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Abstract: In the presence of the general bases imidazole and phosphate dianion methyl- and phenylglyoxalglutathionylhemi-
thiol acetals rearrange to the corresponding S-lactoyl- and S-mandeloylglutathiones, respectively, and then hydrolyze to the
corresponding acids., NMR-detected incorporation of solvent protons indicates the mechanism of the arrangement to be an
enediol proton transfer. The essential catalytic components of the reaction, which with respect to the mechanism is a bona fide
model for the enzyme glyoxalase I, are the covalent catalyst glutathione (the coenzyme for the enzymatic process) and a gener-
al base. The rate is also enhanced slightly by magnesium ions. The magnitude of the primary kinetic isotope effect for the gen-
eral base catalyzed reaction is smaller than that for the hydroxide ion (Cannizzaro) catalyzed rearrangement that involves an
intramolecular 1,2-hydride shift mechanism. Reexamination of Franzen’s model reaction using NMR techniques indicates
that the V,N-diethylcysteamine catalyzed rearrangement also proceeds via an enediol proton transfer rather than a 1,2-hy-

dride shift.

The glyoxalase enzyme system consisting of glyoxalase
[ [S-lactoyl-glutathione methylglyoxal-lyase (isomerizing)
E.C. 4.4.1.5], the coenzyme glutathione (GSH), and glyoxa-
lase II (S-2-hydroxyacylglutathione hydrolase, E.C. 3.1.2.6)
converts methylglyoxal (1a) and phenylglyoxal (1b) to lactic
acid (4a) and mandelic acid (4b), respectively. Recent sug-
gestions and evidence that glyoxalase I and its substrate may
be essential controlling factors in the regulation of cell division?
have rekindled interest in this enzyme system and its mecha-
nism.
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Mechanistically, the most interesting step in the reaction
sequence is the glyoxalase I catalyzed rearrangement of the
hemithiol acetal 2 to the thiol ester 3. Results of solvent
(deuterium oxide® and tritium-enriched water®) incorporation
studies led earlier investigators to conclude that the mechanism
proceeds via an intramolecular hydride shift. However, recent
high-resolution NMR evidence presented by this laboratory
indicated low incorporation of solvent protons (from deuterium
oxide) to form [2-?H]lactic acid. This observation of incor-
poration, which also increased as the temperature was raised,
suggests a fast-shielded enediol proton transfer that is oc-
curring at a highly protected active site.?® In addition, such a
mechanism suggests the participation of a basic amino acid
residue at the active site.”

Heretofore, nonenzymatic catalysts that have mimicked the
enzymic reaction include Franzen’s use of 2-dialkylami-
noethanethiols;>® our magnesium ion-base catalyzed rear-
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rangement of S-alkyl a-ketohemithiol acetals to a-hydroxy-
thiol esters with such bases as sodium acetate or N-methyl-
pyrrolidine in aqueous dimethylformamide solutions;® Hine
and Koser’s studies on the hydroxide catalyzed rearrangement
of phenylglyoxal to mandelic acid;!? and most recently Hine
and Fischer’s N,N,N’-trimethylethylenediamine internal
catalyzed conversion of phenylglyoxal to the corresponding
mandelamide derivative.!! The model study reported herein
was initiated to examine the potential conversion of a-keto-
aldehydes to a-hydroxy acids in the presence of the apparently
essential catalytic components of the enzyme. These would
include glutathione along with magnesium ion®!2 and a base’?
(imidazole and phosphate dianion were examined) rather than
glyoxalase I holoenzyme in its role as deus ex machina. In
addition, the question of an intramolecular 1,2-hydride shift
vs. an enediol proton transfer mechanism for this model study
was examined and the model of Franzen,>® on which many of
the previous conclusions about the enzyme mechanism have
been based, reexamined.

Results and Discussion

General Base Catalysis. The choice of bases investigated as
potential general base catalysts was guided by several factors.
The broad optimum pH range (5-9) observed for glyoxalase
[ activity!? would suggest model studies in this pH range. Of
the common amino acid residues with pK values in this pH
range,!* those containing primary amines and thiols were not
considered since they might also lead to the formation of
nucleophilic adducts with the a-ketoaldehydes. Of the rem-
aining possibilities, the aromatic amine imidazole (pK 6.95)
was found to be a catalyst in this rearrangement of the hemi-
thiol acetal 2 to the thiol ester 3. Phosphate dianion, with a
similar pK, was also found effective. The Kgjss for the equi-
librium between 1a and 2a has been determined to be 3 X 103
M.4d,15

HPO42~ Catalysis. The basic form of the buffer was shown
to be the catalytically active species by the following experi-
ments. While maintaining a 0.1 M total phosphate solution
with a constant ionic strength of 0.4 by adding KCl, the mole
fraction of H,PO,~/HPQ42~ was varied by adjusting the pH.
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Figure 1. Dependence of kobsa On total phosphate dianion concentration
at pH 7.0 and 30 °C. Ionic strength was maintained at 0.4 (KCl).

It was found that the pseudo-first-order rate constant varied
linearly with HPO42~ concentration and extrapolated to a zero
rate constant at zero HPQ42~ concentration. Significant ca-
talysis by either H,PO4™ or H,O can be ruled out. Figure 1
shows the dependence of & ,psg on HPO,42~ concentration at a
constant pH of 7.00. Within experimental error, the catalysis
is due solely to the buffer. From the slope, the value of (8.0 £
0.9) X 1072 M~! min™! for the second-order rate constant
kupog2- was obtained.

Imidazole Catalysis. The source of catalysis by imidazole
was examined by varying the imidazole/imidazolium ratio
while keeping the total concentration constant. The results at
total buffer concentrations of 0.20 and 0.35 M indicated the
basic form of the buffer (imidazole) to be the exclusive cata-
lytic agent.

At pH 7.0 the plot of kqgusg vs. imidazole (neutral) concen-
tration became nonlinear (downward curvature) at concen-
trations exceeding 0.2 M. The simple rate expression:

_ —d[CH;C(=0)C(OH)HSG]
dt
= kg[CH;C(=0)C(OH)HSG][B] (2)

could no longer be utilized to obtain kg for imidazole. In order
to analyze this behavior we assumed that imidazole could in-
teract as well with the aldehyde to form the addition product
MI that, by analogy to previous studies with secondary
amines,'! might rearrange slowly to N-lactoylimidazole.

In the Appendix we show a derivation allowing determina-
tion of Kmj as 12.9 £+ 2.3 M1, Qualitatively, such competition
would reduce the concentration of hemithiol acetal 2a available
for rearrangement to 3a. Assuming the only reaction pathways
are those outlined in eq 3 and the hemiimidazole acetal (MI)

rate

ﬁ OH HO O
kg
CH;C—CHSG + imidazole —> CH,CHCSG
2a 3a
ol
\
Kaiss || KEmsa CHJCHCN/\77N
Tkr (3)

I
GSH + CHC—CH + imidazole M CHC—CHN 1.
\=N
M I

MI

rearranges at a much slower rate (k; < k) than the hemithiol
acetal 2a, the quantitative effects of this competing reaction
can be predicted. Since

[M]o = [M] + [MSG] + [MI] (4)
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Figure 2, Comparison of experimental rates with calculated values for the
imidazole catalyzed reactions at pH 7.0 assuming the scheme in eq 3 (see
derivation in Appendix). The solid line represents the calculated and the
circles the observed values.

and then substituting equilibrium constants into the equa-
tion

Kwmsc [GSH] Kwmi [I]o ) (5)
1+ Kmsg [M] 1+ Km [M]

By successive approximations [M] and hence [MSG] could
be determined for each [I]o. Knowledge of [MSG] allowed
determination of the second-order rate constant kg ineq 3 for
imidazole as 5.5 X 102 M ™! min~1.16 Figure 2 presents cal-
culated and observed rate data based on these assumptions.
The agreement, especially at low imidazole concentrations, is
satisfactory. Hine and Fischer recently measured association
constants between secondary amines and phenylglyoxal (1b)
and obtained values of 20-100 M~111 Thus, the assumption
that imidazole associates with methylglyoxal (1a) and the
values suggested here for this association (K as 12.9 £ 2.3
M1) appear to be of the right order of magnitude. Although
we have no evidence at present as to whether the hemiimidazole
acetal rearranges to N-lactoylimidazole, Figure 2 in fact
suggests that it does not since the predicted rate should be lower
than that observed if k;[MI] were making a significant con-
tribution to the overall rate. In addition, the freshly prepared
solutions of methylglyoxal and imidazole employed in the
determination of Ky above did not change in absorbance over
several hours, suggesting that no rearrangement was occurr-
ing. ‘

Effect of Magnesium Ions. It has been known for some time
that glyoxalase I contains a tightly bound magnesium ion that
is essential for enzymatic activity.!? In previous model studies
in a nonaqueous system (DMF) with tertiary amines and so-
dium acetate as bases, a 30-fold acceleration of the reaction
rate was observed by adding magnesium ions.2 However, in
the present model study in aqueous medium using imidazole
as the base, the rate of the rearrangement was accelerated by
only a factor of 1.8.9° We attribute much of the diminished
effect of the magnesium ions to the competing complexing of
the ions to imidazole and water.

Deuterium Isotope Effects. Having observed general base
catalysis in the rearrangement of the a-ketohemithiol acetal
2 to the a-hydroxythiol ester 3, it was of interest to measure
the magnitude of the isotope effect on this reaction by substi-
tuting deuterium for hydrogen at the C-1 position of the a-
ketoaldehyde 1. This general base catalyzed pathway, which
proceeds by an enediol mechanism (see below), gave rise toa
kinetic isotope effect of 3.3 £ 0.5 for CH3;COCHO s,
CD;COCDO and 2.3 £ 0.2 for C¢HsCOCHO vs.
Ce¢HsCOCDO. These numbers are consistently lower than
those obtained in the hydroxide ion catalyzed reaction (internal
Cannizzaro involving a 1,2-hydride shift mechanism) of 3.8
for the methylglyoxals and 5.0 for the phenylglyoxals.!3® The

[M]o = [M] (1 +
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Figure 3. Part of the 'H NMR spectrum of the KH,PO, catalyzed con-
version of methylglyoxal tolactic acid in H>O. Chemical shifts are quoted
in parts per million from DSS.

magnitudes of the primary kinetic 2H isotope effects obtained
with the above substrates reported as Vepax('H)/Vmax(*H) for
the enzyme-catalyzed reaction vary widely depending on the
source of the enzyme. With methylglyoxal as substrate, the
value for the enzyme isolated from yeast was 2.9 £ 0.213% and
values ranged from 1.0 to 3.5, depending on the metal ion, with
the enzyme isolated from rat erythrocyte.!” Using phenyl-
glyoxal as substrate, the value for the yeast enzyme was 3.2 &
0.313b and values ranging from 2.1 to 4.8 were obtained with
the rat erythrocyte enzyme,!” again depending on the metal
employed.

For the model systems, the magnitudes of the primary ki-
netic 2H isotope effects appear to be characteristic of the type
of mechanism and thus seem to differentiate the enediol proton
transfer from the 1,2-hydride shift. With the enzyme, however,
Vinax('H) / Vmax(*H) at best indicates only that the hydrogen
transfer is rate limiting but does not distinguish the nature of
the hydrogen transfer. It is interesting to note that the mag-
nitude of the isotope effect reported here for the general base
catalyzed (enediol) mechanism is similar to the value of 2.9
recently observed for triosephosphate isomerase.!® This en-
zymatic process involves proton abstraction from the substrate
1(R)-dihydroxyacetone phosphate and generates an enediol
intermediate.

Mechanistic NMR Studies. Mechanistically, the most in-
triguing step in the reaction sequence is the rearrangement of
the hemithiol acetal 2 to the a-hydroxythiol ester 3 for which
one might consider either an intramolecular 1,2-hydride shift
(intramolecular Cannizzaro) or an enediol proton transfer
mechanism. Distinguishing the two mechanisms is straight-
forward with NMR either by detecting the incorporation (or
lack of incorporation) of solvent protons into the product or
the retention (or loss to the medium) of an isotope of hydrogen
when using a properly labeled substrate. We have previously
used both incorporation of solvent and loss of deuterium to the
medium in studies that established that the enzymatic reaction
proceeds via a fast-shielded enediol proton transfer that is
occurring at a highly protected active site.?2 In addition, solvent
incorporation studies indicated that the magnesium ion-base
catalyzed rearrangement of S-alkyl a-ketohemithiol acetals
to a-hydroxythiol esters in D,O-DMF also proceeds by an
enediol proton transfer mechanism.® Consequently, it was
important to determine the mechanism of the enzymatic model
study reported here, as well as to reexamine Franzen’s model
system, for which a 1,2-hydride shift mechanism had been
proposed,’8 using NMR techniques.

If the model reaction is run in D>O using methylglyoxal (1a)
as substrate, either lactic acid (product of a 1,2-hydride shift)
or [2-2H]lactic acid (product of an enediol proton transfer) will
be the product depending on the mechanism.

Figure 3 shows part of the 100-MHz 'H NMR spectrum
of the model reaction catalyzed by KH,PQOy in H>O and in-
dicates that lactic acid is formed. The spectrum is superim-
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Figure 4. Part of the 'TH NMR spectrum of the KH>PO4 catalyzed con-
version of methylglyoxal to {2-2H]lactic acid in D2O. Chemical shifts are
quoted in parts per million from DSS.

posable with that of an authentic sample of lactic acid.

Before any firm conclusions can be drawn about the model
system with regard to the question of solvent incorporation,
it is necessary to establish that none of the compounds 1, 2, 3,
or 4 ineq 1 incorporates solvent protons when exposed to these
conditions. Compounds 1, 2, and 4 have been repeatedly tested
in this and related studies®®® and do not exchange protons with
the medium. This then leaves the possibility that the thiol ester
3 rapidly incorporates solvent protons as soon as it is formed.
The latter possibility could be eliminated in a control experi-
ment using the enzyme as catalyst as follows. S-Lactoylglu-
tathione (3a) was formed by the conversion of the hemithiol
acetal 2a with glyoxalase [ in DO buffered with KH,PO4.
Under these conditions very little incorporation occurs.?? In
the 100-MHz NMR spectrum of the thiol ester 3a, the methyl
region of the lactoyl group is a large doublet centered at 1.368
ppm (J = 6.8 Hz, peaks at 1.333 and 1.403 ppm) for the un-
incorporated thiol ester that is superimposed on a much smaller
singlet (shoulder) at 1.364 ppm for the incorporated thiol ester.
These relative areas for the methyl group did not change with
respect to each other (the doublet vis-a-vis the singlet) nor with
respect to the intensity of the DSS signal when this enzymatic
reaction mixture was monitored for ca 8 h at 28 °C (after ca.
24 h some hydrolysis was evident) or after heating at 84 °C for
10 min. Subsequent addition of solid KOH led to immediate
hydrolysis of the thiol ester 3a to lactate with an intense doublet
centered at 1.315 ppm (J = 6.9 Hz, peaks at 1.279 and 1.348
ppm) and a small singlet at 1.309 ppm. The ratio of the dou-
blet, the singlet, and DSS was within detection limits, the same
as that of the doublet, the singlet, and DSS of the thiol ester.
This experimental sequence demonstrates that the thiol ester
3a does not exchange the hydrogen at the « position during
these or more severe reaction conditions, and that specific
base-catalyzed hydrolysis of the thiol ester 3a to lactic acid (4a)
results in no incorporation of solvent protons into the « position.
If incorporation occurs when the model reaction is carried out
in D,O, then it must be incorporated during the conversion of
hemithiol acetal 2a to thiol ester 3a.

Figure 4 displays part of the 100-MHz 'H NMR spectrum
of the final hydrolysis product of the model reaction that was
carried out in buffered D>O at pD 7.40. Clearly the methyl
doublet for lactic acid centered at 1.315 ppm has now collapsed
to an apparent singlet centered at 1.309 ppm, which is coin-
cident with a spectrum of authentically prepared [2-2H]lactic
acid. An incorporation of at least 90% is evident. Prior to hy-
drolysis the intermediate thiol ester 3a could also be observed
by 'H NMR. An apparent singlet centered at 1.364 ppm for
the lactoyl methyl group indicated that incorporation had al-
ready occurred. These observations, in conjunction with the
controls described above, demonstrate an enediol proton
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transfer mechanism for the model reaction.

As another control methylglyoxal was also converted to
lactic acid with strong base (Cannizzaro conditions) in D,O.
The reaction yielded lactic acid with the characteristic 'H
NMRsignalsat 1.315 (3 H,d,J = 6.9 Hz, peaks at 1.279 and
1.348 ppm) and 4.098 ppm (1 H, g, J = 6.9 Hz). This experi-
ment thus reconfirmed that the intramolecular Cannizzaro
reaction occurs by a hydride shift mechanism. A final control
was carried out to ensure that the product lactic acid does not
incorporate deuterium into the C-2 position, even in strong
basic solutions (KOH-D,0).

Previously, Franzen described the intramolecular rear-
rangement of the hemithiol acetal 6 of phenylglyoxal (1b) and

¢} H H (¢}

| I
C;H:C— CHSCH,CH,N(CH,CHy); ~> C;H.CH— CSCH,CH,N(CH.CH,),
6

| |

HO

I
CH,C—CH + HSCH.CH.N(CHCH,). CH,CHCOH + HSCHCH,N(CHCH,),
b 5 4b 5

N,N-diethylcysteamine (5) to the corresponding thiol ester in
D,0.8 Since no deuterium incorporation was detected by IR
in the product mandelic acid (4b), it was proposed that the
mechanism of the rearrangement proceeded via a 1,2-hydride
shift. Since we had not previously observed the expected IR
absorption bands for [2-2H]lactic and [2-2H]mandelic acid
derivatives,” we decided to repeat Franzen’s earlier work.
However, we would use [1-2H]phenylglyoxal and N,N-di-
ethylcysteamine in aqueous solution and monitor loss or ret-
ention of deuterium using high-resolution NMR and mass
spectrometry. Figure 5 indicates that the mechanism of this
reaction is also an enediol proton transfer, and not a 1,2-hy-
dride shift, since the isotope label is lost to the medium. The
ratio of the aromatic protons at 7.422 (5 H, s) and C-2 tertiary
proton at 4.985 ppm (1 H,s) was ca. 5:1 indicating the incor-
poration of solvent protons to be ca. 100% in the product
mandelic acid (4b).

Conclusion

It has been previously demonstrated that the mechanism of
glyoxalase I proceeds by an enediol proton transfer mechan-
ism?2 and this study now demonstrates that the essential cat-
alytic components of the enzyme, glutathione, a base, and
magnesium ion, also provide a model catalytic system. The role
of glutathione is that of a covalent catalyst that by forming the
covalently bonded intermediate 2 renders the former aldehydic
proton now acidic, a role apparently ideal for sulfur.!® A basic
amino acid residue’ at the active site, functioning as a general
base catalyst, removes this acidic proton. The major role of the
magnesium ion, if important in catalysis, may be that of che-

lating the substrate 2 to the enzyme surface at the active
site. 12,170

Experimental Section

Infrared spectra were determined with a Beckman Model IR-10
infrared recording spectrophotometer. Ultraviolet spectra were de-
termined with a Cary Model 14 or Beckman Model Acta III recording
spectrophotometer equipped with a thermostated cell compartment
(30.0 £ 0.1 °C). The '"H NMR spectra were determined at 100 MHz
using a JEOL Model INM-PS-FT-100 fast Fourier transform NMR
spectrometer (25 transients using a 90 ° pulse, 8K data points,
625-1000 Hz spectral width). The NMR chemical shifts, which are
reproducible to +0.003 ppm, are expressed in § values (parts per
million) relative to an Me4Si internal standard when using CDCl; or
relative to DSS (sodium 4,4-dimethyl-4-silapentanesulfonate) when
using D>0 (99.8%). All pH measurements were determined with a
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Figure 5, 'H NMR spectrum for the V. N-diethylcysteamine catalyzed
conversion of [1-2H]phenylglyoxal to mandelic acid in H,O. Chemical
shifts are quoted in parts per million from DSS. The unassigned peaks
belong to the catalyst. A is the entire spectrum; B is an expansion of the
4.5-8.0 ppm region of A; C is an integration of B.

Radiometer/Copenhagen Model PHM62 pH meter equipped with
a Radiometer combination Model GK2301C single electrode. Column
chromatography was accomplished on 60-200 mesh silica gel (Grace,
grade 62). Dioxane was distilled just prior to use from sodium.
[2Hg) Acetone (minimum 99.5% 2H) was from Wilmad Glass Co. and
[2H3]acetophenone was from Merck & Co., Inc. Methylglyoxal and
phenylglyoxal were from Aldrich Chemical Co. NaBH,4 and NaBDj,
were obtained from Ventron Corp. (Alfa Products). All other chem-
icals were reagent grade from Fisher Scientific Co.

Phenylglyoxal hydrate was purified by repeated recrystallizations
using a previously described technique!® yielding white needles, mp
87-87.5 °C. Methylglyoxal hydrate (40% aqueous solution) was
distilled, bp 90-100 °C (760 Torr), and then the acidic impurities
removed by passing the diluted distillate through a Dowex-1 (OH~
form) ion exchange column. Dilute stock solutions were stored cold
and standardized using a semicarbazide procedure20 just prior to
use.

(1-2H,3-2H3]Methylglyoxal Hydrate.!52! To a solution of 3.30 g
(51.5 mmol) of [2Hg]acetone in S mL of dioxane was added 2.75 g
(21.3 mmol) of selenous acid and the mixture was heated at ca, 60 °C
for 3 h. Distillation of this mixture yielded [1-2H,3-2H;]methylglyoxal
hydrate (17%): bp 89-92 °C (760 Torr); IR 1720 cm™!; UV of bis-
(semicarbazone)20 A\« 286; 'H NMR (D,0) indicated no signals
at 6 4.81 and 5.27 ppm that are characteristic of the aldehydic proton
of the mono- and dihydrate forms of methylglyoxal.2

[1-2H]Phenylglyoxal.!52! To a solution of 2.00 g (16.2 mmol) of
[2H;]acetophenone in 10 mL of dioxane was added 1.30 g (10.0 mmol)
of selenous acid and the mixture was gently refluxed for | h. The re-
action mixture was then partitioned between ether and an aqueous
layer saturated with Na,CO;, KCl, and NaCl. The organic layer was
dried (Na,SOy4) and concentrated in vacuo, and the residue chro-
matographed (silica gel). Elution with ether-petroleum ether yielded
[1-2H]phenylglyoxal (63%): IR 1716, 1698, and 1674 cm™1;22 UV
Amax 249.5 (e 10 300);'9 'TH NMR (D,0) 6 7.61 and 8.07 ppm (pheny!
multiplets).

[2-2H]Lactic Acid (and Lactic Acid). To a stirred slurry of 1 10 mg
(1.0 mmol) of sodium pyruvate in 2 mL of methanol was added 12 mg
(0.29 mmol) of NaBDj,. Once the slurry dissolved (ca. 4 min), ca. 7
drops of 5% HCl was added and then after 15 min the reaction mixture
lyophilized. The residue was dissolved in 1 mL of D,O (2 mg of DSS):
'H NMR § 1.309 ppm (s, CH3).

Lactic acid was prepared in the same manner using NaBH4: 'H
NMR 6 1.315(3H,d,J = 6.9 Hz, peaks at 1.279 and 1.348 ppm) and
4.098 ppm (1 H, q, J = 6.9 Hz). The 'H NMR spectrum was identical
with an authentic sample of lactic acid.

Kinetics. Thiol Ester Procedure.!32 The model reactions generally
contained 1-2 mM GSH, 5-10 mM methylglyoxal, and 0.02-0.8 M
buffer at neutral pH. The reaction rate was measured by following
the increase in absorption maximum of the thiol ester at 240 nm (e
3370) at 30.1 £ 0.1 °C.

Semicarbazide Procedure.?° Aliquots (25-80 uL) from the model
reactions (30.0 £ 0.1 °C) were periodically taken and immediately
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Figure 6. Determination of the methylglyoxal-imidazole association
constant,

quenched in 10.0 mL of a 0.1 M (pH 7.00) phosphate buffer solution
containing 0.150 M semicarbazide:HCl. To ensure quantitative
conversion of unreacted methylglyoxal to the bis(semicarbazone),
these mixtures were allowed to react for ca. 10 h at ambient temper-
ature. The reaction rate was then calculated by determining the dis-
appearance of methylglyoxal with time by measuring the absorption
maximum of the methylglyoxal bis(semicarbazone) at 286 nm (e
32 000). At 30 °C the model reactions obeyed pseudo-first-order ki-
netics for at least 220 min and the semilog plots (absorbance vs. time)
gave a linear regression coefficient of at least 0.999. The kpsq values
are obtained from these plots and represent pseudo-first-order rate
constants.

IH NMR Solvent Incorporation Studies. In a typical experiment,
using a phosphate dianion catalyzed experiment as an example, 70
mg (0.78 mmol) of methylglyoxal?2 and 200 mg (0.65 mmol) of glu-
tathione were dissolved in 5.0 mL of D,O (99.8%), and then the pH
of the solution was adjusted to 7.00 (pD 7.40) by the addition of 362
mg (2.08 mmol) of anhydrous K;HPO,. The stirred solution (mag-
netic stirrer) was equilibrated in a thermostated circulating water bath
at 30.0 £ 0.1 °C. Aliquots of this reaction solution were periodically
transferred to a highly polished 5-mm NMR tube containing DSS and
the spectrum was recorded. Since the glutathionylthiol ester of lactic
acid gives rise to a methyl signal that is downfield from that of lactate
(see the Results and Discussion section), 'H NMR spectroscopy can
be used to detect the presence of both products in the same reaction
mixture. The general bases employed in this study catalyzed the
conversion of the hemithiol acetal 2a to the thiol ester 3a and then
slowly hydrolyzed the thiol ester 3a to lactic acid. The hydrolysis was
usually complete within ca. 4 days and could be confirmed by adding
solid KOH to the NMR tube and observing no further change in the
spectrum in the 1.2-1.5-ppm region.

The control experiments that established that S-lactoylglutathione
3a does not incorporate solvent protons when exposed to the reaction
conditions are exactly those previously described on p 7461 of ref 2a
except that no glyoxalase II was subsequently added. The reaction
mixture was monitored by 100-MHz NMR for 4 days.
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Appendix

Determination of Association Constant for Methylglyoxal
and Imidazole. Equilibrium solutions of methylglyoxal (M)
and imidazole (I) at constant pH (7.00), ionic strength (0.40,
KCl), and temperature (30 °C) were studied by UV spec-
troscopy at 280 nm. Data for 2.87 X 10~3 M methylglyoxal
solutions containing increasing amounts of imidazole are
presented in Table I. Assuming that at equilibrium all three
components are contributing to the optical density, the ob-
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Table 1. UV Spectroscopic Data Employed in the Determination of
the Methylglyoxal-Imidazole Association Constant?

run [imidazole], M OD2s0 AOD
1 0.301
2 0.0119 0.421 0.120
3 0.0238 0.538 0.237
4 0.0358 0.650 0.349
S 0.0473 0.766 0.465
6 0.0946 1.194 0.893

2 At 30 °C, pH 7.00, ionic strength of 0.4, and an initial methyl-
glyoxal concentration of 2,87 X 1073 M.

served OD,gq is represented by eq 7:
OD2so = ¢[I] + em[M] + emi[MI] 7

The extinction coefficients ¢;, em, and epm, at 280 nm (1-cm
cells) and equilibrium concentrations [I], [M], and [MI] are
for imidazole, methylglyoxal, and the methylglyoxal-imidazole
complex, respectively. ¢ was determined to be 8.83. Employing
the mass balance equations, eq 7 becomes eq 8:

OD = ¢([I]o — [MI]) + em([M]o — [MI]) + emi[MI] (8)

The difference in optical density (AOD) between the first run
and any other is expressed by eq 9:

AOD = gA[I]o + (em1 — €& — em)A[MI] 9)

Since all observations are compared to run no. 1 with no added
imidazole ([I]o = 0), then A[1]¢ = [I]o for any run and A[MI]
= [MI]. Rearranging eq 9 yields eq 10
AOD —«[l]o _ A (10)
EMI — €1 T €M €T

where A = AOD/¢ — [I]o and et = (em1 — €1 — em)/er. As-
suming a 1:1 complex between methylglyoxal and imidazole,
the equilibrium constant is given in eq 11:

__MI_ [MI]
[(IIMI]  ([T]o — [MI])([M]o — [MI])

Substituting A/er for [MI] and assuming [1]o ~ [I], which is
valid when [I]g > [M], then

(MI] =

Kmi (11)

- A
er[I]o ((M]o — A/et)

Equation 12 can be rearranged to a double reciprocal plot (eq
13):

(12)

Kwmi

ifT[M]OKMI - Km1 = [_Il]_o (13)

As can be seen from Figure 6, a plot of 1 /A vs. 1/[I]gis indeed
linear witha Kyp = 12.9 £ 2.3 M™ 1,
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Resonance Raman Spectra of Copper--Sulfur Complexes
and the Blue Copper Protein Question
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Abstract: Resonance Raman spectra are reported for copper(II) complexes of thiaether and mercaptide ligands. The copper-
sulfur stretching frequencies in the complexes are compared to those reported by previous workers for the blue copper proteins.
The vibrational results strongly suggest that methionine sulfur is bound to copper in the proteins. In the case of stellacyanin,
which contains no methionine, a Cu-S (disulfide) bond is suggested. The resonance Raman intensity pattern for one of the
thiaether complexes is interpreted using a single-state resonance expression and an expression involving vibronic coupling and
two-state resonance. The results, together with the observed intensity of the assigned copper-(methionine) sulfur vibration in
the proteins, suggest possible resonance mechanisms for this low-intensity vibration, and details of the electronic assignments

for the copper-(methionine) sulfur charge-transfer transitions.

Blue copper proteins, in addition to their essential biologi-
cal functions, are characterized by a series of curious spec-
troscopic and chemical properties.2 The question of the nature
of the copper coordination environment in the proteins, which
is responsible for these unique properties, is a matter of con-
siderable interest. A central feature of many suggested
structures of the blue copper environment is the presence, in
addition to the more usual nitrogen and/or oxygen ligands, of
a copper-sulfur bond.3-® Copper-sulfur bonding in these
proteins is consistent with a large body of spectroscopic and
chemical evidence.#-7°-11 Until very recently,!¢ however, the
identity of the sulfur ligand had not been established.!2-13

Based upon electronic spectra and chemical evidence on
copper thiaether complexes,!” methionine has been suggested
as a possible ligand for copper in the blue proteins. Later, the
same suggestion was advanced® on the basis of the amino acid
sequences of plastocyanin and azurin. The possibility of me-
thionine binding has, however, generally been dismissed (see
ref 18 and references therein), in favor of the more commonly
accepted cysteine sulfur coordination.3-7 It was thought by
most workers, with the exception of one,? that either cysteine
or methionine, but not both, was bound to copper in the pro-
teins,3-7:9-15,17

The resonance Raman technique!® has been applied to blue
copper proteins,>® and a copper-sulfur stretching frequency
has been assigned to several of these systems. However, no
vibrational data concerning copper bound to sp3? sulfur (of the
thiaether or mercaptide types found in proteins) was available
to aid in evaluating the protein vibrational results. (Recently,
the resonance Raman spectrum of a complex wherein Cu(II)
is bound to mercaptide sulfur has been reported.20) We have

0002-7863/78/1500-5939801.00/0

applied the resonance Raman technique to copper mercap-
tide?! and thiaether!? complexes which have previously been
suggested on the basis of ESR,2! electronic absorption,!” and
redox!” evidence as possible analogues of the copper-sulfur
binding in the blue copper proteins. Our results constitute the
first vibrational study of complexes in which Cu(II) is bound
to thiaether and mercaptide sulfur. The resonance Raman
evidence suggests that methionine or a similar neutral sulfur
ligand such as disulfide is coordinated to copper in all of the
blue proteins. Stellacyanin alone contains no methionine,2°
and therefore is unique in that it must employ one of the al-
ternate “methionine-like” ligands.

The resonance Raman evidence for methionine binding was
presented in the original and subsequent revisions of this paper.
The copper ligands in plastocyanin have since been determined
by X-ray structural analysis.!® This structural determination
shows that two histidine nitrogens, a cysteine sulfur, and a
methionine sulfur are bound to copper in plastocyanin. Thus,
unexpectedly, both previously suggested modes of copper-
sulfur binding at the blue copper site actually occur, at least
in plastocyanin. Despite the structural determination on
plastocyanin and other crystallographic work in progress,
spectroscopic evidence will continue to be important in in-
ferring the nature of the copper environment in the remaining
blue proteins, some of which may never be crystallized.

Experimental Section

The copper mercaptide and polythiaether complexes were prepared
using previously described procedures.!?-2! The BF4~ salt of the Cu(II)
complex of 2,6-bis(methylthiomethyl)pyridine22 (SNS) was obtained
from Dr. P. S. Bryan and the Cu(II) complex of 2,2’-bis(2-benzim-
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