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ABSTRACT: Kinetic parameters for triosephosphate isomerase catalysis of the elimination reaction of an 
equilibrium mixture of dihydroxyacetone phosphate (DHAP) and ~-glyceraldehyde-3-phosphate (DGAP) 
to form methylglyoxal and phosphate ion are reported for the enzyme from rabbit muscle. Pseudo-first-order 
rate constants for the disappearance of substrate (keIim) were determined for reactions a t  [Enzyme] >> 
[Substrate]. The second-order rate constant kEnz = 10.1 M-' s-l was determined from a plot of kelim against 
enzyme concentration. The kinetic parameters, determined from a steady-state kinetic analysis at [Substrate] 
>> [Enzyme], are k,, = 0.01 1 s-l, K ,  = 0.76 mM, and k,,,/K, = 14 M-' s-l. The estimated rate-constant 
ratio for partitioning of the enzyme-bound intermediate between protonation at  carbon 2 and elimination, 
1000000, is much larger than the ratio of 6.5 determined for the reaction of the enediolate phosphate in 
a loose complex with quinuclidinonium cation, a small buffer catalyst. There is a 105-108-fold decrease 
in the rate constant for the elimination reaction of the enediolate phosphate when this species binds to 
triosephosphate isomerase. The kinetic parameters for the elimination reaction catalyzed by the native 
triosephosphate isomerase and for the reaction catalyzed by a mutant form of the enzyme, which is missing 
a segment that forms hydrogen bonds with the phosphate group of substrate [Pompliano, D. L., Peyman, 
A., & Knowles, J. R. (1990) Biochemistry 29, 3186-31941 are similar. This is attributed to offsetting effects 
of the deletion, which decrease the steady-state concentration of the enzyme-bound intermediate and increase 
the rate constant for its breakdown to form elimination products. The kinetic parameters were used to 
calculate a cellular velocity of 0.4 mM methylglyoxal/day for the formation of methylglyoxal from the 
elimination reaction catalyzed by triosephosphate isomerase. This calculation suggests that an important 
function for glyoxalases I and I1 is to metabolize the methylglyoxal that is produced by triosephosphate 
isomerase. 

Tiosephosphat e isomerase has, by several criteria, achieved 
perfection as a catalyst of the interconversion of substrates 
dihydroxyacetone phosphate (DHAP) and D-glyceraldehyde- 
3-phosphate (DGAP) (Knowles & Albery, 1977). Therefore, 
it is surprising that the enzyme also catalyzes the degradation 
of these substrates to give methylglyoxal and phosphate 
(Browne et al., 1976; Webb et al., 1977; Iyengar & Rose, 
1981a). 

Studies on the nonenzymatic reactions of triosphosphates 
have shown that triosephosphate isomerase is a victim of its 
enediol(ate) phosphate intermediate, which is highly labile to 
the elimination of the phosphate ion (k,, Scheme I).I In water, 
the enediolate phosphate dianion and monoanion react with 
estimated rate constants k, of 8 X lo6 s-I and 8 X lo8 s-l, 
respectively (Richard, 1984). These species are in rapid 
equilibrium with the enediol, and this, in turn, has a half-life 
of - 1 ps in water at pH 7 (Richard, 1985). Triosephosphate 
isomerase, with the aid of a flexible loop that surrounds the 
phosphate group of the enzyme-bound intermediate (Banner, 
et al., 1975; Alber et al., 1981; Pompliano et al., 1990), does 
a less than perfect job of suppressing this elimination reaction. 

The elimination reaction catalyzed by triosephosphate 
isomerase is slow relative to the isomerization reaction and 
was detected only by chance in experiments where the sub- 
strate was incubated with large concentrations of the enzyme 
(Webb et al., 1977). Despite the slow rate of the reaction, 
its mechanistic and physiological consequences are probably 
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quite significant. 
(1) The rapid rate of enediolate phosphate decomposition 

in water raises several questions about the details of the 
mechanism for the suppression of the elimination reaction of 

' It is not known whether this intermediate is bound to triosephosphate 
isomerase as the enediol or the enediolate (Petsko et al., 1984; Richard, 
1987). 
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the enzyme-bound enediol(ate) intermediate. How large is 
the change in reactivity of the enediol(ate) upon binding to 
the isomerase? By what mechanism does the enzyme stabilize 
the bound enediol(ate) toward breakdown by p-elimination 
of phosphate? How do the kinetic parameters for the elim- 
ination reaction change upon deletion, by site-directed mu- 
tagenesis, of a flexible loop that is essential for effective ca- 
talysis of the isomerization reaction? This loop forms strong 
interactions with the phosphate group of the enzyme-bound 
ligand, and these interactions inhibit the elimination of 
phosphate ion from the intermediate (Pompliano et al., 1990). 

(2) Triosephosphate isomerase is an extremely effective 
catalyst of the isomerization reaction, and the enzyme is 
present at very high cellular concentrations (Shonk & Boxer, 
1964). Therefore, an enzyme-catalyzed elimination reaction 
that is very slow relative to the fast isomerization reaction still 
might generate significant concentrations of cellular me- 
thylglyoxal. The kinetic instability of the enediolate phosphate, 
which at the very least constitutes a serious flaw in the “logic” 
of glycolysis (Walsh, 1979), may have far-reaching metabolic 
consequences. Triosephosphate isomerase catalyzes the for- 
mation of the enediol(ate) phosphate, and this intermediate, 
unavoidably, breaks down to an enolaldehyde that then tau- 
tomerizes to methylglyoxal (Scheme I). Methylglyoxal is a 
highly reactive compound, with no known biological function, 
that is probably toxic (Carrington & Douglas, 1986). This 
compound is metabolized to D-lactate by the action of gly- 
oxalases 1 and 11 (Racker, 1955). Many metabolic roles have 
been considered for the glyoxalase enzymes, but their true 
function remains an enigma (Carrington & Douglas, 1986). 
One function for these enzymes, which has not been previously 
been considered, may be to remove methylglyoxal that forms 
as a byproduct of an enzyme-catalyzed reaction. 

I report here the kinetic parameters for the elimination 
reaction catalyzed by triosephosphate isomerase. These pa- 
rameters are compared with data for the isomerization reaction 
catalyzed by the native enzyme, the isomerization reaction 
catalyzed by the small buffer quinuclidinone (Richard, 1984), 
and the isomerization and elimination reactions catalyzed by 
a mutant form of triosephosphate isomerase that is much less 
effective than the native enzyme at supressing the elimination 
reaction of the bound intermediate (Pompliano et al., 1990). 
The results provide support for the proposal that the triose- 
phosphate isomerase catalyzed elimination reaction is an im- 
portant source of cellular methylglyoxal. 

MATERIALS A N D  METHODS 
Many of the materials and methods used in this work have 

been described earlier (Richard, 1984, 1985). Rabbit muscle 
triosephosphate isomerase (9000 units/mg) was purchased 
from Calbiochem-Behring. The enzyme was assayed by 
coupling the isomerization of DGAP to the oxidation of 
NADH by using a-glycerolphosphate dehydrogenase. The 
concentration of enzyme subunits was calculated from the 
absorbance at 280 nm and an extinction coefficient of 3.1 X 
lo4 M-I cm-I that was calculated for a subunit molecular 
weight of 26000 Da (McVittie et al., 1972). Reaction mix- 
tures were prepared with 0.10 M triethanolamine.HC1. 
Triosephosphate isomerase, which was purchased as an am- 
monium sulfate precipitate, was dialyzed against a stock so- 
lution of this buffer. In  some experiments it was necessary 
to correct the concentration of triosephosphate isomerase 
(140%) for the loss in specific activity that occurred on 
standing for up to 3 days at  0 “ C .  DHAP was prepared by 
acid-catalyzed hydrolysis of the ketal and was stored in dilute 
acid at -1 5 OC (Richard, 1984). The pH of the solution of 
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FIGURE 1: The increase in the rate constant k,,, with increasing 
concentrations of triosephosphate isomerase for an experiment in which 
the concentration of the enzyme is kept in great excess over the initial 
substrate concentration of ca. 10 nM. The data point that lies closest 
to the y axis is for a reaction in the presence of 3 X lo-’ M triose- 
phosphate isomerase. 

DHAP was adjusted to 7.9 immediately before use. 
Elimination Reaction of an Equilibrium Mixture of DHAP 

and DGAP. The kinetic parameters for this reaction were 
determined by two different methods. 

( A )  Enzyme in Excess over Substrate. Reaction mixtures 
(0.50 mL) that contained triethanolaminemHC1 (0.1 0 M, pH 
7.9) and triosephosphate isomerase [(0.03-5) X MI were 
prepared and incubated at 39 “C for 10 min. The reactions 
were then initiated by the addition of 5 pL of [32P]DHAP (4 
pmol, 5 X lo6 cpm). At recorded times, 5-pL aliquots were 
withdrawn, and the organic and inorganic phosphates were 
separated by extraction of the molybdate complex of inorganic 
phosphate into isobutanol (Iyengar & Rose, 1981b). Pseu- 
do-first-order rate constants, kelim, were determined from the 
slopes of plots of six or more values of In (C, - C,) against 
time, where C, are the counts remaining in the aqueous layer 
at a given time and C, are the counts remaining in the aqueous 
layer at t,. Semilogarithmic plots of the data were linear for 
2-3 half-times for the reaction. 

( B )  Substrate in Excess over Enzyme. The components of 
this reaction were incubated at 39 “C for 10 min before 
mixing. TriethanolamineHCl (0.38 mL, 0.10 M at pH 7.9) 
and 0.02 mL of triosephosphate isomerase (650 units for 
DGAP isomerization, final concentration = 5 .5  X lod M) 
were mixed, and dihydroxyacetone phosophate (0.018 M, pH 
7.9) and water were added in varying proportions to give 
solutions with final volumes of 0.5 mL ([triethanolamineHCI] 
= 0.08 M). The reactions were initiated by the addition of 
5 FL of [32P]DHAP (5 pmol, =5 X lo6 cpm). At recorded 
times, 5-pL aliquots were withdrawn, and inorganic phosphate 
was separated from the unreacted substrate (Iyengar & Rose, 
1981b). The initial velocity (vo) of the reaction was determined 
from the slope of a plot of the concentration of inorganic 
phosphate against time (5 points during the first 10% of re- 
action). The velocity of the enzyme-catalyzed elimination 
reaction (vE) was calculated as vo - uN, where uN is the velocity 
of the nonenzymatic reaction. The value for uN was calculated 
as the product of kN = 3.0 X S-I for the reaction at 3 X 
lo-’ M triosephosphate isomerase (data point closest to the 
y axis, Figure 1)2 multiplied by the concentration of substrate. 

~ ~~ ~~ ~ 

* This value for kN includes a small (10%) correction. This was 
required because k ,  estimated by extrapolation was for a reaction in 0.10 
M triethanolamine (see Figure l ) ,  instead of 0.08 M buffer. Tri- 
ethanolamine is a general base catalyst of the elimination reaction of 
DHAP, and a decrease from 0.10 to 0.08 M triethanolamine at pH 7.9 
will cause a 10% decrease in the pseudo-first-order rate constant for the 
elimination reaction (Richard, 1984). 
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Table 1: Kinetic Parameters for Catalysis of the Reactions of Dihydroxyacetone Phosphate 
catalyst reaction k,, ( s - 9  K, (M) k,,lK, (M-' s-ll (kml  k.)" 

native isomerase DHAP - DGAP 900 6.2 x 104 6 X lo4 

mutant isomerase' DHAP - DGAP 0.008 1 8.2 x 10-3 1 .o 

quinuclidinond DHAP - DGAP 0.00 15 21 7 x 10-5 6.9 
"Ratio of the rate constants for the partitioning of the reaction intermediate between protonation to form DGAP (kC2) and elimination to form 

methylglyoxal (k , ) .  bData from Krietsch et al. (1970). 'Observed value of k,, for enzymatic catalysis of the reaction of an equilibrium mixture of 
DHAP and DGAP. dCalculated value for enzymatic catalysis of the reaction of DHAP (see text). CData from Pompliano et al. (1990). /Data from 
Richard (1984). 'The average of values determined in experiments at [E] >> [SI and [SI >> [E]. "This ratio is 10 times larger than the ratio of the 
values of k,, for the isomerization and elimination reactions because product release limits the overall rate of the isomerization reaction (see text). 
'The ratio of the values of k,, for the isomerization and elimination reactions. ]Calculated from k, = 8 X lo6 s-I and kc2 = 5.2 X 1O's-I for the 
nonenzvmatic reactions (Richard. 1984). 

DHAP + DGAP - methylglyoxal 0.01 1' (0.006)6 7.6 X lo4 12 i 2' - 106* 

DHAP - methylglyoxal 0.0053 8.2 x 10-3 0.64 1.5' 

RES u LTS 
The decomposition of DHAP and DGAP, at chemical 

equilibrium, to give inorganic phosphate and methylglyoxal 
follows first-order kinetics when the concentration of enzyme 
is kept at >30-fold excess over substrate. Figure 1 shows the 
increase in the observed pseudo-first-order rate constants, kch, 
at increasing concentrations of triosphosphate isomerase 
subunits. The slope of the line that correlates the data at [E] 
5 2.8 X M is kEnz = 10.1 M-' s-I, the second-order rate 
constant for the enzyme-catalyzed reaction. The small neg- 
ative deviation of the value for kelim at 5.5 X M enzyme 
subunits is consistent with the onset of saturation of the sub- 
strate by the enzyme. 

Enzymatic catalysis of the elimination reaction was also 
studied under the conventional conditions, where the concen- 
tration of the substrate is kept in excess over that of the en- 
zyme. Triosephosphate isomerase (5 .5 X 10" M) was present 
at  a sufficiently large concentration to establish equilibrium 
for the isomerization reaction, before significant formation of 
the elimination products occurs; at  [E] = 2 X lo-' M, equi- 
librium for the isomerization reaction is established within 10 
min (Veech et al., 1969). The initial velocity of the en- 
zyme-catalyzed elimination reaction, uE, increases with in- 
creasing concentrations of substrate to a maximal velocity 
(data not shown). The velocity, uE, is calculated as the dif- 
ference between the observed velocity, uo, and that for the 
nonenzymatic reaction, vN. At the lowest concentration of 
substrate (0.072 mM), uE is 72% of uo; the contribution of DE 
decreases to 44% of uo when the concentration of substrate is 
increased to 1.8 mM. Figure 2 shows the Lineweaver-Burk 
plot of the data; the slope and the intercept of this plot give 
the following kinetic parameters for the enzyme-catalyzed 
elimination reaction: k,,, = 0.01 1 s-I, K, = 0.76 mM,, and 
kc,,/ K,,, = 14 M-' s-'. 

DISCUSSION 

When the concentration of triosephosphate isomerase is kept 
in great excess over the concentration of substrate, the 
breakdown of substrate to elimination products follows pseu- 
do-first-order kinetics. The second-order rate constant for the 
reaction, kEnz, was calculated from the slope of a plot of kclim 
(SI) against enzyme concentration (kEnz = 10.1 M-' s-I, Figure 
1). This second-order rate constant was also determined from 
the increase, with increasing substrate concentration, in the 
initial velocity for the reaction at  [SI >> [E] (k , t /K,  = 14 
M-' s-l). There is acceptable agreement between the values 
for the rate constant determined in these experiments. 

These reactions were initiated by the addition of DHAP, 
which was brought to equilibrium with its isomer DGAP 
before significant elimination occurred. Hence, the reactions 

/ [ DHAP] 

FIGURE 2: A Lineweaver-Burk plot of initial velocity data for the 
enzyme-catalyzed elimination reaction ([DHAP] >> [E]). The 
substrate is added to the reaction mixture as DHAP and is rapidly 
converted by triosephosphate isomerase to an equilibrium mixture 
of DHAP and DGAP. 

of both DHAP and DGAP contribute to observed rate constant 
of (k,t)&sd = 0.01 1 s-l. The observed rate constant is equal 

flEmDHAP) and f(E.DGAP) are the fractions of the total 
enzyme that forms complexes with DHAP and DGAP, re- 
spectively. The concentration of DHAP at chemical equilib- 
rium is much greater than that of DGAP, but DGAP is the 
more reactive substrate in the isomerization reaction, so that 
the reactions of DHAP and DGAP from solution are expected 
to make roughly equal contributions to (kcaJobsd. A value of 
(kca,)DHAp = 0.006 s-' for the reaction of DHAP was estimated 
from (kcaJobsd, the ratio of the concentrations of triose- 
phosphates at chemical equilibrium ([DHAP],/ [DGAP], = 
22) (Veech et al., 1969), and with the following assumptions: 
(1) the relative values of K ,  and k,,, for DHAP and DGAP 
in the elimination reaction are the same as those measured 
for the isomerization reaction, ( K m ) ~ A p / ( K m ) ~ ~ ~  = 0.5 and 
(k,t)mAp/(kal)DHM = 10 (Krietsch et al., 1970), and (2) the 
ratio of the K ,  values for the elimination reaction of DGAP 
and DHAP is equal to the ratio of the dissociation constants 
for the two substrates. 

The kinetic parameters for the elimination and isomerization 
reactions of DHAP catalyzed by wild-type triosephosphate 
isomerase from rabbit muscle and by a deletion mutation of 
the wild-type enzyme from chicken muscle (Pompliano et al., 
1990) are given in Table I.  This table also gives the kinetic 
parameters for the isomerization reaction catalyzed by qui- 
nuclidinone (Richard, 1984) and the estimates for the rate- 
constant ratios kc,/k, for protonation of the enediol(ate) in- 
termediate at carbon 2 (kc2) and the elimination of phosphate 
ion (k,)  for the reactions of the enediolate complexed to the 
respective enzymes and in a loose association complex with 
the quinuclidinonium cation. 

The ratio kc2/ke for the mutant enzyme was calculated from 
the ratio of the values of k,, for the enzyme-catalyzed isom- 
erization and elimination reactions, with the assumption that 
the products of these two reactions form by partitioning of a 

to (kca,)DHApflE*DHAP) + (kcat)DGApf(E'DGAP), where 



4584 

common enediol(ate) intermediate. 
The value of k,,, for the isomerization reaction catalyzed 

by the native enzyme is limited by the rate of release of product 
DGAP to solution, while the value for k, is almost certainly 
limited by the rate of expulsion of the phosphate ion from the 
enediolate. The rate constant for protonation of the enedi- 
ol(ate) at carbon 2 is ca. 10-fold greater than that for the 
release of DGAP (Knowles & Albery, 1977). Therefore, 
kc2/k, for the native enzyme is estimated to be IO-fold larger 
than the ratio of values for k,,, for the isomerization and 
elimination reactions (Table I). 

The rate constant ratio of kcz/k, of - lo6 for the native 
enzyme and an upper limit of kc2 I 5 X lo7 s-l for protonation 
of the enzyme-bound intermediate3 gives k, I 5 X 10’ s-l. The 
lower limit of kC2 2 6 X lo4 s-’ (Knowles & Albery, 1977) 
gives k, I 0.06 s-l. These values are much smaller than k, 
= 8 X lo6 s-l estimated for the nonenzymatic reaction in water 
(Richard, 1984), and they establish a range of 1OS-1O8-fold 
for the stabilization of the enediolate phosphate toward elim- 
ination upon binding to triosephosphate isomerase. 

The kinetic parameters for triosephosphate isomerase from 
rabbit muscle and chicken muscle are similar (Pompliano et 
al., 1990; Krietsch et al., 1970), and there is no evidence for 
significant differences in the mechanism of the enzymes from 
the two sources. The mutant form of the enzyme from chicken 
muscle (Table I )  is lacking part of a loop that forms strong 
interactions with the phosphate group of enzyme-bound in- 
termediate. The comparison of kinetic parameters for the 
native and mutant enzymes shows the contribution of these 
interactions to the suppression of the elimination reaction of 
enzyme-bound intermediate and to the overall catalysis of the 
isomerization reaction. 

The values of k,,, for the elimination reactions catalyzed 
by the native and mutant forms of triosephosphate isomerase 
are nearly the same (Table I). The rate constant k,, for the 
elimination reaction is equal to kfx, where k, is the micro- 
scopic rate constant for the breakdown of the enzyme-inter- 
mediate complex to form elimination products, and fx is the 
fraction of the enzyme present as this complex at a saturating 
concentration of substrate. There is good evidence that the 
deletion mutation causes a decrease in the stability of the 
enzyme-bound intermediate relative to the substrate, so that 
fx is smaller than that for the native enzyme (Pompliano et 
al., 1990). Apparently, the decrease in fx is offset by an 
increase in k,, so that the mutation has little effect on the 
observed catalytic rate constant for the elimination reaction. 

The reactivity of DHAP in a complex with the mutant 
enzyme, as measured by the turnover number k,,, is similar 
to the reactivity of DHAP in a complex with quinuclidinone; 
and the reactivity of the enediol(ate) phosphate at the mutant 
enzyme, as measured by kcz/k,, is similar to its reactivity in 
a complex with quinuclidinonium cation (Table I). These data 
suggest that the interactions of the essential loop in the native 
enzyme with the phosphate group are largely responsible for 
the increase in the reactivity of the substrates for deprotonation 
at  the carbon and the decrease in the reactivity of the ene- 
diolate for expulsion of phosphate ion that occur on the binding 
of these ligands to the enzyme. 
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The phosphate group of the bound intermediate is immo- 
bilized in the binding pocket by interactions with the essential 
loop. Suppression of the elimination reaction would result if 
unfavorable steric interactions were to develop between the 
enolaldehyde and the phosphate ion upon cleavage of the 
C-OP, bond (Pompliano et al., 1990), if the phosphate group 
were “locked” into a position that minimizes delocalization of 
electrons from the *-orbital of the enolate to the orbital that 
develops on cleavage of the C-OPi bond (Alber et al., 1981) 
or if the 0-protonated enediol were the predominate form of 
the enzyme-bound intermediate. 

There are at least two ways that binding interactions be- 
tween the enzyme and the phosphate group of substrates might 
be “utilized” (Jencks, 1975) to stabilize the transition state 
for the deprotonation of triosephosphates at carbon atoms 
several angstroms removed from the site of the binding in- 
teractions. 

(1) There is evidence that the essential loop forms stronger 
interactions with the enediolate phosphate analogue phos- 
phoglycolate than with the substrate (Pompliano et al., 1990). 
Differential binding interactions that stabilize the intermediate 
more than the substrate will contribute to catalysis to the 
extent that the preferential binding of the endiol(ate) phos- 
phate is expressed at the transition for its formation from 
substrate. 

(2) The binding interactions may hold the carbonyl group 
of the substrate in a position to hydrogen bond with His-95 
and Lys-13 (Alber et al., 1981; Petsko et al., 1984; Nickbarg 
et al., 1988). This could contribute to catalysis of deproton- 
ation of the carbon by polarization of the carbonyl group, 
which would bring the charge at the carbonyl oxygen closer 
to the value of -1 for the enolate oxyanion (Alagona et al., 
1984; Belasco & Knowles, 1980; Webb & Knowles, 1974), 
and by provision of an environment for the enediolate oxyanion 
that is similar to the polar environment in water, but without 
the unfavorable requirement for the loss in the translational 
and rotational entropy of up to three water molecules (Jencks, 
1975). 

Physiological Significance. The kinetic parameters for the 
elimination reaction determined in this work and the values 
for the cellular concentrations of triosephosphates (Willamson, 
1965; Knowles & Albery, 1977) and triosephosphate isomerase 
(Shonk & Boxer, 1964) were used to calculate a velocity of 
0.4 mM/day for methylglyoxal formation from the elimination 

= (12 M-’ s-’)(4 X M)(1 X M)(86,400 s/day) 
U E  = (kcat/Km) [DHAP + DGAP] [TPI] 

= 0.4 mM/day (1) 
U N  = (kN)([DHAP + DGAP]) 

= (3.0 X s-’)(4 X M)(86,400 s/day) = 
0.1 mM/day (2) 

reaction catalyzed by triosephosphate isomerase (eq l).4 

The estimated first-order rate constant for proton transfer from the 
quinuclidinonium cation (the conjugate acid of the tertiary amine qui- 
nuclidinone) to the enediolate phosphate dianion within an association 
complex of the two molecules (Richard, 1984). This is an upper limit. 
The enediolate is stabilized relative to the substrates upon binding to 
triosephosphate isomerase (Wolfenden, 1969, 1970; Collins, 1974; Pom- 
pliano et al., 1990)- and this should lead to a decrease in the rate constant 
for the protonation of the enzyme-bound intermediate. 

The following are the values used for eq 1; k,,/K,,, = 12 f 2 M-I 
s? is the second-order rate constant for the enzyme-catalyzed elimination 
reaction, [DGAP + DHAP] = 4 X M is the cellular concentration 
of triosephosphates (Williamson, 1965; Knowles & Albery, 1977), and 
[TPI] = 1 X M is the concentration of triosephosphate isomerase 
in rat skeletal muscle tissue. An activity of 2650 IU/g wet tissue has 
been reported (Shonk & Boxer, 1964). However, these activities were 
determined at 0.62 mM DGAP, while the specific activity (IU/mg pro- 
tein) of triosephosphate isomerase was determined for a reaction at a 
saturating concentration of substrate. An activity of 4000 IU/g wet 
tissue would have been observed for an assay at [DGAP] >> K,,, = 0.32 
mM (Krietsch et al., 1970). The tissue concentration of TPI was cal- 
culated by using a specific activity of 9000 IU/mg for the homogeneous 
enzyme and a molecular weight of 50000 Da (Krietsch et al., 1970) and 
by assuming a density of 1.1 g/mL for rat muscle tissue. 
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Methylglyoxal is a compound with no known metabolic 
function that is thought to be toxic to the organism (Carrington 
& Douglas, 1986). If it were left to accumulate, the con- 
centration of methylgloxal produced by triosephosphate 
isomerase would approach that of cellular triosephosphates 
in about 2 h. Fortunately, methylglyoxal is metabolized to 
D-lactate by glyoxalases T and 11, a pair of enzymes also with 
no known metabolic function (Carrington & Douglas, 1986). 
It may be that the glyoxalase pathway has evolved for the 
purpose of removing methylglyoxal, which is formed as a 
byproduct of the triosephosphate isomerase reaction. If so, 
then it is not surprising that the role of these enzymes in 
metabolism has remained an enigma for so many years 
(Carrington & Douglas, 1986). The disposal of toxic by- 
products is often required in the industrial production of 
chemicals, but it is unusual to encounter this problem along 
a metabolic pathway. 

The formation of methylglyoxal from DGAP and DHAP 
has been studied in dialyzed whole cell homogenates of rat liver 
(Sato et al., 1980). The ratio of the velocities for methyl- 
glyoxal formation observed in the native dialyzate and in a 
dialyzate pretreated at 60 "C for 30 min are 2.8 and 8.8, 
respectively, at close to saturating concentrations for DGAP 
and DHAP as substrates. This is an estimate of the relative 
velocities for the enzyme-catalyzed and nonenzymatic reac- 
tions. These values are similar to the ratio uE/uN = 4.0 cal- 
culated from eq l and 2.5 It is impossible to draw firm 
conclusions from comparisons of experiments performed in 
different laboratories, under different conditions, on enzymes 
from different tissues. However, these results are at least 
consistent with the proposal that the triosephosphate-isom- 
erase-catalyzed elimination reaction is a major source of 
cellular methylglyoxal. 

Experiments are planned to isolate from rat liver homo- 
genates the protein or proteins that catalyze the elimination 
reaction of triosephosphates (Sato et al., 1980), in order to 
determine if this protein is triosephosphate isomerase and/or 
if there is a separate methylglyoxal synthase activity in these 
tissues (Hopper & Cooper, 1972; Cooper, 1974; Tsai & Gracy, 
1976). 
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