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Glyoxalase I Enzyme Studies.! 2.2 Nuclear Magnetic
Resonance Evidence for an Enediol-Proton

Transfer Mechanism

Sir:

In contrast to the generally accepted 1,2-hydride shift
mechanism? for the action of glyoxalase I, we wish to present
evidence that in the conversion of the a-ketohemithiol acetal
2 (methylglyoxalglutathionylhemithiol acetal) to the a-hy-
droxythiol ester 3 (S-lactoylglutathione) the mechanism in-
volves an enediol-proton transfer rather than a hydride shift.
The glyoxalase enzyme system composed of glyoxalase I [S-
lactoylglutathione methylglyoxal lyase (isomerizing); E.C.
4.4.1.5], the coenzyme glutathione (GSH), and glyoxalase I1
(S-2-hydroxyacylglutathione hydrolase; E.C. 3.1.2.6) converts
methylglyoxal (1) to lactic acid (4). The role of this enzyme
system, which is found widely distributed in cells of all forms
of life,*3 in metabolism has become a topic of controversy
because of its suggested’ involvement in the regulation of cell
division.

(0] IOH H(I) (ﬁ
CH,C—CHSG 2¥22= L oy CH—CSe
2 3
“ lglyoxalase I
0 O HO 0

I

I |
CHC—CH + GSH  CHCH—COH + GSH
1 4

Mechanistically, the most intriguing step in the reaction
sequence is the rearrangement of the hemithiol acetal 2 to the
thiolester 3 for which one might consider either an intramo-
tecular 1,2-hydride shift or an enediol-proton transfer mech-
anism (originally proposed by Racker).23%¢ Distinguishing
the two mechanisms should be straightforward either by de-
tecting the incorporation (or lack of incorporation) of solvent
protons into the product or the retention (or loss to the medi-
um) of an isotope of hydrogen when using a properly labeled
substrate. Indeed, studies of the former have been reported in
deuterium oxide and tritium-enriched water. In each case the
1,2-hydride shift mechanism was proposed because of the lack
of detection of deuterium (3% maximum incorporation)?2 or
low incorporation of tritium (less than 4%)3b in the lactic acid
product, 4. These results, however, do not rule out the possi-
bility of a fast proton transfer mechanism via an enediol taking
place in a highly protected active site. As a matter of fact, the
detection of any solvent proton incorporation suggests such a
possibility. This can be tested by observing incorporation or
increased incorporation of solvent protons as the temperature
is raised.” We report here the results of such a study in which
incorporation of solvent protons was detected using NMR
spectroscopy. At 25 °C there is incorporation of deuterium (ca.

1348

r78

0ss

e A — ! R VU

1348 |[1280

0ss

‘[ 0SS

] Il
N ) v ) U i J
ﬁ ATA ) J‘ 1 y ‘w‘!\ (‘ wﬁw ‘
l\./—f_'"ﬁ e " V}‘ \ﬂ/\— ’ ;‘“"‘\A.\)‘“\r_J‘ ~
Bisea 2 1305
i L b

Figure 1. '"H NMR spectra for the glyoxalase I catalyzed conversion of
methylglyoxal to lactic acid. Spectra A and B represent the enzyme re-
action at 25 and 35 °C, respectively; A’ and B’ are the corresponding
control spectra. Chemical shifts are quoted in parts per million from DSS
and the assignments are discussed in the text. The unassigned peaks belong
to glutathione.

15%) when the enzyme reaction is run in deuterium oxide. The
incorporation increases to ca. 22% when the temperature is
raised to 35 °C. These observations clearly demonstrate that
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the mechanism proceeds via a proton transfer rather than a
hydride shift.

In a typical experiment a stock solution was prepared by
dissolving a mixture of 48 mg (0.47 mmol) of methylglyoxal,®?
146 mg (0.47 mmol) of glutathione, and 12 mg of DSS (NMR
internal chemical shift and integration reference, sodium
4,4-dimethyl-4-silapentanesulfonate) in 6 ml of 2H,0 (99.7%).
The pH of this stock solution was immediately adjusted to 7.01
(p*H 7.41) by the addition of 203 mg of anhydrous K;HPO4
(buffer component) and equilibrated at 21 °C for 30 min be-
fore 0.68-ml aliquots were transferred to 5S-mm NMR tubes.
Then each tube was equilibrated at its designated experimental
temperature (25 or 35 °C) for 5 min before 50 units of glyox-
alase I (5 ul, 2H,0 solution)? was added and the solution in-
cubated for 5 min in its respective bath. Al NMR tubes were
then placed in the 25 °C bath and 4 units of glyoxalase II (20
ul, 2H>0 solution)'0 was added to hydrolyze the thiol ester 3.
After 20 min, the NMR tubes were cooled to 0 °C. As soon as
possible (within 5~20 min) the NMR spectrum of each sample
was recorded (probe at 28 °C) at 100 MHz using a Jeol Model
JNM-PS-FT-100 fast Fourier transform NMR spectrometer
(25 transients using a 90° pulse, 8K data points, 625 Hz
spectral width). The NMR chemical shifts are reproducible
to £0.003 ppm. In all cases identical control reactions were
carried out side-by-side with the above reaction tubes except
that glyoxalase I was omitted.

Figure 1 displays the NMR spectrum of each reaction
(spectra A and B) along with its control (spectra A’ and B).
To facilitate unequivocal assignments, after the above spectra
were obtained various amounts of authentic lactic acid (1.315
ppm (3 H,d, J = 6.9 Hz, peaks at 1.279 and 1.348 ppm), 4.098
ppm (1 H,q,J = 6.9 Hz)) and [2-2H]lactic acid (1.306 ppm
(3 H, apparent s)) were added to each NMR tube and the
spectra (not shown) determined again.'! By this procedure,
it was clearly demonstrated that the spectra in Figure 1 con-
tained mixtures of lactic acid and [2-2H]lactic acid (as well
as glutathione). The percent incorporation (ca. 15% at 25 °C
and 22% at 35 °C) was estimated by measuring (planimetry)
the area of the methyl doublet and singlet due to the lactic acid
mixture and correcting for any possible lactic acid formation
in the control. Using the DSS in each spectrum as an inte-
gration reference, it is also clear that the relative area of the
methyl singlet at 1.306 ppm due to [2-2H]lactic acid increased
as the temperature of the enzyme reaction was raised, and the
relative areas of the methyl doublet centered at 1.315 ppm and
the tertiary hydrogen quartet centered at 4.098 ppm of lactic
acid decreased. It should also be noted that sufficient enzyme
was used since the methyl singlet at 2.317 ppm and the tertiary
hydrogen singlet at 5.584 ppm from the a-ketohemithiol acetal
2 present in each control spectrum is absent in the corre-
sponding reaction spectrum. Other important control experi-
ments established that neither S-lactoylglutathione (3) nor
lactic acid (4) incorporates deuterium when exposed to these
reaction conditions.

In addition, the fast enediol-proton transfer mechanism for
the mode of action of glyoxalase I was unequivocally confirmed
by the following experiments. When either phenylglyoxal, also
a substrate for this enzyme system, in *H,O or [1-2H]-
phenylglyoxal'2 in H,O was exposed to the experimental en-
zyme conditions previously discussed, mixtures of mandelic
acid and [2-?H]mandelic acid (determined by NMR and MS)
were obtained. Finally, all model systems that we have ex-
amined, as would be expected, result in nearly quantitative
incorporation.'3

Clearly, the mechanism of glyoxalase I proceeds via an
enediol-proton transfer rather than a 1,2-hydride shift. The
low incorporation of solvent protons indicates a fast shielded
proton transfer that is occurring at a highly protected active
site. Such a mechanism is depicted where a substrate is shown
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chelated to a Mg2™ ion at the active site>!5 and the B group
represents a basic amino acid residue that is part of the active
site of glyoxalase I.!6
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Oligomerization and Two-Center Oxidative Addition
Reactions of a Dimeric Rhodium(I) Complex

Sir:

We have shown previously that cationic arylisocyanide
complexes of rhodium(I) aggregate in solution through for-
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