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CHAPTER I 

INTRODUCTION 

In 1962, Szent-Gyorgyi, Hegyeli, and McLaughlin (48), 

from studies on the acceleration and inhibition of bacterial 

cell growth, proposed the existence of a growth promoter, 

"promine," and a growth retarder, "retine." Egyud (1*) 

conducted detailed studies on the chemical nature of retine 

and concluded it was a derivative of methylglyoxal, the 

simplest member of a group of compounds called «c-ketoaldehydes, 

It had been shown in 191? that such compounds could serve as 

substrates for the glyoxalase enzyme system (7). Szent-

Gyorgyi, Egyud, and McLaughlin (47) proposed that promine was 

any substance capable of releasing a living cell from the 

influence of retine, namely the enzyme system glyoxalase. 

These conclusions suggest a possible relationship between 

glyoxalase and cell division. Since cancer may involve the 

uncontrolled proliferation of cells, these suggestions are 

significant since they imply a relationship between the 

glyoxalase enzyme system and cancer. 

If such a relationship does indeed exist, a difference 

in glyoxalase levels may occur between normal and cancerous 

1 



tissues. Such a possibility was explored in the years imme-

diately following the discovery of the enzyme- The results 

of these investigations were such that a controversy arose 

concerning the levels of glyoxalase in cancerous tissues, 

various tissues of tumor-bearing animals, and normal tissues 

(5, 40, 42, 51). In these studies, neither the age of the 

animal nor the age of the tumor were considered as possible 

factors relating to glyoxalase activity. 

In a recent report, Strzinek, Vela, Scholes, and Norton 

(45) considered these factors and determined that liver gly-

oxalase activity is significantly decreased in mice aged 10 

weeks bearing a 12-day lymphosarcoma. However, electron micro-

scopic examination of the liver tissue from the tumor-bearing 

mice revealed the tissue to be normal. Further, the presence 

of the tumor effected an initial increase in liver glyoxalase 

activity which reached a peak six days after implantation of 

the tumor. The total result of the tumor was to decrease 

the activity of liver glyoxalase approximately 51 per cent in 

animals aged 10 weeks at the time of implantation. Strzinek, 

et a 1., (45) suggested that the decreased activity could be 

the result of production by the tumor of an inhibitor of 

glyoxalase I or glyoxalase II, or both. They further suggest 



that the decreased activity could be due to the synthesis 

of a less active glyoxalase I or glyoxalase II or both. The 

latter suggests an alteration of molecular organization and 

function (protein synthesis and/or enzyme activity) in an 

organ not specifically, at least histologically, affected by 

the presence of the tumor. This would be in accordance with 

the observation of the authors that implantation of liver 

tissue from an animal bearing a lymphosarcoma into susceptible 

animals may give rise to a tumor. This may indicate an altered 

molecular organization in such tissue due to the presence of 

the tumor. 

In previous investigations, no experimentation to support 

the possibilities for a decreased glyoxalase activity in the 

livers of cancerous animals has been reported. Further, the 

isolation and purification of glyoxalase I from any organ 

associated with tumor-bearing animals has not been reported. 

Such studies are necessary if a relationship between the 

glyoxalase enzyme system and cancer, as proposed by Szent-

Gyorgyi and colleagues, is to be ascertained. 

The purpose of this investigation was (1) to isolate 

and purify glyoxalase I from the livers of normal DBA/lJ mice 

and the livers from mice bearing a lymphosarcoma tumor; and 



(2) to determine, at least with respect to glyoxalase I, if 

the tumor has an effect on the chemical properties or structure 

of macromolecules in an organ removed from tumor locale and 

not histologically affected by its presence. 



CHAPTER II 

LITERATURE SURVEY 

The glyoxalase enzyme system was discovered in 1913 by 

Dakin and Dudley (7) and Neuberg (39)- It was capable of 

converting «<-ketoaldehydes to the corresponding «®-faydroxy 

acids. At the time of this discovery, one main concern of 

biochemical research was the elucidation of the pathway of 

the conversion of glucose to CO2 and H20. Detailed studies 

had established that two three-carbon compounds, pyruvic acid 

and lactic acid, were intermediates in this conversion. How-

ever, the positions and the nature of other intermediates 

were not known. The work of Dakin and Dudley (8>, 9) and 

Neuberg (39) uncovered what seemed to be two important facts: 

(1) the enzyme system was relatively wide-spread in biological 

systems, and (2) the substrate, methylglyoxal, was closely 

related structurally to pyruvic acid and was converted to 

lactic acid. This strongly suggested that the enzyme could 

be a component in the biochemical conversion of glucose to 

C02 and H20. 



This suggestion attracted considerable attention arai 

subsequent investigations led ultimately to the elucidation 

of the properties of the enzyme. A tripeptide, glutathione, 

was found by Lohman (33) to be required as a cofactor for 

enzyme activity. Dakin and Dudley (8) found that the enzyme 

system was precipitated by (NH4)2S04 and was active at tem-

peratures as high as 48 C. However, activity was lost at 

temperatures exceeding 60 C. The enzyme retained its activity 

after exposure to room temperature for 48 hours and was found 

to be stable to freezing. Hopkins and Morgan (26) found 

that dialysis of tissue extracts against water significantly 

increased the glyoxalase activity. These data indicated that 

glyoxalase was a relatively stable system and one which could 

easily be isolated and studied. 

The prevalence of the enzyme was investigated in con-

junction with studies on its properties. Dakin and Dudley 

(8) reported its presence in human liver, heart, kidney, and 

muscle tissue. Glyoxalase levels were found to be high in 

the livers of calves, sheep, dogs, and cats and in extracts 

of yeast and oysters. However, the enzyme was not found in 

the pancreas of any animal studied (9). Further, they demon-

strated the presence of a glyoxalase inhibitor, "antiglyoxalase," 



in the pancreatic extracts. Jowett and Quastel (27) demon-

strated the enzyme in human blood and reported a decrease in 

activity upon lysis of the red blood cells. Still (44), in 

1941, reported the enzyme in Escherichia coli and Hopkins 

and Morgan (26) demonstrated its presence in various inverte-

brates. However, in an unpublished work, Rounsavall, Vance, 

and Strzinek could not demonstrate the system in extracts of 

the alga Scenedesmus quadricauda and the alga Anacystic nidulans, 

The substrates of the enzyme have also received attention. 

Many physical and chemical properties of these compounds have 

been elucidated as a result of these studies. They react 

readily with free sulfhydryl groups due to the presence of 

the free carbonyl group. Klamerth (30) found that glyoxal 

reacts with DNA irx vitro as evidenced by altered temperature 

absorption profiles and inhibited degradation of DNA by DNase. 

Egyud and Szent-Gyorgyi (15) showed that 1.0 raillimolar (mM) 

methylglyoxal inhibited cell division in E. coli, presumably 

by the inhibition of protein synthesis. However, the addition 

of equimolar cysteine reversed this inhibition (16). Glyoxal 

inhibits enzyme activity dependent on free sulfhydryl groups 

(31). Anderson, et a_l. (1) demonstrated the in. vivo anti-

viral effect of the ketoaldehydes. Egyud and Szent-Gyorgyi 
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(16) reported the decreased incorporation of ^C-leucine into 

protein in the presence of methylglyoxal. Klamerth (30) 

reported that 0.50 mM glyoxal was cytotoxic for human fibro-

* 

blasts, apparently by blocking DNA and protein synthesis. 

These observations indicate the relative toxicity of 

the <*-ketoaldehydes in bacterial and mammalian systems. How-

ever, in an unpublished report, 1.0 mM methylglyoxal present 

in growth media stimulated the growth and cell division of 

the green alga _S. quadricauda, but had no effect on the growth 

of the blue-green alga A. nidulans. Morris (38) reported that 

1.0-2.0 mM methylglyoxal inhibited the growth of the green 

alga Chlamydomonas reinhardii. It appears that the «f~ketoaldehydes 

may exhibit both stimulatory and inhibitory properties depending 

upon the biological system studied. 

After the elucidation of the properties and the preva-

lence of the enzyme system, the interest shifted to the 

mechanism of the enzyme reaction. The observance that unequal 

proportions of dextrorotatory and levorotatory forms of the 

«t-hydroxy acid were produced led Dakin and Dudley (7) to 

suggest a multienzyme complex. Indeed, Racker (4l), in 1951/ 

reported evidence for two enzymes, glyoxalase I (S-lactoylglu-

tathione lyase, E. C. 4.4.1.5) and glyoxalase II (s-2-

hydroxyacylglutathione hydrolase E. C. 3*1*2.6) which catalyze, 



respectively, the formation and breakdown of an «f-ketoaldehyde-

glutathione complex. The existence of this complex was 

suggested earlier by Jowett and Quasfcel (27) and Piatt and 

Schroeder (59). 

Cliffe and Waley (4), Crook and Law (6), and Kermack 

and Matheson (29) studied the glyoxalase I reaction in detail. 

They demonstrated that the true substrate of the enzyme is 

the hemimercaptal produced by the non-enzymic reaction of 

methylglyoxal and glutathione. Glyoxalase I catalyzes the 

formation of a thiolester from the hemimercaptal. The thiolester 

serves as substrate for glyoxalase II and is converted to the 

et-hydroxy acid. The products of the reaction are the of-hydroxy 

acid and reduced glutathione. The mechanism may be summarized 

by the following equation* 

CH3 - CO- CHO + GSH CH3 - CO - CH(OH) - SG 

methylglyoxal glutathione hemimercaptal 

g!y I 

C O O H . .. 
• gly II 

GSH + CH3 -C(0H) CH 3 -CH(OH) - CO - SG 
ft 

glutathione lactic acid S-lactoylglutathione 
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Davis and Willaras (10) found evidence for a magnesium 

dependency in glyoxalase I extracted from calf liver. The 

mechanism illustrated above was elucidated using glyoxalase 

I from yeast. It may be that the enzyme from mammalian systems 

require magnesium whereas the enzyme from yeast does not. 

The data compiled in the years following the discovery 

of glyoxalase indicated that it was probably not a component 

of carbohydrate metabolism. It would not seem feasible that 

an intermediate compound produced during glucose utilization 

could be toxic to cells in concentration as low as 1.0 mM. 

Also, if glyoxalase were directly involved in the metabolism 

of carbohydrates, tissues with high glycolytic activity should 

have high glyoxalase activity. It was found that muscle 

tissue, which contains high glycolytic activity, contained 

relatively low glyoxalase activity. It seems reasonable, 

however, that an enzyme so prevalent in living cells having 

substrates capable of controlling cell growth would have a 

basic biological function. This function has yet to be deter-

mined. 

The "promine-retine" theory of Szent-Gyorgyi and others 

(14, 15, 16) is intriguing and offers new paths for investi-

gation. It is supported by the recent demonstration of Vince 
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and Wadd (49) that certain S-alkylglutathione derivatives, 

which serve as competitive inhibitors of glyoxalase I, may 

function as anticancer agents. Also, an earlier report by 

Preedlander and French (17) showed that certain derivatives, 

of methylglyoxal were carcinostatic. However, additional 

investigations, such as a comparison of the enzyme system from 

normal and cancerous sources, are necessary if the theory is 

to be given more serious consideration by the scientific 

community. 



CHAPTER III 

MATERIALS AND METHODS 

The animals used in the investigation were DBA/lJ mice 

(jackson Memorial Laboratory, Bar Harbor, Maine). Mammary 

tumors in about 75 P®*" cent of breeding females over one year 

of age and in some virgin females of 18 months of age are 

characteristic of DBA/lJ mice. They are, however, resistant 

to most DBA/2J transplantable tumors. 

The tumor tissue was a lymphosarcoma. It had been induced 

previously by the treatment of DBA/lJ mice aged two weeks with 

3-methylcholanthrene. The first passage was a lymph node 

taken from a mouse which had been treated with the carcinogen 

five times per week for nine weeks. The tumor is presently in 

its 108th passage and kills the animal in 10-11 days after 

implantation. It has been maintained throughout this study 

by the transplantation of tumor tissue every 10-11 days. 

Normal (control) mice and tumor-bearing mice have been 

kept separated during the course of the study. They were 

kept in laboratory cages at approximately 25 C and fed a diet 

of commercial-Purina laboratory chow and water a.d libitum. ' 

12 
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Determination of Glyoxalase I Activity 
and Protein Concentration 

Standardization of Methylglyoxal 

Methylglyoxal was obtained as a 40fo (w/v) aqueous solution 

(Sigma Chemical Company, St. Louis, Missouri). This solution 

was standardized by the method of Freidemann (18). Glass-

distilled water was added to 2.90 ml of kOfo (w/v) aqueous 

solution of methylglyoxal and diluted to 20.0 ml. Ten ml of 

this solution were taken to a phenolpthalein end-point by the 

addition of 0.0789 N NaOH. The NaOH solution was prepared by 

dissolving solid, low-carbonate pellet NaOH in glass-distilled 

water which had been boiled immediately before use to keep CO2 

concentration at a minimum. The NaOH solution was titrated 

with standard 0.02 N H2SO4 (Banco Standardized Reagents, 

Scientific and Industrial Sales and Service, Box 1092, Fort 

Worth, Texas) to obtain the normality. 

Four ml of 30io (w/v) neutralized H2O2 was added to 10.0 

ml of neutralized aqueous methylglyoxal. Excess 0.0788 N NaOH, 

25^«0 ml, was then added and the solution allowed to stand at 

room temperature for 10 minutes. The solution was then back-

titrated to a colorless end-point with 0-02 N H 2S0 4. The 

concentration of methylglyoxal was then calculated. 
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Assay For Glyoxalase T Activity 

Th£ activity of glyoxalase I was determined by the method 

of Racker (4l) as modified by Davis and Williams (11). This 

procedure is based on the absorption by S-lactoylglutathione, 

the product of the enzyme reaction, at 240 rau. Thus, the 

velocity of the reaction was measured by the increased optical 

density (o. D.) of the reaction mixture at 240 mu (E s 4 0)• 

A Coleman-Hitachi 124 recording double beam spectro-

photometer was used to determine the velocity of the enzyme 

reaction. The following solutions were added to the reference 

cuvette and will henceforth be referred to as the standard 

assay procedure: 

1. 2.84 ml 0.10 M imidazole-HCl buffer, pH 6.8 

2. 0.10 ml 0.040 M methylglyoxal 

5. 0.05 ml. 0.486 M MgS04 

4. 0.10 ml 0.023M reduced glutathione 

Each of the above solutions was added to the sample 

cuvette with the exception that 2.74 ml buffer were added. 

The reaction mixture was allowed to stand in the spectropho-

meter for 10 minutes to insure maximum hemimercaptal formation 

(49). To start the enzymic reaction, 0.10 ml of enzyme sample 

was added to the sample cuvette, the recorder turned on, the 
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solution mixed by inversion, and the cuvette quickly placed 

in the instrument. The initial linear rate was determined 

after one minute incubation by extrapolation to zero time. 

The specific activity of the enzyme sample was calculated 

from the following equation from the method of Racker (%1) 

as modified by the Sigma Chemical Company and is expressed 

as jaMolar units/mg protein. 

jiMolar units = (°- D-/min) (3»Q9) (1) 
(5•37) (mg protein in 

rx mixture) 

where, 

3.09 = reaction mixture volume 
3.37 = molar extinction coefficient for 

S- lactoylglutathione at 240 m)x ( E^Q) 

Protein Concentration 

The concentration of protein was determined by two methods. 

The 260/280 irfi procedure of Warburg and Christian (50) was 

used to determine protein content of samples having low readings 

at 260 mfi. The O. D. was determined at 260 and 280 raja and the 

protein concentration was calculated using the following equation: 

mg protein/ml = (dilution [(o. D. at 280 x 1.45) /P\ 
factor) -(0. D. at 260 x 0.74)] ' ' 



16 

The Folin procedure of Lowry, Rosebrough, Farr, and 

Randall (34) was used to determine protein content of samples 

exhibiting such values at 260 mja as to make equation 2 negative. 

The following reagents were prepared and used in the determin-

ation of protein by this procedure: 

1- Reagent A- 2% (w/v) Na 2C0 3 in 0.10 N NaOH 

2. Reagent B- 0-50$ (w/v) copper sulfate in 1.0$ 

(w/v) sodium tartrate 

5- Reagent C- 1.0 ml reagent B in 49-0 ml reagent A 

4. Reagent E- 111 dilution of commercial Folin phenol 

reagent 

Five ml of reagent C were added to 1.0 ml sample. The 

mixture was allowed to stand at room temperature for 10 minutes, 

after which 0.50 ml reagent E was added. The solution was 

shaken well and allowed to stand at room temperature an addi-

tional 30 minutes. The 0. D. of the solution was then measured 

at 750 rap on the Coleman-Hitachi 124 recording spectrophotometer, 

The instrument was blanked against a sample containing 1.0 ml 

water instead of enzyme sample. A standard curve using recrys-

tallized beef albumin was obtained which was linear between 

10 micrograms (fig) and 200 pg. Thus, 0. D. values for each 

sample could be rapidly converted to mg protein/ml by use of 

the standard curve. 
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Isolation of Glyoxalase I From 
Mouse Liver 

Glyoxalase _I From Normal DBA/1 J Mouse Liver 

Glyoxalase I was isolated from DBA/lJ mouse liver by a 

modification of the procedure of Davis and Williams (11). 

Ninety-five mice aged eight weeks (- three days) were sacri-

ficed and the livers pooled. The tissue was homogenized in 

600 ml cold acetone in a Waring Blender for 1.5 minutes. The 

acetone suspension was then centrifuged at 0 C for 15 minutes 

at 2575 x g in a Sorvall RC-2B refrigerated centrifuge. The 

pellet was then dried between Whatman No. 3 filter papers. 

This acetone powder was allowed to stand in the refrigerator 

for 12 hours before use. 

It was then extracted with 0.066 M Na2HP04 (7-5 ml/gram 

acetone powder) at room temperature for two hours. The sus-

pension was then centrifuged for 15 minutes at 14,500 x g at 

0 C. The pellet was re-extracted with 0.066 M Na2HP04 (5 ml/gram 

acetone powder) at room temperature for 30 minutes. The 

mixture was centrifuged as before. The supernatant solutions 

were combined and n-butanol (40 ml/100 ml Na2HP04 extract) was 

added to the solution. The mixture was agitated at 37 C for 

10 minutes and centrifuged at 2,000 rpm in 500 ml polyethylene 

bottles. 
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The aqueous solution was removed with a 50 volumetric 

pipette inserted through the bulky brown precipitate suspended 

in the butanol layer. Cold acetone (70 ml/100 ml aqueous 

solution) was then added to the aqueous solution held a t -10 C 

in an ice-salt bath. The suspension was centrifuged a t 

14,500 x g for 15 minutes at 0 C and the precipitate discarded. 

An equal volume of cold acetone was added to the supernatant, 

and the mixture was again centrifuged at the same force. The 

precipitate contained the enzyme activity and was dissolved 

in a minimal amount (21 ml) of glass-distilled water. This 

fraction was then carried to the next step which was CM-

Sephadex chromatography of the protein. 

Twenty grams of CM-Sephadex (carboxy methyl-Sephadex 

C-50, Pharmacia Fine Chemicals, 800 Centennial Ave., Piscataway, 

New Jersey) were allowed to swell for hours at 5 C in excess 

0 .10 M sodium acetate containing 2 . 0 mM EDTA, pH 5-7« A 2 . 5 

x 100 cm Sephadex Laboratory column was packed to a height of 

89 cm with this slurry at 5 C. The column was allowed to 

stand at 5 C for 48 hours and approximately one liter of buffer 

was passed through the column to insure maximum packing of the 

material. All manipulations with this and subsequent columns 

were carried out in a Jewett Blood Bank (The Jewett Refrig-
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erator Co., Buffalo, New York) which was converted to a cold 

box for column chromatography. 

After equilibration of the column, the protein solution 

resulting from the acetone precipitation of the aqueous layer 

was added to the CM-Sephadex column. The protein was then 

eluted with 0.10 M sodium acetate-2.0 mM EDTA buffer, pH 5-7* 

and 3.0 ml-fractions were collected using a Curtin Automatic 

Fraction Collector Drop-Counting Unit (w. H. Curtin and Co., 

Dallas, Texas). The fractions were then assayed for protein 

concentration and glyoxalase I activity by the procedures 

previously described. The active fractions were pooled and 

dialyzed against 50 mM imidazole buffer containing 0.15 M 

NaCl and 5-0 mM MgS04 under nitrogen for 28 hours at 5 C. The 

buffer was changed at the end of eight and 16 hours. The 

protein sample was then chromatographed with Cellex-D. 

Fifty grams of Cellex-D (DEAE-Cellulose, Bio-Rad Labora-

tories, Richmond, California) were allowed to swell in glass-

distilled water overnight at 5 C. The material was then washed 

on filter paper with 500 ml of 0.5 N NaOH followed by washing 

twice with 500 ml of glass-distilled water. The material was 

then washed with 500 ml of 0.5 N HCl and again washed with 

glass-distilled water. After the final water rinse, the 
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material was washed with 1000 ml of 0.10 M imidazole-0.15M 

NaCl-5«0 mM MgS04 buffer and allowed to stand in this buffer 

overnight. A 2.5 cm x 50 cm Sephadex Laboratory column was 

packed to a height of about M-0 cm with this slurry at 5 C. 

The column was allowed to stand for three days after which 

approximately one liter of buffer was passed through it to 

insure maximum packing of the material. 

The protein sample was then added to the column and the 

protein eluted with 0.1 M imidazole-0.15 M WaCl-5-0 mM MgS04 

and 2.6 ml-fractions were collected by the use of the Auto-

matic Fraction Collector. The fractions were then assayed 

for protein content and glyoxalase I activity by the methods 

previously described. The active fractions were pooled and 

the active enzyme protein sample precipitated by the slow, 

dropwise addition of two volumes of cold acetone with the 

mixture being kept at -10 C in an ice-salt tsath. The sus-

pension was then centrifuged at 5,000 x g for 10 minutes at 

0 C in the refrigerated centrifuge. The precipitate was dis-

solved in 3.5 ml of 0.025 M imidazole containing 5.0 mM MgSQ4, 

pH 7.3. The enzyme solution was stored at -20 C until use. 

The procedure was repeated using 50 DBA/lJ mice aged six 

weeks. Approximately 25 grams of acetone powder was obtained 

by the previously described methods. 
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Glyoxalase l From Livers of DBA/1 J Mice 
Bearing a Lymphosarcoma 

Ninety-five mice aged 6.5 weeks were implanted with tumor 

tissue from an animal bearing an 11-day tumor. The implantation 

procedure was subcutaneous implantation of the tissue under 

the right leg of the animal. The tumor was allowed to develop 

for 8.5 days after which the animals were sacrificed. During 

this development period, however, 35 °f the animals died; 

thus, only 60 mice were available for the experiment. The 

liver tissue of these animals was pooled and blended in acetone 

as described earlier. This procedure resulted in %0.4 grams 

of acetone powder which were allowed to stand in the refrig-

erator for 12 hours before use. Glyoxalase I was isolated 

and purified by the previously described methods. 

Effect of Substrate Concentration on the 
Velocity of the Glyoxalase 

I-Catalyzed Reaction 

Standard curve for the Hemimercaptal 

As noted previously, the true substrate for glyoxalase I 

is the hemimercaptal formed by the non-enzymic reaction of 

methylglyoxal and glutathione. Thus, a study of the effects 

of substrate concentration on the enzyme velocity was initiated 

with a study of the hemimercaptal formation. The initial 
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experiment was a study of the formation of fcl*e hemimercaptal 

in imidazole buffer. 

Kermack and Matheson (29) first investigated the formation 

of the hemimercaptal. They observed an increased absorbance at 

240 mu when equimolar concentrations of methylglyoxal and gluta-

thione were mixed in 0.053 M phosphate buffex. They attributed 

this increase to the formation of the hemimercaptal. Cliffe and 

Waley (4) in a detailed study, reported a molor extinction coeffi-

cient of 220 at 240 mu. Using this value, they steadied the 

effects of various concentrations of methyIglyoxal and gluta-

thione on its formation. They observed that; hemimercaptal for-

mation was dependent only upon the concentration of methylglyoxal 

and independent of glutathione concentration. The formation of 

hemimercaptal in imidazole buffer was studied using the molar 

extinction coefficient value of 220 at 2^0 b̂ i as determined by 

Cliffe and Waley (4). 

Equal volumes (0.10 ml) of 0.03 M, 0.06 M, 0.09 M, 0.12M, 

and 0.15 M methylglyoxal and 0.01 M, 0.02 M, 0.03 M, 0.04 M, and 

0.05 M glutathione (pH 6.6) were added to the sample cuvette 

containing 2.79 ml of 0.10 M imidazole-HCl buffer# pH 6.7. 

To the reference cuvette was added 3-0 ml imidazole-HCl buffer, 

pH 6.6. The cuvettes were placed in the spectrophotometer 

(27 c) and allowed to stand for 10 minutes. The optical den-
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sity of the solution was followed as a function of time. The 

final optical density reading was taken 10 minutes after the 

cuvettes were placed in the spectrophotometer. The experiment, 

was repeated using 0.033 M phosphate buffer, pH 6.6, instead 

of the imidazole-HCl buffer. 

In the course of the experiment, it was noted that 0.10 

ml of methylglyoxal and glutathione solutions in 2.90 ml oJt 

either buffer produced a slight absorbance at 2.40 mu. Thus# 

it was necessary to subtract the sum of the absorbance values 

for glutathione and methylglyoxal at the concentrations used, 

from the total absorbance readings of the methylglyoxal-

glutathione solutions at the end of 10 minutes. The concen-

tration of hemimercaptal obtained from the known solutions 

of glutathione and methylglyoxal was calculated by use of the 

following equation: 

A = €bc 

where, 

A = [(o. D. of methylglyoxal-glutathione 
solutions at the end of 10 minutes)-
(o. D. of methylglyoxal +0. D. of 
glutathione)] 

« = E 2 4 0 hemimercaptal = 220 
b = length of light path (1.0 cm) 
c = molar concentration of the hemimercaptal 
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The data were plotted three-dimensionally with the methyl-

glyoxal concentration (mM) on the x-axis, hemimercaptal concen-

tration (M x 10"^") on the y-axis, and glutathione concentration 

(mM) on the z-axis. This three-dimensional plot provided a 

standard curve by which the concentration of the hemimercaptal 

could be obtained from known concentrations of methylglyoxal 
j. 

and glutathione. 

Effect of Substrate on Glyoxalase _I Velocity 

Table 1 is summary of the concentrations of methylglyoxal 

and glutathione solutions which were used in the determinations 

of the effects of the concentration of substrate on the velocity 

of the reaction catalyzed by liver glyoxalase I from normal and 

tumor-bearing mice. 

The reaction mixture consisted of the following: 

Sample Reference 
Component Cuvette Cuvette 

0.10 M imidazole-HCl 2.65 ml 2.65 ml 
buffer, pH 6.8 

0.023 M reduced gluta- 0.10 ml 0.10 nil 
thione, pH 6.6 

0.400 M methylglyoxal, 0.10 ml 0.10 ml 
restandardized 

0.467 M MgS04 0.05 ml 0.05 ml 

Enzyme sample 0.10 ml 0.00 ml 



Table 1. Methylglyoxal and Glutathione Solutions for 
Determination of the Effect of 

Substrate on Glyoxalase I Velocity 
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Methylqlyoxal Glutathione : 

Sample Hemimer-

stock 
soln 

( M ) 

vol to 
rx mix 
(ml) 

final 
conc. 
(mM) 

dil fac 
stock 
solna 

vol to 
rx mix 
(ml) 

final 
conc. 
( mM) 

captal j, 
(M x 1 0 " ) 

1 0 . 0 9 0 . 1 0 3 . 0 9 . 6 0 0 . 1 0 0 . 2 1 4 0 . 7 5 

2 0 . 0 5 0 . 1 0 1 . 0 6 . 8 6 0.10 0 . 2 3 1 1 . 0 

3 0 . 0 5 0 . 1 0 1 . 0 4 . 8 0 0 . 1 0 0 . 3 5 0 1 . 5 

4 0 . 0 6 0 . 1 0 2 . 0 4 . 4 6 0.10 0 . 3 6 3 2 . 0 

5 0 . 1 2 0 . 1 0 4 . 0 4 . 8 0 0.10 0 . 3 3 0 2 . 5 

6 0 . 1 2 0 . 1 0 4 . 0 4 . 0 0 0.10 0 . 3 9 6 3 . 0 

7 0 . 1 2 0 . 1 0 4 . 0 2 . 0 0 0.10 0 . 7 9 7 6.0 

Stock solution of glutathione was 0.0477 M. 
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The components were mixed simultaneously in the sample 

and reference cuvettes and the solutions were allowed to 

stand in the spectrophotometer (27 c) for 10 minutes. The 

sample cuvette was removed, enzyme sample added, and the 

initial linear rate (v) was determined after one minute reaction 

time. 

Determination of Molecular Weights 

Determann (12) describes the linearity between the ratio 

of elution volume ( v e ) to void volume (vQ) and the logarithm 

of the molecular weights of proteins using various Sephadex 

gels. The molecular weights of proteins may be estimated by 

the determination of this ratio. The molecular weights of 

proteins may be estimated by the determination of this ratio. 

The molecular weight of liver glyoxalase I from normal and 

tumor-bearing mice was determined by this procedure. 

A standard curve using Sephadex G-100 (Pharmacia Fine 

Chemicals, Piscataway, New Jersey) was prepared. To excess 

50 mM imidazole-0.15 M NaCl-5-0 mM MgSC>4 buffer, 5*^5 grams 

of Sephadex G-100 were added. The gel material was allowed to 

swell overnight at 5 C. A Sephadex Laboratory column 1.5 x 90 cm 

was packed to a height of 52 cm with this slurry. The column 
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was then allowed to equilibrate at 5 C for 24 hours. The void 

volume and the flow rate were determined by the application 

of 2.0 ml aqueous 0.1% (w/v) Blue Dextran (Pharmacia Fine 

Chemicals, Piscataway, New Jersey) and the protein eluted with 

50 mM imidazole-0.15 M NaCl-5.0 mM MgS04 buffer. 

A 500 M-g/ml solution of each of the following proteins 

was prepared: ribonuclease A (13,600), egg albumin (45,000), 

bovine albumin (67,000), and alcohol dehydrogenase (150,000). 

(Ribonuclease A, egg albumin, and bovine albumin were obtained 

from Nutritional Biochemicals Corporation, Cleveland, Ohio. 

Alcohol dehydrogenase was obtained from Worthington Biochemicals 

Corporation, Freehold, New Jersey.) A 2.0 aliquot of each of 

these protein solutions was added separately to the Sephadex 

G-100 column, eluted with 50 mM imidazole-0.15 M NaCl-5.0 mM 

MgS04, and 2.4 ml—fractions were collected at a rate of 0.60 

ml/minute. Each fraction was assayed for protein by the pro-

cedure of Lowry, et al. (34) . The volume equal to maximum 

protein elution was taken as the elution volume (Ve) for that 

particular protein. A linear relationship was observed within 

the range of the molecular weights of the selected proteins. 

After determination of the standard curve, a 2.0 ml 

aliquot (400 jxg protein) of normal liver glyoxalase I from 
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mice aged six weeks was added to the column, eluted with 

50 mM imidazole-0.15 M NaCl-5.0 mM MgS04 buffer, and 2.0 

ml-fractions collected at a rate of 0.60 ml/minute. Each 

fraction was assayed for protein content by the procedure of 

Lowry, et al. (34) and for glyoxalase I activity by the 

procedure described previously. The specific activity of 

each fraction was plotted against the corresponding total 

volume of buffer. The elution volume was taken as that 

volume corresponding to the maximum glyoxalase I specific 

activity. 

This procedure was repeated for glyoxalase I from normal 

mice aged 8 weeks, liver glyoxalase I from 8-week-old mice 

bearing an 8.5-day tumor, and liver glyoxalase I from 8-week-old 

mice bearing a 10-day tumor. The molecular weight of each of 

these proteins was determined by the calculation of the Ve/V0 

value and by the use of the standard curve prepared previously. 

Effect of Guanidine on Liver 
Glyoxalase I 

Effect of Guanidine on the Activity of Liver 

Glyoxalase I 

The effects of guanidine on the activity of normal liver 

glyoxalase I and the enzyme from the livers of tumor-bearing 
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mice were examined. One-tenth ml of protein solution (acetone 

fractionation II) containing liver glyoxalase I from 8-week-old 

mice bearing an 8.5-day tumor was added to 0.90 ml of 0.5 M 

guanidine-HCl, pH 7.3- The enzyme sample was diluted 1;9 in 

0.025 M imidazole-5-0 mM MgSC>4, PH 7-3 and served as the 

control. The solutions were allowed to stand at room temper-

ature for 10 minutes after which they were assayed for glyoxa-

lase I activity. The standard assay procedure was modified 

when determining the activity of the guanidine-treated enzyme. 

This was necessary because guanidine absorbs strongly at 240 mji. 

These modifications were: (l) 2.7^ ®1 of 0.10 M imidazole-HCl, 

pH 6.8 instead of 2.84 ml was added to the reference cuvette, 

and (2) 0.10 ml of a 1:9 dilution of 0.025 M imidazole-5.0 mM 

MgS04 in 0.5 M guanidine was added to the reference cuvette 

immediately before the addition of the enzyme to the sample 

cuvette. Thus, the absorbance due to the presence of guanidine 

was negated by a similar concentration of guanidine in the 

reference cuvette. The procedure was repeated with liver 

glyoxalase I (acetone fractionation II) from mice aged eight 

weeks. 

Effect of Guanidine Treatment on the Molecular 
Weight of Liver Glyoxalase I 

Immediately after the determination of the effect of 

guanidine on enzyme activity, 0.50 ml of enzyme sample was 
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added to 0.50 ml of 0.50 M guanidine-HCl, pH T-3- The solution 

was allowed to stand at room temperature for 10 minutes after 

which it was added to the Sephadex G-100 chromatographic column 

which previously had been standardized for molecular weight 

determination. The protein was eluted with 50 mM imidazole-

0.15 M NaCl-5-0 mM MgSC>4 and 1.6 ml-fractions collected at a 

flow rate of O A O ml/minute. The fractions were assayed for 

protein and glyoxalase I activity. The void volume of the 

column was determined immediately afterward by methods pre-

viously described. The V e/V 0 ratio was calculated and the 

molecular weight of the protein estimated. 

The stability of the column was then rechecked by repeating 

a previous experiment for the molecular weight of normal liver 

glyoxalase I from mice aged eight weeks. Then, the enzyme 

was treated with guanidine as described above and the V„/v 
o 

ratio determined. This procedure was repeated using the 

acetone fractionation I sample from the purification of the 

enzyme from mice aged 8 weeks and mice aged 8 weeks bearing 

an 8.5-day tumor. After each experiment with guanidine-treated 

enzyme, the Sephadex G-100 column was flushed with approximately 

300 ml eluent to eliminate the guanidine. A 2.0 ml-sample of 

a 500 pg/ml solution of bovine albumin was used as a final 
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check of column stability, in each case, the results sub-

stantiated those obtained in earlier experiments. 

Effect of Temperature on Liver 
Glyoxalase I 

Effect of Temperature on the Format:ion 
of Hemimercaptal 

The investigation concerning the effect of temperature 

on the activity of liver glyoxalase I was initiated by a 

study of the effect of temperature on hemimercaptal formation. 

The following solutions were prepared? (l) 0.03 M, 

0.06 M, 0.09 M, and 0.12 M methylglyoxal; (2) 0.03 M reduced 

glutathione; and (3) 0.10 M imidazole-HCl buffer, pH 6.8. 

Equal volumes (0.10 ml) of each methylglyoxal and glutathione 

solution were added to the sample cuvette containing 2.80 ml 

of 0.10 M imidazole buffer, pH 6.8. To the reference cuvette 

was added 3-0 ml buffer. The cuvettes were placed in the 

spectrophotometer (27 c) and allowed to stand for 10 minutes. 

At the end of this time, the 0. D. value at 240 mu was recorded 

The sum of the O. D. values produced by 0.10 ml of each methyl-

glyoxal and glutathione solution added separately to 2.90 ml 

buffer was subtracted from the O. D. value at 10 minutes. 

The concentration of the hemimercaptal was calculated by 

equation 
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The buffer was then placed in a water bath heated to 

40 G and allowed to equilibrate. The cuvettes were also 

placed in the water bath and filled with methylglyoxal, gluta-

thione and buffer as described previously. The cuvettes were 

allowed to stand in the water bath for 10 minutes after which 

they were removed and placed in the spectrophotometer. The 

temperature in the sample solution dropped to 39.5 C immedi-

ately before reading the 0. D. value. The O. D. values were 

recorded and the concentration of the hemimercaptal was 

calculated as described previously. The procedure was repeated 

at 49.5 C and 55 c. 

Effect of Temperature on Enzyme Activity 

Reaction mixture components were mixed in the sample 

and reference cuvettes and allowed to stand at room temperature 

for 10 minutes. The cuvettes were then placed in the spectro -

photometer and 0.10 ml of 1*19 dilution of enzyme containing 

1.25 fig protein from mice aged eight weeks (acetone fraction-

ation II) was added to the reaction mixture. The initial 

linear velocity was determined and the specific activity of the 

sample calculated by equation 1. 

The buffer was then placed in a water bath held at 29 C 

and allowed to equilibrate. The cuvettes were also placed in 
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the water bath and filled as described previously. The solutions 

were allowed to stand in the water bath for 10 minutes and then 

removed. The temperature of the reaction mixture was quickly 

read (28.5 c) and the cuvettes placed in the spectrophotometer. 

The 0.10 ml aliquot of normal liver glyoxalase (same as above) 

was added to the reaction mixture and the initial linear veloc-

ity measured. The specific activity of the protein sample was 

calculated as described previously. The procedure was repeated 

using 0.10 ml-aliquot of a 1:10 dilution of liver glyoxalase 

I from mice aged 8 weeks bearing an 8,5-day tumor„ 

The method was repeated using water bath temperatures 

such that the temperature of the reaction mixture immediately 

prior to the addition of enzyme was 34 C, 38 G, 40 C, 44 C, 

and 50 C. The maximum temperature drop of the reaction mixture 

from the moving of the cuvettes from the water bath to the 

spectrophotometer was observed to be 4 C (water bath temperature 

54 c). At temperatures higher than 50 C, the temperature drop 

was too rapid to obtain an accurate measurement. The effect 

of temperatures higher than 50 C were not possible by this 

method. However, the only purpose of this experiment was to 

observe the general effect of increasing temperatures on the 
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activity of glyoxalase I. The temperature range used, 25 

C-50 C, was adequate to demonstrate this effect. 

Effect of pH on Enzyme Activity 

Effect of pH on Hemimercaptal Formation 

The effect of pH on the formation of the hemimercaptal 

was first studied. 

The following solutions were prepared: (1) 0.03 M 

and 0.09 M methylglyoxal; (2) 0.03 M reduced glutathione 

solutions, pH 6.6; and (3) 0.10 M imidazole-HCl buffer of pH 

5.5/ 6.5/ 7-5/ a nd 8.0. Equal volumes (0.10 ml) of each 

methylglyoxal and glutathione solution were added to the sample 

cuvette containing 2.80 ml of 0.10 M imidazole-HCl buffer, 

pH 5-5' The reference cuvette was filled with 3.0 ml of buffer, 

The solutions were allowed to stand in the spectrophotometer 

(27 C) for 10 minutes. The 0. D. value was measured after 

the 10-minute period. The sum of the absorbance values pro-

duced by 0.10 ml of each methylglyoxal and glutathione solution 

when added separately to 2.90 ml buffer, pH 5.5, was subtracted 

from the 0. D. value after 10 minutes. The concentration of 

hemimercaptal in the reaction mixture was then calculated by 

equation 3* 
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The procedure was repeated using 0.10 M imidazole-HCl 

buffer, pH 6.5# 7-5/ and 8.0. The hemimercaptal concentration 

was then plotted against the pH of the buffer solution. 

Effect of pH on Glyoxalase I Activity 

The effect of pH on the activity of liver glyoxalase I 

from normal and tumor-bearing mice was studied. The enzyme 

activity was determined by the standard assay method using 

0.10 M imidazole-HCl buffer, pH 5-5« After the sample and 

reference cuvette had been filled and allowed to stand in the 

spectrophotometer for 10 minutes, 0.10 ml of normal liver 

enzyme sample (acetone fractionation II) containing 2.1 fig 

protein was added to the reaction mixture. The initial 

linear velocity was determined and the specific activity of 

the enzyme sample calculated. The procedure was repeated 

using 0.10 M imidazole-HCl buffer solutions of pH 6.0, 6.6, 

6.8, 7.0, 7A, 7-7/ 8.2, and 8.4. 

Using this technique, the effect of pH on the activity 

of liver glyoxalase I from tumor-bearing mice was also 

studied. 

Effect of Magnesium on Liver 
Glyoxalase I Activity 

Since the enzymes had been prepared in the presence of 

magnesium, it was necessary to remove the cation from the 
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enzyme samples. Thus, 1.0 ml-aliquots of liver glyoxalase I 

preparations from normal mice aged 8 weeks and mice aged 8 

weeks bearing an 8.5-^ay tumor were dialyzed under nitrogen 

at 5 C against 500 ml of 50 mM imidazole-5-OmM EDTA, pH 7-5 

(one change after five hours). After 10 hours, a new buffer 

was added (0.050 M imidazole-HCl, pH 7-5) an<3 the samples 

dialyzed an additional 17 hours (one change after 10 hours)„ 

After the dialysis period, the activities of the enzyme were 

measured in the presence of varying concentrations of magne-

sium. The standard assay method was modified as indicated 

in Table 2. 

The reference cuvette contained the same components 

except that an additional 0.10 ml buffer was added to compen-

sate for the 0.10 ml of the enzyme sample which was added to 

the sample cuvette. 



Table 2. Reaction Mixture Components for the 
Determination of the Effect of 
Magnesium on Enzyme Activity 
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Methyl-

(ml) 

Imidazole 
Buffer 

Gluta-
thione MgS04 

Final 
Concentration 

Methyl-

(ml) (ml) (ml) (ml) Mg+2 (mM) 

o
 * 

O
 2 . 7 9 0 .10 0 .00 O

 
• O

 
0 - 1 0 2 . 7 6 0.10 - 0 .025 5 . 8 

0.3L€ 2 . 7 4 O
 

• J—1 O
 

0 .050 7 . 6 

0 . 1 0 2 . 6 9 0 . 1 0 0.100 1 5 . 2 

O
 

• £*
 

O
 2 . 6 4 0
 

• O
 

0 .150 2 2 . 8 

o . i a 2 . 5 9 0.10 0 .200 50 .4 

The concentrations of the solutions were the same as 
those in the standard assay procedure. 



CHAPTER IV 

RESULTS AND DISCUSSION 

Figure 1 illustrates the initial linear rate curves 

obtained for: (1) enzyme samples containing low protein 

concentration and low specific activity; and (2) enzyme 

samples with high specific activity. 

It is seen from this graph that an initial lag phase 

was associated with enzyme samples with low protein content 

and low specific activity. A correlation between the length 

of the lag phase and the specific activity (and protein 

content) was evident throughout the study (the lag phase 

increased as the specific activity decreased). This had not 

been reported previously for glyoxalase I. It has been found 

in other enzyme systems. Willstater (52) reported a Lag 

phase using liver carboxyesterase. This was explained by the 

presence of impurities in the substrate solution. These 

impurities were found to have a high affinity for the, enzyme 

but broke down slowly. After these impurities had been 

removed from the reaction mixture, the normal reaction began 

and proceeded-linearly. The lag phase observed in thJLs 

38 
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60.0 -

0.20 0.40 0.60 

OPTICAL DENSITY 

0.80 1.00 

Fig. I - Typical initial linear rate curves for 
liver glyoxatase I. 
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investigation with glyoxalase I could be the result of trace 

impurities in the methylglyoxal solution. Samples containing 

low protein content and low specific activity would require 

longer time to eliminate the impurities from the reaction 

mixture. Thus, a latent period would be produced. Only 

enzyme samples which produced initial lineax rate curves 

similar to curve B were used in the chemical testing of the 

enzyme preparations. 

The standard deviation of the glyoxalase I assay procedure 

used in the study was determined to be a 4.5 pMolar units/mg pro-

tein (s = *4.5) using an enzyme sample of high specific activity. 

Isolation of Glyoxalase I From 
Normal Mouse Liver 

As stated previously, the fractions collected from 

CM-Sephadex and DEAE-cellulose chromatography of the enzyme 

samples were assayed for protein content and glyoxalase I 

activity. Protein concentration and enzyme specific activity 

were plotted against eluent volume for each chromatographic 

procedure. These elution profiles for liver glyoxalase I 

from mice aged eight weeks are given in Figure 2 and Figure 5. 

As the data indicate, glyoxalase I activity is associated 

with the trailing edge of the main protein peak in both 
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CM-Sephadex and DEAE-cellulose treatment of the enzyme. The 

void volume of the CM-Sephadex column used was 86.1 ml. The 

V e/V 0 ratio was 1.44. The corresponding value for the liver 

enzyme from normal mice aged six weeks was 1.49. 

The maximum protein elution peak resulting from DEAE-

cellulose chromatography occurred at approximately 126 ml 

eluent volume. The elution volume of this protein peak was 

constant in each treatment of the enzymes with DEAE-cellulose. 

Therefore, this protein peak was used as a reference peak (v^) 

to which the enzyme activity peak may be related. The Ve/V^ 

ratio, then, for liver glyoxalase I from normal mice aged six 

weeks and eight weeks respectively was 1-33 an(3 l.JO. 

Protein concentration determinations and enzyme activity 

assays were carried out on sample aliquots from each step of 

the purification scheme. Table 3 is a summarization of the 

results obtained for liver glyoxalase I from normal mice aged 

eight weeks. 

Although not shown in Table 3' a 1200-fold purification 

of the enzyme was achieved. This sample represented the most 

active fraction from DEAE-cellulose chromatography. The protein 

fraction used for chemical testing, the acetone fractionation 

II sample, represented an approximate 600-fold purification. 
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Table 3- A Summary of the Purification of Liver 
Glyoxalase I from Normal 

Mice Aged Eight Weeks 

Step Specific 
Activity9 

Total 
Units 

Yield 
(*) 

Purification 
Factor 

Na2HP04 

extraction 2.3 42,395 

Butanol 
fraction-
ation 

13-7 30,259 71.3 5-6 

Acetone 
fraction-
ation I 

80.1 15,982 37-7 34.8 

CM-Sephadex 
(pooled active 
fractions) 

224.2 11,396 26.9 97-4 

Dialysis 589.1 9,212 21.7 256.1 

DEAE-cellulose 
(pooled active 
fractions) 

664.0 9,024 21.2 288.7 

Acetone frac-
tionation II 1296.8 799 1.9 563.8 

/iMolar units/mg protein 
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In contrast, Davis and Williams (11) report only a 200-fold 

purification of calf liver glyoxalase I using the same procedure. 

Isolation of Liver Glyoxalase I 
From Tumor-Bearing Mice 

Typical protein concentration and enzyme activity elution 

profiles for CM-Sephadex and DEAE-cellulose chromatography of 

liver glyoxalase I from tumor-bearing mice are given in Figure 

4 and Figure 5/ respectively. 

Using CM-Sephadex, the activity of the enzyme from the 

livers of tumor-bearing mice, as with ttie normal liver enzyme, 

was found to be associated with the tail of the main protein 

peak. The Ve/V0 ratio was calculated to be 1.59 from the 

livers of the mice bearing an Q.^-day tumor and 1.44 for mice 

of the same age bearing a 10-day tumor. 

Chromatography with DEAE-cellulose of the enzyme from 

mice aged eight weeks bearing an 8.5-day tumor yielded a Ve/V£ 

ratio of 1.15 a s compared with 1.05 fox the enzyme isolated 

from livers of animals bearing a 10-day tumor. Thus, in 

cancerous mice, enzyme activity is no longer associated with 

the tail of the protein peak but is shifted towards the peak. 

Thus, a substantial portion of the protein eluted in the first . 

150 ml of eluent contained enzyme activity, Since a linear 
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gradient was not used as a method of component separation, most 

of the inactive protein probably remained on the column. 

Table 4 summarizes the results for the purification of 

liver glyoxalase I from mice aged eight weeks bearing an 

8.5-day tumor. 

Although not shown in the table, the most active fraction 

from DEAE-cellulose chromatography of the enzyme represented 

a 893-fold purification of the enzyme. The sample used for 

most testing of the enzyme represented a 348-fold purification. 

A comparison of Table 3 and Table 4 indicates that the 

specific activity of the enzyme from tumor-bearing mice at 

each step after acetone fractionation I is much less than 

that of the normal liver enzyme. However, the corresponding 

values at the Na2HPC>4 extraction and butanol fractionation 

procedures are quite similar. It is also evident that the 

per cent yield values at these steps are equivalent. Thus, 

the differences in specific activities between the liver 

enzyme from normal and cancerous mice in the latter stages 

of the purification scheme may be due to an activity loss by 

the liver enzyme from cancerous mice at the dialysis step. 

It must be pointed out that the differences in specific activity 

values at the-latter stages of purification are much greater 
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Table 4. A Summary of the Purification of Liver 
Glyoxalase I from Mice Aged 8 
Weeks Bearing an 8.5-Day Tumor 

Step Specific Total Yield Purification 
Activity3, Units " ( * ) Factor 

NaaHP04 
extraction 1.9 20,709 — 

Butanol 
fraction-
ation 

11.5 14,230 68.7 6.1 

Acetone 
fraction-
ation I 

19.4 7,425 35-8 10.2 

CM-Sephadex 
(pooled active 
fractions) 

77.0 6,653 27.3 40.3 

Dialysis 147.4 2,311 11.2 77-6 

DEAE-cellulose 
( Pooled active 
fractions) 

442.1 1,763 8.5 232.7 

Acetone frac-
tionation II 660.8 315 1.5 347.8 

juMolar units/mg protein 
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than the differences in per cent yield values. It remains, 

however, that these specific activity differences may be due 

to a difference in stability to dialysis against 50 mM 

imidazole-0.15 M NaCl-5-0 mM MgS04. This hints that liver 

glyoxalase I from normal and cancerous mice may not neces-

sarily be the same protein molecule. 

Effect of pH and Temperature on 
Liver Glyoxalase I Activity 

Effect of Temperature and pH on 
Hem inner captal Formation 

The effects of temperature and pH on the formation of 

the hemimercaptal are illustrated in Figure 6. 

As these data indicate, alterations of pH and temperature 

have little effect on the formation of the hemimercaptal. Thus, 

any effect of these factors on the velocity of the enzymatic 

reaction may be attributed to direct effects on the reaction 

and not merely to an increased (or decreased) formation of 

substrate. 

Effect of Temperature on Enzyme Activity 

Figure 7 illustrates the effect of temperature on liver 

glyoxalase I from normal mice and mice bearing a .lymphosarcoma. 

A temperature increase from 28 C to 58 C results in an approx-



38 
O 

S 

m o 
z r* 
0 t ° 2 •j "" 

* * 
§L 2 
< W 
u 
yj 
1 
2 
m 
x 

o 
P 

z 
yj 
o z 

% 
* * 
a. 3s 
< « 
o 
K 
tel 

' * 
UJ 
X 

51. 

8.0 

6.0 

40 

2.0 

4 i»M Mg- I mM 6SH 
3mM Mg-I mM OSH 

cr-O"— -O 2 mM Mg — I mM ©SH 

--a i mM M@ - I mM G8H 

± i JL 
15 30 45 

TEMPERATURE (*C ) 

<A) 

60 

5.0 

4.0 

3.0 

2.0 

1.0 

" V 
^ 3 mM Mg — I mM 63 H 

> I mM Mg — I mM OSH 

5.5 6.5 7.5 3.5 

PH 

( B) 

Fig. 6 ~ Effect of temperature (A) and pH 
(B) on the formation of hemimercaptal. Mg-
methylglyoxal, GSH- reduced glutathione 



o 
w 

52 

O 
ur> 

» k 

9 

o 
fO 

o 
9 

M 
az 
3 
h < 

kf 
£L 
2 
ill 
h 

O 
OJ 

Ed 

-L X 

o 
o 
(0 

o 
o 
CM 

o 
o 
CD 

o 
o * 

*> m cd 

(uiojcud fiuu/sjjun jDjOiuri) 

AXIAIXOV 0IJI03dS 



53 

imate 1.8 fold increase in glyoxalase I activity from normal 

mouse liver (Q^q = 1»8) and an approximate 1.6 fold increase 

in the activity of the enzyme from livers of tumor-bearing 

mice (QJLQ = 1.6). The activation energies of normal liver 

glyoxalase I and liver glyoxalase X from tumor—bearing mice 

are approximately 11,600 cal/mole and 9/500 cal/mole, respec-

tively. Since these values are approximations* no significance 

is attached to the difference. 

The optimum temperature range for each enzyme was found 

to be 37-38 C. The activity in each case is greatly decreased 

at temperatures above this optimum. There appears to be no 

significant difference in the response of normal mouse liver 

glyoxalase I and liver glyoxalase I from tumor-bearing mice 

to increased temperatures. 

Effect of pH on Liver Glyoxalase 1 Activity 

Figure 8 illustrates the effect of pH on the activity of 

normal liver enzyme and the enzyme from the livers of tumor-

bearing mice. it is evident that the enzymes exhibit a broa<3. 

pH spectrum with the specific activity relatively constant 

between pH 6.5-7.5. The optimum pH appears to be between 

6.8—7-0 regardless of enzyme source. This is in accordance 
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with the work of Racker ( 4 l ) and Vince and Wadd (49) who report 

a broad pH spectrum (pH 6 . 5 - 7 - 5 ) glyoxalase I isolated 

from yeast. It is apparent that no substantial difference 

of pH requirements exists between the normal mouse liver 

glyoxalase I and liver glyoxalase I from tumor-bearing mice. 

Molecular Weight Determinations 

Table 5 summarizes the results obtained for the cali-

bration of the Sephadex G-100 column for the molecular weight 

determination of glyoxalase I from normal mouse liver and 

the liver of tumor-bearing mice. Each experiment was carried 

out in duplicate and the points checked periodically. 

The mean of the two values reported in Table 5 for the 

V e A 0 ratio for each standard protein was plotted against 

the logarithm of the molecular weight. This plot is given in 

Figure 9 . 

Figure 9 illustrates a linear relationship between the 

V e A 0 ratio and the logarithm of the molecular weight between 

13^600-150 ,000 . These results complement those reported by 

Determann (12) for Sephadex G-100. Thus, the molecular weight 

of an unknown protein can be estimated by the determination of 

the Ve/VQ ratio provided the molecular weight is within the 

range of 13 ,600 -150 ,000 . 
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Table 5. Calibration of Sephadex G-100 for 
Molecular Weight 

Standard 
Protein 

Molecular 
Weight 

Elution 

Volume (ml) 
Exp. 1 Exp. 2 

.Ze/v 
Exp. 1 

•Q~ 
Exp. 2 

Ribonuclease A 

Egg Albumin 

Bovine Albumin 

Alcohol 
Dehydrogenase 

13/600 

45 ,000 

67 ,000 

150,000 

51 .4 

3 7 . 8 

3 2 . 7 

2 6 . 0 

51 .2 
3 7 . 4 

33 .4 

2 5 . 4 

2 . 0 8 

1 . 5 3 

1 .32 

1.04 

2.07 

1.51 

1.35 

1.02 

VQ(void volume) = 24.8 ml as determined by Blue Dextran 
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To determine the standard deviation of the results 

obtained by use of the molecular weight standard curve, five 

determinations of V0/V ratio were made for one standard 
e o 

protein (bovine albumin) and the molecular weight calculated 

from the standard curve. The standard deviation for the 

molecular weight determinations obtained by this experiment 

was 4150 (s = i4l50) or approximately 7 P^r cent. 

Table 6 summarizes the results obtained for the deter-

mination of the molecular weights of liver glyoxalase I from 

normal mice aged six and eight weeks and mice aged eight weeks 

bearing an S.5-day and a 10-day tumor. It is apparent that 

the molecular weight of the enzyme from the liver of tumor-

bearing mice is higher than the liver enzyme from normal mice. 

This investigation is the first to present experimental evidence 

for the molecular weight of glyoxalase I, regardless of the 

source. Racker (4l) "assumes" a molecular weight of 100,000. 

However, no experimental data were presented. Thus, compar-

isons of the molecular weight determinations of this investi-

gation with those of other workers are not possible. 

Effect of Guanidine on Liver 
Glyoxalase I 

The-effect of 0.50 M guanidine-HCl, pH 7.3 on the 

activity and molecular weight of liver glyoxalase I from 
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Table 6. Molecular Weight of Liver Glyoxalase _I from 
Normal and Tumor-Bearing Mice 

Enzyme Source V e A 0 

Estimated 
Molecular Weight9, 

Exp. 1 Exp. 2 Exp. 1 Exp. 2 

Liver from normal mice 
aged 6 weeks 1.49 1.50 48,000 47,500 

Liver from normal mice 
aged 8 weeks 1.49 1.49 48,000 48,000 

Liver from mice aged 
8 weeks bearing an 8 . 5 
day lymphosarcoma 

1.37 1.38 60,000 60,000 

Liver from mice aged 
8 weeks bearing a 10.5 
day lymphosarcoma 

1.38 .1.38 60,000 60,000 

The acetone fractionation II sample from purification 
of the enzyme was used as the protein sample. 
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normal and tumor-bearing mice is given in Table 7- It is 

well established that solvents such as urea arid guanidine 

hydrochloride may break hydrophobic bonds associated with 

protein quaternary structure (43/ 24). Urea has also been 

demonstrated to dissociate hydrogen bonds associated with 

tertiary protein structure (24). Since the quaternary 

structure is associated with the aggregation of subunits in 

polymeric proteins, treatment of proteins with these agents 

may reveal the existence of such structures. 

The differences observed in the molecular weights of 

liver glyoxalase from normal and cancerous mice suggested 

that the enzyme may be composed of molecular subunits- The 

presence of such structures in glyoxalase I has not been 

previously reported, however. Thus, the enzymes were treated 

with guanidine hydrochloride and molecular weight determinations 

were made. 

The method of determination of molecular weight used in 

this study was dependent upon the assay of an active enzyme 

molecule. Thus, it was first necessary to determine the 

effect of guanidine on the activity of the enzyme from the 

livers of normal and cancerous mice. As the data of Table 7 

indicate/ the- activity and apparent molecular weight of the 

normal liver enzyme is generally unaffected by the treatment with 
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Table 7- Effect of Guanidine on 
Liver Glyoxalase I 

• 

Activity Molecular 
Enzyme Source Fraction Tested [% of Control) Weight 

Liver from 
normal mice 
aged 8 weeks 

Acetone Fraction I 
Control (untreated) 
Treated 

100 
87 

48,000 
47/500 

DEAE-cellulose 
(pooled active 
fractions) 

Control (untreated) 
Treated 

100 
91 

47,500 
48 ,000 

Liver from 
mice aged 8 
weeks bearing 
an 8 . 5 day 
tumor 

Acetone Fraction I 
Control (untreated) 
Treated 

Acetone Fraction II 
Control (untreated) 
Treated 

100 
65 

100 
68 

63,000 
26 ,000 

23 ,000 
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0.50 M guanidine-HCl, pH 7-3 for 10 minutes. However, the 

activity and apparent molecular weight of the enzyme from the 

livers of tumor-bearing animals is decreased. This indicated 

that although guanidine does affect the activity of the 

enzyme from the livers of cancerous mice, the methods employed 

for molecular weight estimations could be used to determine 

the molecular weight of guanidine-treated enzyme. 

These determinations were carried out on both crude and 

relatively pure enzyme samples immediately after the activity 

experiments. Treatment of the liver enzyme from tumor-bearing 

mice yielded an apparent molecular weight of 23,000 (pure 

sample) and 26,000 (crude sample) while the apparent molecular 

weight of the guanidine-treated normal liver enzyme was unaf-

fected. it appears, then, that liver glyoxalase I from 

tumor-bearing mice may be composed of protein subunits. This 

does not mean, however, that the enzyme from normal liver does 

not have such subunits. Possibly a longer incubation period 

or more concentrated solutions of guanidine are required to 

demonstrate such structures. However, this may be an indi-

cation that the bonds linking the protein subunits are dif-

ferent (or vary in degree) in the normal liver enzyme and the 

enzyme fr'om the livers of tumor-bearing mice. 
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Effect of Magnesium on Liver 
Glyoxalase I Activity 

Figux-e 10 illustrates the effect of magnesium on the 

activity of liver glyoxalase I. The enzymes samples were 

dialyzed against 50 mM imidazole-HCl, pH 7-3 containing 0.50 

mM EDTA for 27 hours before assay. The controls were enzyme 

samples which were not dialyzed.. 

As the data indicate, dialysis of the liver enzyme from 

normal and tumor-bearing mice against EDTA results in approx-

imately 90 per cent loss of activity. Further, the activity 

cannot be restored by the addition of magnesium to the reaction: 

mixture. 

Davis and Williams (10) report similar results with 

glyoxalase I from calf liver. They report that dialysis of 

the enzyme (they do not state the stage of purification) against: 

1.0 mM EDTA for 12 hours results in a 90 per cent loss of 

activity. This inactivation cannot be reversed by the addition 

of magnesium or any other cation. They suggest that the mag-

nesium ion is tightly bound and may function in one of two 

ways: ( 1) it may be involved in the catalysis of the formation 

of the thioester, or (2) it may provide a link between protein 

subunits. The latter suggestion is especially interesting 
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since no evidence for subunits in glyoxalase I has been 

reported by other workers. 

Effect of Hemimercaptal Concentration on the 
Velocity of the Glyoxalase I Reaction 

Effects of Substrate Concentration on 
Enzyme Velocity 

One of the most important factors which determines the 

velocity of enzyme-catalyzed reactions is the concentration of 

the substrate. In most cases, a plot of substrate concentration 

( s) against the initial velocity (v) yields a hyperbolic curve.. 

Such a plot may be termed a rate-substrate concentration 

curve. In 1913/ Michaelis and Menten (35) presented a theory 

which has since become the foundation of enzyme kinetics. 

They proposed that the enzyme (E) reacts with the substrate 

forming an enzyme-substrate complex (ES). This complex then 

breaks down to give the products of the reaction and the free 

enzyme. The process may be summarized as follows: 

E + S ••ES (4) 

ES ( + any second reaction)——E + P (5) 

An enzyme which obeys Michaelis-Menten kinetics has 

independent substrate binding sites and the rate-substrate 
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concentration curve resembles a section of a rectangular 

hyperbolic curve. The equation, derived by Michaelis and 

Menten, which describes this type of enzyme kinetics states: 

— 1 — = —L§J (6) 
vmax Km + rs] 

where: 

v = velocity at any substrate concentration 
V m a x

 = theoretical maximum velocity 
[S] = substrate concentration (molar) 
Km = Michaelis-Menten constant, the concentration 

of substrate required to give one-half maxi-
mum velocity 

The value may be calculated by any of several methods. 

However, the most widely used procedure is the graphical 

double reciprocal plots method described by Lineweaver and 

Burke (32). 

Some enzymes, however, do not exhibit an hyperbolic 

rate-substrate concentration curve but rather a curve of sigmoid 

shape. These enzymes, thus, do not obey Michaelis-Menten 

kinetics. This phenomenon was first described for the oxygen-

hemoglobin system (20, 21, 53> 55)- It was found that 

hemoglobin is composed of four subunits, each of which can 

bind an oxygen molecule. When the first oxygen molecule is 
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bound to one of the sites, the affinity for oxygen at the other 

sites is increased. Similar events follow the attachment of 

the second and third oxygen molecule; each time the affinity 

for oxygen becomes greater at the remaining unbound sites. 

It has been estimated (22) that the affinity for oxygen at 

the fourth site is 280 times as great than that of the first. 

The characteristic of this system is that the binding sites 

are dependent upon each other and the binding of substrate at 

one site increases the binding of substrate at the other sites. 

The sigmoid rate-substrate concentration curve is attributed 

to this increased affinity for substrate as the enzyme becomes 

more saturated. 

In an attempt to explain this phenomenon, it was assumed 

that, in the absence of oxygen, the subunits interacted strongly 

with each other. These interactions in some way induce confor-

mational changes which produce weak affinity for oxygen at all 

four sites. When the first oxygen molecule is bound, these 

interactions weaken and the affinity for oxygen at the remaining 

sites is increased. The four sites thus "cooperate" with each 

other in the binding of substrate molecules. Such sites are 

termed "cooperative sites." The substrate then acts as an 

activator-, a positive effector, by aiding substrate binding. 
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A negative effector changes the conformation of the protein 

such that substrate binding is hindered (2). 

The original work on the oxygen-hemoglobin system laid 

the foundation for similar findings in other proteins. This 

phenomenon has been demonstrated in numerous proteins examples 

of which are aspartate transcarbamylase (19) and. isocitrate 

dehydrogenase (3). 

A sigmoid rate-substrate concentration curve thus indicates 

that the enzyme interacts with more than one molecule of 

substrate. The simplest explanation is that each enzyme has 

more than one catalytically active substrate binding site. 

Thus, strict Michaelis-Menten kinetics do not apply to these 

systems. An equation based on the Michaelis-Menten equation 

and which describes sigmoidal rate-substrate concentration 

curves was derived by A. V. Hill (25). Although originally 

derived in association with the oxygen-hemoglobin system, 

the empirical .Hill equation, as termed by Changeaux (3)/ has 

generally been applied to enzyme systems exhibiting sigmoidal 

rate-substrate concentration curves. The derivation of the 

Hill equation is as follows: 

Let n = number of substrate binding sites/enzyme 
molecule 



The Michaelis-Menten equation becomes 

v fSl" 
Vmax K' + [S]n 

Rearranging (7): 

i r̂ -,n Vmax - v . . log [ S] - — — = log K' (12) 

When v = 1/2 V, max 

V - lj lpg = 0 
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(7) 

vmax[S]n = vK' + v[S]n (8) 

Vraax[S]
n - v[S]n- = vK« (9) 

[S]n (Vraax - v) = vK' (10) 

[S]" (Vmax - v) = K' (11) 

log Vma*,. " v = log K« - nlog [S] (13) 

Multiplying (13) by -1 and rearranging: 

log X = n iog[S] - log K' (14) 
Vmax - v 

vmax ~ v vmax ~ v 

Thus, 

[si = [S]5Q (15) 

and, 

[ s] = l o g K' ( l 6) 
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Equation 16 is called the Hill equation and describes ' 

sigmoid responses to substrate concentration. A plot of 

v 
log as a function of log [ S] should give a 

Vmax - v 

straight line with a slope of n. This experimentally determined 

value of n has been the subject of some controversy. It has 

been referred to as an "interaction coefficient," simply a 

measure of the sigmoidicity of the rate-substrate concentration 

curve {^3). However, Atkinson, et al. (2) state: 

(The Hill equation is) . . . a form of the 
Michaelis-Menten equation and clarifies the physical 
significance to be assigned to the slope of a plot 
of log v/Vmax - v against log [S]. This slope is 
a function of the number of interacting substrate 
binding sites per enzyme molecule and the strength 
of interaction . . . . When the interactions are 
strong, the slope will be numerically equal to n, 
the number of sites. 

In an attempt to further explain this phenomenon, Monod, 

Changeaux, and Jacob (36) uses the term "allosteric protein" 

to describe macromolecules in which the binding of one mole-

cule of ligand influences the binding of another lingand mole-

cule. "Allosteric effects" refer to the effects produced when 

the reaction of ligand with one site of any polyvalent protein 

affects the reaction of ligand at any other site as a result 

of conformational changes. Monod, Wyman, and changeaux (37) 

proposed a model for allosteric proteins based on allosteric 

transitions. This model may be summarized as follows: 
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(1) Allosteric proteins are oligomers the protomers of 
which are associated in such a way that they occupy 
all equivalent positions. 

(2) There is only one catalytically active site per 
protomer. 

(3) The conformation of each protomer is constrained 
by its association with other protomers. 

(4) At least two states are accessible to allosteric 
oligomers. These states differ by the distribution 
and/or inter-protomer bonding and by conformational 

(5) The affinity of one or several sites for substrate 
is altered when a transition occurs from one state 
to another. 

(6) When the protein goes from one state to another, 
the molecular symmetry of the protein is conserved. 

Monod, e_t al_. further state: 

By their very nature, allosteric effects cannot 
be interpreted in terms of classical enzyme action. 
It must be assumed that these interactions are 
mediated by some kind of molecular transition 
{allosteric transition) which is induced or sta-
bilized in the protein when it binds an allosteric 
ligand. 

Effect of Hemimercapta1 Concentration on the Velocity 
of the Glyoxalase I-Catalyzed Reaction 

The standard curve for hemimercapta1 concentration is 

given in Figure 11. A linear relationship between raethyl-

glyoxal, glutathione, and hemimercapta1 concentration was 

obtained. The curve was used to determine hemimercapta1, 
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concentration in experiments involving the study of the effect 

of substrate concentration on the velocity of the glyoxalase 

I-catalyzed reaction. 

The effect of substrate concentration on the velocity 

of the glyoxalase I reaction is given in Figure 12. It is 

evident that the rate-substrate concentration curves in all 

cases are biphasic; that is, they are a combination of the 

Michaelis-Menten kinetics and sigmoid responses. This was 

surprising since an enzyme exhibiting both Michaelis-Menten 

kinetics and allosteric effects has not been reported pre-

viously. 

Since the initial portion of the curves appeared to 

follow Michaelis-Menten kinetics, double reciprocal plots 

of the data from this portion of the curves were made by the 

procedure of Lineweaver and Burke (32). These plots are 

given in Figure 13- Likewise, Hill plots were made for the 

data from the sigmoid portion of the rate curves for liver 

glyoxalase I from normal mice aged 8 weeks and mice aged 8 

weeks bearing an 8.5-day and a 10-day tumor. These plots 

are given in Figure 14. The Km, [S^Q], and n values were 

calculated from these plots and are summarized in Table 8. 
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Table 8. Tabulation of Km,. XJ1I5O'
 an<^ R Values 

Obtained for Liver Glyoxalase I 

n 

Normal Liver 

mice aged 6 weeks 4.1 x 10~s mm mm 

mice aged 8 weeks 5.0 x 10"5 0.250 4.0 

Liver from Tumor-
bearing Mice 

8.5 day tumor 1.0 x 10"4 0.240 8.5 
10 day tumor 6.0 x 10"5 0.257 8.5 
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The values obtained for liver glyoxalase I from 

normal mice aged six and eight weeks and from mice aged eight 

weeks bearing a 10-day tumor differ only slightly. There is, 

however, a two-fold difference between the values for normal 

liver glyoxalase I and the enzyme from mice bearing an 8.5-^ay 

tumor. The significance of this difference cannot be construed 

at this time. Since only three points which represented 

dilute substrate concentration were used, the accuracy of the 

Km measurements may validly be questioned. However, the fact 

that straight lines were obtained is an indication that the 

initial portion of the rate curves is indeed typical of enzymes 

which follow Michaelis-Menten kinetics. It must be mentioned 

that, although not shown, double reciprocal plots of the 

apparent sigmoid portion of the curves yielded straight only 

by exaggeration of the points. 

The Hill plots from the data of the sigmoid portion of 

the curves for the enzymes from the livers of normal mice 

aged eight weeks and tumor-bearing mice yielded straight lines 

with slopes (n values) of approximately 4 and 8, respectively. 

Hill plots of the initial portion of the rate curves, as shown 

in Figure 14, did not give straight lines indicating that 

this portion of the curves is not sigmoid. 
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It may be concluded from these results that (1) the 

initial portion (0 - 1.5 x 104 M substrate concentration) of 

the rate-substrate concentration curves obtained for glyoxalase 

I from normal and tumor-bearing mice obeys Michaelis-Menten 

kinetics; (2) the remaining portion (2.0 - 6.0 x 104 M) is 

sigmoid? (3) the enzyme from normal mice aged eight weeks 

possibly contains four and the enzyme from tumor-bearing mice 

possibly contains eight cooperative binding sites? and (4) the 

enzyme from normal and tumor-bearing mice also contains an 

undetermined number of independent (uncooperative) substrate 

binding sites. 

The Polymeric Structure of Glyoxalase _I: 

A Hypothetical Model 

The data presented in this study were very carefully 

reviewed and the following speculative model was initially 

proposed in an attempt to explain the results which were 

obtained. 

(1) The normal liver enzyme is composed of 

(a) a tetramer containing four monomers each 
with a molecular weight of 6,000 having 
one cooperative site per monomer, and 

(b) two dimers each containing two monomers 
with a molecular weight of 6,000 having 
one independent site per monomer. 

(2) ' In the presence of the tumor, the normal liver 
enzyme dissociates into tetramer and dimers. 
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(3) These protomers are free to recombine to form 
a protein of a different conformation. 

(4) The enzyme from tumor-bearing mice is composed of 
(a) two tetramers, identical to that present 

in the normal liver enzyme, and 
(b) one dimer, identical to those present in 

the normal liver enzyme, which separates, 
structurally, the two tetramers. 

According to this model, gugnidine treatment of the 

enzyme from tumor-bearing mice would dissociate the protein 

into two tetramers containing a total of eight cooperative 

substrate binding sites and one dimer containing two inde-

pendent substrate binding sites. The molecular weight of 

the subunit structures would be 24,000, which is within the 

range of molecular weight values experimentally obtained. 

The fact that an activity peak at 12,000 was not obtained 

suggested that the dimers containing independent binding 

sites were inactive unless bound to the tetramer. It was 

further postulated that the tetramer-dimer bonding in the 

normal liver enzyme was stronger than the bonding in the 

enzyme from tumor-bearing mice since treatment of the normal 

liver enzyme did not yield evidence for subunit structure. 

Since, according to the model, these bonds appeared to be 

equivalent in the normal and tumor enzyme, no adequate reason 

could be construed which would explain the difference in 
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stability to guanidine treatment. it was recognized that 

this was one glaring weakness in the speculated model. 

The model was critically examined, it was noted that 

if the model was indeed correct, a rate-substrate concentration 

curve of the subunit resulting from guanidine treatment of 

the tumor liver enzyme should be sigmoid due to the absence 

of the independent sites and should have a n value of 4.0. 

It was found that the rate-substrate concentration curve was 

biphasic and a Hill plot yielded an n value of 8.2. 

It is possible that, on standing, reaggregation of 

dissociated subunits occurs. This was looked upon as a rea-

sonable explanation of the results obtained .in experimentation 

with the subunit molecule. Reaggregation of the tetramers 

and dimer on standing at -20 C for 14 days would explain the 

n»8 value as well as the biphasic rate-substrate concentration 

curves. However, the model as proposed initially did not 

allow for the reaggregation of the protomers since the 12,000 

molecular weight dimer would not be present in the fraction 

containing the 24,000 molecular weight tetramer. However, 

experiments to demonstrate the reaggregation of the subunits 

were performed. These studies were unsuccessful due to the 

low protein content and low specific activity of the fraction 
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containing the subunits. However, it is logical and feasible 

to postulate that reaggregation could indeed occur if all 

components were present. 

Thus, reaggregation appeared to be the best and most 

logical explanation for the results. It was necessary then 

to revise the speculated model to allow for such reaggregations. 

This revision led to a hypothetical model for the polymeric 

structure of glyoxalase I which is presented in Figure 15. 

It must be stated that the model is highly speculative and 

no attempt has been made to explain fully all data obtained 

in the investigation. It is felt that this model reasonably 

explains most of the data obtained and provides a foundation 

for future investigations. 

The revised model may be summarized as follows: 

(1) The enzyme(s) is composed of monomers each with 
molecular weight of 6,000 and one catalytically 
active substrate binding site. 

(2) The monomers are identical (protomers). The 
substrate binding site is cooperative (dependent) 
if the monomer which contains it is bonded to at 
least two other protomers. If not, the substrate 
binding site is uncooperative (independent). 

(3) In the normal liver enzyme 
(a) four protomers are associated and bonded in 

such a way as to form a tetrameric structure; 
thus, the catalytic binding sites in the tetra-

- mer are cooperative. 
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(b) each protomer of the tetramer is bonded also 
to one other monomer. In this conformation, 
the substrate binding sites of the non-. 
tetrameric monomers are uncooperative. 

(4) In the presence of the tumor, a labilization of the 
bonds between cooperative site and uncooperative site 
protomers occurs. When the first bond breaks, there 
is a tendency for two partially dissociated aggre-
gates to recombine at the site where the bond was 
broken. This recombination caused a breakage (due 
to steric factors) of the cooperative-uncooperative 
bonds which lie in close proximity to the recom-
bination site. This recombination, however, does 
not affect the bonds remote from the recombination 
site. The net result is the formation of an enzyme 
with 10 monomers (eight cooperative and two unco-
operative substrate binding sites). 

(5) Reaggregation of the dissociated subunits may occur 
at any time. 

As the model indicates, there are three bond types asso-

ciated with the hypothetical polymeric structures. These are 

(l) cooperative-cooperative bond which forms the tetrameric 

structure; (2) a cooperative-independent bond; and (5) a 

cooperative-cooperative bond which links tetramers in the liver 

enzyme from cancerous mice. Type (1) and type (2) bonds are 

probably quite strong since treatment of the enzymes with 

guanidine hydrochloride did not dissociate such bonds. One 

function, possibly, of magnesium may be to serve as a sta-

bilizing link between type (1) and type (2) bonds. On the 

other hand, type (]5) are probably weak since they are readily 
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cleaved by treatment with guanidine hydrochloride. Perhaps 

a longer incubation time or the use of urea would dissociate 

type (1) and type (2) bonds. This, of course, could be the 

subject of future investigations. 

The protein subunits produced by guanidine treatment 

of the enzyme from tumor-bearing mice are capable of reaggre-

gation to form the tumor-associated oligomer. This model, 

then, offers an explanation for the biphasic rate-substrate 

concentration curve and the n& 8 value which were obtained for 

the subunit produced by treatment of the tumor-associated 

enzyme with guanidine. However, the molecular weight of this 

protein should be 30,000 according to the model. The exper-

imentally obtained values were 23,000 (pure sample) and 26,000 

(crude sample). In this respect, the model deviates from the 

data actually obtained. The standard deviation of the molecular 

weight measurement is approximately 7 P^r cent as stated 

previously. Taking this into consideration, the molecular 

weight of the protein according to the model is still 2,000-

2,500 molecular weight units too high. Perhaps studies on 

the analytical ultracentrifuge could yield a more accurate 

determination of the molecular weights. Regardless of this 

one deviation? the model still offers a reasonable explanation 

for all data considered together. 
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One purpose of this investigation was to determine 

whether a less active glyoxalase I was synthesized in presence 

of the tumor. This would serve to partially explain the 

decreased liver glyoxalase activity in mice bearing a 12-day 

lymphosarcoma which was reported previously (45). It was 

found, however, that the specific activity of glyoxalase I 

in crude liver extracts from tumor-bearing mice is equivalent 

to that of normal liver glyoxalase I. Also, the structural 

differences between normal liver enzyme and the enzyme from 

tumor-bearing mice, as speculated in this study, does not 

explain a 51 per cent loss of activity. Most probably, drastic 

alterations of activity, synthesis, or structure occur for 

glyoxalase II in response to the presence of the tumor. Activity 

losses owing to the presence of an inhibitor produced by the 

tumor must be ruled out (at least with respect to glyoxalase I) 

since repeated attempts to demonstrate such an inhibitor have 

been unsuccessful. 

One question which must be discussed concerning the 

results of this investigation is this: Why does liver glyoxa-

lase I undergo structural changes in the presence of a lympho-

sarcoma in the animal body and how can the results of the 

investigation be interpreted in association with the "promine-
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retine" theory of cellular growth control? This is an inter-

esting question and must be the subject of mere speculation. 

From a strict enzymatic viewpoint, one essential characteristic 

of tumors is that the cells have been released from the 

influence of the mechanisms which normally control their 

metabolic sequences. They are reverted to a state which 

resembles that which existed before these control mechanisms 

became functional. In this state, the cells are no longer 

responsive to such control, although the mechanisms may well 

be present. It may be regarded as a reversion to an embryonic 

state. It must be mentioned here that preliminary data indi-

cate that possibly six cooperative substrate binding sites 

exist in the liver enzyme from normal mice aged six weeks. 

Of course, additional studies need to be carried out in order 

to verify this initial observation. However, if this is found 

to be the case, it would suggest that the enzyme from the 

liver of cancerous animals may be a reversion to a form 

which was present during the early stages of development of 

the animal. 

Let us assume for a moment that the function of the 

glyoxalase enzyme system is to control cell division in 

conjunction with «f_ketoaldehydes. The system would normally 
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be expected to be subject to certain regulatory mechanisms 

which would control its synthesis and activity, in an 

embryonic form, the enzyme system thus would not be subject 

to these controlling mechanisms. The ability of the cell to 

regulate the synthesis of glyoxalase I would be irreversibly 

altered. Thus, the cells would not be able to maintain a 

given level of methylglyoxal or other «-kefcoaldehyde ("retine") 

and the division mechanisms of the cell would continue uncon-

trolled. 

This investigation, however, has not contributed any 

concrete evidence for the "promine-retine" theory of Szent-

Gyorgyi and colleagues. This was not the intent. It has, 

however, provided new areas of speculation and research 

which may eventually lead to the elucidation of the function 

and the biological importance of the glyoxalase enzyme system. 



CHAPTER V 

SUMMARY 

Liver glyoxalase I was isolated and purified from normal 

DBA/1J mice and mice bearing a lymphosarcoma tumor. The 

molecular weight of the liver enzyme from mice aged 8 weeks 

bearing an 8.5~day and a 10-day tumor was significantly 

higher (60,000) than that of the liver enzyme from normal 

mice aged 8 weeks (48,000). The pH and temperature require-

ments were found to be similar. Treatment of the enzymes 

from tumor-bearing mice with 0.5 M guanidine-HCl, pH 7-3 

resulted in a 55 Per cent decrease in enzyme activity. Further, 

the molecular weight of the guanidine-treated enzyme was 2^,000-

26,000. The activity and molecular weight of the normal liver 

enzyme was unaffected by guanidine treatment. Extensive 

dialysis of both enzymes against 0.10 M imidazole, 0.5 mM EDTA, 

pH 7.3 resulted in a 90 per cent loss of enzyme activity. The 

activity was not restored by addition of magnesium to the 

reaction mixture. 

The rate-substrate concentration curves in all cases 

were biphasic^ that is, they were a combination of expected 

89 



90 

curves for enzymes obeying Michealis-Menten kinetics and those 

yielding sigraoidal responses to increasing substrate concen-

tration. Hill plots of the data from the sigmoidal portion 

of the rate-substrate concentration curves yielded straight 

lines with slopes (n values) of 8.5 (liver enzyme from tumor-

bearing mice) and 4.0 (liver enzyme from normal mice). 

It was concluded from these results that liver glyoxalase 

I from normal DBA/lJ mice and mice bearing a lymphosarcoma is 

composed of molecular subunits. The Hill plot data suggested 

that the normal liver glyoxalase I contains possibly four and 

liver glyoxalase I from tumor-bearing mice possibly eight 

cooperative (dependent) substrate binding sites. The biphasic 

nature of the rate-substrate concentration curves infers that 

an undetermined number of uncooperative (independent) substrate 

binding sites are present in both enzymes. 

On the basis of these results, a hypothetical model for 

the polymeric.structure of mouse liver glyoxalase 1 was pre-

sented. Implications of the results and conclusions of this 

study were discussed in relation to some theories concerning 

control of cellular growth and division. 
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