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Abstract: enol-Pyruvaldehyde (ePY or 2-hydroxypropenal, O=C(H)—C(OH)=CH,) a transient intermediate
in the alkaline decomposition of the triosephosphates to methylglyoxal is now observed by UV and *H
NMR spectroscopy as the immediate product of the methylglyoxal synthetase (MGS) reaction: dihydroxy-
acetone-P — P; + ePY — methylglyoxal (MG). Analysis of ePY formed from 1-'3C- and (1R, 3S) -[1,3-
2H]-DHAP establishes the stereochemical course of its formation by MGS. Its rate of ketonization is much
too slow to be in the sequence required for the assay of MGS by coupling of the MG produced to glyoxalase
I (GIx 1): MG + glutathione (GSH) — (S)-lactylglutathione (D-LG). Instead, ketonization occurs by way of
the hemithioacetal (HTA) formed between ePY and GSH, and could be either an enzymatic function of Glx
| or occur nonenzymatically at an activated rate. Enzymatic ketonization was ruled out because the methyl
group of D-LG formed from specifically labeled ePY is achiral. Chemical ketonization of ePY is activated
by general bases, such as acetate, and by thiols such as GSH and 2-mercaptoethanol, which disrupt its
stabilizing double bond conjugation as hemithioacetal (HTA) adducts. 2-Mercaptoacetate combines both
functions, acting as the HTA adduct of ePY with the appended carboxylate group presumably positioned
to promote abstraction of the enol proton and protonation of the enolate carbon at an accelerated rate. In
the MGS-GIx | system (dihydroxyacetone-P — ePY, ePY + GSH — GS-ePY, GS-ePY — GS-MG, GS-MG
— D-LG), the nonenzymatic 2nd and 3rd steps describe the catalytic role of GSH in the critical ketonization
process and set the stage for its participation in the glyoxalase system.

Introduction

The “glyoxalase system” refers to the two enzymes, glyox-
alase I and Il, that together with glutathione remove the cytotoxic
keto aldehyde methylglyoxal from most cells: MGGSH—
D-LG — D-lactatet+ GSH. MG is a readily permeable product
of unicellular organisms that contain MGS, but is formed in all
cells under physiological conditions due to the inherent instabil-
ity of their triose-P metabolitesimperfections in enzymes that
modify them?3 and from sources yet to be identifiéddost of
the MG of cells resides in long-lived amine complexes of
proteing and possibly nucleic acidsyhich may explain its
toxicity,® which in E. coli depends on the growth conditions
even in high MGS expressing cell§ hat inhibitors of glyox-
alase | inhibit tumor growthis evidence for MG toxicity in
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cells not known to contain MGS. The toxicity of MG from
carbohydrate sources iE. coli depends on the content of
glyoxalase I, notwithstanding the presence of a glutathione-
independent glyoxalase Ill and NADH-dependent aldehyde-
reducing enzymes.

The nonenzymatic and the MGS dependent decomposition
of dihydroxyacetone-P (DHAP) have a common chemistry
(Scheme 1), with the exception that the enzyme is stereospecific
for the pro-S proton of C-1 of DHAP, whereas both are
nonstereospecific in the formation of the methyl group of MG.
This latter observation suggested that the immediate product
of the MGS reaction was the enol form of MG, which then
ketonized in solution. Harrison and co-workErds3 have pro-
vided extensive kinetic and structural studiesofcoli MGS,
complexed with analogues of the proposed enediol-P intermedi-
ate, showing Asp-71, the proton-abstracting base, atshfade
of the intermediate and the bridge oxygen tozR®be out of
the plane, a geometry required for {helimination of —OPQs
in the MGS reaction sequence (Scheme 1). On the basis of the
geometry of the bound inhibitors and the positions of neighbor-
ing protein residues the enediol-P intermediate is best interpreted
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Scheme 1. Methylglyoxal synthetase (MGS) reaction
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as a cis-enedidf Structural comparisons with trioseP isomerase,
which has a minor MG synthetase side reaétfare instructive.
Surprisingly, the properties of 2-hydroxypropenal seem not
to have been describéti Because many enols are known to
ketonize at measurable rat€s8the availability of recombinant

MGS suggested a simple method for its possible preparation.

Of interest would be the following: (1) a direct demonstration
of ePY as the product of MGS, as would be shown by its
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Figure 1. Absorbance changes upon mixing DHAP and MGS. MGS (36
U) was mixed into 1 mM DHAP, pH 7.5 in #D (open circles), BO (filled
circles), or DO with 0.6 mM R (filled squares). The 245 nm absorbance

accumulation in a solution of the enzyme and DHAP; (2) a study was recorded at 10 s. intervals.

of the stereochemistry of its formation by MGS; (3) a study of
the mechanisms of its ketonization; and (4) the possibility that
the introduction of GSH into the glyoxalase system evolved
from a role in the ketonization step.

Materials and Methods

Materials. The enzymes, MGS fror&. coli, the wild-type recom-
binant form described by Saadat and Harridowas generously
provided by Dr. David Harrison. The enzyme is a homohexamer, with
Keat= 220 s, Kp of DHAP = 0.2 mM, when assayed at pH 7 with 15
mM GSH and excess GIx | by following the increase in absorbance
due to the final product, D-LG. Methylmalonyl-CoA:pyruvate trans-

carboxylase, was a generous gift of Prof. Harland Wood. The fumarase

DHAP with MGS in DO, or of labeled FDP with aldolase and MGS
in DO and stored in dry ice or liquid nitrogen, if necessary, prior to
use. 31°C FDP was used to generateé®G ePY. (19-[1,3°H] FDP,
used to generate [12H]-ePY, was prepared from glucose- NMR
spectra were recorded at 500 MHz on a Bruker instrument.d@dSS
(0.03 mM) was included as an internal standard.

To determine the stereochemical course of the formation of lactoyl
glutathione, the D-lactate, derived by treatment with GIx Il, was
converted to pyruvate in good yield at pH 7.5 by incubation with NADH
(5 mM), D-lactate dehydrogenase (1 mg), phenazine methosulfate (0.2
mM) and catalase for 30 min at 3With shaking in the dark® Catalase

was included to minimize the accumulation ob®4 with loss of

pyruvate. The isolated pyruvate was converted to malate using

of E. coli, prepared in this lab, was made available as a plasmid by Dr. transcarboxylase, methylmalonyl-CoA, NADH, and malate dehydro-

Mark Donnelly, Argonne National Laboratory. Other enzymes and
chemicals were purchased from Sigma.
Methods. (19-2H,*H—Fructose-1,6-P (FDP) was prepared from

genase as described previou¥ly.
All enzymatic studies were done at 26.
Abbreviations. (Bis-Tris) 2-bis{ hydroxyethy} amino-2{ hydroxy-

1-*H-glucose (Sigma), hexokinase, phosphoglucose isomerase, phos'methyﬁ1,3-propanedi0|, (DHAP) dihydroxyacetone-P, (D-LG) D-

phofructokinase, and pyruvate kinase ig@Dwith slightly less than 2

lactoyl glutathione, (DSS) sodium 2,2,-dimethyl-1-silapentane-5-sul-

equiv. of P-enolpyruvate. The formation of pyruvate was followed in fonate, (ePY) enol-pyruvaldehyde, (€DP) cis-enediol-3-P, (FDP) fructose-

periodic samples using lactate dehydrogenase and NAQES)-H—
FDP-d from glucosed; (Merck of Canada) and $C—FDP from

1,6 bisphosphate, (GlIx) glyoxalase, (GSH) glutathione, (GS-ePY) HTA-
adduct of GSH and ePY, (GS-MG) HTA-adduct of GSH and MG,

3-1C—glucose (Cambridge Isotopes) were prepared in the same way () hemithioacetal, (MG) methylglyoxal, (MGH) methylglyoxal
in H,O. In the former case, addition of phosphofructokinase was delayed hydrate, (MGS) MG synthetase, (PEP) phosphoenolpyruvate, (2PG)

to allow the deuterium at C-2 of the glucose-6-P to fully exchange
with solvent!® FDP, pyruvate, and malate were purified on Dowex-
1-CI” columns using 0.2, 0.02, and 0.01 N HCI, respectively, for elution

2-phosphoglycolate.
Results

in about 3, 5, and 4 column volumes, respectively. DHAP was assayed Demonstration of an Unstable Product of the MGS
with glycerol-P dehydrogenase and NADH. FDP was assayed by the Reaction.To search for an enol product, the MGS reaction was
further addition of FDP aldolase. When the isolated FDP was used to monitored in the UV, at 245 ni#. A large amount of enzyme

generate the ePY for NMR studies in@it was treated with activated

was used so that a transient product with a signal intensity

charcoal to remove contaminating ATP, reabsorbed on a short Dowex expected of an enol could be detected if its decay rate were not

1-CI~ column which was next exchanged with® before the FDP
was eluted with 0.2 N DCI. The pH was carefully adjusted-®with
dilute NaOH in DO for storage at-10 °C until conversion to ePY.
Samples of ePY fotH NMR studies were generated by reaction of

(14) Hart, H.Chem. Re. 1979 79, 515-529 reports, footnote 36, a private
communication from J. C. Speck, Jr. of the appearance of a 250 nm
absorbing material from the distillate of an acid solution of glyceraldehyde
which produced pyruvaldehyde (MG) under unspecified conditions.
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much greater than 20% per sec. Indeed, a rapid increase in
absorbance was observed followed by its decay tyjih= 10

s in HbO and 60 s in RO, Figure 1. In the presence of, R
strong inhibitor of MGS?? the synthetic phase was greatly
slowed. A prolonged period during which synthesis and decay
of the intermediate are equal in rate was followed by net decay
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Figure 2. *H NMR spectra of enol-pyruvaldehyde (ePY), methylglyoxal
hydrate (MGH) and labeled ePY. (A) ePY generated from the reaction of
DHAP and MGS; (B) MGH and ePY, formed after incubation of the (above)
sample of ePY at ca. 4%C for several minutes; (C) 33C ePY generated
from the reaction of £5C DHAP and MGS; (D) [1,3H]-ePY generated
from (1R),(39)-[1,3-H]-DHAP and MGS.

as the substrate is largely consum&dpresumably by its
ketonization to MG, which does not absorb significantly at this
wavelength.

Spectral Characterization of the Transient Product. To
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Scheme 2. Stereochemical course of the MGS reaction
OH
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synthesis starting with perdeutero-glucose-6-P #0827 If

the specifically labeled 3H enediol-P intermediate (Scheme
1) were the immediate product of MGS and rapidly decomposed
to the enolaldehydek(= 10° s 1 in solution}, one would expect
the C3'H of ePY to be randomly located and the pairs of
doublets (Figure 2A) would appear as two singlets. If the
p-elimination step occurs on the enzyme, only one of the singlets
should be'H labeled. As observed (Figure 2D) the downfield
doublet has disappeared,?d, and the upfield doublet is seen
as a singlet. With further incubation at 2k D0, this peak
decreased in intensity. This decrease establishes that this peak
does not derive from the C1-hydrogen of the MGH that would
form; this hydrogen would not give a signal, having been derived
from the C3-deuterium of glucosi- By using glucoset; for

the synthesis of DHAP the formation of protio-glyceraldehyde-
3-P in the aldolase reaction is avoided. The chemical decom-
position of glyceraldehyde-3-P to MG inpD leads to perdeutero-

determine its spectrum in the ultraviolet, the transient product MGH. Therefore, the shoulder at the upfield doublet position,

of MGS was generated under conditions of slow ketonization
(ta2 ~ 27 min in 50 mM Bis Tris buffer, pH 5.8, in D) with
a known amount of DHAP. 2-Phosphoglycolate (2PG), 0.3 mM,

shown in Figure 2B, would not be expected to increase with
the formation of MGH.
The combination of experiments C and D establishes that

a strong inhibitor of MGS! was added to terminate synthesis the hydrogen that is cis to the aldehyde of ePY is derived from
within 15 s. The absorbance from 225 to 275 nm was recorded, the pro-S hydrogen of DHAP, as shown in Scheme 2. This
a sample taken for DHAP determination, and the absorbancerequires that in the conversion of the cis-enediol-P to ePY,
was allowed to decay completely. From the changes in absor-expulsion of monophosphate must occur from tres, 2te)face
bance and the measured decrease in DHAP, a peak molaiof the molecule (Scheme 2). This is the same face from which

absorbance of 50066400 was determined at pH 5.8 ar6400

at pH 7.4. Thélqaxfound, 245 nm, agrees with prediction based
on empirical rules for related,3-unsaturated carbonyl com-
pounds?!

Asp 71 must abstract the C1-proton of DHAP.

pH and Buffer Effects on the Ketonization Rate of ePY.
To examine the influence of pH and buffer on the ketonization
rate, a small volume of 2PG was added to quench the enzyme

The transient intermediate formed from DHAP was character- after a brief synthetic period. The reaction conditions were then

ized by proton NMR under conditions of relative stability (pH
5.8-6.0 and B8 C, ty> = 90 min in D,O), Figure 2A. A peak
for the aldehyde proton at 9.22 ppm and two doubl&ts{(=

adjusted as desired, and the subsequent decline in absorbance
was monitored in the absence of enzymatic synthesis. Rates of
absorbance change, 0.694, were linear for at least 3 half-

2.3 Hz) for the geminal hydrogens were observed centered atlives. A low buffer-independent rate;3 x 10-%s™, is observed

5.63 and 5.27 ppm. Coupling of the aldehyde proton to the vinyl

from pH 2-7. Higher rates are seen at high pH indicating

protons is too weak to be seen. A shoulder at the upfield doubletspecific OH" catalysis:kor~ = 0.05 s* at pH 10. Carboxylates,

that grows with time, Figure 2B, is derived from the C1 proton
of MG aldehyde hydraté The transient proton spectrum formed
from 1-13C DHAP generated from 3C FDP (Figure 2C) is

piperizine alkylsufonates, and provide a linear Brgnsted plot
(Figure 3 consistent with general base catalysis witk 0.8,
similar to the value for ketonization of vinyl alcohol, 0.7%.

also consistent with ePy. The aldehyde proton is split by the However, ketonization of ePY is about 75-fold slower than that

aldehyde®*C nucleus ¥Jcy = 183.9 Hz). The 2-fold greater
coupling constant®Jcy = 12.5 Hz vs 6.1 Hz) establishes the
downfield proton as trans to the aldehyde grévg.

of vinyl alcohol under the same conditions, probably due to
the double bond conjugation of the ground state of the former.
HCOs™ and Bis-Tris are significantly less effective catalysts

To examine the stereochemistry of the MGS reaction, the than predicted from their basicity and are therefore preferred

DHAP was labeled witAH at the C3pro-R position (by virtue
of the pro-R specificity of phosphoglucose isomerase in the

(23) The MGS rate becomes more strongly inhibited dadPeases and DHAP
decreases as a consequence of sigmoidal kinétiégp such an extent
that it becomes very difficult to run the reaction to completion.

(24) Creighton, D. J.; Migliorini, M.; Pourmotabbed, T.; Guha, M.Bdochem.
1988 27, 7376-7384.

(25) Vogeli, U.; von Philipsborn, WOrg. Magn. Resonl975 7, 617—627.

(26) Brugel, W.; Ankel, Th.; Kruckenberg, F. Electrochem196Q 64, 1121~
1155.

for use as buffers.

Coupling of MGS and Glyoxalase |. MGS is usually
assayed by coupling with GIx | and GSH by following the
increase at 240 nm due to D-LG. TheMeffect of the coupled

(27) Johnson, C. K.; Gabe, E. J.; Taylor, M. R.; Rose, IJAAmM. Chem. Soc.
1965 87, 1802-1804.

(28) Designation of the faces at a trigonal carbon is according to the system of
Hanson, K. RJ. Am. Chem. Sod.966 88, 2731-2742.

(29) Capon, B.; Zucco, Cl. Am. Chem. Sod982, 109, 7567-7572.
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Scheme 3. Thiol-catalyzed tautomerization of ePy
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v’.—(; ool the loss of the 245 nm absorbance following the addition of
T GSH to newly generated ePY the GlIx | reaction was detected
3 without a lag and to the same extent found if time were allowed
"a for MG to be formed spontaneously, before addition of the GSH
: 1.0} and GIx |. Therefore, the loss of absorbance found upon addition
L of GSH to ePY cannot be the result of a Michael addition. For
the formation of a hemithioacetal adduct of ePY, per se, to be

20 responsible for the loss of the ultraviolet absorbance, the assay

without a lag suggests that either GIx | catalyzes the ketonization
of the adduct as well as its well-known isomerization reaction,
i.e., GS-ePY— GS-MG — D-LG, or else the ketonization of
the adduct is nonenzymatic and sufficiently fast for coupling

5
PK,
Figure 3. Bransted plotl. lactate [K, 3.86,2. acetate [, 4.76,3. succinate to Glx I.

PKa 5.59,4. HCO;™ pKa 6.35,5. Bis-Tris pKa 6.5,6. PIPES K4 6.8,7. P If the HTA adduct of GSH with stereospecifically formed
pKa 7.2, and8. HEPES [K 7.5, wherekg— = 0.6941/>x(buffer concentra- . . .
tion) x-fg- andfg- is the fraction of buffer in the basic form. ePY were ketonized by action O_f Glx l’_then (_)ne mlght expect
to be able to generate D-LG with an isotopically chiral £H
1.0 group. To examine this possibility, specifically labeleé-83H-
508 I DHAP was generated from labeled FRind aldolase, and
£ | converted to D-LG by coupling MGS and excess Glx | isCH
§§o.e I 1 Chirality in the GIx | reaction should result in unequéd
a2 labeling of the geminal protons of malate, a consequence of
§ s s 2 isotope discrimination of the transcarboxylase reactiéhThe
< §°-4 4 1 results, based on labilization &fl by reaction with fumarase,
< were identical to those obtained with the noncoupled system
0o 1o 2o a0 4o where chirality is lost in the formation of M&.Thus, 49 and

Time (min) 50+ 1% of the®H of isolated malate was labilized by fumarase

. o . .
Figure 4. Activation of ketonization by thiols. ePY was generated in Bis- compared with 37 or 64% found prewou%‘lywnh pyruvate

Tris (50 mM, pH 5.9) and quenched. Additions wérenone,2. oxidized formed from Z and EH—PEP, respectively. Therefore, keton-

GSH (2 mM), 3. 2-mercaptoacetate (2 mM3, GSH (2 mM). ization would seem to occur prior to the GIx | reaction, and be
nonenzymatié? GS-ePY— GS-MG.

system with limiting MGS was only 1:52, compared with~6 Ketonization of Hemithioacetals of ePY Formation of HTA

for the spontaneous loss of the absorbance due to ePY, Figureadducts of simple aldehydes is known to be very rdpmuch
1. No DO effect was observed in the rate of production of faster than the rates seen in Figure 4. Thus, if an HTA-ePY
ePY by MGS assayed by the initial increase in absorbance atadduct is an intermediate in ketonization it would be present in
245 nm, nor was a primary effect seen wittHiDHAP in the small amount in a preequilibrium leading to the loss of the
GlIx I-coupled reactiol? Therefore, the rate-limiting step of the  slower change of the absorbance noted, Scheme 3.
MGS reaction does not involve proton transfer. No lag was seen  According to this model, the rate of apparent ketonization
in the Glx-coupled system in low buffer at pH 6 with sufficient  should become nonlinear with respect to thiol concentration
Glx | and GSH to complete the assay within 60 s althotigh when the concentration of thiol is comparable to or greater than
of ePY by the spectral decay assay wa300 s. Therefore,  the dissociation constant of the complex. No departure from
activation of the ketonization of ePY by GSH, GIx I or the linear dependence on mercaptoethanol concentration was ob-
combination of GSH and GlIx I is required. served up to 40 mM, the limit for reliable measurements’at 5
It was noted that GSH { 3.59, 8.75, and 9.659,leads to C. Thus,Kgiss Of the mercaptoethanol-ePY adduct will have to
an increased rate of fall in absorbance of ePY. Using 2 mM be considerably greater than 40 mM. This should not be
GSH at pH 5.913, was 36 s (Figure 4). A comparable amount unexpected given that the dissociation constant of adducts of
of oxidized GSH showed only a small acceleration relative to acetaldehyde with simple thiols is about 40 miand that the
the background ratey, ~ 380 s. 2-Mercaptoethanol increased value for the conjugation-stabilized enolaldehyde should be
the rate of loss of absorbaneé-fold, t1, ~ 69 s at 2 mM. much greater. This implies that only a small fraction of ePY
Is the loss of absorbance at 245 nm in Figdra measure of will be present in the HTA-activated forms to obtain the effects
the ketonization of ePY? Because thiols are not reported to beseen in Figure 4. This small fraction will ketonize more rapidly
catalysts of ketonization, two alternative explanations were than the same amount of ePY, if for no other reason than its
considered: a Michael (vinyl) addition of the thiol to the ePY loss of conjugate-stabilization.
or the formation of a hemithioacetal adduct. Immediately after

(31) Cheung, Y. F.; Fung, C. H.; Walsh, Biochem.1975 14, 2981-2986.
(32) Rozzell, J. D.; Benner, S. A. Am. Chem. So0d.984 106, 4937-4941

(30) Jencks, W. P.; RegensteinHandbook of Biochemistry1968, J150-J188, report an exceptional if not unique example of an achiral enzyme product:
Chemical Rubber Company Press: Cleveland, Ohio, source ofkall p acetone-CHlin the acetoacetate decarboxylase reaction.
referred to in the text. (33) Lienhard, G. E.; Jencks, W. B. Am. Chem. So¢966, 88, 3982-3998.
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Table 1. Functional and Bifunctional Activators? By lowering the temperature to°5after its synthesis from
concentration Kactator succinate D,0 DHAP in D;O at 25, ePy was sufficiently stable for its NMR
activator (M=1079) (M5 effect” effect’ spectrum to be recorded.

GSH 2 8.4 2.4 2.04 The original proposal that enolpyuvaldehyde and not meth-
succinate 100 0.14 6.4 ylglyoxal is the product of methylglyoxal synthetase was based
HSCHCH.OH 2 43 9.7 1.9 it ;

= on the generalization that enzymatic products should not be
HSCH.CO, 0.20 37.0 1.8 1.24 o . .
HSCH.CH,NH* 0.08 97.0 3.0 37 stereospecifically random as was found to be the case in forming

the methyl group of MG? An exception to this rule, subse-
5 genollpgguve;\lﬂdehyde V\éaS_ g;r)\erfltzesdg ?26“;'\/' Eii_sftTriSv pH 5-82'?1,Hd quently found with acetoacetate decarboxyf&segquired a
20, or mM succinate in D at 25°C. activity was quenche L - . .
with 2PG. Activators were then added to the noted final concentration and reexamination of the assumptlon that MG Wa§ not the immediate
the absorbance change record&d@he ketonization rate in $#D, corrected product of the MGS reaction. This conclusion has now been

Iﬁr the fatetWi:_h BiSfT“St_bUftfef ""'(t’”deka(zé2 1¢3t§71)v Wastmcfastl”zd Yé'ifg verified by identification of a transient intermediate in great
e concentration of activator notedkacivator IS the corrected rate divide . . .
by the activator concentratiofCompared with HOCKCH,NH3", 0.006 excess of enzyme equivalence (Figure 1), with spectral proper-

M~1s-1 d Calculated with correction for the rates with and without 100 ties of ePY (Figure 2). The observation that ePY is stereospe-
mM succinate (0.014 and 0.0022% € The succinate effect with 3-mer- cifically formed in the MGS reaction (Figure 2D) made it
captopropionate was 1.2-foltiCorrected for RO effect in the absence of . . L .

activators9 1.0, determined for 3-mercaptopropionate possible to evaluate whether its ketonization might be enzyme

catalyzed in the formation of the methyl group of the MGS/

Bifunctional Catalysis. If thiols, such as mercaptoethanol, GSH/GIx | system. Because stereospecificity was not observed
activate ketonization as the HTA adduct of ePY and buffers, in the CH; group of the D-LG product, it was concluded that
such as acetate, do so by promoting the enol to keto conversiorketonization of ePY is not enzyme catalyzed, again with the
one might expect an even greater activation by 2-mercaptoace-2pplication of the enzyme stereochemical rule. That free ePY
tate, which has the possibility of intramolecular buffer catalysis. is formed stereospecifically establishes ePy as the primary, and
Indeed, mercaptoacetate and 2-mercaptoethylamine are muchvith P, the only product of methylglyoxal synthetase, or more
better catalysts than mercaptoethanol (Table 1). Using 2 mM accurately DHAPase.
mercaptoethanol, it would require300 mM lactate, a base with Our conclusion that both the general base, Asp 71, and the
the same K, as mercaptoacetate, to obtain the rate found with €liminated OP@group occur from the same face of the enediol-
2 mM mercaptoacetate. It would require 650 mM ethanolamine 3-P intermediate (Scheme 2) depends on the stereochemistry
with 2 mM mercaptoethanol to achieve the rate found with 2 Of the proton abstraction of the first step (ref 10) and the
mM mercaptoethy|amine_ The smaller enhancements by lOOStrUCtUre of the intermediate. On the basis of X-ray diffraction
mM succinate seen with these activators compared with studies of the Harrison group, theNOH and COH groups of
mercaptoethanol, Table 1, may indicate shielding of the enol Phosphoglycolohydroxamic acid, a very high affinity inhibitor,
site by the carboxylate and amino groups of these HTA adducts. are hydrogen bonded to the active site in a cis-geontéifpe
The greater rate with GSH and lower succinate effect seen with contribution of the present work, identifying the methylene
GSH than with mercaptoethanol suggest that @terminal protons in relation to the aldehyde group of the enolpyruval-
glycine carboxyl of GSH may also play a catalytic role. dehyde product, Figure 2C and D, establishes the stereochemical

The much lower DO effects seen in Table 1 for the course of the enzymatic reaction, shown in Scheme 2.
ketonization rate with all HTA-adducts compared with succinate  The uncatalyzed ketonization of eP¥0.25% s* at pH 7,
may not be the result of a decreased kinetic role of proton IS much too slow to be a step in the MGS:GIx | couple. The
transfer. HTA adducts are known to reast2.9-fold greater enhanced stability of ePY compared with other enols, and its
concentration at equilibrium in D due to inverse fractionation ~ Very unfavorable association with thiols ang@Hcompared to
factor for the HTA adduct (@+ 1.25) and the unfavorable value ~ Other aldehydes are undoubtedly due to conjugation of the ene-
for thiols (@~ 0.43)3 Therefore, a solvent kinetic isotope effect and aldehyde groups. The absence of evidence for hydration of
in the ketonization of ePY 0f5.9 should be decreased+@.0, the carbonyl of ePY in the proton NMR spectra is consistent
as found with GSH and mercaptoethanol (Table 1). The larger With 0.8% hydration of benzaldehyde.
effects seen with the mercaptoethylamine adduct, 3.9, may !n support of the HTA adduct as the form in which GSH
indicate a decrease in the fractionation factor contribution as activates ketonization of ePY are the following factors: (1) a
the ketonization rate increases relative to the decomposition ofSimilar effect with mercaptoethanol, (2) oxidized glutathione

the adduct. is inactive, (3) 2-mercaptoacetate and mercaptoethylamine are
_ _ manyfold more active than equivalent amounts of mercapto-
Discussion ethanol and the corresponding base, appearing to act as bi-

functional activators. An eight-membered ring structure would

The use of enzymes to synthesize enols is not new. Both as X ¢ ’
provide a linear alignment of donor-proton-acceptor that should

an enzymatic end produgt®® and as a bound intermediate 2 :
liberated by acid denaturatidhthese enols have been useful be favorable fqr proton transfét*(4) The low solvent Isotope
for enzymatic and chemical mechanism studies. The source€ffect found with GSH and mercaptoethane compared with

enzyme can be inactivated, as in the present case, and conditionfat Of the uncatalyzed or general base-catalyzed reactiets, 5

altered for further study within the lifetime of the enol product. 'S réadily explained by the inverse solvent effect expected for
the HTA-substrate equilibrium and is not inconsistent with slow

(34) Schowen, R. LProg. Phys. Org. Chen972 9, 275-332. proton transfer.
(35) Kuo, D. J.; O'Connell, E. L.; Rose, I. Al. Am. Chem. Sod 979 101,
5025-5030. (38) Gandour, R. DTetrahedron Lett1974 295-298.
(36) Miller, B. A.; Leussing, D. LJ. Am. Chem. So0d985, 107, 7146-7153. (39) Kirby, A. J.; Fersht, A. RProg. Bioorg. Chem1971, 1, 1-8.
(37) Jaworowski, A.; Rose, I. Al. Biol. Chem 1985 260, 945-948. (40) Guthrie, J. PJ. Am. Chem. So@00Q 122, 5529-5538.
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The following published evidence may be cited to support capacity of MGS, the ketonization of ePY and the glyoxalase
the kinetic model in which the rate-limiting step for HTA  systent? With 1-5 mM GSH#344a 5-25% per sec. rate of
catalyzed ketonization is the ketonization step (Scheme 3). Rate-ketonization ensures that GS-MG, not MG will be available for
limiting formation of HTA adducts would require the observa- the GIx | reaction. In bypassing free MG, primarily as MGH,
tion of an inverse solvent isotope effect, a reflection of a 2-fold the slow dehydration step;1% per se¢? is avoided as a rate-
higher concentration of RSat equilibrium in O 3% However, limiting step in reacting with GSH. When MG is observed in
inverse effects have not been found either in the GIx | coupled cell growth medi&it is probably due to insufficient Glx | activity
assay or in the direct assays, Table 1. With respect to the lastwith which to trap the generated GS-MG.
step of Scheme 3, it has been shown that the decomposition of One is left to wonder whether the use of GSH in activating
HTA adducts of keto aldehyd&sand of acetaldehyde with  the otherwise slow ketonization of ePY and in bypassing the
weakly acidic thiols$*#! are specific base, not general base, slow dehydration of MGH may have played an evolutionary
catalyzed. The effects of succinate shown in Table 1, as well role in the selection of GS-MG to be the substrate form of the
as those of the bifunctional activators, are therefore not glyoxalase system. If so, other glyoxalase systems may exist in
consistent with rate-limiting dissociation of the HTA-MG nature. For example, most actinomycetes lack GSH, but contain
adduct. It will be useful to determine the relative equilibria for mycothiol (made up of linkedN-acetylcysteine, glucosamine,
formation of the several bifunctional HTA adducts of ePY before and myoinositol) as their major low molecular weight reducing
their kinetic differences can be attributed to mechanistic factors. agent* . It will be of interest if these organisms evolved a
Direct measurement of adduct formation at higher concentrationsglyoxalase system that uses mycothiol, which should be about
of the several mercaptans, by following the loss of 245 nm as active as glutathione in catalyzing the ketonization of
absorbance by rapid flow kinetic methods, will be necessary to enolpyruvaldehyde.
establish the rates and equilibria for formation of the adducts.

It should then be possible to compare the intrinsic rates of Acknowledgment. Grant support was provided by NIH Grant
ketonization of simple HTA-ePY adducts with that of other enols GM20940 to I.A.R. who acknowledges Dr. Ralph A. Bradshaw
and determine if the HTA function of simple thiols plays a role for generously sharing space and facilities. J.S.N. thanks the
other than the loss of double bond conjugation. One such role Camille and Henry Dreyfus Foundation and the American
(as suggested by a reviewer of this paper), might be for the Chemical Society for support in the form of awards.
HTA-hydroxyl group to activate a bridging water molecule for  j5027065H
proton transfer to the enolate-carbon.
enolPyruvaldehyde will not be a major metabolite in modern (42) Fareleira, P.; Legall, J.; Xavier, A. V.; Santos,HBacteriol.1997, 179,

; i i 3972-3980.
nlfldeated (?e"S' given their lack of MGS. However’ In some (43) Miranda-Vizuete, A.; Rodriguez-Ariza, A.; Toribio, F.; Holmgren, A
microorganisms, as much as 40% of the glycolytic flux may Lopez-Barea, J.; Pueyo, G. Biol. ChemI996, 271, 19 099-19 103.

Newton, G. L.; Arnold, K.; Price, M. S.; Sherrill, C.; Delcardayre, S. B.;
Aharonowitz, Y.; Cohen, G.; Davies, J.; Fahey, R. C.; Davis, Badteriol,
1996 178 1990-1995.

(41) Barnett, R. E.; Jencks, W. B. Am. Chem. S0d.969 91, 6758-6765. (45) Cliffe, E. E.; Waley, S. GBiochem. J1961, 79, 475-482.

utilize the MGS/glyoxalase pathway without exceeding the (44

13052 J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002



