
D. S., CORNFORTH,
J. W., CORNFORTH,
R. H., AND RYHAGE, R., J. Biol. Chem., 236, 1934 (1961).
13. COHEN, P. P., Biochem. J., 33, 551 (1939).
14. DAKIN, H. D., Biochem. J., 11, 79 (1917).
15. GAWRON, O., AND FONDY, T. P., J. Am. Chem. Sot., 81, 6333
(1959).
16. ENGLARD,
S., Ann. N. Y. Acad. Sci., 84, 695 (1960).
17. ANET, F. A. L., J. Am. Chem. Sot., 82, 994 (1960).
18. ENGLARD,
S., J. Biol. Chem., 236, 1510 (1960).
19. BARKER, H. A., SMYTH, R. D., WAWSZKIEWICZ,
E. J., LEE,
M. N., AND WILSON, R. M., Arch. Biochem.
Biophys.,
78,
468 (1958).
20. BENOITON,
L., BIRNBAUM,
S. M., WINITZ,
M., AND GREENSTEIN, J. P., Arch. Biochem.
Biophys.,
Si, 434 (1959).
21. BRIGHT. H. J.. INGRAHAM.
L. L.. AND LUNDIN. R. E.. Biochim.
Biophys.
A&,
81, 576 (1964) .’
22. SPRECHER, M., AND SPRINSON, D. B., J. Biol. Chem., 241, 868
(1966).
23. SPRINSON, D. B., AND RITTENBERG,
D., J. Biol. Chem., 184,
405 (1950).
24. INGOLD, C. K., Structure
and mechanism
in organic
chemistry,
Cornell University Press, Ithaca, 1953, pp. 500 and 511.
25. SPRECHER, M., CLARK, M. J., AND SPRINSON, D. B., J. Biol.
Chem., 241. 872 (1966).

