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Deuterium Isotope Effects and Chemically Modified 
Coenzymes as Mechanism Probes of Yeast Glyoxalase-It 

David L. Vander J a g * , $  and Liang-Po B. Han 

ABSTRACT : The previously reported observation that the rates 
of disproportionation of the hemimercaptals of glutathione 
and substituted phenylglyoxals, catalyzed by yeast glyoxalase- 
I, are insensitive to substituents raised the question of whether 
or not the intramolecular hydride migration step is rate deter- 
mining. This question has been investigated using deuterated 
a-ketoaldehydes. The disproportionation of methylglyoxal 
and perdeuteriomethylglyoxal shows an isotope effect on 
V,,, ( V , , , a , . ~ i V , n n x , ~  = 2.9). This is comparable to theisotope 
effect observed in the hydroxide ion catalyzed dispropor- 
tionation of methylglyoxal and perdeuteriomethylglyoxal, 
k H / k D  = 3.8. Likewise, the glyoxalase-I-catalyzed dispropor- 
tionation of phenylglyoxal and a-deuteriophenylglyoxal 
shows an isotope effect ( V , , , a x . ~ / V , , , a x , ~  = 3.2) comparable to 
the hydroxide reaction (kH/kD = 5.0), leading to the con- 
clusion that hydride migration is the rate-determining step for 
the glyoxalase-I reaction. For both pairs of a-ketoaldehydes, 
this isotope effect is also reflected in KJI, suggesting that the 

T he glyoxalase system (Scheme I) which catalyzes the 
disproportionation of a-ketoaldehydes into the corresponding 
a-hydroxycarboxylic acids has been known for many years, 
although its biological role remains unclear. Several aspects of 
the mechanism of glyoxalase-I (S-lactoylglutathione methyl- 
glyoxal-lyase (isomerizing), EC4.4.1.5) which catalyzes the 
actual disproportionation reaction have been of interest, in- 
cluding the fact that the substrate for glyoxalase-I is a hemi- 
mercaptal formed in the preenzymic reaction between a- 
ketoaldehyde and coenzyme glutathione (Cliffe and Waley, 
1961). Recent suggestions that the kinetic data may equally 
well be interpreted as indicating an ordered reaction requiring 
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catalytic rate constant ( k 3 )  is larger than the rate constant for 
dissociation of the enzyme-substrate complex (k2 )  and that 
K J ~  N k3 /k l .  Using purified preparations of glyoxalase-I, kl 
and k:: were determined. The coenzyme role of glutathione in 
the glyoxalase-I reaction was evaluated using pH-rate pro- 
files and chemically modified coenzymes. In the p H  range 
4.5-9, V,,, shows no pH sensitivity; KJI values, however, in- 
crease at  high and low pH suggesting that dissociable groups 
of pK values of about 5 and 8.5 are involved in binding the 
substrate to the enzyme. These apparent pK values are sen- 
sitive to the apolar character of the a-ketoaldehydes. V,,,,, 
values are not affected if N-acetylglutathione is used in place 
of glutathione. values, however, increase. Methylation of 
[he glycyl residue of glutathione prevents binding of the 
hemimercaptals to the enzyme. Thus, the dissociable groups 
on glutathione appear to be involved primarily in enzyme- 
substrate formation rather than in the catalytic reaction. 

glutathione to bind before a-ketoaidehyde binds to the active 
site have been made (Bartfai et a/., 1973), but considerable 
other data are available which support Cliffe and Waley's 
original suggestion of Scheme I '  (Davis and Williams, 1969; 
Vander Jagt et al., 1972a). In our earlier studies on the sub- 
strate specificity of yeast glyoxalase-I, we reported that the 
reaction shows extremely broad specificity for the hernimer- 
captals of both aliphatic and aromatic a-ketoaldehydes and 
reported that V,,,,, values are quite insensitive to variations in 
the a-ketoaldehyde (Vander Jagt et al., 1972a). In particular, a 
series of substituted phenylglyoxals was examined for sub- 
stituent effects on V,,,,,. It was anticipated that the glyoxalase-I 
reaction, known to involve intramolecular hydride migration 
(Franzen, 1956; Rose, 1957), might be sensitive to the polarity 
of the a-ketone group and that the polarity of this group 
would be variable for a series of substituted phenylglyoxals. 
This was supported by studies of the disproportionation of 

1 D. L. Vander Jagt, E. Daub, J. A.  Krohn, and L.-P. B. Han, manu- 
script in preparation. 
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SCHEME I 
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substituted phenylglyoxals in alkaline solution (eq 5 )  which 
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involves rate-determining intramolecular hydride migration 
and is very sensitive to electron-uithdrawing groups (Vander 
Jagt et al., 1 9 7 3 ;  Hine and Koser. 1971: Doering ef d.. 
1938). The absence of any significant substituent effect on 
V,,,:,, for the glyoxalase-I reaction raised the question of 
whether or not intramolecular hydride migration is rate deter- 
mining in the enzyme reaction. We report here results from a 
study of some deuterium isotope effects to help determine the 
rate-determining step in the glyoxalase-I reaction and results 
from pH-rate studies and the use of chemically modified 
glutathiones to help determine the coenzynle role of glu- 
tathione in the reaction. 

Experimental Section 

Mtrterids. Yeast glyoxalase-I (Sigma) obtained as a 50 
glycerol solution was purified on Sephadex G-100 to a specific 
activity of 1 0 0  pmol min per mg of protein. somewhat higher 
than the highest specific activity previously reported for the 
yeast enzyme (Davis and Williams, 1966). This material had a 
mol wt of about 35.000 determined from gel chromatography 
(lit. (Mannervik iv [ I / . .  1972) mol wt 33:OOO) and uas  homo- 
geneous on disc gel electrophoresis. Glutathione (Sigma) was 
found >99 pure by sulfhydryl titration with N-ethylmale- 
imide (Alexander, 1958). Preparation of N-acetylglutathione 
by acetylation of glutathione in 90% formic acid with acetic 
anhydride (Utzinger et n/. :  1963) afforded material with up to 
90 theoretical sulfhydryl content as determined by titration 
with N-ethylmaleimide. Acetylation of the sodium salt of 
glutathione by adding acetic anhydride to an aqueous solution 
of the salt until no sulfhydryl groups remained, acidification 
with HCI, freeze drying, and crystallization of the residue from 
isopropyl alcohol afforded N,S-diacetylglutathione. Regen- 
eration of the sulfhydryl group by brief treatment in alkaline 
solution conveniently gave solutions of N-acetylglutathione 
with at least 90 theoretical sulfhjdryl content. Kinetic data 
obtained using either of these preparations were the same. 
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Esterification of glutathione by passing HC1 gas into a slurry 
of glutathione in methanol, O " ,  until the reactant went into 
solution converted glutathione into a monomethyl cstcr : 
longer treatment introduced a second methyl group. as deter- 
mined by nmr analysis. Chemical and spectral <onsiderations 
suggest that the glycyl residue is esterified more rapidly than 
the y-glutamyl residue. The aniount of intact s~ilfhydryl was 
determined by titration with h'-ethjlmaleimide. Commercial 
methj lglyoxal. 30 u; aqueous solution (Aldrich). LI as purified 
by distillation (Kernlack and Matheson. 19571. Phenyl- 
glyoxal and p-chlorophenylglyoxal here  prepared as pre- 
viotisly reported il'ander Jagt ci ,i/.. 1972b). I'erdeuterio- 
niethylglyoxa! \vas pri'pared hq okidation of perdeiitcrio- 
acetone [vith selenokis acid. folloued by distillation. ci-Deu- 
teriophenylglyoxal Lias prepared bq mat ing  acetophenone 
with NaOD in a dioxane- D,O solution to form acctophe- 
none-d,. followed by osidation u ith selenous acid and dis- 
tillation. The absence of any aldehydic proton ~18.s contirmed 
by nnir analysis. 

.%ft,r/wds. Dissoc-I 1 r i m  CONI ~ S T S .  The dissociation con- 
stants of the hemimercaptals formed in the preenzymic reac- 
tion iiert' tiercrrnincd from spectral differences between the 0- 
ketoaldehjdc hqdrates and the hemimercaptals, a s  disciissed 
pre\,iousl> IVandcr Jagt er u / . .  197231. Pertinent spectral data 
are listed in Table I .  

KISETICS. Reaction rates for hemimercaptal formation at 
pH 3.0 and thc rates of disproportionation of phenylglyoxal 
and c~-driiteriophen~lglyoxal in alkaline solution were mon- 
itored uith a Gilford 132 modified Beckman DU recording 
spcctrophotomcter. temperattire controlled ivith a circulating 
water bath. The rates of disproportionation of mrthylglyoxal 
and prrdt.iitcriomethq.lglyoxa1 in alkaline solution vere fol- 
io\\ed b y  taking samples. acidifying. and titrating the re- 
inaining a-ketoaldehqde tvith glyoxalase-I. Rate constants 
urrc' obtained from co!nputer-calculated least-squares lines 
of tirst-order plot> : correlation coefficients \+ere generally 
better than 0.999. 

Analysis of t h r  kinetics of the glyoxalase-I reaction from 
initial rate studies \vas carried out as before (Vander Jagt er 01.. 
1972a) hy follo\\ing thiol ester formation at 230 nm for the 
aliphatic a-ketoaldehydes and by follov.ing the loss of reactant 
at the apparent isosbestic point between a-ketoaldehyde and 
hemirneri~aptal for tht: aromatic a-keroaldeh>des. Pertinent 
spectral data art' listed in Table I .  T h e  data were treated b y  the 
Yfichaelis-Menten scheme and T ' and IOr \aliies obtained 
froni doul-It. reciproal plots (LineueaLer and Burk. 1934). 
asstiming a one-substrate mechanism as in Scheme 11. uhere 

H 
S 

H 
i' 

K,I = (X.- + X-,) X ;  and P'll ,nx = kn[E]o. 
The high pH studies of the enzyme reaction with methyl- 

glyoxal are complicated by the absorption contributed by the 
sulfide form of glutathione at 240 nm. However, by setting up 
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TABLE I : Ultraviolet Data for the Hemimercaptals of a-Ketoaldehydes with Glutathione and N-Acetylglutathione and for the 
Thiol Ester Products of the Glyoxalase-I Reaction.' 

Glutathione N-Acetylglutathione 

Glyoxal XKdlalb € A d C  EKAC X R d  €Re € € l e  XKdlra €Ad CKA AR CR CP 

Methyl- 240 440 <10 240 440 3300 240 320 <10 240 320 2530 
Perdeuteriomethyl- 240 430 <10 240 430 3580 
Phenyl- 280 2450 1280 263 6790 1100 280 3010 1280 263 5990 1060 
a-Deuteriophenyl- 280 3020 1350 263 5690 950 
p-Chlorophenyl- 320 1050 140 270 10000 1020 320 1270 140 270 12,100 1,200 

a Data recorded at  25", phosphate buffer, pH 7.0, p = 0.2, half of ionic strength from buffer and half from added KCl. ' AKdlrr  
is the wavelength (nm) where the dissociation constants were determined. 6.4d and e K A  are the molar extinction coefficients 
( M - ~  cm-I) for the hemimercaptals and the a-ketoaldehydes, respectively, at hKdliP. XR is the wavelength where the glyoxalase-I 
reaction was followed, which for the aromatic a-ketoaldehydes and their hemimercaptals is the isosbestic point. e Q and e p  
are the molar extinction coefficients of the hemimercaptals and the thiol ester products, respectively, at XR. 

the preenzymic reaction using high [methylglyoxal]/glu- 
tathione], most of the glutathione is converted into the hemi- 
mercaptal, and the expression becomes dP/dt = 4A4At. 
( E ,  -  AD)) which is the same as the equation used at acidic and 
neutral pH values where the background absorbance of 
glutathione is small. For methylglyoxal, Kdiq. is pH insensi- 
tive in the range studied. Phenylglyoxal and p-chlorophenyl- 
glyoxal were monitored at  their isosbestic points which are at 
high enough wavelength so that glutathione does not interfere. 
Kdiss for the hemimercaptals of these a-ketoaldehydes in- 
crease somewhat a t  alkaline pH, going from 0.60 to 0.91 mM 
for phenylglyoxal and from 1.6 to 2.5 mM for p-chlorophenyl- 
glyoxal in the p H  range studied. 

Results 

The hydroxide ion catalyzed disproportionation reaction 
(eq 5), which can be considered as a model reaction for the 
glyoxalase system, was examined for deuterium isotope 
effects. This reaction is known to involve rate-determining, 
intramolecular hydride migration (Vander Jagt et a/.,  1972b; 
Hine and Koser, 1971; Doering et a/., 1948). At p H  12, the 
disproportionation of methylglyoxal and perdeuteriomethyl- 
glyoxal shows an isotope effect kH,'kD = 3.8 (Table 11). Owing 
to the possibility that the use of perdeuteriomethylglyoxal in- 
stead of a-deuteriomethylglyoxal may introduce secondary 
effects, phenylglyoxal was compared with a-deuteriophenyl- 
glyoxal where only a primary isotope effect exists. For phenyl- 
glyoxal and a-deuteriophenylglyoxal, kH/kD = 5.0 (Table 11). 
These isotope effects give an indication of the magnitude one 
might expect for isotope effects in the glyoxalase-I reaction, if 
intramolecular hydride migration is also rate determining in 
the enzyme reaction (Scheme I). 

The glyoxalase-I-catalyzed disproportionation of the hemi- 
mercaptals of methylglyoxal and perdeuteriomethylglyoxal 
shows an isotope effect on the maximal velocity ( V m a x , ~ /  
V m n x , ~  = 2.9) which is comparable to that observed in the 
model reaction. An isotope effect also is observed in the 
glyoxalase-I reaction with phenylglyoxal and a-deuterio- 
phenylglyoxal ( V,,,ax,~/V,,lax,~ = 3.2). These data are sum- 
marized in Table 111. On the basis of the observed isotope 
effect in the enzyme reaction and comparison of this isotope 
effect with that observed in the model reaction, one can con- 
clude that intramolecular hydride migration is indeed the 
rate-determining step for glyoxalase-I, in spite of the absence 

of any significant sensitivity of V,,,,, to variations in the side 
chain of the a-ketoaldehydes. 

The deuterium isotope effect observed for V,,,,, is also seen 
for KJI. For methylglyoxal and perdeuteriomethylglyoxal, 
K ~ , H / K > I , D  = 1.7. This ratio is questionable because the 
effects of the several deuterium atoms on Kv might be ex- 
pected to be more serious than their secondary isotope effect 
on V,,,,,. This problem is not present in the comparison of 
phenylglyoxal and a-deuteriophenylglyoxal where Kl1 , H /  

KJI ,D = 3.3. This is, within experimental error, the same as the 
isotope effect on V,,,,,. The data are summarized in Table 111. 
Consideration of Scheme I1 suggests that if the isotope effect 
on VI,,, is the same as that on KJI, and if the isotope effect 
only indicates a change in the catalytic rate constant kar then 
ka > k p  and K v  li k3/k1. Thus, for the glyoxalase-I reaction, 
the Michaelis constant is considerably larger than the true 
dissociation constant for the enzyme-substrate complex 
(Ks = k2/kl) .  Using highly purified glyoxalase-I and assuming 
a mol wt of 35,000, the catalytic constant (turnover number) 
ka was determined from Vlnas: k 3  = V,,,,,I[EIo = 4.2 X 10' 
min-l, where [Ela is the concentration of active site assuming 
one active site,'mol wt 35:OOO. Using the K-\1 for the hemi- 
mercaptal of phenylglyoxal (2 x M) and this value for ks, 
one can calculate the rate constant, k , ,  for formation of the 
enzyme-substrate complex, assuming KX = k3.1kl. 

TABLE 11: Deuterium Isotope Effects for the Base-Catalyzed 
Disproportionation of Methyglyoxal and Phenylglyoxal at 
pH 12." 

Methyl- 1 5 1 ~ 0 2  3 8  
4 00 + 0 02 

Phenyl- 7 6 0 - 0  13 5 0  
a-Deuteriop henyl- 1 52  = 0 02 

Perdeuteriomethyl- 

a Phosphate buffer, ,u = 0.6, 25". Methylglyoxal and per- 
deuteriomethylglyoxal were determined by taking samples and 
titrating the remaining a-ketoaldehyde at pH 7 using the 
glyoxalase system; phenylglyoxal and a-deuteriophenylglyoxal 
were determined spectrophotometrically at 251 and 252 nm, 
respectively. 
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TABLE III: Deuterium Isotope Effects on the Kinetic Parameters KM and V,,, for the Glyoxalase-I-Catalyzed Disproportionation 
of Methylglyoxal and Phenylglyoxal. 

Glyoxal 1 0 4 ~ ~  (M) 
~~~ ~ ~ ~~ ~~~ 

2 9 1 0 2  

3 2 1 0 3  

1 00 f 0 05 
0 34 =t 0 05 

0 94 1 0 05 
0 29 + 0 05 

1 7 1 0 2  Methyl- 3 2 * 0 2  
Perdeuteriomethyl- 1 9 1 0 2  

3 3 1 0 5  Phenyl- 2 0 * 0 2  
a-Deuteriophenyl- 0 60 i 0 04 

~~~ ~ ~~~ ~ 

' V,,, values all relative to methylglyoxal; all data at pH 7.0, 25", phosphate buffer, p = 0.2, half of ionic strength from 
buffer and half from added KCI. 

k3 4.2 X 104min-l 
K M  2 x 1 0 - 4 ~  

k l = - =  = 2.1 x lo8 M-' min-I 

This value, 2.1 X lo8 M - ~  min-' or 3.5 X lo6 M - ~  sec-l, is 
considerably less than a diffusion-controlled rate constant for 
the binding of molecules of the size of these hemimercaptals to  
the active site of glyoxalase-I. However, it is similar to a 
number of binding constants which have been reported for a 
variety of systems using pre-steady-state measurements 
(Hammes and Schimmel, 1970). If the conclusion that KM = 
k3/kl is fairly general for all substrates for glyoxalase-I, then, 
in view of the fact that k3 shows little sensitivity to variation 
in substrate, most of the observed specificity of the gly- 
oxalase-I reaction must reside in kl, that is, in the rate of en- 
zyme-substrate complex formation. It was observed, pre- 
viously, that increasing apolar character of the cu-ketoal- 
dehydes resulted in smaller Kbf values (Vander Jagt et al. ,  
1972a). The present results suggest that this is the result of in- 
creasing values of kl as the apolar character of the substrate 
increases. 

The effects of p H  on the kinetic parameters K M  and V,,, 
were determined for methylglyoxal, phenylglyoxal, and p -  
chlorophenylglyoxal. For all three of these a-ketoaldehydes, 

V,,, is insensitive to pH (Figures 1 ,2 ,  and 3), while K M  values 
increase both at high and at low pH. The lower end of the p H  
range examined was dictated by the stability of the enzyme. 
The upper pH was limited by the experimental procedure; for 
methylglyoxal, the background absorbance at 240 nm contrib- 
uted by glutathione interferes at high pH even though the 
preenzymic equilibrium was set up to  minimize the amount of 
free gultathione. For phenylglyoxal and p-chlorophenyl- 
glyoxal, Kdiss increases rapidly near pH 9 and precludes 
setting up the preenzymic reaction at the isosbestic wave- 
length with sufficient concentrations of the hemimercaptals to  
allow initial rate measurements at substrate concentrations 
which approach K M .  The lack of a pH effect on V,,,,, indi- 
cates that, in the pH range examined, no dissociable groups 
are encountered which are important in the conversion of the 
enzyme-substrate complex into product. However, the pH 
influence on KM suggests that, at  both high and low pH, 
dissociable groups are encountered which are important for 
binding the substrate to the active site. Using the procedure of 
Dixon and Webb of plotting log V,,lax/K~f cs. pH, the inter- 
section of lines of integral slope should indicate the apparent 
pK values of groups involved in substrate binding (Dixon and 
Webb, 1964). Figures 1, 2, and 3 indicate the participation of 
groups with pK values of 4.7-5.2 and 8.4-8.9 depending upon 
the apolar character of the a-ketoaldehydes. Thus, the pK 

J . . *  . . . .  
I -4 

5 6 7 8 9  
PH 

FIGURE 1 : pH profiles for the glyoxalase-I-catalyzed dispropor- 
tionation of the glutathione hemimercaptal of methylglyoxal, 25 '. 
The pH range used acetate, phosphate, and carbonate buffers, 
p = 0.2, half from buffer and half from added KCI. 
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' t !- 7 
I - - - -  _d 

5 6 7 8 9  
PH 

FIGURE 2 : pH profiles for the glyoxalase-I-catalyzed dispropor- 
tionation of the glutathione hemirnercaptal of phenylglyoxal, 25 '. 
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x 0 -- s 

I2 t 

- IO- 

? * -  . 
6 -  . 
4 -  * . *  
2 -  
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5 -  

OI 
_o -3-  

5 6 7 8 9  
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FIGURE 3 : pH profiles for the glyoxalase-I-catalyzed dispropor- 
tionation of the glutathione hemimercaptal of p-chlorophenyl- 
glyoxal, 25 '. 

values observed when p-chlorophenylglyoxal is the a-keto- 
aldehyde of choice are lower on the acid side and higher on 
the alkaline side (Figure 3) compared to  the values for 
methylglyoxal (Figure 1) ; phenylglyoxal is intermediate 
(Figure 2 ) .  

The pK values determined from log Vl,,ax/K~~ plots are 
tentatively assigned to dissociable groups on the enzyme, 
rather than to groups on glutathione. Considerable data are 
available on the ionization scheme of glutathione and related 
compounds (Vander Jagt et al., 1972c; Martin and Edsall, 
1958). The pK values of the two carboxylic acid groups of 
glutathione are 2.12 and 3.73, both considerably more acidic 
than the pK 4.7-5.2 obtained from the log Vlnax/Kh1 plots. The 
pK values for the SH and NH8- proton dissociations of glu- 
tathione cannot be assigned directly from the apparent pK 
values obtained from potentiometric titration of glutathione, 
owing to the fact that these two dissociations overlap and 
consequently give pK values which are composites of the two 
ionizations. However, the microionization constants have 
been determined for these groups. Those which apply to ion- 
ization of the a-amino group of the glutamyl residue are in the 
pH range 9.4-10. Admittedly, the possibility should be con- 
sidered that the pK values of glutathione are markedly al- 
tered when glutathione exists as a hemimercaptal. This seems 
unlikely based upon available data for glutathione. Hence, the 
pK 8.4-8.9 from the log Vinax/Khl plots would appear to be too 
low to be assigned to  glutathione, although this is less certain 
than the conclusion that the pK value 4.7-5.2 is not from 
glutathione. 

The role of glutathione in the glyoxalase-I reaction was ex- 
amined by using chemically modified glutathiones. N-Acetyl- 
glutathione (N-acetyl-GSH) and glutathione esterified by 
methylation of the glycyl residue (GSH-OCHJ were com- 
pared with glutathione (GSH), both in the preenzymatic reac- 
tion and in the enzyme reaction. In the preenzymic reaction, 
the modified glutathiones do not significantly affect the rate of 
hemimercaptal formation at pH 3.0 (Table IV). Hemimer- 
captal formation requires loss of water (Scheme I) before the 
thiol can add to the aldehyde carbonyl in a reaction which 
goes to equilibrium. However, the conditions used were de- 

TABLE IV:  Apparent First-Order Rate Constants for the 
Reactions of Glutathione, N-Acetylglutathione. and Methyl- 
glutathione with a-Ketoaldehydes (pH 3.0)' 

Glyoxal Thiol 103k (sec-l) 

Methyl- GSH 
N- Acet yl-GSH 
GSH-OCH3 

Perdeuteriomethyl- GSH 

Phenyl- GSH 
N-Acetyl-GSH 

N-Acet yl-GSH 
GSH-OCH3 

a-Deuteriophenyl- GSH 

p-Chlorophenyl- GSH 
N-Acetyl-GSH 

N- Acetyl-GSH 

6 . 5  i 0.4  
7 . 7  i 0 . 7  

6 . 3  i 0 . 3  

7 . 2  i 0 .1  
6 . 8  =k 0 . 7  
9 . 3  i 0 . 9  
8 . 3  f 0 . 2  
6 . 6  i 0 . 7  
7 . 6  i 0 . 2  
5 . 9  i 0 . 6  

11 f 1 

11 i 1 

' Formate buffer, 25", p = 0.2, half of ionic strength from 
buffer and half from added KCl; [a-ketoaldehyde] = 0.3-0.4 
mM; [thiol] = 5 mM. 

signed to push the reaction toward completion; the rate under 
these conditions is insensitive to different a-ketoaldehydes or 
modified glutathiones (Table IV). 

The GSH-OCH3 derivative is inactive in the glyoxalase-I 
reaction even though the preenzymic reaction is normal. No 
disproportionation is observed for the hemimercaptals of 
various a-ketoaldehydes and GSH-OCH3. Furthermore, 
hemimercaptals of GSH-OCH3 do not inhibit the glyoxalase-I 
disproportionation of hemimercaptals of glutathione, sug- 
gesting that esterification of the glycyl residue markedly 
affects the formation of the enzyme-substrate complex. 

The N-acetyl-GSH derivative is active in the glyoxalase-I 
reaction. Using the values for the preenzymic reaction 
listed in Table V, the enzyme reaction was examined for 
methylglyoxal, phenylglyoxal, and p-chlorophenylglyoxal. 
Kinetic parameters are listed in Table VI. The V,,, values 
with glutathione as coenzyme compared with N-acetyl-GSH 
are within experimental error identical, indicating that the a- 
amino group of the glutamyl residue of glutathione is not in- 
volved in the catalytic step, k s  (Scheme 11). However, for all 

TABLE v: Dissociation Constants, Kdiss, of the Hemimercap- 
tals Formed in the Preenzymic Reaction between a-Keto- 
aldehyde and Coenzyme.' 

Glyoxal Coenzyme Kd i a s  (mM) * 
Methyl- GSH 3 0 + 0 5  

1 0 + 0 1 
Perdeuteriomethyl- GSH 3 4 * 0 2  
Phenyl- GSH 0 60 * 0 05 

0 9 i 0 2 
a-Deuteriophenyl- GSH 1 6 1 0 2  
p-chlorophenyl- GSH 1 6 * 0 5  

1 6 i 0 5 

N-Acetyl-GSH 

N-Acetyl-GSH 

N-Acetyl-GSH 

' Phosphate buffer, 25", p = 0.2, half of ionic strength 
Kdlss is defined in the from buffer and half from added KCl. 

Experimental Section. 
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TABLE VI:  Kinetic Parameters Knl and V,,,,, for the Glyoxalase- 
I Reaction with Glutathione and N-Acetylglutathione a \  
Coenzymes. 

- 

G 1 yo x a 1 Coenzyme 104KhI (hi)" V,,,,, ( rc l )  

Methyl- GSH 3 2 i 0 2 1 0 + 0 0 5  
N-Acetyl- 40 .t 5 1 0 f 0 1 

- -~ - __ 

GSH 
Phenyl- GSH 2 0 1 0 2  0 9 r O O i  

N-Acetyl- 10 i 3 o s  t o 2  

p-Chlorophenyl- GSH 0 42 i 0 02 0 5 - 0 05 
N-Acetyl- 2 t 0 5 0 't 1 ii 1 

GSH 

GSH 
~ ~ 

K\r values for the hemimercaptals formed in the prt.- 
enzymic reaction between a-ketoaldehyde and coenzyme 
* V,,,,, values all r e l a b e  to GSH with methylgljoxal, dl 
data at  pH 7.0, 25", phosphate buffer, p = 0.2, half of ionic 
strength from buffer and halffrom added KCI. 

three a-ketoaldehydes examined, K X  values increase when N-  
acetyl-GSH replaces glutathione, suggesting that the amino 
group may be important in enzyme-substrate formation. The 
high K ~ I  values with N-acetyl-GSH make kinetic analysis 
difficult because the experimental conditions limited the con- 
centrations of hemimercaptal one could set up in the 
preenzymic reaction. The data in Table VI were determined 
at  a concentration range of hemimercaptal which was below 
K J ~ .  This introduces some uncertainty in the parameters 
Kl1 and V,,,,. The values for V,,,,, listed in Table VI 
for comparisons of glutathione and N-acetylglutathione are 
within experimental error the same. This experimental lim- 
itation precluded carrying out pH-rate studies with N-acetyl- 
GSH as coenzyme. 

Discussion 

The glyoxalase-I reaction proceeds by a rate-determining 
intramolecular hydride migration step, in light of the isotope 
effects observed in the present study. The absence of any 
significant sensitivity of V,,,,, to variations in the side chain of 
the a-ketoaldehydes raises the question of why this Intra- 
molecular step is insensitive to the polarity of the a-ketone 
group. The model reaction of substituted phenylglyoxals in 
alkaline solution is very sensitive to the polarity of the a- 
ketone group (Vander Jagt et 01.. 1972b). Davis and Williams 
(1966) were the first to observe that yeast glyoxalase-I is a 
metalloenzyme (Mgz-) and to suggest that the metal ion may 
be involved at the active site to complex the ketone carbonyl 
oxygen and the hemirnercaptal oxygen in a reaction similar to 
an intramolecular Meerwein-Pondorf-Oppenauer reaction 
(Woodward et al., 1945). Interestingly, this same type of reac- 
tion has been proposed for the role of Znz+ ion in the NADH 
reduction of acetaldehyde, catalyzed by horse liver alcohol 
dehydrogenase (Richards, 1970). This reaction shows an iso- 
tope effect for hydride cs. deuteride transfer (ka/kn = 3.11) 
very similar to the results in the present study of glyoxalase-[ 
(Mahler el a/ . ,  1962). The possibility that the metal ion in 
glyoxalase-I functions as a superacid which polarizes the N -  
ketone group to such an extent that variation of the side chain 
of the a-ketoaldehydes does not make a significant additional 
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contribution to the polarity of thu a-ketone group IS an attrcic- 
tive possibility. One problem. i t s  Davis and Williams oP- 
served, is :hat the yeast enzyme binds its metal ion v.cy 
tightly: attempts to remove and replace i i  \\ith other cations 
have not heen sucicssful (Davis aril1 \f'i11iairis, 1966). hfaili- 
malian source5 of glyoxalase-i bind thcir riiettil ion. ' 

(Davis and \+illjams, 1956: Manncririk ct i!i.. 1072). !\ G:. 
tailcd analysis o f th  I C  of the metnl ion i n  gijoxal 
1 arious sourcc: i.; :I 

on yeast glynxala. and scvi:ral iiianimalian i rj thri 
sources of glyoualasc-I suggest that the iusic mc<h;inism\ ibf 

these ciii-jnics ,$if similar i\'andi:r Jag1 and  i lm. i97.3) TilL, 
erjthroiyre sOtliCt:W have si'vc;.aI i w z r  I I  

1 '  ii Han a n d  TI. i... Vandcr Jagi. rniii'iu 

T'hv coen~qriii: i.olt: of glLit:ittiimj: app 
of supplying groups for  ,>LiI?sirZte binding ra\hc,i t h a n  ?up- 
plying catalytic g-oups. 'ai(: stt1dii.s indicatc thc in- 
volvement of dissociahlc ith pk'\~aiiics of-1.7 5 . 2  ; ;nd  

enzyme geornctrically arranged :I, points for ionic attractiori 
of the a-amino group and one of the carboxyl gr'oiiix of glti- 
tathione, The absence of m y  pf3 influence on I '  , ,\ i n  fhc p H  
range studied indicatei rhat n o  disso: iablc group inipcm;in\ i n  
the catalytic wactiori '\+as cncotiriiLwd in this rang('. I'his Siig- 

gests that general :icid- base niichanisins are not ini,olacii i n  

the raie-determining step. which i i  consistenr $5 i r h  ;i prcvioi!s 
observatiorl that. a t  pH 7 ,  i' for the glyoxalase-1 xncrion 
with methylglyounl is identical in H.0 arid D,O (Vandcr Jagt  
and  Han.  I Y72 ) .  

'Phi. IISC of  ptI--raw profiles ui ih  derivativcs of yl~iiathiom 
should give some indica:ion of the validity of thc above S L I ~ -  

gestion that the  observed p K  values assigned to groups on t h e  
cnzyint. m a y  be from dissociable groups to which glutathione 
is attracted b y  ionic interactions. Meaningful pH~-ratc studies 
with :V-;tcI:i> I-GSH C O L I I ~  not be carried out with the tu-hew- 
aldehyclcs t!sd in the present stLiil1 iwing to the erpcrimentai 
conditions. The availability of ct-ketoaldehydes whose hc rn i -  
mercaptal ii rth N-aci~~yl-C;SH i >  a.tivt. in the glyoxal 
reaction arid possesses a smallcr h'll value may overcome 
~iifficiiliits. If ?he ionclusioii that the specificity of the gly- 

ri'sides priniarilj i n  the binding sLe;i. X ,~ is 
;aluc calculatcd f o r  i, when phenjlglqoi;nl 
tc. then thcrc : m y  Meli be c~-ketoaldehyties 
ptals with glutathione and tlerit,a?ivci of 

glutathione  ill hii.id to glyoxalase-1 a t  ;i much faster ratu than 
\ $as  calailatcii for phenylglyoual. h is a t  least 100-fold 

re continuing o i i r  1:k~- 

miination of i h t  speciticit) of glyoral;lst~-I. 

8.3-8.9 which may b e  anc! an amino g o u p  on iilc 
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Conversion of Averufin in to Aflatoxins by Aspergillus parasiticus? 

M. T. Lin, D. P. H. Hsieh,* R. C. Yao, and J.  A. Donkersloot 

ABSTRACT : Resting mycelium of Aspergillus parasiticus ATCC 
15517 efficiently converted averufin (C20H160i) into aflatoxin 
B1, B., and G1 with only minor dilution. Autoclaved mycelium 
did not catalyze this conversion. The removal of averufin from 
the medium and the incorporation into aflatoxin are both time 
dependent and detectable within 2 hr of incubation. ['TI- 
Acetate-labeled averufin for the above experiments was pre- 

T he aflatoxins (Biichi and Rae, 1969; Figure 1) are a 
closely related group of secondary metabolites produced by 
certain Aspergilli. They can act as acute toxins and as chemical 
carcinogens in many animal species. They have been found as 
contaminants in various animal feeds and human foodstuffs, 
and have been implicated in the etiology of human liver cancer 
in certain parts of the world (Kraybill and Shapiro, 1969; 
Goldblatt, 1972). Two of the more readily noticeable acute 
in cico effects of aflatoxin B1 (or a metabolite derived from it ;  
MoulC and Frayssinet, 1972), the most toxic and usually also 
the most prominent of the aflatoxins, are inhibition of DNA 
and DNA-directed RNA synthesis (reviewed by Wogan, 
1969). 

Biosynthesis of the aflatoxins has also attracted considerable 
attention (Mateles and Wogan, 1967; Lillehoj et a/.,  1970; 
Detroy et a/., 1971). Incorporation experinients (Donkersloot 
et al., 1968; Hsieh and Mateles, 1970), followed by degradative 
studies (Biollaz et al., 1968a), have revealed that aflatoxin B1 
can be derived efficiently from acetate, and that methionine can 
act as a methyl donor for the methoxymethyl group (Figure 1). 
Based upon these findings, Biollaz et a/. (1968b) proposed a 

t From the Department of Environmental Toxicology, University 
of California, Davis, California 95616, and the Section of Environ- 
mental Mechanisms, National Institute of Dental Research, National 
Institutes of Health, Bethesda, Maryland 20014 (J. A. D.). Receiced 
Apri l  21, 1973. A preliminary note on part of this work has appeared 
(Lin and Hsieh, 1973). This work was supported in part by Grants 
ES 00612 and ES 00125 from the U. S. Public Health Service. 

pared using a mutant of A .  parasiticus which elaborates large 
amounts of averufin, but very little aflatoxin. Traces of 
averufin were also found in wild-type mycelium. The results 
indicate that the Cz0 polyketide-derived polyhydroxyanthra- 
quinone averufin, or a metabolite closely related to it, is an 
intermediate in aflatoxin biosynthesis. A possible pathway for 
the conversion of averufin into aflatoxin BI is discussed. 

scheme in which a ClP polyketide-derived polyhydroxynaph- 
thacene would be an early intermediate. This compound would 
undergo endo oxygenation and yield, after rearrangement and 
isomerization, a difuroanthraquinone of the versicolorin 
series. Thomas (1965) had already speculated earlier that 
averufin or its derivative could be involved in aflatoxin bio- 
genesis. Such an intermediate would, after oxidative removal of 
a quinone carbon as COS and recyclization, yield a difurox- 
anthone of the sterigmatocystin type. The latter would sub- 
sequently undergo another loss of CO, and yield aflatoxin B1 
(reviewed by Biollaz et ul., 1970). This hypothesis was based, in 
part, upon the co-occurrence of aflatoxins and representatives 
of both the difurodnthraquinone series (versicolorin C ; 
Hedthcote and Dutton, 1969) and the difuroxanthone series 
(0-methylsterigniatocystin and aspertoxin; Burkhardt and 
Forgacs, 1968; Rodricks et a/., 1968; Waiss et ul., 1968) in 
certain members of the Aspergillus fluccrs group. Experi- 
mental support for a difuroxanthone precursor in aflatoxin 
biosynthesis was provided by Elsworthy et al. (1970), who 
showed that 5-hydroxydihydrosterigmatocystin could be in- 
corporated into aflatoxins B2 and G2 (2% conversion) and by 
Hsieh et a/.  (1973), who showed that sterigmatocystin could 
be incorporated into aflatoxin B, (20 conversion). Experi- 
mental evidence for the early events in the biogenetic scheme 
proposed by Biollaz et al. (1970) has not been obtained so far. 

To identify any early intermediates, a search was initiated 
for mutants blocked in aflatoxin synthesis. One such mutant 
produced ' large quantities of the polyhydroxyanthraquinone 
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