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Abstract:

The dissociation constants, Kiiea? of the adducts formed
in the pre-enzymic reaction betWeeﬁ substrates (Q-ketoaldehydes) and
coenzyme (glutathione, GSH) in the glyoxalase system have been
determined for methylglyoxal (MG); phenylglyoxal (PG), and a éeries

of meta or para substituted phenylglyoxals (xPG) including p-CHa,

p-OCHy, m-OCHa, p-Br, p-Cl, p-OH, p-NOp, and p-phenyl. For MG,

]
= 3.0 0.5 x 10'3 M in the pH range 5-9; for PG, Kdiss -

0.60 t 0.05 x 1073 M, increasing somewhat at the higher end of

Kdiss

thié pH range. At pH T, all the xIG ohow\lf.diBu ca. 1-3 x 1073 M,
The lack of'substituent effects on Kdiss is reflected also in the
similar rates of adduct formation, followed at pH 3. The consistent
values observed for Kiiss when the initial GSH and (-ketoaldehyde
concentrationé are varied suggest only 1:1 adducts are formed. The
data support the ldea that thg adducts are hemimercaptals, Glyox-
alase-1 shows very broad spgcificity in the disproportionation of
these adducts into the corresponding GSH thiol esters of tﬁé a-ﬁy-
droxycarboxylic acids. 1In every case the hemimercaptal is the gly-
oxalase-1 substrate; and all Vg, values are wighin a factor of L
pf Vmax for the MG-GSH adduct, again showing complete insensitivity

to ring subscrituents. However, the Ky values for the xPG-GSH adducts

(2 % 10'4_to 2 x 10°° M) are smaller than K, for the MG-GSH adduct

R
.



(5 x 107 M). The glvoxalase-) vasccion is inhibited competitiﬁély

by free CSH, Ki = 5 x iG"3 M, Although the glyoxalase;I reaction is

known to involve inframolecuiar hydride transfer, the marked insensi- .

tivity of the reaction to variations in.the-a-ketoaldéhydea-suggests

that ‘hydride transfer may not be the rate determining step.



A

The dispr0portionatlon of (-ketoaldehydes into the
ifter sf aply .

corresponding - hydroxycarboxylic ac1ds, catalyzed by the glyoxalase
insver ]

system, appears t%ﬂ?%nf COWS?n 1ntiace11ular reaction (Dakinand
Dudley, 1913%; Neugﬁpg1 1913%,L0hW§P“’ 1932; Knox, 1960) and is of
interest for severéiﬂreasons: (a) the biological importaﬁce of

the plyoxalase system is still unclear, although a number of roles
have heen suggested such as a role in protection against Q-ketoal-
dehyde toxicity (Salem, 195k4), and role in regulation of cellular
nrowth (Egyud and Szent-Gyorgyi, 1966; Szent-Gyorgyi et; al., 1967;
Eezent -Cyorgyi, 19AR); (h) the reaction utiliées glutathione (GSH)

as coenzyme, one of many roles for GSH; and (c) the reaction
mechanism i8 unusual in that GSH and Q-ketoaldehydes first combine
in a nonfenzymic rea;tipn to form adducté which are the actual

- Blyoxalase aﬁbstrates (Cliffe aﬁd Waley, 1961; Davis and Williams,
1969). The reactions of the glyoxalase system proposed by Cliffe
and Waley (1961) based upon a study using methylglyoxal as aubstréﬁe
grelsummarized in Scheme 1.

To date, very little has been reported on the range of
a-kgtoaldehydes which are substrates for glyoxalase-I (S-laqtoyl—
glutathione methylglyoxal-lyase (isomerizing), EC 4,4,1.5), and
only methylglyéxal, the a-ketoaldehyde commonly found iﬁ;racel}u-

"larly, has been analyzed in detail as a substrate for glyoxalase-I



(referred to hereafter simply as glyoxalase); The present study

was initiated to answer the following: (a) is the pfe-enéymic
reaction between Qgﬂjamd a-ketoaldehyde consistent with hemi-
mercaptal formationje(b) what is_ the substraté specificit& for
glyoxalase in termsdofsvariation of the a-ketoaldehyde; and (c) is
the actual glyoxalage.substrate the (x-ketoaldehyde-GSH adduct, as
reported for methylglyoxal. We réport here our reéults from a study
of methylglyoxal and a series of substituted phenylglyoxals as |

slyoxalase substrates (reaction 1-3, Scheme 1),

Schgme 1
pon -k oq . ‘
R-C-6-H o===—R-8-C-H + H,0 (1)
6H ko s
29 fo QW 4
"R-G-E-H + GSH ==——=R-C-&-s¢ (2)
kg ]
pzu OH 0 .
R-8-C-5G — > R-C=d-50 (%)
H glyoxalase-1 i :
_ QHD : o g“
R-C-C-8G + H0 ' > R-C-COoH + GSH (L)
H glyoxalase-11

GSH = 7y-L-glutamyl-L-cysteinylglycine



ydium ac. .

Fxperimental Section

o the o
Materials:
5 pre; ,
GSH (Sigma) was found to be 99% pure by sulfhydryl titra-
ysis .

tion with N-ethylmayﬁ;mide (Alexander, 1958). Yeast glyoxalasé-I
“(Sigma) was obtainedﬂas a 50% glycerol solution. Commercial methyl-
#lyoxal, 40% aqueous solution (Aldrich), was diluted 1:1 with water
and vacuum distilled. The fracti&n boiling 30-34° /21 mm Hg was
collected, dissolved in water, and passed through an Amberlite
CG-40OO 1on exchange column (bicarbonate form) to remove any lactic
acid ﬁresent. ,Standar&izagion of_mefhylglyoxal solutioﬁs-was car;
ried out by preparation of the §1§-2;h—dtnitrophenylhydr;zone
derivative which in basic solution showed XMAX 555 nm, molar

extinction coefficient (€) k. 1k x 10% M™*

cm-l. Another method
involved preparation of the bis-semicarbazone derivative which
. . . < 4 .
at pH [ showed Ao 283 nm, € 2.55 x 10® (1it, Niax 286, € 3,20
x 10%; Alexander and Boyer, 1971); the two methods gave good agreement.

Phenylglyoxal hydrate (Aldrich) was recrystallized from chloroform,

m. p. 76777°. A series of meta or para substituted phenylglyoxals

including p-CHs, p-OCHs, p-Br, B-CI, p-phenyl, m-OCHz, and p-NO»

was prepared either by selenium dioxi@e oxidation of the”cofrespoﬁding
acetophenones (Riley énd Gfay, 1943) or by use of Kornblum!s pro-
cedure'(1966)-involving conversion of the aubatitg§gd pheqaéyl

bromide into the nitrate ester with silver nitrate, followed by
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treatment with smdiﬁm'ageﬁa&e-tn.ﬂﬂmethylsulfoxide to convert the
nitrate ester into the substituted phenylglyoxal., Para-hydroxy-
phenylglyoxal Qag‘prépared‘by oxidation of ptbenzoylacetophenone,
followed by hydrolysis. The products were generally isolated in their
hydrated form; structures were confirmed by evaluation of the i,r.,
u.v., and n.m. r. speétra as well as elemental analysis of the dioxime l
derivatives, The u,v. spectral data of the substitutéd phenyl -
plyoxal hydrates are .given in TABLE I.
Methods:
adducts of GSH and O-ketoaldehyde are defined as

Kdiss = [total a-ketoaldehyda [GSHJ/ [adduct]}
where total (-ketoaldehyde at equilibrium is essentially equal to
thg concentration of the hydrated form, o&ing to the high degree of
hydration of thesé.very,react;ve aldehydés.vAThe concenftatgéns at
equilibrium caﬁ,he obtained from the absorbanqe at some wavelength )\
if one knows the molar extinctivu vuvefficients, €, Tﬁuo,

Abs = [Cyxen + [Cosn = %] €gsu + [X]ap
where Ca and Cosy are the initial concentrations of (x-ketoaldehyde

and GSH, respectively, x is the equilibrium concentration of adduct,

and €_, € and €,p are the respective molar extinction coefficients

L . .
at wavelength \. Then the dissociation constant can be defined as



Katse. = (Co%] [Cosnre)/x)

For the reaction betwaen methylglyoial and GSH, Ky .4 Qés
determined at 24O nm, 25°, by measuring the change in absorbance
when a known concentration of methylglyoxal was added to a éoquion
of known concentratiﬁn of GSH with the same concentration of GSH in
the reference cell of a double beam spectfophotometer (cary 15).
The concentrafion of adduct ?an be related to the difference in ab-
sorbance between the cells if the € valueg are known, For methyl-

glyoxal, € 4M %m™! through the pH range 5-9 (1it. €yg 5; Racker,

MG
1991); for GSH, €ggy 61, 61, 65, 115, 209, 834, 2280 at pH 5.25,

He T4, 6.18, 6.85; .47, 8.26 and 8.98,»respgct1ve1y, all at 240 nm.
By using very high or very low [CSH]/Epethylglyoxai].to push adduct
formatioﬁ toward completion, €, was estimated to be L4, pH inde-
pendent (1it. €sp 395, Davis and Williams, 1969; €pp 2é0, Cliffe and
Waley, 1961). vCOnfidence in this valge of €yp came from the deter-
mination that'>§5% of possible adduct should have been present

when €ap Was fietermined, using the Kiias values obtained, Further-
more the results for a series of determinations of K,; .. using Qif-
ferent initial'concentratione of GSH and methylglyoxa; gave a con~ '
sistent value for Kiigs only if €, = byho t c#. 10%. In general,

at each pH value the determination of K, .. was made at 5-10

different concentrationsjof GSH and methylglyoxal,
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For the - reactioniof GSH with gubstituted phenyl-
- '$lyoxals, Kdiss values could be determined at wavelengths where

GSH does not ahsorb, Again, €, was estimated by pushing adduct

AD
formation toward completion. The phenylglyoxal adducts were
evaluated over a range éf pH, similar to the methyiglyoxal study.
The dissociation constants for substituted phenylglyoxal adducta
ﬁere evaluated at pH . The A and € values used are summarized
in TABLE II. U.v. spectra were obtained using a Céry 15 record-

"ing spectrophotometer. Absorbance measurements for determinations
of Kyygg Were obtained either wicﬁ the Cary 15 or with 5 Gilford
222 modified Beckmann DU, Both spectrophotomeférs were tempera-

ture controlled with circulating water baths,

Reaction Kinetics for Adduct Formation: Reaction rates were

ﬁonitored with the spectrophotometers mentioned above. All

rate constants were from compute;-calculated least Squarésllines
of first order plots; correlation coefficients‘were genérally'
better than 0.999, Buffers were prgpared-f;um cummgrciélly
nvailable reagents and digtilled,'deionizéd water. Measurementsi
of pH were made on a Sargent Model DR pH meter with a glass eleg-

trode.

Enzyme Kinetics: The glyoxalase catalyzed disproportionation of

the GSH adduct of methylglyoxal was followed at 240 nm by monitoring
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the appearance of thiolester product, €p 3300 M iem™! (1it. € 3370,

Racker, 1951; € 3300, Cliffe and Waley, 1961). Initial rates were

obtained from the initial changes in absorbance as dP & A Abs, .
dt At ep-eAD.

The contribution to the starting absorbance from methylglydxal is
negligihle,(eMC L M'lcm-l) and the contributi&ﬁ from GSH was mini-
mized by setting up the pre-enzymic equilibrium using larger initial
concentrations of methylglyoxal than of GSH. From the initial con-
centrations and Kdiss value, the adduct concentrations could be
calculated for each initial rate. The data were treateﬂ by the
Michaelis Ménten scheme (1913) and Vmax and Ky values obtained from
double reciprocal plots (Lineweaver and Burk, 1934). Methylglyoxal
also was used to standardize solutions of glyoxalasea Sufficient
concentrations of the GSH adduct of metﬁylglyoxal can be thained
to gdturafe~g1yoxalase at concentrations used in the initial rate
studies. The VMAX values from saturation studies agrée very wéll
with Vyay values obtained from the double réciprocal plots. Com-
mercial yéast.glyoxalase, specific activity 200—600 umoles/min/mg. ,
was generally diluted 250 fold in pH 7.0 phﬁaphate buffer con-
taining 100 jg/ml. bovine serum albuminf Thié glyoxalgae solutidn'
wag used as a stock solution and was sufficiently stable so that

after initial standardization, the solution could be used for 24
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hours with less thaé?3% change in activity. 1In all initial rate
studiés and in the standardization of the glyoxalasé stock solution,
20 1. stock/3 ml., reactant solution was used. This amount of énzymé
gave convenienﬁ'initial rates to follow énd was in thg range where
the initial rate is proportional to glyoxalase concentration., At
higher énzyme concentrations, the pre-enzymic reaction to form
adduct is rate limiting (Cliffe and Waley, 1961).

The initial rates for disproportion of the GSH adducts
of gubstituted phenylglyoxals were followed at the apparent isos-
hestlic points of the substituted phenylglyoxal hydrates and their
GSH adducts., Stock sOlutiohs{(lO-zM) of substituted phenylglyoxals
were prepared in 1:1 ethanql-water._ Generally,5-100 pl. stock were
used per 3 ml. reaction volume in the initial rate studies. The
effec;s.of the ethanol were tested and found to_be negligible.
Representative spectra for phenylglyoxal are shown in FIGURES 1
nndl? which summarize the general approach used in studying all of
the 3ubstifu;ed phgnylglyoxalag In all cases, the thiol geter(pro-
ducts have significantly lower molar extinction coefficients at
the isosbestic points (Aiso) than do the reacgants. The reaétion
scheme for kinetic analysis of the substituted phenylglyoxals is

as follows:
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=

[

Hz0 + ?R;:&%-Hi R-g-z?ﬂ

GsH || Ky
O OH Qﬂé)
R-G-C-SG + Emg——=FS —>E + R-£-C-SG
H . H
(s) (P)
Initial rates, dP = NAbs,; .. where AAbs;iéo is the

dt ﬁAt(eiso' ep)

initial change in absorbance at the isosbestic point in time At, and
(Ciso'cp) is the difference in molar extinction coefficiénts of
reactant (S) and thiolester product (P). Knowledge of Kiies allows
one to calculate [Sj for éach initial rate measured. ‘Computer pro-‘
g rams Weté written to célculate [S] (1.e. adduct) for vgrious
Lubtial cpncentrntioné of GSH and substituted pheqylglyoxal and

~to c;nvert Mbs ‘into rates in Mt™Y,  Owing to the rapidity of the
pre-enzymic ?;acﬁions (1 and 2 of Scheme l), use of any wavelengtﬁ
other than xiéo.makes it difficult tﬁ convert initial changes in
absorban;e into initial rates Onléss one has knowledge of the rate

constants ki‘k4 of Scheme 1. The \iso and € values are given in

TABLE III,



Kinetics of Product Hydtolysié: The thiol ester products were
hydrolyzed at pH 10.% using a Radiometer SBR2¢ Titrigraph pH-stat,
The esters were prepared by running the enzyme reaction in neutral,

unbuffered water,

1k
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Results

The dissociation‘constants for the GSH adducts of
methylgiyoxal and phenylglyoxal were determined in the pH range
5-9 for various initial concentrations of GSH and a-ketoaldehyde
(TABLE iV). For the methylglyoxal adduct, Kd188 = 5.0 t 0.5 x 10°° M
throughout the pH range studied. The adduct of<phenylgly6xal shows
Kyigg = 0-60 * 0.05 x 10 M from pH 5 - 7.5 and somewhat larger
values as the pH-increasea. In both cases, thé reasonably consistent
values obtalned at a given pH when the initiai coﬁcentrations of both
GSH and (x-ketoaldehyde. are varied indicate that only 1:1 adducts are
formed, | |

The digsociation constants for GSH adducts of the sub-
stituted phenylglyoxals, determined at pH 7, are sho@n in TABLE V.
The data agéin show that only l:l'adducts are formed. TheAeffects
of subétituents'on Kdiss are quite gmall,'sugg;sting that the rates
éf adduct formad on might also be insensitive to,subS;ituente.
Cliffe and Waley ﬂ1961).repor;ed that the rate of adduct formation
between'CSH'and methylglyoxal depends only upon the methylglyoxal
concentration. These authors suggested that dehyd;ét}on of methyl-
glyo*al (k,, Scheme 1)‘18 rate determiniqg-in adduct formation.
Thiol additions to reactive aldehydes éuch as forﬁaldehyde also in-

volve rate determining dehydration (Lienhard and Jencks, 1966;Av
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Kailen and Jencks, 1966). 1In TABLE VI are showh.some apparent first.
order rate constants for approach to equilibrium, meqaured at pH 3,.
for the reaction of GSﬁ with methylglyoxal and the §eries of
phenylglyoxals, Tﬁe réaction conditions were similar for éach
reaction., The effects of substituents on the rates are minor, in
apreement with their small effects on Kdise' Theae rate constants
are compositeé of thg rate constants for the adduct forwming reac-
tions (reaction 1 and 2, Scheme 1) and cannot be assigned di;ectly
to the dehydration step k,. However, these apparent rate constants
shpuld parallel k,, suggesting that dehydration proceeda at a sim-
ilar rate for all of the (x-ketoaldehydes studigd. AApossible ex-
planation for this.insensitivity was.obfained by #nalysis of the
infrared spectra of the unhydrated Q-ketoaldehydes. Soiﬁtiops of
substituted phenylglyoxals in apetonitrite were warmed over molecular
seives to prepare the unhydrated (x-ketoaldehydes. Infrared Bpectra
gshowed that the carbonyl stretching freqﬁency for the aldehyde car-
bonyl was essentially constant at 1727 to cm-l, totally ingsensitive
to substituent; ;he_ke;one carbonyl st;etcﬁiﬁg.frequepciea were‘Véry
sensitive to substitgents}. 'If one assumes thgt the energy of Fhe
carbonyl gtretching‘frequéncy reflects sensitiviﬁy.to ndé}edphi}ic
attack, then the constant value observed iﬁ the aldehyde cagbonyl

frequencies 1s consistent with the insensitivity to substituents
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obgerved {in Ka}ggahhﬂ,ih the rates of adduct formation, and it is
congistent withuwshe conclusion that thé 1:1 adducts are hemimercap-

tals resulting frofh CSH'additign only fo the aldehyde carbonyl,

That the hemimercaptals are the actual glyoxalase sﬁh-
strates, as suggested by Cliffe and Waley (1961) for methylglyoxél,
was confirmed by measuring initial rates of disproportionation'of
the GSH-methylglyoxal adduct under a wide range of different ini-
tial concentrations of GSH and methylglyoxal. Glyoxalase solutions
senerally were standardized under conditions of high initial
methylglydxal/GSH where the amount of ffee GSH at equilibrium
is vefy small. Under thesg conditions the glyoxalase reaction
proceeds very well. However, the reverse is not trué; high
init{ial GSH/methylglyoxal conditions give inconsistent ihitial
rates, FIGURE % shows a comparison of two t}pical runs wherg in
one case the prejenzymic‘reactione were set up so thathat:each
point the émount of adauct at equilibrium exceeded the amount of
free GSH, while in the other run, no preference was given to the
initial CSH/mgthylglyoxal ratio. The presence of free GSH inhibits
the glyoxalasa_reaction (Kerma;k and Matheson, 1957). De;ermination
of the enzyﬁe-inhibitor A1ssociation constant,‘Ki? ;nd typé‘of inhi-
bition'by direct evaluation of the double reciprocal plots (FIGﬁRE

%) i8 difficult, Ki was determined by working under saturation



conditions, InLtiallq« a hipgh methylglyoxal/GSH ratio was used to

determine Vy)y under conditions of negligible free GSH. Then in-
+ S == .

creasing amounts of GSH were added and the apparent Vy,y observed.

At that point where the apparent Vysy 18 one-half of the initial

Vmaxs Ki = KM(GSR]" . The value of [pSH]/[?dd0c§].at that point
[adduct]

18

is about 16. For the methylglyoxal adduct, Ky = 3 x 10"* M, obtained

from double reciprocal plots in runs using limited amounts of GSH
(FIGURE 3). The value Ki for GSH iohibition is therefore about
4 x 10 M, and the inhibition is competitive.

Analysis of the adducts of the substituted phenyl-
sslyoxals as substrates demonstrated very broad specificiﬁy in the
rlyoxalase reacgion. All of the GSH adducts of the substituted
phenylglyoxals were comparable to the GSH adduct of methylglyoxal
as substratésf' Relative to the VMAX fq: methylglyoxal, all d—kgt;—
aldehydes examined fall within a L-fold range, reflectiﬁg g;most |
complete insensitivity to substituents. Results are shown in TAﬁLE
VII., The Ky values are smaller than KM for the methylglyoxal
adduct, ranging down to 2 x 10°> M for g-éhenylphenylgiyoxal.l Con -
sequently, many of the substituted phenylglyoxalslare bet;er sub -
strates than me;hylglyoxal if one considers both binding to the

enzyme (reflected in Ky)and the catalytic rate congtant (reflected



in VMAX)' In the simplified Michuelis—Menten,(1913) scheme:(eq. 5)

’ 1 k] . k3
E+ Se=——2ES—>E + P - (5)
kg : ' A
Ky =Ko + ka YMax = kg[?totaﬂ. . The insgnsitivity»of VMax to

1
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variation in C-ketoaldehyde implies similar catalytic rate constants,

ks, for all of these substrates, Therefore the KM values will
parallel the actual ES dissociation constants (k2/k1) indicating
that the substituted phenylglyoxal adducts bind to the enzyme
berrer thau does the methylglynxal adduct. A representative double
reciprocal plot, using pheﬁylglyoxai as substrate, is'ghown in
FIGURE 4, Although many of the substituted phenylglyoxals show
limited solubilities, in each case the initial rates could be
detefmined at adduct concentrations which span KM for that parti-
cﬁlar substrate.

In addition to the spectral chahges which occur during
the disproportionation reactioﬁs, and the observed broad faillug
absorption around 240 mu (FIGURE 2) characteristic of thiql esters
(rRacker, 1951), products were checked by hydrqiyeis of the thiol
esters-at pH 10.5. TABLE VIII shows -the pseudo first order rate
constants for hydrolyéia_of thé GSH esters of‘@ethYIglypxal and

the substftuted phenylglyoxals. The rates are quite similar as:



expected for these compounds because the variations in the side

groups are quite, far removed from the ester linkages.

20
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Discussion
The'glyoxalgse system consists of two enzyﬁes, glyoxalase-1I
(S-lactoyl-glutathione méﬁhylglyoxél-lyase (isomerizing), EC h.h.l,S)
and plyoxalase-II (S-2-hydroxyacylglutathione hydrolase, EC 3.1.2.6).
The present study on the substrate requirements for glyoxalase-I.
supports the conclusion of Davis and Williams (1969) that glyéxalase—l
is an oxidoreductive iaoﬁerasg rather than a lyase, owing to the fact
that the enzyme catalyzes the disproporﬁionation of the hemimercap-
tals rather than using both GSH and the Q-ketoaldehydes as ﬁubstrates.
The enzyme was named on the basis of the only well known intracellular
(1-ketoaldehyde, namel&, methylglyoxal. 1In view ofAéhe.broad speci-
ficity of glyoxa}ase—l and ;n.view qf reports of'ochér 1ntrace11ular
(-ketoaldehydes (Sparkes and Kenny, 1969), ;hich may verf'well
be substrates for the enzyme, the official name for glyoxalase-I
may be doubly_in-error. | |
Although mechylglyovxal, phenyiglyoxal, glyoxal, and
hydroxypy;uvaldehyde have been reported to be substfates for gly-
oxalase-I (Racker, 1952; Hopkins and Morgan, 1948), only methyl-
zlyoxal has been studied in any detail., Early estima;és of‘the
extent of adduct formation between GSH and ﬁethylglyoxal (Platt.‘

and Schroeder, 193L). gave valueé.for Kyigg CA- lof2 M; this pro-
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cedure involved rapid titration of the sulfhydryl groups in an
equilibrium mixture of GSH, adduct, and methylglyoxal. Kermack and

Matheson (1957) determined K, spectrophotometrically at 240 nm,

iss
pH 6.6, and reported a value of 5 x 107> M. Cliffe and Waley (1961)
used the same procedure and reported a value of 2 x 102 M. These

authors also estimated K

diss from their kinetiq data in studies

of glyoxalase-I and reported values 1-2 x IO'S‘M, increasing
somewhat és the initial concentrations of GSH and methylglyoxal
were lowered; they offered no explanation for this observation.
These variations in reported values for Kdiss of the GSH-methylgly-
oxal adduct raised the possibility that other than 1:1 adducts form,
in which case the species distribution at equilibrium would depend
both upon the initial GSH/methylglyoxal ratio and upon their actual
concentrations. The results of the present study indicate that
for all.of the (-ketoaldehydes examined, only 1:1 hemimercaptals
fprm to‘anylstgnificént extent,

- The very broad suhstrate specificity qbown by gly-
pxalase-l and the absence of any.s;gnificant sqbstitugnt.effects
in the QisprOportionation of the substituted phenylglyoxals
raise questions about the mechanism of the réaction. It has
been well established (Franzen, 1956; Rose, 1957) that the GSH-

methylglyoxal adduct is disproportionated without loss of the alde-
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hydic hydrogen (eq. 6), presumably by
0 OH . QH |
CHz-C-G-SG - , > CHz-C-COp + GSH (6)
H# glyoxalase H*
system

intramolecular hydride migration, If intramolecular hydride
migration is rate determining and sensitive to the polarity of

the (-ketone carbonyl, one might expect fo observe some sub-
stituent effects. The lack of sensitivity to subétituents

observed in our study of substituted phenylglyoials as éqbstrates
may mean that hydride migration is not the‘rate determining step.
Howéver, it is possible the hydride migration 1is facilitated through
polarization of the Q-ketone group by thg enzyme in which case the
added effects on poiarizaxion by the substituents may be small, and
hydride migration could stiil be rate determining.

The sﬁaller‘KM values‘for the_gubstituted,phénylglyoxal
adducts generaily parallel the size‘and,hydrophobié naturé of the
substituents, Ky being smallest for the p-phenyl and p-chloro
subst;tuents. AThis obsgrvatipn ig in accord with a recent report
QVince and Wadd, 1969) of a non-polar region at or near the active
site of glyoialase-l, based upon the obéerved gbility of S-alkyl-
zlutathiones to increasingly inhibit glyoxalaae;l as tﬁe éize ofA'
tﬁe alkyl chain 1ncreaséd7

The question of the biological role of glyoxalase remains



oL

‘open. The broad specificity of the enzyme forAﬁany a-keto-
aldehydes is consistent with a detoxifiéatioh_rdle. .HOWevér,
if regulation of celluiar growth involves intracellular
(x~ketoaldehydes presently unrecognized, these are likely to be

substrates for glyoxalase,
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TABLT T

U.V, Data for Substituted Phenylglyoxal Hydratesa

9 oH
C-C-H
OH
. X

substituent (x) ' AMAX (nm log €
H | 251 L.o1
. p-CHa 263 , k15
p-OCHq - 287 4,18
p-Br : 264 b, 17
p-Cl 260 L. 15
E—phenyl - 292" L, 26
m-OCHg o 255 . 3.89
p-NOo . o 268 k1
p-OH - 28l h.10

A Spectra recorded at 25 °C, phosphate buffer, pH 7.0, p = 0.2
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TABLFE T

U.V. Data for Determination of the Dissociation Constants,
K,, , of the Adducts of Glutathione and Substituted Phenylglyoxals
: déSﬁ a
an ethylglyoxal

SlxbetiFuent A (nm) | _EaT M lem~1)P | —EXPGi

H 280 2&59 : 1280
p-CHy 320 1250 165
p-OCH5 320 k190 . 1370
p-Rr 30 : 1935 . 280
p-Cl 320 ‘ 1350 380
p-phenyl 340 - 3180 - 195
m-0CHg ' 310 A 2060 | 2550
p-NO2 - 3ho 119 575
p-OH 320 | ] "~ 5735 | ) 4490
methylglyoxal 2Lo | Lho -

8 gpectra recorded at 25 °C, phosphate buffer, pH 7.0, = 0.2;

b €xp 18 the molar extinction coefficient estimated for the adduct
at wavelength A\ using high Q-ketoaldehyde/GSH;

¢ €xpc 18 the molar extinction coefficient measured for the substi-

tuted phenylglyoxal at wavelength \.



TABLE 111

Apparent Isosbestic Points for the Substituted Phenylglyoxal
Hydrates and their GSH Adducts®

substituent A (om) oo €
] 263 6,790 1,100
p-CHg 273 10,300 1,010
p-OCHy 296 12,380 970
P Br S R 11,500 1,860
p-c19 210 10,000 1,020
p-phenyl. 303 16,000 2,280
m-OCHg ~ 26% 5,230 1,670
p-NO» 270 - 13,000 10,700

p-OH ' 297 ~ 9,930 - 1,1k0

% ypectra recorded at 25 "C, phosphate buffer, pH 7.0, u = 0,2;

b €is0 is the molar extinction coefficient’(M'}cm"l) at the
isosbestic wavelength );
€ e 1ig the molér extinétion coefficient of the thiol ester

product formed in the glyoxalase-I reaction at the isosbestic
wavelength; : .

d the p-Cl derivative did not exhibit an isoshestic point,'althéugh
the hydrate and adduct are almost at an isosbestic point at 270 nm.




TABLE IV

30

Dissociation Constants of the GSH Adducts of Methylglyoxal

and Phenylglyoxal as a Function of pHa

pH
5.25
S 5.28
515
6.18'
6.8
LY

.26

8.98

8. 26

8.98

a

carb,

suc. 3.32-8.03
acet.  3.32-8.03
suc. 3.32-8,03
phos.  3.32-8.03%
phos.  3.24-10.0
phos. .52-8,073
phée. .32-8.03%
carb.  3.32-6.6h
buffer LPclmM
suc. .LL8-0, 882
acet. .83%0-1. 60
suc. .44B-0.880
phos. '.hh8-o.868’
phos.  0.500-1,35
phos. .h55—0;882
phos. .83%0-1.60
’.83041.60

Eﬂi!as-(Enl

2.8%. 1

3,380, 3

3.1t0.3

2.6%.2

2.5%. 4

3. 5%0.6

.3.6*0.2

3 5to, 2

“Edissimﬂl
0.58%0.06

0. u8to. 05

~0.55%0.0k

0.55%0.02
0.57t0. 07

0.64t0. 04

0. 72%0. 0l

0.91%0.06

25 °C, phosphate buffer, u = 0.2, half of ionic strength from’
buffer and half from added KCl.
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Dissociation Constants of the GSH Adducts of Substituted
Phenylglyoxals, pH 7.02 ‘

subgtituent

p-CHa
p-OCHg,
p-Br
p-1
p-phenyl
m-OCHg
p-NO>

p-OH

Ixpclx 1074 M

T.oh=T. 56
0.70-0.72
2-2,60

0.18-0. %0
0. 72-1.80

L.73-3.46

0.34-0,85

[osiimm

0.4k 5,97
0.46-2,89
0.25-1.97
0.74-2.22
0.22-1.09

0.25-2,00

0,55-1, 36

0.51-3.90

- Nno.

\Wal

det.

;o

Kiigs—{mM)

1.1%0.1
1.4to.1

1.5%0.2

3.6%0.5

0.89%0.05

1.2%.1

1.2%0.2

0.93%0.05

2 53 "C, phosphate buffer, = 0,2, half of fonic atrength from

buffer and half from added K(Cl



TABLE VI

Apparent First Order Rate Constants for the Reaction of GSH
with -Ketoaldehydes, pH 3.0%

substituted phenylglyoxalb k (1072 sec™!)

H | 1.22%0. 06
p-CHy 6.93%0.03
p-OCHs 4 1.95%. 05
p-Br ’ 8.31%0.03
p-Cl |  7.60t0.19
p-phenyl | A 8.0k*0. 05
m?6CH3' o o107t 09
p-NOZ | | 5.55%0. 28
p-OH | N 6.35%. 11
methylglyoxal - 6.55%0. 1

formate buffer, 25 °C, u = 0,2 (half in added KCl);

P [t-ketoaldehyde] = 0.3 - 0.4 mM; [GSH] = 5 mv;



TABLE VIT

Kinetic ParametemsK, and V for the Glyoxalase-I
Disproportionation of GSH Adducts of Methylglyoxal and
Subgtituted Phenylglyoxals. : '

a-ketoaldehyde ' K, (M) Vpax_(relative)®

methylglyoxal _ 3 x 1074 1.00

subgstituted phenylglyoxal.

H 2 x 1074 : 0.9%

p CHy hx 107° - 0.27
p-OCiy bk x 107 : 0.24
p-Br 3x 10T 0.46
p-Cl 2 x10° . 0.5
p-phenyl. 2 x 1073 0.30

. m-0CHg 6 x 107° 0.88
p-NO, 9 x 1075 a 0.72
p-OH Tx107° B 0.31

a VMAX values all relative to ﬁethylglyoxaL; all data at pH 7.0,

25 °C, phosphate buffer, u = 0.2 (half of ionic strength in
added KC1) ‘ . ‘
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TABLE VIII

Rate Constants for Hydrolysis of the Thiol Ester
Products of the Glyoxalase-I Disproportionation of Methylglyoxal
and the Substituted Phenylglyoxals, pH 10.52

‘substituted phenllglyoxalb g_ﬁlo—asecii)
H 1.6
p-CHa 5.5
p-0CH, 3.0
p-Br 5.5
p-Cl 5.9
p-phenyl 3.7
m-0CHg 3.6
p-OH ‘ '- 0.9
methylglyoxal _ . 6.8

a All reactions run on a pH-stat, under nitrogen, at 25°,

b p-NOp derivative represents a specilal case and is not included.
However, 1ts u.v. spectrum was consistent with thiol ester formation.
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FIGURE LEGENDS

FIGURE 1. Spectrum of a 10 * M solution of phenylglyoxal (Curve A),

pH T, ?5 °C, and spectra of equilbrium mixtures of 10~% M phenylglyoxal
and added glutathione, 2.3 x 107* M (B), 6.9 x 10°4 M (C), and

1.2 x 1073 M (D) was determined from the changes in absorbance

at 280 nm. The glyoxaiase I catalyzed disproportionation of phenylglyoxal
was monitored at the apparent isosbestic point, 263 nm. This general
procedure was used for all of the substituted phenylglyoxals,

FIGURE 2. Spectrum of the thiol ester product of the glyoxalase-I ,
catalyzed disproportionation of the GSH adduct of phenylglyoxal (Curve A);
concentration of thiol ester 104 M, Spectrum B is for a 2 x 1074 M
solution of mandelic acid., Spectrum C is for a 2.3 x 1074 M solution

of glutathione. All spectra at 25°, pH 7.

FIGURE %a. Representative double reciprocal plot for the glyoxalase-I1
catalyzed disproportionation of the GSH adduct of methylglyoxal under

conditions where the concentrations of adduct at each point exceed the
concentrations of free GSH; pH 7, 25°.

FIGURE 3b. Double reciprocal plot for the methylglyoxal reaction as in
FIGURE %a but with no consideration given to the concentrations of free
GSH 1in equilbrium with the adduct,

FIGURE L. Representative double reciprocal plot for the glyoxalase-I
catalyzed disproportionation of the GSH adduct of phenylglyoxal, moni-
tored-at the apparent isosbestic point; pH T, 25°.
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