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Methylglyoxal synthetase, whichcatalyzes the formation

of methylglyoxal and inorganic phosphate from dihydroxyacetone

phosphate, was found in extracts of Proteus vulgaris. An

efficient purification procedure utilizing ion exchange

column chromatography and isoelectric focusing has been

developed. Homogeneity of the enzyme preparation was con-

firmed by polyacrylamide gel electrophoresis and rechroma-

tography.

Two components of methylglyoxal synthetase were obtained

upon isoelectric focusing. A comparison of the chemical and

physical properties of the two components was carried 
out.

The enzyme is a dimer. In the presence of inorganic phosphate,

the hyperbolic saturation kinetics with dihydroxyacetone

phosphate are shifted to sigmoidal.



INTRODUCTION

Methylglyoxal has long been postulated as an intermediate

in the metabolism of carbohydrates. After the discovery of

the glyoxalase system which converts methylglyoxal to lactic

acid (Neuberg, 1913; Dakin et al., 1913), Neuberg and other

workers attempted to fit methylglyoxal and the glyoxalase

enzymes into a metabolic bypass of the Embden-Meyerhof gly-

colytic pathway. However, they failed to demonstrate the

enzymic formation of methylglyoxal. After twenty years,

Needham and Tehmann (1937) reported that methylglyoxal was

formed nonenzymatically from DL-glyceraldehyde when incu-

bated in Ringer's buffer.

Methylglyoxal is known to be a potent metabolic inhi-

bitor (Riddle et al., 1968). It inhibits macromolecular

synthesis in fibroblasts (Krymkiewicz et al., 1971), and it

is also bacteriostatic (Freedberg et al., 1971; Krymkiewicz

et al., 1971; Rekate et al., 1973). Chemotherapy studies

showed that methylglyoxal inhibited the growth of ascites

tumors (Freedberg et al., 1971).

Recently the nonenzymatic formation of the methylglyoxal

from trioses under physiological conditions has been shown to

be catalyzed by certain polyvalent anions (Riddle et al., 1968).

Subsequently (Riddle et al., 1972), it was shown that glycerol

was first enzymatically converted to dihydroxyacetone, and

1



2

then nonenzymatically converted to methylglyoxal in the

presence of phosphate as a catalyst (Riddle et al., 1972).

Also, Bonsignore et al. (1970) observed that the nonenzymatic

conversion of glyceraldehyde to methylglyoxal was catalyzed

by lysine. Only within the last three years have complete

shunts involving the highly reactive methylglyoxal intermedi-

ate been proposed. A postulated pathway involving both enzy-

matic and nonenzymatic carbohydrate metabolism in spermatozoa

is diagrammed in Figure 1 (Riddle et al., 1973).

Cooper and coworkers (1970) recently demonstrated an

enzyme, methylglyoxal synthetase (E.C. 4.2.99.11), in E. coli,

which catalyzes the direct conversion of dihydroxyacetone

phosphate to methylglyoxal and inorganic phosphate. They pro-

posed a pathway involving nonphosphorylated trioses to bypass

the normal glycolytic reactions for the conversion of dihy-

droxyacetone phosphate to pyruvate (Figure 2). Other studies

have provided further evidence that methylglyoxal synthetase

may indeed be active in a variety of bacteria (Freedberg et

al., 1971; Krymkiewicz et al., 1971; Rekate et al., 1973).

A second novel pathway for the enzymatic formation of

methylglyoxal was postulated by Rizza and coworkers (1973).

They described a pathway in Pseudomonas which first enzy-

matically dephosphorylated glyceraldehyde 3-phosphate to

glyceraldehyde, followed by an oxidation by a second enzyme

resulting in the formation of methylglyoxal (Figure 2).
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Figure 1. Carbohydrate metabolism of 3-carbon

level in avian spermatozoa (Riddle et al., 1973).
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Figure 2. Possible metabolic pathways involving
dihydroxyacetone phosphate converted to methylglyoxal.
Abbreviations are as follows: L-a-GP = L-a-glycerol
phosphate; IDHAP = dihydroxyacetone phosphate; F-1,6-
P = fructose 1,6 bis phosphate; G-3-P = glyceraldehyde
3-phosphate; 1,3-di PGA = 1,3-diphosphoglycerate; 2-PGA
= 2-phosphoglycerate; 3-PGA = 3-phosphoglycerate; PEP =
phosphoenol pyruvate; KDGP = 2-keto-3-deoxygluconate-6-
phosphate.
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However, this interpretation was questioned by Cooper (1974)

after demonstrating methylglyoxal synthetase activity in P.

saccharophila.

Methylglyoxal synthetase has been purified from E. coli

(Hopper et al., 1971) and from P. saccharophila (Cooper, 1974).

Both enzymes were reported to exhibit molecular weights of

approximately 67,000 daltons by gel filtration. On the basis

of catalytic studies, the enzymes were proposed to possess

three binding sites for dihydroxyacetone phosphate. The

purification of E. coli methylglyoxal synthetase was 1500

fold with a specific activity of 500 units/mg and a recovery

of 2.6% (Hopper et al., 1971). This purification was not

only unsatisfactory on the basis of its low yield, but the

small amount of protein recovered made specific activity

determinations somewhat questionable. Subsequently, methyl-

glyoxal synthetase was purified 108 fold to a specific activ-

ity 5.75 units/mg (recovery 18%) from P. saccharophila

(Cooper, 1974). In both purifications the degrees of homo-

geneity or heterogeneity were not assessed, and the low

recoveries precluded most physical and chemical studies on

the enzyme.

The primary problem which has hindered structural studies

on methylglyoxal synthetase has been the inability to obtain

the pure enzyme in sufficient quantities with reasonable

yields. Thus, the initial objective of this investigation
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was to develop a purification procedure for methylglyoxal

synthetase which allowed structural studies to be carried

out.



MATERIALS AND METHODS

Materials

Dihydroxyacetone phosphate (dimethylketal cyclohexyl-

amine salt), Glyoxalase I (EC 4.4.1.5, specific activity

360 units/mg), imidazole (Grade I), phosphoglycolic acid,

Sephadex and DEAE-Sephadex A-50 (exchange capacity 3.5 meq/g),

were obtained from Sigma Chemical Company. Glutathione

(reduced) was from General Biochemicals. DEAE Bio-Gel A

(exchange capacity 0.01 meq/ml) and reagents for polyacryl-

amide disc gel electrophoresis were obtained from Bio-Rad.

Sodium dodecyl sulfate was "Sequ9nal grade" and purchased

from Pierce Chemical Company. Tris(hydroxymethyl)-amino-

methane, EDTA, and glycine were all enzyme grade reagents

obtained from Nutritional Biochemicals. Trypticase Soy

Broth was obtained from BioQuest. Ampholines and all rea-

gents for isoelectric focusing were obtained from LKB

Instruments, and the PM30 Ultrafiltration Membranes were

from Amicon Corporation.

Methods

Enzyme Assay

Methylglyoxal synthetase was assayed according to the

coupled spectrophotometric method of Cooper (1972). The
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enzyme was incubated with dihydroxyacetone phosphate, and excess

glyoxalase I and the rate of formation of S-lactoyl-glutathione

was measured by monitoring the absorbance at 240 nm. All

measurements were carried out in a thermostated recording

spectrophotometer at 30.00. The assay mixture contained in

a volume of 1.0 ml: 45 mM imidazole buffer (pH 7.0), 1.0 mM

dihydroxyacetone phosphate, 1.65 mM glutathione, glyoxalase

I (1.0 unit), and methylglyoxal synthetase. One unit of

enzyme activity is defined as the amount of enzyme catalyzing

the conversion of 1.0 mole of dihydroxyacetone phosphate to

methylglyoxal per minute at 30.00.

Protein Determination

The protein content of the crude extract was determined

by the Biuret method (Gornall et al., 1949). During chroma-

tographic fractionation the absorbance at 280 nm was measured.
1%

An absorbance index at 280 nm (E ) of 9.0 was determined
lcm

for P. vulgaris methylglyoxal synthetase by comparison with

bovine serum albumin using the fluorescamine method of

Udenfriend (1973).

Growth of the Organisms

P. vulgaris (ATCC 13315) was grown on a rotary shaker in

1-liter Erlenmeyer flasks containing 250 ml of Trypticase

Soy Broth (TSB) at 32*, pH 7.3. After 24 hours, the inoculum

was transferred to a MicroFerm bench-top fermentor containing

10 liters of TSB medium and the organisms grown for another
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36 hours at 32C, pH 7.3. The cells were then harvested

with a Sharples centrifuge (23,000 rpm), washed twice with

deionized water, and the cell pellet stored in a freezer at

-150.

Preparation of Crude Extract

Frozen cells were thawed in 2 volumes of buffer, and

disrupted by sonication (8 kc) in an ice bath for five one-

minute periods (cooling of 30 seconds to 1 minute between

each sonication). The extract was centrifuged at 30,900 91

for 2 hours at 4C, and the supernatant solution collected.

The solution was then dialyzed overnight against 5 liters of

10 mM imidazole buffer, pH 7.5. During this dialysis preci-

pitation occurred, and the precipitate was removed by centri-

fugation at 12,000 g for 20 minutes.

.Chromatograp~hy

DEAE-Sephadex was swollen in 10 mM imidazole, 1.0 mM

EDTA, 1.0 mM KH2PO, and 0.05% v/v 2-mercaptoethanol at pH

7.5 for 2 days at room temperature. The liquid above the

settled gel was removed and replaced with fresh buffer several

times during the swelling period to remove "fines". The

column was packed under gravity and eluted with buffer in

a cold room at 0-4C. The eluant was tested to insure the

desired pH had been attained before the sample was applied.

The column was eluted by gravity flow. When a KCl salt

gradient was used to develop the column, the concentration of

chloride in the fractions was determined by the method of
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Schales (1941). DEAE Bio-Gel A was equilibrated according

to the instructions from the supplier, then packed as above.

Analytical gel filtration was performed according to the method

of Andrews (1965) using Sephadex G-100 (particle size 40-

120 p), which had been swollen and equilibrated following

the instructions of the supplier.

Electrophoresis

Polyacrylamide disc gel electrophoresis was carried out

in standard 7% alkaline gels (pH 8.9) according to the method

of Davis (1964). The gels were stained with 0.25% (w/v)

Coomassie Blue in methanol-acetic acid-water (45:10:45).

Sodium dodecyl sulfate (SDS) slab gel electrophoresis was

performed following the method of Maizel (1971). Stock

solutions of the following reagents were prepared and stored

at 4* until used. The ammonium persulfate solution was

prepared fresh daily. The acrylamide stock solution was

prepared by dissolving 30 g of acrylamide and 0.8 g of bis

(N,N'-methylene-bis-acrylamide) in 100 ml of distilled water.

The SDS stock solution was 10 mg/ml in water, and the ammon-

ium persulfate solution was 55.6 mg/ml. A stock electrode

buffer was prepared by dissolving 6 g of Tris [tris(hydroxy-

methyl)amino methane] and, 28.8 g of glycine in 1.0 liter of

distilled water. The spacer gel buffer was prepared with

25.6 ml of 1 M phosphoric acid and 5.7 g of Tris, diluted

to 100 ml with distilled water. For discontinuous gels, a
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buffer system (pH 8.9) was prepared by dissolving 48 ml of

1.0 N HCl and 36.3 g of Tris in 100 ml of water. In casting

the 13% resolving gel, 3.'75 ml of the above solution, 13 ml

stock acrylamide solution, 0.3 ml of stock SDS solution, and

13 ml water were placed in a flask. After thorough mixing

the solution was deaerated for 15 minutes, then 5 pl of TEMED

(N,N,N',N'-tetramethylethylenediamine) mixed with the solution,

and the slab cavity filled to a 10 cm height. Water was then

layered on top of the gel to give a flat surface, and the

gels were allowed to polymerize for one hour. A 3% spacer

gel was polymerized forming the sample wells. Samples (10-

20 pg) were boiled in 1% SDS and 0.1% 2-mercaptoethanol for

2-15 minutes. With 10 1l of tracking dye, samples in glycerol

(40% v/v) were layered under electrode buffer in sample

wells. The gels were run for 2 hours at 100 volts, then

stained for at least 4 hours in Coomassie Blue. The gels

were then destained by diffusion in 7.5% acetic acid, 5%

methanol solution. The mobilities of standard proteins were

plotted against the logs of their molecular weights (Andrews,

1964).

Isoelectric Focusing

Isoelectric focusing was carried out in sucrose density

gradients using 1% LKB ampholines in a 110 ml LKB column,

according to the method of Vesterberg and Svensson (1966),

and the LKB instruction manual,. The cathode and basic
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solution (2% v/v ethanolamine) were at the bottom of the

column, while the anode solution (1% v/v phosphoric acid)

was at the top. Electrofocusing was performed in pH 3.5 -

7.0 ampholines and at 550 volts at 40 for 72 hours. Fractions

(1.0 ml) were collected and immediately analyzed for pH (at

4'C), methylglyoxal synthetase activity, and absorbance at

280 nm.

Kinetics

All kinetic parameters were determined at 30.00, and

assays were performed as described in "Enzyme Assay". !'r
m

(Michaelis constants) and Vmax (maximum velocity values)

were evaluated using the weighted least squares method of

Wilkinson (1961) and adapted to the IBM 360-50 computer

(Cleland, 1967). In experiments where the pH was varied, the

hydrogen ion concentration of each buffer was determined

immediately before and after the enzyme assay to insure that

no change in pH had occurred during the reaction.



RESULTS

Sources of the Enzyme

Several organisms were examined as potential sources of

methylglyoxal synthetase. Tissue extracts from all eukaryotic

organisms tested failed to produce methylglyoxal from dihy-

droxyacetone phosphate. The following organisms did not show

measurable levels of the methylglyoxal synthetase:

Pseudomonas aerui , Bacillus megaterium, Bacillus subtilis,

Clostridium butyricum, Clostridium sporogene, Erwinia carotovara,

Lactobacillus bulgaricus, Leuconostoc, Pediococcus cerevisiae,

Staphylococcus citreus, Streptococcus faecalis, Streptococcus

lactis, and Streptococcus thermophilus. Methylglyoxal synthe-

tase activity was, however, observed in several microorgan-

isms (Table I). Furthermore, it was noted that the enzyme

activity was not measurable if these facultative anaerobes

were grown anaerobically. The Proteus system was chosen for

further study, due to the relative concentration of the enzyme

and the ease of growth of the organism. Growth on minimal

media with glucose, glycerol, or a variety of other carbon

sources had essentially no effect on the amount of methyl-

glyoxal synthetase activity in cell extracts. When the cells

were grown in minimal media on glycerol with inorganic phos-

phate concentrations varying from 2 mM to 2 yM, no change

was observed in the specific activity of the synthetase.
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TABLE I

METHYLGLYOXAL SYNTHETASE ACTIVITY IN BACTERIAL EXTRACTS

Species Growth Methylglyoxal
Condition Synthetase

.-1-1
(nmoles min -1mg-)

Escherichia coli aerobic (TSB) a 60
(9725)

anaerobic (TSB) 0

Enterobacter aerobic (TSB) 19
aerogenes

anaerobic (TSB) 0

Proteus aerobic (TSB) 52-=
vulgaris

anaerobic (TSB) 0

mixtures of
aerobic + anaerobic
(TSB) 25

aerobic (glucose) b 38

aerobic (glycerol)b 42

a
Organism grown in Trypticase Soy Broth (TSB) to late log
phase. Cells were disrupted and extracts prepared as described
in "Methods".

organism grown in minimal salts medium consisting of 2 g
NaNO3 , 0.2 g MgSO.- 7H 0, 1 mg FeSO .7H0,0 0.21 g Na HPO
0.09 g NaH2 PO4 , 5 Pg Cuio - "5HO2 0 Pg PO ,10HPg PnSO45H 2 0, Pg, 7H 10 PgMoO, 02 g3KCl, 0.15 g4
CaCl2 ,1 g yeast extract in 1 liter of deionized water, pH
7.0. The added carbon source was supplied at a final con-
centration of 50 mM as indicated.



Purification of Methylglyoxal
Synthetase from P. Vulgaris

The following procedure was developed for the isolation

of methylglyoxal synthetase from Proteus vulgaris. The pro-

cedure has been successfully utilized in five preparations.

A typical isolation requires approximately two weeks and

yields the enzyme as a homogeneous protein (vide infra).

Fraction I_--Crude Extract: P. vulgaris (ATCC 13315)

was grown as described in the "Methods". Frozen cells (120

g) were thawed, disrupted by sonication minuteste, and cen-

trifuged (30,900 xg for 2 hours), and dialyzed overnight

against 10 mM imidazole buffer, pH 7.5, and recentrifuged.

The supernatant solution was designated "Fraction I".

Fraction II - First DEAE Sephadex: The dialyzed Fraction

I extract was applied to a 5 x 60 cm column of DEAE Sephadex

which had been equilibrated in 10 mM imidazole buffer, pH

7.5, as described in "Methods". A volume of 800 ml of the

same buffer was passed through the column at a flow rate

of 20 ml per hour, after which a linear salt gradient (0.0 -
0.4 M KCl in a total of 2.0 liters) was used to elute the

column (Figure 3). Under these conditions the methylgly-

oxal synthetase was eluted with the third large peak of pro-

tein which emerged from the column. Fractions containing

methylglyoxal synthetase activity were collected and concen-

trated to approximately 60 ml by ultrafiltration using an

Amicon PM30 membrane. The solution was then equilibrated

17
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Figure 3. Column chromatography of methyglyoxal syn-thetase on DEAE-Sephadex. The enzyme was applied to acolumn (5 x 60 cm) of DEAE-Sephadex which was equilibrated
with 10 mM imidazole, pH 7.5, containing 1 mM EDTA, 1 mMKH2PO , and 0.05% (v/v) 2 -mercaptoethanol. A linear saltgradient was employed starting with 1 liter of the abovebuffer in the mixing chamber and I liter of 0.4 N KCl-buffer solution in the reservoir. Fractions (15 ml each)were collected and assayed for methylglyoxal synthetase
activity ( 0 ), protein concentration ( 0 ), and KCl con-centrations ( A ).

wya"
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with 10 mM imidazole buffer, 1 MM EDTA, 1.0 mM KH2 PO4 , 0.05%

(v/v) 2-mercaptoethanol, pH 7.5, and designated as "Fraction

Fraction III - Second DEAE Sephadex: Fraction II was

applied to a second DEAE-Sephadex column (3 x 60 cm) which

had been previously equilibrated in 10 mM imidazole buffer

containing 1.0 mM EDTA, 1.0 mM KH2PO4, and 0.05% (v/v) 2-

mercaptoEthanol, pH 7.5. After the sample had been applied

to the column, 50 ml of column buffer containing 0.1 N KCl

was passed through the column. After this initial elution

a linear salt gradient consisting of I liter of column buffer

with 0.1 N KCl in the mixing chamber and 1 liter of column

buffer containing 0.4 N KCI in the reservoir was applied

(Figure 4). Fractions containing methylglyoxal synthetase

activity (88-104) were collected, concentrated, and dialyzed

by ultrafiltration as above, and designated as "Fraction III".

In some cases the enzyme was rechromatographed on DEAE

Bio-Gel A. This resulted in a further increase in specific

activity of approximately two fold. However, for most experi-

ments this additional chromatography was not carried out.

Fraction IV - Isoelectric Focusing: After DEAE chroma-

tography, polyacrylamide gel electrophoresis showed that at

least three major protein species were present which could be

easily separated on the basis of their electrophoretic proper-

ties. Thus, preparative isoelectric focusing was chosen as

the final step for the isolation of the methylglyoxal synthetase.

, ,-, -,-I , , . , , , , "," - 11 Aw .I I I , , I , - I I I I , -44" P
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Figure 4. Rechromatography of methylglyoxal syn-
thetase on DEAE-Sephadex. Fraction II was added to a
DEAE-Sephadex column (3 x 60 cm) which was equilibrated
with 10 mM imidazole, pH 7.5, containing 1 mM EDTA, 1 mM
KH2PO , and 0.05% (v/v) 2-mercaptoethanol. The column
was developed as described in "Results" and assayed for
methylglyoxal synthetase activity ( 0 ), and protein
concentration ( S ), as well as KCl concentrations ( A ).
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Under these conditions two catalytically active components

of methylglyoxal synthetase were resolved (Figure 5). Com-

ponent I accounted for approximately 20 - 25% of the total

activity and focused with an apparent isoelectric pH of 5.05.

The major component (II) focused at pH 4.9 and comprised

approximately 75 - 80% of the total enzyme activity. Fractions

containing methylglyoxal synthetase activity were collected

separately and dialyzed against 10 mM imidazole buffer con-

taining 1.0 mM EDTA, 1.0 mM KHD2TPO and 0.05% (v/v) 2-mercap-
toethanol, pH 7.5, for at least two days to remove the ampho-

lines.

A summary of the purification of methylglyoxal synthetase

from P. vulgaris is shown in Table II. The total purification

is .158 fold with a specific activity of 8.7 units/mg, and the

final yield of 15.7 mg of enzyme represents 31% recovery of

total enzyme activity.

Electrophoresis and Isoelectric Focusing

Polyacrylamide gel electrophoresis was carried out on

components I and II following isoelectric focusing. As seen

in Figure 6, both components migrated as a single band of pro-

tein with identical electrophoretic mobilities. A mixture of

both components after polyacrylamide gel electrophoresis

resulted in a single band when stained for total protein.

When polyacrylamide gels were sections (1 mm each), and each

section eluted into buffer and assayed for enzyme activity,

-- I I - AV --. , - RAW, .. - - , 1, - ", ., _t, ", - -- jalm
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Figure 5. Isoelectric focusing of methylglyoxal
synthetase from Proteus vulgaris. The enzyme purified
after DEAE Bio-Gel A was electrofocused in 1% ampholines
(pH 3.5 - 7) as described in "Methods". Fractions of
1.0 ml each were collected and assayed for pH ( X) andmethylglyoxal synthetase activity ( 0 ), as well as
total protein ( 0 ).
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Figure 6. Polyacrylamide gel electrophoresis of isolated

methylglyoxal synthetase of Proteus vulgaris. Standard alka-

line polyacrylamide gels (7%) were run as described in

"Methods" and stained for total protein. (A) component I

(specific activity 6.8 units/mg); (B) component II (specific

activity 8.7 units/mg).
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only the zone corresponding to the protein stain exhibited

methylglyoxal synthetase activity. When each of the two

components was subjected to refocusing, small amounts of

both components were observed. Furthermore, the relative

amount of component I varied from approximately 5 to 30% of

the total methylglyoxal synthetase activity in various

preparations. Mixing equal amounts of components I and II,

and refocusing under identical conditions, resulted in

essentially the same profiles as seen in Figure 5 (e.g., 23%

of the activity now electrofocused at pH 5.05, and 77% at

pH 4.9). These data suggested that the two components might

be interconvertible and might not represent true isozymes.

However, in order to conclusively determine the nature of

the two forms of methylglyoxal synthetase, further physical,

chemical and catalytic studies were necessitated.

Molecular Weight Studies

The molecular weight of Proteus vulgaris methylglyoxal

synthetase was determined by analytical gel filtration as

135,000 daltons (Figure 7). Identical elution volumes were

obtained for both component I and component II or a mixture

of the two species. When the enzyme was subjected to sedi-

mentation velocity ultracentrifugation, a sedimentation

coefficient ( S20,w) of 7.22 S (1.7 mg/ml) was obtained.

The enzyme was subjected to polyacrylamide gel electro-

phoresis in the presence of sodium dodecyl sulfate and stained
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Figure 7. Determination of molecular weight of
Proteus vulgaris methylglyoxal synthetase by gel f il-
tration. The logarithm of the molecular weight is
plotted against the ratio of protein elution volume (Ve)
to the column void volume (Vo). A Sephadex G-100 column
(1.5 x 120 cm) was equilibrated in 10 mM imidazole buf-
fer, pH 7.5, and eluted at a flow rate of 8.0 ml per hour.
Fractions of 1.0 ml were collected and analyzed for total
protein by measuring the absorbance at 280 nm. The column
was calibrated with (a) cytochrome c (Cyt. C), molecular
weight 11,700; (b) ovalbumin (OVAL), molecular weight
43,000; (c) triosephosphate isomerase (TPI), molecular
weight 56,000; (d) bovine serum albumin (BSA), molecular
weight 67,000; (e) phosphoglucose isomerase (PGI), mole-
cular weight 134,000; (f) aldolase (AL), molecular weight
158,000. The void volume was determined with blue dextran.
The closed circle ( 0 ) represents Proteus vulgaris methyl-
glyoxal synthetase.
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for total proteins as described in "Methods". A single band

was found which migrated slightly faster than bovine serum

albumin. A comparison of the mobilities of standard pro-

teins with that of P. vulgaris methylglyoxal synthetase

yielded that the enzyme subunit molecular weight was 66,000

+ 3,000 (Figure 8). Identical migrations were obtained for

both components I and II under these conditions. Similarly,

identical values were obtained when the enzyme was boiled

for 1, 2, 5, 10, or 15 minutes in the presence of 1% sodium

dodecyl sulfate and in the presence or absence of 15 mM

2-mercaptoethanol. Not only do these data suggest that the

enzyme is a dimer composed of two similar or identical sub-

units, but the absence of "new bands" upon SDS gel electro-

phoresis argues against trace-contamination by proteases

which frequently become apparent only upon treatment of

enzymes with denaturants.

Catalytic Studies

A detailed study of the basic kinetic properties of

methylglyoxal synthetase was undertaken, not only to establish

these fundamental parameters and shed light on the physio-

logical function of the enzyme, but also to ascertain whether

or not the two forms of the enzyme exhibited distinguishable

catalytic properties. Table III shows that both component

I and component II catalyzed the formation of methylglyoxal

only from dihydroxyacetone phosphate. Neither
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Figure 8. Determination of the subunit molecular
weight of methylglyoxal synthetase by sodium dodecyl sul-
fate gel electrophoresis. The mobilities of proteins of
known molecular weights were compared with the mobility
of methylglyoxal synthetase from P. Vulgaris by electro-
phoresis on SDS polyacrylamide slmbs. Proteins were
pretreated with the detergent and incubated for 15 minutes
in a boilin water bath. The proteins were run on 13% gels
as described in "Methods". The protein standards consisted
of bovine serum albumin (67,000), ovalbumin (43,000) gly-
ceraldehyde 3-phosphate dehydrogenase (36,000), triose-
phosphate isomerase (27,000), and cytochrome C (11,700).
The closed symbol ( 0 ) designates Proteus yVularis methyl-
glyoxal synthetase.
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TABLE III

SUBSTRATE SPECIFICITY OF PROTEUS
METHYLGLYOXAL SYNTHETASES

Substrate

-1 -1

yMoles Methylglyoxal min mg

Component I Component II

Dihydroxyacetone-P

Dihydroxyacetone

Glyceraldehyde 3-P

Glyceraldehyde

Methylglyoxal + Pi
(reverse assay)

6.8

<0.005

<0. 005

<0 . 005

0

8.7

<0. 005

<0. 005

<0. 005

0
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dihydroxyacetone, glyceraldehyde, nor glyceraldehyde 3-

phosphate served as substrates. Both preparations were

found to be devoid of triosephosphate isomerase activity.

Furthermore, attempts to carry out the reverse reaction

(i.e. to measure the production of dihydroxyacetone phosphate

from methylglyoxal and inorganic phosphate using a-glycero-

3-phosphate dehydrogenase as coupling enzymes) were unsuc-

cessful.

When the activity of the purified enzyme was assayed

at various concentrations of dihydroxyacetone phosphate,

and the initial velocity was plotted versus substrate con-

centration, normal Michaelis-Menten kinetics were obtained

(Figure 9A and B). Double reciprocal analyses yielded

linear replots, and Km values of 0.23 mM and 0.19 mM were

obtained for dihydroxyacetone phosphate for components I

and II, respectively. In contrast to the above hyperbolic

saturation reponse, teh presence of inorganic phosphate

transformed the kinetics into sigmoidal saturation curves

(Figure 9A and B). Double reciprocal plots of initial

velocity versus substrate concentration in the presence of

inorganic phosphate resulted in nonlinear, concave upward

plots (Figure 10A and B). When initial velocity data were

plotted as the reciprocal of the square of the dihydroxyace-

tone phosphate concentration (Figure llA and B), a linear

plot was obtained. Evaluation of the cooperativity by Hill

plots (Figure llC) yielded Hill coefficients of 1.58 and
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Figure 9. Effect of dihydroxyacetone phosphate con-
centration on velocity saturation curve (A) component I,
(B) component II. Initial velocity versus substrate con-
centration for methylglyoxal synthetase in the presence
and absence of Pi: no Pi ( 0 ); 0.2 mM Pi ( 0 ); 0.4 mM
Pi ( A ).
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Figure 10. Double reciprocal plot of initial velocity
versus dihydroxyacetone phosphate concentration for (A)
component I, (B) component II. No Pi ( 0 ); 0.2 mM Pi ( 0 ).
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Figure 11. Effect of inorganic phosphate on the
kinetics of methylglyoxal synthetase (A) component I,
(B) component II. (A) Double reciprocal plot of initial
velocity against the square of dihydroxyacetone phosphate
concentrations in the presence of 0.2 mM Pi. (B) Double
reciprocal plot of initial velocity against cube dihydroxy-
acetone phosphate concentration in the presence of 0.2 mM
Pi. (C) Hill plot of the above data.
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and 1.60 for components I and II, respectively.

The two forms of methylglyoxal synthetase exhibited

the same pH dependence in a variety of buffer systems (Figure

12). The enzymes exhibited a broad optimum between 7 - 8 pH

with a maximal activity at pH 7.7. It should also be noted

that triethanoiamine and Tiis (not shown) inhibited the

reaction when used as buffers.

When purified methylglyoxal synthetase was subjected

to denaturation titration (Figure 13), the concentration of

guanidinium chloride needed for 50% inactivation was 0.75 M.

Again, no significant differences were found in components

I and II with respect to their stability. Table IV sum-

marizes a number of physical and chemical properties of

the two forms of methylglyoxal synthetase isolated from

Proteus vulgaris.
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Figure 12. pH activity profiles of Proteus vulgaris
methylglyoxal synthetase. The enzyme was assayed as
described in "Methods" at an ionic strength of 0.02 at
30.0 as a function of pH. Several buffers used as Indi-
cated: Component I ( 0 ); Component II ( 0 ); Mes ( A );
Imidazole ( 0 ); Hepes ( 0 ); Triethanolamine ( V ).
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Figure 13. Denaturation titration of Proteus vuIgaris
methylglyoxal synthetase. Samples were incubated at 30.0*
at pH 7.0 in 50 mM imidazole buffer (Ionic strength = 0.05)
at a protein concentration of 1.44 mg ml-l. Aliquots were
removed at 30 minute intervals and assayed as described in
"Methods" for remaining enzyme activity. Component I ( U );
Component II ( 0 ).
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DISCUSSION

Of the microorganisms screened, methylglyoxal synthe-

tase activity was observed only in the Enterobacteriaceae.

Under aerobic conditions the enzyme was synthesized consti-

tutively, and no changes in the level of the enzyme were

observed when the organism was grown at various levels of

phosphate or on a variety of carbon sources. The absence

of an active methylglyoxal shunt under anaerobic growth

conditions is not surprising, since the methylglyoxal shunt

can only provide an energetically favorable pathway if pyru-

vate can be oxidatively metabolized. Also, the reoxidation

of D-lactate to pyruvate is believed to involve an oxygen-

dependent D-lactate cytochrome C oxidase (Gregolin et al.,

1963).

The fractionation methods employed by Cooper and coworkers

(Hopper et al., 1972; Cooper, 1974) to purify the methyl-

glyoxal synthetase from E. coli and Pseudomonas saccharophila

were rather severe and nonspecific. Heat and ammonium sul-

fate precipitation steps used in these procedures could lead

to loss or modification of catalytic activity. When a

similar heat fractionation step was carried out on an extract

from Proteus, the recovery was satisfactory, but the puri-

fication was only 1.6 fold. Chromatography of the enzyme

on the cation exchanger, cellulose phosphate in 50 mM imidazole

52
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buffer, pH 7.0, was unsatisfactory, since the enzyme would

not bind to the exchanger and eluted in the void volume.

Recovery was 93% with a purification of less than 2 fold.

Lowering the pH caused precipitation of the enzyme, thereby

precluding the effective use of a cation exchanger in the

isolation process. These chromatographic properties of the

enzyme are consistent with the acidic nature of the protein

as revealed by isoelectric focusing. The enzyme was bound

tightly to the anion exchanger, DEAE-cellulose, at slightly

alkaline pH. While this ion exchanger was utilized ini-

tially, later DEAE-Sephadex and DEAE Bio-Gel A were found to

provide a more suitable matrix than the cellulose.

The isolation procedure developed in the present study

utilizing ion exchanger chromatography and isoelectric

focusing resulted in a higher overall yield (31%) than the

methods utilized for the E. coli (<10%) and Pseudomonas (18%)

preparations. It should also be pointed out that the puri-

fication of methylglyoxal synthetase from either E. coli or

Pseudomonas saccharophila yielded less than 0.5 mg of enzyme,

while the present procedure provided over 15 mg of pure pro-

tein. The specific activity of methylglyoxal synthetase

isolated from Proteus (8.7 units/mg) is comparable with

that from Pseudomonas (5.8 units mg ; Cooper, 1974). How-

ever, Hopper and Cooper (1972) reported a specific activity

of 530 units/mg for the enzyme from E. colii. It is not
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clear whether this latter value was in error, but the very

low amount of protein obtained makes this specific activity

somewhat tenuous.

Only minor problems were encountered with the stability

of the Proteus methylglyoxal synthetase. The loss of activity

tipon chromatography on DEAE (Fraction III) occurred during

ultrafiltration rather than during the chromatographic step,

since the pooled effluent contained essentially 100% of the

activity which had been applied to the column. It is not

clear whether this loss of activity was due to adsorption

on the ultrafiltration membrane, or some other physical dena-

turation, but little or no methylglyoxal synthetase activity

was found in the ultrafiltrate. The greatest single loss of

activity occurred during the isoelectric focusing. Since the

enzyme has an acidic isoelectric pH, it is not surprising

that the time required to electrofocus the enzyme at pH 4.9

results in some unavoidable denaturation. While the methyl-

glyoxal synthetase from E. coli had been reported to be cold-

labile and stabilized by serum albumin, dihydroxyacetone

phosphate and inorganic phosphate (Hopper and Cooper, 1972)

no such cold-lability was encountered with the enzyme iso-

lated from Proteus.

The catalytic studies showed that in Proteus dihydroxy-

acetone phosphate is the true substrate for the methylglyoxal

synthetase. Neither glyceraldehyde 3-phosphate nor the

nonphosphorylated trioses served as substrates. Since the
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nonphosphorylated trioses were also not inhibitory (while

a variety of phosphorylated trioses were competitive inhi-

bitors), it seems that the phosphate moiety of the substrate

is required for binding to the enzyme. The enzyme exhibited

hyperbolic saturation kinetics with respect to dihydroxy-

acetone phosphate similar to that reported for the enzyme

from other sources (Hopper and Cooper, 1972; Cooper, 1974).

The strongest inhibitors observed Were pyrophosphate and

2-phosphoglycollate, which exhibited linear-mixed compe-

titive inhibition patterns. Similarly, phosphoenol pyruvate

and 3-phosphoglycerate were found to be weak competitive

inhibitors. In all cases, no significant differences were

observed for the catalytic properties of components I and II.

The pH optimum at 7.7Z compares with values of 7.5 and 8.2

for the enzyme from E. coli (Hopper and Cooper, 1972), and

Pseudomonas saccharophila (Cooper, 1974). The inhibition

by Tris buffer and other primary amines can be explained from

the Schiff base formation, which readily occurs between

dihydroxyacetone phosphate and primary amines.

The complex inhibition by inorganic phosphate is similar

to that reported for the methylglyoxal synthetase from E. coli

and Pseudomonas saccharophila (Hopper and Cooper, 1972;

Cooper, 1974), in that inhibition is overcome by dihydroxy-

acetone phosphate in a sigmoidal fashion. The effect of

increasing concentrations of inorganic phosphate is to

increase the apparent Km for dihydroxyacetone phosphate with
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little or no effect on the maximal velocity. However, in

contrast to the previous studies, interpretation of the

cooperativity suggested only two binding sites rather than

three. This interpretation is corroborated by the dimeric

quaternary structure as established by physical studies.

Although it was of interest to examine the saturation kine-

tics in the reverse direction, all attempts to form dihydroxy-

acetone phosphate from methylglyoxal and inorganic phosphate

failed. Since inorganic phosphate is a product of the

reaction (and thus has a binding site in the catalytic center),

it is not necessary to postulate separate allosteric binding

sites for inorganic phosphate. In the absence of inorganic

phosphate, the binding of dihydroxyacetone phosphate to

each of the two subunits could be essentially independent.

When both active centers are blocked by inorganic phosphate,

the displacement of the phosphate and removal of the inhi-

bition by dihydroxyacetoe phosphate could occur in a coopera-

tive fashion. Although the data naturally do not preclude

separate allosteric binding sites for phosphate, in the

absence of additional information, the interpretation as a

cooperative release of product inhibition seems justified.

The previous studies on methylglyoxal synthetase from E.

coli and Pseudomonas saccharophila claimed the enzyme to

possess three binding sites for dihydroxyacetone phosphate

and a molecular weight of 67,000. These conclusions were

based on the dihydroxyacetone phosphate saturation kinetics
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in the presence of inorganic phosphate, and no physical

studies on the number of subunits were conducted. Further-

more, while the enzyme was reported to elute from Bio-Gel

150 coincident with pig heart malate dehydrogenase, no data

on the gel filtration experiments were reported. While it is

possible that the E. coli and Pseudomonas enzymes drastically

differ from the Proteus enzyme, it should be noted that tri-

meric enzymes are rarely encountered, and a trimer of 67,000

daltons would be composed of subunits smaller than any of

the other enzymes which participate in glycolysis.

The two forms of methylglyoxal synthetase isolated by

isoelectric focusing do not seem to represent true isozymes

of independent genetic origin. A variety of posttranslational

events including aggregation-dissociation, partial denaturation,

oxidation, deamidation, proteolysis, covalent modification,

or conformational modification can give rise to such multiple

enzyme forms. The gel filtration studies showed that the

two components of Proteus methylglyoxal synthetase are of

the same molecular weight, and thus do not represent different

degrees of aggregation or dissociation. Electrophoretic

studies failed to reveal evidence for any differences in the

primary structures of the two forms. No significant differ-

ences were observed in their catalytic properties. The

interconvertible nature of the isozymes tends to favor the

possibility that the two forms may represent different

conformers. Ui (1973) has shown that conformational changes
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in a protein can give rise to significant changes in the

apparent isoelectric point as determined by isoelectric

focusing. The multiple forms of the enzyme are not unique

to the Proteus system, since extracts of E. coli, when sub-

jected to isoelectric focusing, were resolved into several

components (isoelectric points of 6.3, 5.8, 5.2, 4.9, and 4.35)

with methylglyoxal synthetase activity.

The physiological function of the methylglyoxal shunt

from dihydroxyacetone phosphate to pyruvate has been con-

sidered by Hopper and Cooper (1971). As long as the inor-

ganic phosphate concentration remains high enough for gly-

ceraldehyde-3-phosphate dehydrogenase to function, the

methylglyoxal shunt would be inhibited. If the levels of

inorganic phosphate should fall sufficiently low to cause

glyceraldehyde 3-phosphate dehydrogenase to become rate-

limiting, catabolism via the methylglyoxal shunt could give

rise to pyruvate to be further metabolized under aerobic

conditions. The shunt would also liberate inorganic phosphate,

thereby reactivating the glyceraldehyde 3-phosphate dehydro-

genase. This is not without precedent, since Koobs (1972)

showed that glycolysis in ascites cells was primarily regu-

lated by the concentration of inorganic phosphate. Further-

more, in E. coli, when the phosphate concentration becomes

low enough to limit cell growth, alkaline phosphatase is

markedly derepressed (Horiuchi et al., 1959; Torriani, 1960,

Garen and Levinthal, 1960).



The catalytic mechanism of methylglyoxal synthetase is

unusual and should provide an interesting thesis for addi-

tional study. The reaction involves not only the hydrolysis

of the phosphate ester, but also involves an internal oxi-

dation-reduction. It is somewhat surprising that a single

enzyme has evolved with capabilities of carrying out both

reactions. However, the results of this present study clearly

establish that a single protein does, in fact, catalyze the

entire conversion of dihydroxyacetone phosphate to methyl-

glyoxal. The reaction is not due to a phosphatase followed

by an oxidoreductase, since neither dihydroxyacetone nor

glyceraldehyde formed methylglyoxal in the presence of the

enzyme. The inhibition studies suggest further that the

enzyme probably does not even bind nonphosphorylated trioses.

The enzyme does not appear to require any readily dissociable

cofactors, since the enzymatic activity was stable to pro-

longed dialysis and gel filtration. The enzyme does not

appear to be a metal enzyme complex, since chelating agents

such as EDTA had no effect on the enzyme. (It should be

pointed out that this does not preclude the existence of a

metalloenzyme with a very low dissociation constant for

the metal.)

Now that methods have been developed for the isolation

of methylglyoxal synthetase in quantities suitable for

structural-functional and mechanism studies, a variety of

new questions can be approached. The questions of which

5
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carbon becomes oxidized and which is reduced can be approached

utilizing dihydroxyacetone phosphate in which either C or

C3 has been labeled with Carbon 14 or Carbon 13. The oxi-

dation-reduction process could take place as an internal

proton transfer or via a solvent-mediated process. This

question might be answered by running the reaction in D20

and observing the protOn NMR spectra of the methylglyoxal

formed. It may be possible to independently measure the

dephosphorylation and oxidation-reduction reactions inde-

pendently. From a mechanistic standpoint, as well as from

a regulatory point of view, further studies on methylglyoxal

synthetase seem to hold a wealth of interesting information.
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