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Supplementary Material Available: A listing of structure factor 
amplitudes, phases, and thermal parameters for individual atoms (4 
pages). Ordering information is given on any current masthead 
page. 
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Proton Transfer Reactions of Methylglyoxal Synthase 
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Abstract: Escherichia coli methylglyoxal synthase, which catalyzes the conversion of dihydroxyacetone-P to methylglyoxal, 
was shown to catalyze a stereospecific deprotonation of the pro-S hydrogen at C-3 of dihydroxyacetone-P (see Scheme II). 
Nonstereospecific protonation in the formation of the C-3 methyl group of methylglyoxal suggests that the true product of the 
enzymatic reaction is the enol form of methylglyoxal which is ketonized in solution. In agreement with this, methylglyoxal does 
not inhibit the enzyme. 

Methylglyoxal synthase (also dihydroxyacetone-phos-
phate phospho-lase, EC 4.2.99.11) was discovered, purified, 
and studied in detail kinetically by Cooper and coworkers.2 ~4 

The enzyme, originally found to be apparently constitutive in 
Escherichia coli and other Enterobacteriaceae and also found 
in Pseudomonas, has recently been crystallized from Proteus 
vulgaris.5 The role of this enzyme is not obvious since 
methylglyoxal is not known to have a function and may well 
be toxic. However, since the enzyme is very strongly inhibited 
by Pj it may be supposed that it serves to produce Pi from ac­
cumulated glycolytic stores in order that glyceraldehyde-3-P 
dehydrogenase can function.3 With the well-known glyoxalase 
system, methylglyoxal synthase forms a bypass for the triose-P 
-* lactate segment of the glycolytic path. Methylglyoxal 
synthase is specific for dihydroxyacetone-P and does not act 
on (^,S^-glyceraldehyde-S-P.3 Under alkaline conditions 
dihydroxyacetone-P is known to produce methylglyoxal and 
Pi by way of an initial enolization followed by a 1,4 elimination 
(Scheme I). 

If a similar reaction path is followed in the enzymic con­
version of dihydroxyacetone-P to methylglyoxal it is of interest 
to ask the following questions. First, is the initial deprotonation 
to give the enediol intermediate 3 stereospecific? (The enediol 
of triose-P is believed to occur as an intermediate in both tri­
ose-P isomerase and metal-dependent aldolase reactions.) If 
so, what is the stereospecificity and does an isotope effect 
provide a suggestion of a rate-limiting step? Second, is there 
a stereochemical relationship between the first enolization step 
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and formation of the methyl group of methylglyoxal which 
results from protonation of the intermediate 4, i.e., is there a 
1,3-proton transfer, and is formation of the methyl group 
stereospecific? 

Experimental Section 

E. coli methylglyoxal synthase was prepared from an ammonium 
sulfate fraction of glucose-grown cells available in this laboratory using 
steps similar to the procedure of Hopper and Cooper.3 The enzyme 
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Table I. Stereospecificity of Proton Activation" 

[3H] Dihydroxyacetone-P 
labeled by 

Isomerase Aldolase 

[3-3H] Dihydroxyacetone-P 
CH3COCHO 
CH3CO2H 
HCO2H 

21 000 
19 000 

100 
19 500 

57 300 

1 050 
250 

" One milliliter with (3tf )-[3-3H]dihydroxyacetone-P (0.55 mM), 
imidazole (50 mM, pH 7.0), and 0.1 unit of synthase were incubated 
for 20 min. With (3S)-[3-3H]dihydroxyacetone-P (1.0 mM), 0.9 unit 
of synthase was used in 1.0 mL for 15 min. The isolated methylglyoxal 
was cleaved with a 5X excess of NaI04. The formic and acetic acids 
were adsorbed onto a column of silicic acid (1X6 cm); 60 mLof 2.5% 
l-butanol/CHCl3 followed by 50 mL of 5% 1-butanol were passed 
through the column. Acetic acid normally eluted between 35 and 45 
mLof 2.5% l-butanol/CHCl3, while formic acid eluted between 15 
and 30 mL of 15% 1 -butanol/CHCl3. The overall recovery of formic 
acid and acetic acid was 80-90%. 

Table H. Rate of Labeled Product Formation from (3/?)-[3-3H] 
Dihydroxyacetone-P" 

Time, 

3H counts 
in EtOAc, 

cpm 

Expected 
counts in 

Extent of CH3COCHO EtOAc if 
reaction, formed, pro-S H 

% ^mol activated 

5 
10 
20 

60 
3000 
7800 
9000 
9900 

0 
17.0 
47.0 
54.0 
62.0 

0 
0.14 
0.39 
0.45 
0.51 

0 
2 900 
8 200 
9 400 

10 300 

" In a total volume of 1.5 mL of imidazole (50 mM, pH 7.0) was 
incubated (3#)-[3-3H]dihydroxyacetone-P (0.825 /umol) and 
methylglyoxal synthase (0.44 unit). After 0, 1, 5, 10, and 20 min, 0.05 
mL was removed and treated with 2,4-dinitrophenylhydrazine solution 
(1% solution, 0.2 mL) and water (0.25 mL). After 15 min, the reaction 
mixture was treated with 10% sodium hydroxide (0.5 mL) and ex­
tracted with ethyl acetate (2.OmL). The drastic slowing of the reaction 
results from product inhibition by Pj. 

used had a specific activity of 15-40 units/mg. The preparation 
contained no detectable triose-P isomerase or aldolase activities. 

The synthase reaction was monitored either colorimetrically by 
treating samples with 2,4-dinitrophenylhydrazine and determining 
the absorbance of the 2,4-dinitrophenylosazone in alkali4 or by 
measuring the appearance of 32Pj from dihydroxyacetone [32P] 
phosphate by extraction of the molybdate complex.6 The conditions 
of the latter assay caused release of less than 1 % of the radioactivity 
associated with dihydroxyacetone [32P]phosphate. 

Tritiated forms of dihydroxyacetone-P were prepared in four ways: 
(a) isotope exchange with triose-P isomerase in 3HOH; the labeled 
equilibrium mixture, 95% of which is (3#)-[3-3H]dihydroxyace-
tone-P,7 was purified on Dowex-1 Cl - by elution with 0.03 N HCl; 
(b) (35)-[3-3H]dihydroxyacetone-P was prepared by exchange in 
^HOH with muscle aldolase previously treated with glycidol-P to 
inactivate the triose-P isomerase activity present in the preparation;8,9 

(c) (3#,S)-[3-3H]dihydroxyacetone-P was obtained (as in Table IV) 
by reaction of glycerol-P dehydrogenase on (3/?,S)-[3-3H]glycerol-P 
prepared by reduction of glyceraldehyde-P with NaB3H^ (d) [IS-
2H,3H]dihydroxyacetone-P was prepared by the series: [1-3HJgIu-
cose-6-P was treated with phosphoglucose isomerase in D2O (98.5 
atom %) followed by phosphofructosekinase and ATP to give [15-
2H,3H]fructose-l,6-P2,10 and further reaction with aldolase and 
glyceraldehyde-P dehydrogenase in the presence of 10 mM arse­
nate. 

Dihydroxyacetone [32P]phosphate was prepared by phosphorylation 
of dihydroxyacetone by glycerol kinase with [7-32P]ATP and was 
purified on Dowex-1 Cl - by elution with 0.03 N HCl. 

The distribution of tritium in methylglyoxal was determined by 
passing a reaction mixture through a Dowex-1 Cl - column and oxi­
dation of the radioactive peak in the effluent with a fivefold excess of 
Nal04 at pH 5.0. Formic acid from C-I and acetic acid from C-2,3 
of methylglyoxal were isolated on a silicic acid column by elution with 
CHCl3 containing 2.5 and 5% 1-butanol, respectively.10 They were 
assayed by titration with NaOH solution. 

Results 

Stereospecificity of C-3 Proton Abstraction. (37?)-[3-
3H]Dihydroxyacetone-P, synthesized by isotope exchange with 
triose-P isomerase in tritiated water, was converted to 
methylglyoxal with only slightly lower specific activity than 
starting material, Table I. The resulting methylglyoxal was 
cleaved with NaI04 to give the corresponding formic and 
acetic acids which were separated by column chromatography 
on silicic acid. Importantly, no radioactivity coeluted in the 
acetate peak indicating no "intramolecular" transfer of the 
pro-R hydrogen of dihydroxyacetone-P to the methyl group 
of methylglyoxal. In addition, the specific activity of the iso­
lated formic acid approximated that of the methylglyoxal 
suggesting that proton activation at C-3 of dihydroxyacetone-P 
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is specific for the pro-S hydrogen (see Scheme II). When 
(37?)-[3-3H]dihydroxyacetone-P was incubated with 
methylglyoxal synthase and the methylglyoxal, and after 
various time intervals converted to the dinitrophenylosazone, 
it was found that >95% of the radioactivity was ethyl acetate 
extractable, becoming so at the same rate as product was 
formed, Table II. This indicates the absence of a secondary 
isotope effect. However, this did not preclude the possibility 
of a nonstereospecific proton activation at C-3 with a large 
isotope discrimination. The latter possibility was examined 
further with the complementary sample of [3-3H]dihydroxy-
acetone-P, i.e., (3S)-[3-3H]dihydroxyacetone-P, prepared by 
isotope exchange with muscle aldolase in tritiated water, Table 
I. Timed samples were passed through short columns of 
Dowex-1 C l - to remove unreacted [3-3H]dihydroxyacetone-P, 
and the methylglyoxal in the effluent was converted to the 
dinitrophenylosazone and extracted into ethyl acetate. 

As shown in Table III, counts appeared in the water at the 
same rate as methylglyoxal was found indicating the absence 
of an appreciable isotope effect. Thus, at 1.0 min 47% of the 
tritium was found in the water at a time that 46% of the 
starting dihydroxyacetone-P was found as methylglyoxal. It 
follows from this that the activation at C-3 must be stereo-
specific for the pro-S hydrogen. A small amount of radioac­
tivity was associated with the recovered methylglyoxal indi­
cating the possibility of some "intramolecular" tritium transfer. 
When the methylglyoxal was degraded with NaIC>4 the ra­
dioactivity was associated with both formic and acetic acid. 
This is shown in Table I. 

Further Test of Tritium Transfer. The recent report by Lowe 
and Pratt12 that the muscle aldolase-activated labeling of 
dihydroxyacetone-P in D2O introduces deuterium at C-I at 
about 0.2% the rate found at C-3, in what is presumed to be a 
nonproductive side reaction, makes it likely that the label 
residing in the methyl group was already present at C-I of 
dihydroxyacetone-P. This possibility was confirmed by two 
experiments. First, the previously prepared (3S)-[3-3H] 
dihydroxyacetone-P was degraded with NaIC>4 to formalde-
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Table III. Rate of Labeled Product Formation from (35)-[3-3H] 
Dihydroxyacetone-P" 

Table IV. Test for Intramolecular Proton Transfer in Formation of 
the CH3 Group" 

Time, 
min 

0 
1 
5 

10 
20 

/imol of % 
CH3COCHO reaction 

0.464 46.4 
0.606 60.6 
0.616 61.6 
0.67 67 

Counts in 
water 

600 
27 000 
33 100 
35 280 
38 640 

Total % 
counts 

1 
47 
58 
62 
67 

Expected 
counts in 
water, if 

no isotope 
effect 

26 600 
34 700 
35 300 
38 400 

" The same conditions described in Table II except 1.0 /umol of 
(35*)-[3-3H]dihydroxyacetone-P and 0.90 unit of methylglyoxal 
synthase were used. After derivitization and extraction of CH3CO-
CHO into ethyl acetate, the aqueous phase was vacuum transferred 
and the volatile counts were determined. 

hyde and phosphoglycolate; the latter was isolated on Dowex-1 
Cl - . This material, in turn, was converted to glycolate with acid 
phosphatase at pH 5.4. The resulting glycolic acid was isolated 
by column chromatography on silicic acid eluting with CHCb 
containing 15% 1-butanol." The glycolic acid was assayed 
using 2,7-dihydroxynaphthalene.13 The specific activities of 
the phosphoglycolate and glycolate were about 1% of the 
(3S)- [3-3H]dihydroxyacetone, thus confirming the additional 
labeling of dihydroxyacetone-P at C-1 during treatment with 
muscle aldolase in tritiated water. In a second experiment, 
(3/?)-[3-3H]-dihydroxyacetone-P was generated by the se­
quence: 

T(H) 
H 

H-

O 

-OH 
NaB 3 H. 

Hv 

H-

CH2OP 
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,OH 

-OH 

CH2OP 

(i?,S)-glycerol-P 

(i?)-glycerol-P 

dehydrogenase 

H x I^OH 

= 0 + (S)-glycerol-P 

CH2OP 
The [3-3H]glycerol-P was first isolated by ion exchange and 
then was treated with glycerol-P dehydrogenase together with 
lactate dehydrogenase, pyruvate, and N A D + to displace the 
equilibrium toward dihydroxyacetone-P for reaction with the 
synthase at pH 7.0. The isolated methylglyoxal was treated 
with NaIC>4 and the tritium distribution in the formate and 
acetate determined after purification on silicic acid. This is 
shown in Table IV. The acetate, representing the methyl group 
of methylglyoxal, had only ~0.02% the counts of formic acid 
indicating essentially no intramolecular transfer. 

Stereospecificity of Formation of the CH3 Group of 
Methylglyoxal. Dihydroxyacetone-P was prepared, labeled 
with both tritium and deuterium at C-I, to give an 5 config­
uration. The aforementioned material with synthase was 
subsequently converted in H2O to [3-2H1

3H]methylglyoxal 
which was cleaved with NaIC^ to give [2-2H1

3H] acetate. The 
chirality of the methyl group of the acetate was determined by 
taking advantage of the isotope effect of the malate synthase 
reaction with acetyl-CoA, followed by analysis of the malate 
for distribution of its tritium using the fumarase reaction.I4-15 

As reported in Table V, the radioactivity was almost equally 
distributed between the 3R and 3S positions of [3-3H]malate, 
~2.2% favoring thepro-R position. Previously, the reaction 

Sample 
Sp act. 

cpm/juatom 

Glycerol-P (before dilution) 
CH3COCHO (114 X diluted) 
HCO2H 
CH3CO2H 

5.9 X 107 

5 X 105 

5 X 105 

110 

" In 1.0 mL (2ftS,3tfS)-[3-3H]glycerol-P (8.3 mM, 0.18 X 108 

cpm/Mmol), imidazole (pH 7.0, 50 mM), NAD+ (7 mM), sodium 
pyruvate (5 mM), glycerol-P dehydrogenase (1OmL), lactate dehy­
drogenase (2 units), and methylglyoxal synthase (0.5 unit) were in­
cubated for 30 min at 25 0C. The 0.28 jumol of methylglyoxal formed, 
1.6 X 107 cpm at C-3 and an unknown number at C-I, was diluted 
114-fold with 32 /imol of methylglyoxal, passed through Dowex-1 Cr , 
and treated with HIO4 as usual. 

Table V. Stereochemistry of Methyl Group Formation 

CH3COCHO formed" 

Mmol 
% reaction 
% counts in H2O 
Chirality analyses* 

Malate (cpm/Mmol) 
Fumarase (volatile) 
Fumarase (nonvolatile) 

Time 

15 min 

0.15 
26% 
5.3% 

88 000 
1770 
1810 

60 min 

0.21 
36% 
4.5% 

1821 
1860 

" (lS)-[l-2H,3H]Dihydroxyacetone-P (105 000 cpm/iimol, 0.58 
mM), imidazole (pH 7.0, 50 mM), and 0.1 unit of methylglyoxal 
synthase were incubated in 1.0 mL. The methylglyoxal formed at 15 
and 60 min had a specific activity of —102 000 cpm/Vmol and was 
analyzed as indicated. * The column purified malate samples were 
treated in 1.0 mL with 30 units of fumarase at pH 7.0 (KH2P04 
buffer, 0.1 M, pH 7.0) for 1 h, volatile counts were removed, and the 
procedure was repeated twice. Recovery of counts was 95 and 97%. 

of chiral CH3 of acetyl-CoA in the malate synthase reaction 
has given asymmetries of 77 and 79%16,17 due to a rate pref­
erence in the cleavage of the C-H bond relative to the C-D 
bond of about 3.3-fold. The apparent slight dominance of the 
3H in the 35 position of malate, if indeed all of the unlabilized 
radioactivity is due to this, may therefore represent at most a 
2.2/0.78 ^ 2 . 8 % chirality in the methyl group. Therefore, it 
would seem that ~97% of the methylglyoxal is produced by 
nonstereospecific protonation, and on the assumption of ste­
reochemical consistency of enzyme reactions it is likely that 
formation of the methyl group is completely nonstereospecific. 
The slightly higher radioactivity observed in the residue after 
fumarase would then represent a 2% impurity. 

The explanation usually favored for finding such non-
stereospecificity is that the ketonization occurs after disso­
ciation of an unstable product from the enzyme. Thus, the real 
product of the enzymatic reaction in the present case is the enol 
form 4 as shown in Scheme I. In previous examples1819 it was 
shown that the assumed product, the keto form, was not rec­
ognized by the enzyme as shown by a failure to undergo en­
zyme-catalyzed enolization, and in some cases not to act as an 
inhibitor. As will be noted in Table V, the counts in water do 
not increase between 15 and 60 min, suggesting that there is 
no detritiation of the [3-3H]methylglyoxal subsequent to its 
formation, and probably not during its formation. Finally, the 
ability of methylglyoxal to act as an inhibitor was tested with 
concentrations up to 100 mM. At pH 7.0 and with 0.4 mM 
dihydroxyacetone [32P] phosphate, the rate of appearance of 
32Pi was unaffected by methylglyoxal. Thus, the failure of the 
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enzyme to recognize the end product as an inhibitor is consis­
tent with the interpretation that the nonstereospecific forma­
tion of the methyl group is due to a postcatalytic event. Such 
an event, very likely the ketonization step shown in Scheme I, 
may be considered evidence that the proposed reaction 
mechanism is correct. 

Discussion 

Although showing the same stereospecificity for the a-CHj 
proton as both yeast and muscle aldolase, methylglyoxal syn­
thase shows neither the metal requirement nor Schiffs base 
nature,3 respectively, of these enzymes. This in itself does not 
argue against an enol mechanism, since many enzymes known 
to catalyze enolization processes do not require a metal co-
factor nor use Schiffs base intermediates. The intermediate 
formation of the enol of triose phosphate 3 is inferred as per­
haps the simplest chemical process. The absence of isotope 
discrimination suggests that formation of this intermediate and 
its irreversible conversion to product, Scheme I, are much more 
rapid than return of this intermediate to free dihydroxyace-
tone-P. The phosphorylated intermediate is probably not the 
form that dissociates from the enzyme because in this case 
nonstereospecific reversal to dihydroxyacetone-P would be 
expected and the apparent stereospecificity in the proton ab­
straction step would be lost. Likewise the formation of 
(/?,.S)-glyceraldehyde-3-P might be expected, but is not 
found. 

The proton abstraction step is likely to require an amino 
acid, acting as general base, in common with many previously 
studied enolization reactions. The fate of this proton was of 
particular interest because many examples are known in which, 
by proton transfer, the enzyme is restored to its initial state for 
recycling as a catalyst: E ^ E-SH — H-E-S - ^ E-HS ^ E. 
In this case, a 1 —* 3 allylic proton transfer would be required 
following the elimination of the -OPO32-. Because neither a 
metal nor Schiffs base is involved in polarizing the carbonyl 
of dihydroxyacetone-P, it is likely that an electrophilic proton 
derived from an amino acid residue of the enzyme is required 
in the first step. Because of this, perhaps the enol intermediate, 
resulting after phosphate expulsion, would be completely un­
charged. It would therefore be held to the highly polar active 
site only by hydrogen bonds derived from the catalytic groups 
and may dissociate from the enzyme too rapidly for stereo-
specific ketonization to take place. In what may be a very 
similar case19 the conversion of phosphoenolpyruvate to ox-
alacetate by a bacterial enzyme is known to produce pyruvate 
as a side product without stereospecificity in formation of the 

CH3 group. Pyruvate itself was not a substrate for enolization 
by the enzyme. It was concluded that the reaction intermediate, 
E-enolpyruvate, similar to enolpyruvaldehyde (4) in the present 
case, dissociated readily, and that ketonization occurred off 
the enzyme. 

According to Scheme I, C-2 remains sp2 throughout the 
reaction. Therefore, the carbon skeleton of the substrate would 
remain fixed except for slight changes as the other carbons go 
from sp3 to sp2. A preferred geometry of the enediol and the 
phosphate group might be defined with respect to each other 
if the original alcohol proton of the dihydroxyacetone-P ab­
sorbed the charge of the departing oxygen anion in a mono-
molecular process: 

0* 

H < ° ^ 
H / • 

H 

+ HOPO3
2" 

2"03P' / ~ \ 
W 

OH 
H 

H—C OH 

\ 

In this case the enediol would have to be a //-fl/w-enediol, as 
shown, rather than as drawn in 3 or as observed to occur in all 
the aldose-ketose isomerases.20 
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