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Glyoxalase 11, the second enzyme of the glyoxalase system,

hydrolyzes S-D-lactoylglutathione (SLG) to regenerate glutathione

(GSH) and liberate free D-lactate. It was found that GTP binds with

Gil from rat liver and inhibits Gil activity. Preincubation

experiments showed that the binding is relatively tight, since more

than 15 minutes are required to release GTP from the complex

following dilution. Inhibition kinetics studies indicate that GTP is a

"partially competitive inhibitor"; Thus, it would appear that the

binding sites for substrate (SLG) and inhibitor (GTP) are different,

but spatially close. Glyoxalase 11 binds to a GTP affinity medium, and

with polyacrylamide gel electrophoresis, Gil has a higher relative

mobility when GTP is present (ATP has no effect). The functional

consequences of GTP binding with a specific site on Gil are still

unclear. It is speculated that Gil may interact with tubulin by

serving as a dissociable GTP carrier, delivering GTP to the tubulin-

GTP binding site, and thus facilitating tubulin polymerization.



CHAPTER I

INTRODUCTION

The glyoxalase enzyme system, which is capable of converting 2-

ketoaldehydes to their corresponding 2-hydroxycarboxylic acids,

was first discovered in 1913 by the Neuberg (1) and Dakin (2)

groups, independently . They observed the enzymatic conversion of

phenylglyoxal to mandelic acid and methylglyoxal to lactic acid in

animal tissues.

During the following years, work was done to implicate the

involvement of a glyoxalase system in glycolysis (3,4), since the

final product of the glyoxalase system, lactic acid, is the same as in

glycolysis. However, Lohmann dismissed the prevalent theory that

suggested that the glyoxalase system was part of the glycolytic

pathway, and he also showed glutathione (GSH) to be an essential

cofactor in the glyoxalase system (5).

In 1951, Racker found that two enzymes are involved in the

glyoxalase system: glyoxalase I (GI, EC 4.4.1.5.) and glyoxalase II

(GIL, EC 3.1.2.6.) (6). Later, it was shown that the glyoxalase system

metabolizes methylglyoxal to lactate via the intermediate, S-D-

lactoylglutathione (SLG), and that the lactate produced by the

system is D-lactate rather than L-lactate (7-10). A number of

studies have been carried out to explain the kinetic mechanism of

I
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the first enzyme of the glyoxalase system, GI. Kermack and

Matheson (11) proposed a two substrate mechanism through steady-

state kinetic studies on glyoxalase I, which supported both free

methylglyoxal and glutathione as the real substrates of the system.

Another one substrate mechanism was established by Cliffe and

Wally (12). They provided evidence that the true substrate in the

system is the hemimercaptal which is produced nonenzymatically

from methylglyoxal and GSH. This debate was not resolved until

Mannervik (13) proposed the unification of both of the above

proposals. He suggested that a random-pathway mechanism was

involved in the glyoxalase system. The main branch utilized

hemimercaptal as the substrate, whereas, free methylglyoxal and

free GSH can also be accepted in an alternate two-substrate

pathway under some conditions.

In summary, the entire glyoxalase system is indicated below:

00 non-enzymatic 0 OH

C H 3--C--C--H + GSH--------> CH3--C--CH--SG

methylglyoxal glutathione hemimercaptal

Glyoxalase I OH 0
I I

--------------- > CH3--CH--C--SG

S-D-lactoylglutathione

Glyoxalase 1 OH

---------------- >CH 3 --CH--COOH + GSH

H20 D-lactate glutathione
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Although the glyoxalase system has been known for many years,

the biological function of the system has remained unclear.

Historically, many studies have emphasized the biological effects of

methylglyoxal in order to solve the problem. In prokaryotic micro-

organisms, methylglyoxal is formed nonenzymatically from

glyceraldehyde 3-phosphate and dihydroxyacetone phosphate, and

also enzymatically from dihydroxyacetone phosphate, catalyzed by

methylglyoxal synthase (14). However, the existence of the

enzymatic formation of methylglyoxal in mammals remains unclear.

From recent studies, the main source of methylglyoxal in mammals

appears to result from the enediol form of triose phosphate via a

base-catalyzed phosphate elimination reaction (15,16).

Methylglyoxal has highly toxic effects on biological systems. One

suggested role for the glyoxalse enzymes is the removal of these

cytotoxins (17). Glyoxalase I plays the major role in the

detoxification process because the thioester product of glyoxalase I

(SLG) does not show cytotoxicity. Indeed, this function for the

glyoxalase system is supported by the experimental observation that

a Saccharomyces cerevisiae mutant, deficient in glyoxalase I

activity, was particularly sensitive to methylglyoxal toxicity during

glycerol metabolism (18), and that an Escherichia coli clone with a

200-fold increase in glyoxalase I activity was resistant to the

toxicity of a challenge of 5 mM methylglyoxal (19). The glyoxalase

system has also been proposed to participate in a cycle for the

degradation of glycine and threonine, since methylglyoxal can be a
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product of the deamination of certain amines (20, 21). Enzymatic

conversion of aminoacetone to methylglyoxal was first

demonstrated in ox plasma, but subsequent studies have found this

conversion in only a few other systems (22).

In addition to the function of methylglyoxal detoxification, it has

been postulated that there is an involvement of the glyoxalase

system in a regulatory capacity of the porphyrin biosynthetic

pathway. 4,5-Dioxovaleric acid, the first committed step

intermediate in porphyrin biosynthesis, has been shown to be a

substrate for the glyoxalase system, and is irreversibly converted to

D-2-hydroxyglutarate (23).

The distribution of the two glyoxalases in a number of animal

tissues has been determined. They were present in most of the

normal tissues except human spleen, mouse heart, and rat muscle. In

a majority of cancer tissues and cells, glyoxalase I activity is lower

than in normal tissues, while glyoxalase 11 activity is not detectable

or is very low (24).

Gil has been partially purified from a number of sources (25-28),

and has been purified and characterized from mammalian species,

such as human liver (29), rat erythrocytes (30), calf brain (31),

mouse and rat livers (32, 33). Glyoxalase 11 has been found in the

cytoplasm and in mitochondria. In rat liver, 10-15% of the total Gil

activity is in the mitochondria. The existence of polymeric forms of

Gil in rat liver has been reported using sodium dodecyl sulfate

electrophoresis (34). The rat liver cytosolic enzymes consist of two

forms having similar molecular weights (about 24 KDa), and PI
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values between 7.4 to 8.1. (35). Electrophoresis and isoelectric

focusing of either the crude mitochondrial extract, or of the purified

mitochondrial Gil resolved the enzyme activity into five forms with

P1 values between 6.6-8.1. Three of these forms (PI value from 6.6

to 7.0) were exclusively mitochondrial, with no counterparts in the

cytosol (36). The enzyme from the intermembrane space appears to

resemble the cytosolic Gil forms with respect to the substrate

specificity, but the enzyme the from the matrix differs markedly

from the cytosolic forms (37).

During recent years, Gil has been studied broadly from vertebrate

to plant systems (38-40). In the comparative study of Gil from

various vertebrate classes (Oryctolgaus cuniculus, Gallus gallus,

Python molurus, Rana esculenta, Esox lucius), all enzymes showed

basic isoelectric points, and the relative molecular mass ranged

from 18,000-23,000 (38). Recently, the purification of Gil from

plant sources has been accomplished in this laboratory, and the P1

values were shown to be acidic (39, 40).

In the literature, there have been some reports on the inhibition

of Gil by different GSH derivatives or substrate analogs (41-44).

Three potent competitive inhibitors of mammalian liver glyoxalase

11, the S-(o-, m-, and p-nitrocarbobenzoxy) glutathiones have been

synthesized in this laboratory, and their Ki values were 15, 9, and

6.5 uM respectively (42). Some other glutathione derivatives having

the S- and N-sites blocked have also been studied. It was found that

the best inhibitors are those compounds which contain a thioester

bond (carbobenzoxy and p-nitrocarbobenzoxy-S-glutathione) or a
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carbonyl group (p-chlorophenacyl-S-glutathione) (43). However,

there was no evidence for the binding of the acylate derivative of

the N-terminus of S-blocked GSH derivatives to glyoxalase 11 (44).

The glyoxalase Il-catalyzed reaction is usually found to be the

rate-limiting step of the glyoxalase system. Consequently, there are

appreciable amounts of S-D-lactoylglutathione in cell cytosol when

the first reaction attains equilibrium (45). SLG, the crucial

intermediate of the glyoxalase system, has been reported to

characterize the function of the system. Gillespie has suggested

that the cellular levels of SLG modulate anti-IgE induced histamine

release (46) and the regulation of microtuble assembly (47).

GTP plays a central role in the assembly of microtubles (48).

Cyclic-purified microtuble protein from mammals is incubated with

GTP to promote assembly in vitro (49). Thornalley et al. (45)

demonstrated that the modification of the neutrophil cytosolic

system may be related to the ability of SLG to stimulate the

formation of microtubles .

In our laboratory, we have found that rat liver cytosolic Gil

activity is inhibited by a variety of nucleotides, particularly GTP

with ~50% inhibition at 0.3 mM GTP. In recent studies, we have found

that GTP binds more tightly to purified Gil than do other nucleotides.

After effective removal of GTP in solution by dilution, the Gil

activity is restored to the uninhibited level only after approximately

20 minutes. The apparent relatively slow dissociation of GTP (or a

GTP product) from Gil protein is in contrast to the very rapid
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restoration of activity resulting upon removal of inhibitory levels of

all other nucleotides tested. The relationship between SLG, GTP, Gil

activity and microtuble formation [which requires GTP and is

reported to be potentiated by SLG (50) ],is intriguing. The present

study following is directed toward resolving some of these possibly

important relationships.



CHAPTER 11

MATERIALS AND METHODS

aeneral

Glutathione (GSH), S-D-lactoylglutathione (SLG),

phenylmethylsulfonyl fluoride (PMSF), GTP-Agarose and ATP-

Agarose were purchased from Sigma Chemical Go; 5-5'dithiobis(2-

nitrobenzoic acid) from Aldrich; sodium phosphate from Matheson

Coleman & Bell; and Affi-gel 10 from Bio Rad. Nucleotides and

structurally related compounds were purchased from Sigma

Chemical Co. 4-(Nitrocarbobenzoxy)-glutathione (PNCBG) was

synthesized following the method of Bush and Norton (42).

Synthesis of Affi-gel 10-glutathione (Af-SG) Affinity Column

Material

The procedure was a modification of that reported by Norton et al.

(51). GSH, 350 mg, was dissolved in 50 ml cold 30 mM sodium

acetate (pH 5.5), and the pH was adjusted to 5.0 with 10% sodium

hydroxide. Affi-gel 10, 25 ml wet volume, was washed with 3

volumes of sodium acetate (pH 5.5), and then added to the GSH

solution. The resulting suspension was gently stirred overnight at

40C. The white solid material was washed with 50 mM sodium

phosphate buffer (pH 7.2) containing 20% glycerol (Medium A) to

8
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remove the excess GSH. The resulting gel suspension was employed

in the affinity chromatography purification of GIl.

Crude Glyoxalase 11 Preparation

Healthy rats were sacrificed following anesthetization, and the

livers were rapidly removed and chilled. All the following steps

were conducted at 40C. Rat livers were sliced and homogenized with

2.5 volumes of Medium A by a Waring blender (4 Cycles of 20 sec).

Phenylmethyl sulfonyl fluoride, 30 pM, was also added to this

extract to prevent the interference of proteases. The crude extract

was then centrifuged at 14,000 xg for one hour, and the lipid upper

phase was removed. The supernatant was treated by the slow

addition of two volumes of cold acetone (v/v), and the mixture was

stirred for 30 min. The mixture was kept cold without stirring for

an additional two hours to allow separation of the particulate

material. After removal of most of the supernatant liquid, the

remaining mixture was centrifuged at 14,000 xg for 30 min. The

sediment was resuspended in one volume of Medium A and stirred

overnight. After centrifugation at 14,000 xg for 30 min, the

supernatant solution was removed and used in subsequent

purification steps.

Purification of GIl by Af-SG Affinity Chromatography

The Af-SG column material, previously equilibrated with Medium

A , was washed several additional times with the same buffer. The

GIl activity from the acetone fractionation was passed slowly



10

through the column until the affinity material became saturated

with Gil activity (the column effluent was periodically assayed for

Gil activity). The column was then washed with two column volumes

each of 20 mM and 50 mM Medium A to remove non-specific bound

protein. Gil activity was eluted with 800 pM PNCBG in Medium A. The

active fractions were pooled and stored at -800 C. Typically, 3 ml of

the column material was packed in a small pasteur pipet, and 13 ml

(13 units) of the acetone fraction was passed to saturate the

affinity material

Routine lyoxlase I Assay

Glyoxalase I activity was measured either by following the

decrease of absorbance at 240 nm (E=3.37 mM 1 cm 1 ) due to the

thiol ester hydrolysis of SLG , or at 412 nm (E =13.6 mM~ 1cm-1 ) by

the formation of GSH from the SLG in the presence of the thiol group

reagent, 5-5'dithiobis(2-nitrobenzoic acid) (DTNB). The assay

mixture in a total volume of 1.0 ml contained Medium A, 0.2 mM

DTNB (if absorbance at 412 nm was to be measured), 0.4 mM SLG, and

an appropriate amount (0.01- 0.04 units) of enzyme solution. The

reaction was initiated by the addition of the enzyme, and the course

of the reaction was followed 1-3 min on a Varian DMS 70 UV-VIS

recording spectrophotometer. The initial rates were determined by

the slope of the linear portion of the plot. A blank without enzyme

was also included. No inhibition of glyoxalase II was observed with

the concentration of DTNB used in the assay. One enzyme unit is

defined as the amount of the enzyme (Gil) catalyzing the hydrolysis
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of 1/umol of SLG under the assay conditions described above and

250C.

Inhibition Studies with Nucleotides

The nucleotides tested were GTP, GDP, ATP, ADP, AMP, CTP, UTP,

and the GTP analogue, 5-'guanylylimidodiphosphate (GppNHp).

Nucleotide solutions (10 mM, pH 7) were prepared and the final

concentration in the assay was typically 0-0.5 mM. Enzymatic

reactions were done by the same procedures described above. The

percentage reaction inhibitions were calculated from the inhibited

rates as compared to the uninhibited rates.

Kinetic Studies

Kinetic determinations were performed in Medium A (pH 7.2)

containing 0.2 mM DTNB with SLG (as substrate for Gil, 0.2-0.6 mM)

Gil activity was measured at 412 nm following the routine assay

procedure described above. Each experiment employed 4

concentration levels of substrate (0.2 mM, 0.3 mM, 0.4 mM, 0.6 mM)

and inhibitor (0, 0.1 mM, 0.2 mM, 0.3 mM). The Lineweaver-Burk graph

(1/V v.s. 1/[S]) was plotted as calculated from the experimental

data.

Denaturation Studies

Both crude and pure Gil preparations were incubated at 360C, and

the enzyme activity and GTP inhibition were determined at 10-20
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min intervals over a total time period of 220 min.

Preincubation Experiments

Pure Gil was incubated at room temperature with 0.5 mM

nucleotides for 5 min. Portions of the solution (0.02-0.04 units)

were then added to the enzyme assay medium, such that the

resulting nucleotide concentration in the assay medium was 0.02 mM

(a level showing no detectable inhibition). Controls were employed

in which pure Gil was preincubated with buffer only.

Time-Dependent Reversal of GTP Inhibition of Pure Gil

Pure Gil was preincubated with 0.5 mM GTP at room temperature

for 5 min. After preincubation, portions of the preincubation mixture

were put into each of several cuvettes which contained Medium A.

The effective dilution of the enzyme nucleotide solution was 25

fold, such that the final concentration of GTP in the assay medium

was 0.02 mM . During 2-4 min intervals , 0.4 mM SLG and additional

buffer containing DTNB were added (together) into individual

cuvettes and the Gil activity was assayed immediately. Pure GIl

solutions preincubated with buffer only were used as the controls.

Relief of GTP inhibition was determined by comparison of GTP-

inhibited Gil activity with control activity as a function of time.

Studies of Purified Gil with GTP and ATP-Agarose Affinity Columns

. GTP-Agarose (GTP attached through ribose hydroxyl groups to
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epoxy-activated, 4% cross-linked agarose; spacer: 6 carbons) was

equilibrated with Medium A. This column material (3.8 ml) was

packed in a pasteur pipet, and a 3 ml portion of the purified Gil ( 3

units) was passed slowly through the column. The column was

washed with the phosphate buffer containing 1.5 N NaCl, followed

with a buffer wash. One ml of 1 mM SLG was introduced to the

column, and incubated at room temperature for 15 min. Fractions

were then collected during a phosphate buffer wash. SLG hydrolysis

was monitored in the fractions by measurement at 412 nm in the

presence of DTNB. Another GTP-Agarose column, to which no Gil has

been added, was similarly treated with SLG and incubated, and used

as the control. The above procedure was also employed as an

analogous experiment with ATP-Agarose column

Polyacrylamide Gel Electrophoresis In The Presence of GTP And ATP

Polyacrylamide gel electrophoresis (PAGE) was performed

following a modification based on the procedures of Davis (52,53).

Three separate experiments were conducted. In the first experiment,

the pure Gil (100 li, 0.15 units) was preincubated at room

temperature in the presence of 0.5 mM GTP. In the second

experiment, the same amount of enzyme was preincubated with 0.5

mM ATP, and in the third experiment, enzyme was preincubated with

buffer alone. Gels were prepared with 7.5% acrylamide and

electrophoresis carried out in Tris-glycine buffer, pH 8.3. For the

enzyme incubated with either GTP or ATP, the gel and the running
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buffer also contained the same concentration of nucleotides. The
experiments also included a protein control in which lysozyme (60

pg) was preincubated with buffer, GTP, or ATP, as was Gil. The gels
and running buffer also contained the same concentration of
nucleotides. The electrophoresis was carried out at 40C and 4
mA/tube, until the bromophenol tracking dye had moved to about one
cm from the bottom of the gels. The proteins were stained with both
0.25% Coomassie blue (53), and enzymatic Gil activity staining (54).
Coomassie blue destaining was done in an acetic acid / methanol /
water (7:7:86) solution. Relative mobilities were calculated from
the distances of protein movement compared to the distances of dye
movement. Both enzymatic activity and protein staining indicated a
single band for Gil.



CHAPTER III

RESULTS AND DISCUSSION

In a previous study from this laboratory, evidence was

presented that showed an inhibition of Gil by certain nucleotides

in vitro (55). The elucidation of a regulatory mechanism which

involved an interaction between Gil and GTP would help in

understanding the role of Gil in cellular metabolism. Recently,

Thornalley (50) found that the glyoxalase system of human

promyelocytic leukemia HL60 cells was substantially modified

during differentiation to neutrophils. In this process, the activity

of GI was decreased, and the activity of Gil was markedly

increased. Further, a lesser amount of cellular S-D-

lactoylglutathione (SLG) could be detected. SLG, the intermediate

of the glyoxalase system, has been reported to exhibit some

remarkable biological activities (45-50). One of them is the

stimulation of the GTP-dependent assembly of microtubles from

purified tubulin and microtubule-associated protein in vitro

(56). Based on the above finding, our present research has

emphasized the study of a possible interaction between Gil, GTP,

and the consequent effects on SLG levels.

Initially, the effects of various nucleotides on pure Gil were

studied in vitro. It was found that a number of nucleotides

15
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Table 1

Inhibition of purified rat liver Gil activity by various nucleotides

Nucleotide concentrations

0.3 mM 0.5 mM

Nucleotide

added % Inhibition % Inhibition

GTP 35.0 52.0

GppNHp 32.0 39.0

ATP 32.0 43.0

CTP 11.0 --a

UTP 0.0 --a

GDP 31.0 --a

ADP 24.0 29.0

GMP 28.0 34.0

The assay procedures are described in the Materials and

Methods section.

a Not determined
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inhibit Gil activity purified from rat liver. These inhibitions are

summarized in Table 1. GTP is the most potent inhibitor, although

several other nucleotides (e.g. ATP) are almost as effective.

GppNHp (5'-guanylylimidodiphosphate), a GTP analogue, also

showed similar inhibition to that of GTP. Generally speaking, the

nucleoside triphosphates are better inhibitors than nucleoside

diphosphates and purine nucleotides are better inhibitors than

pyrimidine nucleotides. However, we have also found that when a

mixture of several nucleotides at a concentration of 0.5 mM were

preincubated with pure Gil at room temperature for 5 min, that

inhibition by GTP is observed. Enzyme subjected to preincubation

is used to initiate the enzymatic reaction by addition to the assay

medium, as to a final nucleotide concentration of 0.02 mM Table

2 summarizes the effects of various nucleotides on purified Gil

under "preincubation conditions". GTP is the only nucleotide which

inhibits enzyme activity to the same extent, as when present in

the assay at a 0.5 mM concentration (non-preincubated)., as

compared with the data of Table 1. All other nucleotides (e.g.

ATP) are noninhibitory or almost noninhibitory when tested under

the "preincubation conditions". This observations suggest that

GTP is also rather tightly bound to pure Gil, while all others are

not, since GppNHp, a nonhydrolyzable GTP analogue, maintains

significant inhibition following subsequent dilution. Thus,the

answer is still unclear as to whether the GTP binding to purified

Gil is related to a GTPase activity or not.

The rate of activity regain of GTP-inhibited Gl was studied.



Table 2

Inhibition of purified rat liver Gil activity by various nucleotides

under "preincubation conditions a

Nucleotide

added

Preincubation ( 0.5 mM )

0.02 mM in the assay mixture

% Inhibition

GTP

GppNHp

ATP

CTP

UTP

GDP

ADP

GMP

47.0

18.0

5.0

3.0

0.0

9.0

0.0

3.0

a Preincubation was for 5 min at 250C

The assay procedures are described in the Materials and Methods

section. Substrate concentration in the assay mixture is 0.4 mM.
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Figure 1 Time-dependent reversal of GTP inhibition of purified

rat liver Gil activity: The assay details are described in the

Materials and Methods section. Preincubation was performed at room

temperature for 5 min with 0.5 mM GTP. The effective dilution of

purified Gil was 25-fold, and the final concentration of GTP in the

assay mixture was 0.02 mM. Enzyme preincubated with buffer was

used as control. (-s-) Enzyme preincubated with 0.5 mM GTP; (-+-)

enzyme preincubated with buffer.
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Virtually all of the Gil activity loss effected by GTP

preincubation is recovered in less than 20 min (Fig 1). The GTP

dissociation from a GTP-GII complex is apparently slower than

with other nucleotides, explaining the lack of inhibition with

other inhibitory nucleotides following preincubation and dilution.

It supports the suggestion that GTP binding is stronger than with

the other nucleotides surveyed. To test this proposal further, pure

Gil was passed through ATP- and GTP-Agarose affinity columns.

For the GTP-Agarose column, about 30 % of the added enzyme

activity was bound by the column; whereas, only 10% of the

enzyme activity was bound to an ATP-Agarose column. Also,

bound Gil activity could be detected on the affinity matrix by

incubating with the substrate, SLG, and then measuring liberated

GSH spectrophotometrically (Table 3). From the measurement of

SLG hydrolysis (A 4 1 2) on the affinity column, it may be concluded

that binding of Gil with the ATP affinity column is significantly

less than the binding with the GTP affinity column.

In a separate experiment, it was found that the Gil competitive

inhibitor, N,S-bis(4-nitrocarbobenzoxy) glutathione (diPNCBG) at

a concentration of 1 mM could effect removal of bound Gil from

the GTP affinity column. Further, incubation of a GTP-affinity

column (containing bound Gil) with 10 mM GTP, for 1-2 hour at

40C , effected significant elution of the enzyme. These data

indicate that the GTP binding site, while probably different from

the SLG binding site, is at least located near the catalytic site.
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Table 3

GIlI activity retained by the ATP- and GTP-Agarose affinity columns

(Incubation of column matrix with 1.0 mM SLG)

Column Type

Fraction

Number

1

2

3

4

5

6

7

TOTAL

(less controla)

ATP-Agarose

A412

0.146

0.316

0.452

0.476

0.374

0.160

<0.050

1.500

GTP-Agarose

A412

0.262

0.441

1.458

1.166

0.952

0.800

0.200

4.855

See Materials and Methods section for experimental details.

Substrate ( SLG ) concentration in the assay mixture is 0.4 mM.

a Total A412 for control elution was 0.424.
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That two separate sites (SLG and GTP) may exist on the enzyme

surface is supported by subsequent experiments of denaturation

and kinetic inhibition.

The heat denaturation experiments at 360C were conducted on

both pure and crude Gil preparations to determine the relative

effects on Gil activity and GTP sensitivity at 360C (Figs 2 and 3).

For pure Gil, GTP sensitivity is lost in less than two hours,

whereas 50% of the Gil activity remains for at least three hours.

The rate of GTP sensitivity lost in crude Gil is almost the same

as for pure Gil, but only 10% of the enzyme activity is lost over a

3.5 hour period. It suggests that two domains of the enzyme

protein may be involved: one is sensitive to GTP and is relatively

easily inactivated at elevated temperatures, while the other

domain, more stable to heat, is associated with the enzyme

activity and is insensitive to GTP. Thus, the results indicate that

the GTP binding site is different from the enzyme catalytic site.

The reason that crude Gil preserves most of the enzyme activity

at elevated temperature can be explained by the presence of other

proteins in crude Gil while may have a protective effect on the

catalytic site.

In order to explore further the binding of GTP with GIl, a more

detailed study of GTP inhibition was conducted. In this

experiment, four different levels of GTP (inhibitor) and SLG

(substrate) were employed and a Lineweaver-Burk graph was

plotted (Fig 4). In light of this graph, GTP may be classified as a
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Figure 2 Heat denaturation studies of crude rat liver glyoxalase

11: The procedures assay methods are described in the Materials and

Methods section. The GTP concentration in the assay mixture is 0.3

mM. Incubation was performed at 360C in water bath for more than 3

hours. Active crude glyoxalase 11, 0.02-0.03 units, and 0.4 mM

substrate (SLG) were employed in the assay. (-+#-) Percent of

crude glyoxalase 11 activity remaining after various incubation

times; (- G- ) percent of GTP inhibition remaining after various

incubation times.
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Figure 3 Heat denaturation studies of purified rat liver

glyoxalase II: The procedures assay methods are described in the

Materials and Methods section. The GTP concentration in the assay

mixture is 0.3 mM. Incubation was performed at 360C in water bath

for more than 3 hours. Active purified glyoxalase II, 0.02-0.04 units,

and 0.4 mM substrate (SLG) were employed in the assay. (-+-)

Percent of purified glyoxalase II activity remaining after various

incubation times; (-w-) percent of GTP inhibition remaining after

various incubation times.
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Figure 4 Lineweaver-Burk plot of the effect of GTP inhibition on

Gil activity: The assay details are described in Materials and

Methods section. The GTP concentration was varied with the

following levels : (-0-) 0 mM ; (-+-) 0.1 mM; (-a-) 0.2 mM; (-,-)

and 0.3 mM.
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"competitive type" inhibitor. Substances, especially those related

in structure to the substrate, would combine with the enzyme at

the same site as the substrate to produce the "fully competitive

type" inhibition. However, it is possible that the inhibitor, while

not combining with the substrate-binding site, may combine with

another site sufficiently close to reduce the affinity of enzyme

for the substrate. This kind of inhibitor is called a "partially

competitive type" inhibitor. In this system, the inhibitor affects

the affinity of the enzyme for the substrate, although the

inhibitor and substrate combine with different groups. This

information along with the denaturation results derived above

indicates that GTP is a "partially competitive inhibitor" of GIl

(57). Plots of 1/V v.s. [GTP] (0. 0.1 mM, 0.2 mM, and 0.3 mM) at

various constant substrate levels did not give straight lines seen

in Dixon plots. This, again, further supports the proposal that GTP

combines with a site that is different from the active site, and

thus, a purely competitive response is not attained. Another

specific property of this system which is easily distinguished

from the fully competitive type is that the inhibition does not

increase to 100% with increasing inhibitor concentration, but

increases to a definite limit when all of the enzyme is combined

with inhibitor (58). Figure 5 shows the results of increasing GTP

at a constant level of SLG. With the lower concentrations of GTP,

the inhibition is increased more or less proportionally to the GTP

concentration. As the concentration of GTP is raised higher than

0.5 mM, the inhibition is not increased further. This finding also
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Figure 5 Inhibition of purified rat liver glyoxalase 11 activity by

increasing GTP concentration: Enzyme activity was measured at

various GTP concentrations (0.0-0.7 mM). The substrate (SLG)

concentration in the assay mixture was 0.4 mM.
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supports the thesis that GTP could well be a "partially

competitive inhibitor", and that the binding sites of substrate

(SLG) and inhibitor (GTP) are different.

A final experiment was conducted to verify a specific binding

of Gil with GTP employing PAGE electrophoresis. The relative

mobilities of Gil in the absence and presence of GTP or ATP were

calculated, as shown in Table 4. The relative mobility of purified

Gil preincubated with GTP and electrophoresed in the presence of

GTP is higher than GIl alone using two staining methods. However,

the mobility of Gil preincubated and electrophoresed with ATP is

without appreciable change when compared to the mobility in the

absence of nucleotides. Lysozyme, used as a control protein, has a

mobility that is unaffected by the presence or absence of either

nucleotide. It is reasoned that a specific and relatively tight

binding of GTP to Gil creates an increased negative charge on the

macromolecules, causing a greater migration rate toward the

anode. The binding of ATP to the enzyme is apparently

sufficiently transitory that the migration of Gil is unaffected.
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Table 4

Relative mobilities of PAGE electrophoresis of purified rat liver Gil

and lysozyme in the absence and presence of GTP or ATP

Staining Method

Preincubation

mixture

Lysozyme alone

Lysozyme + 0.5 mM ATP

Lysozyme + 0.5 mM GTP

Gil alone

Gil + 0.5 mM ATP

Gil + 0.5 mM GTP

Protein

Staininga

Enzyme

Stainingb

0.66

0.66

0.65

0.25

0.27

0.36

0.23

0.28

0.36

See Materials and Methods
a See reference 53
b See reference 54

for experimental details.



CHAPTER IV

CONCLUSIONS AND PROSPECTS

In summary, the work described herein has presented new and

interesting results and possible insights concerning the interaction

of GTP with Gil. Several of these results and insights follow:

(1) Purified rat liver Gil activity is inhibited to a maximum

of about 50% by GTP at a concentration of 0.5 mM.

(2) Evidence is presented that the GTP binding site

(inhibitory) on rat liver Gil is different from the catalytic

site to which SLG is bound.

(3) While Gil will bind to a variety of nucleotides, as

evidenced by varying degrees of inhibition, only GTP

appears to be strongly bound.

(4) . The specific interaction between Gil and GTP

suggests a metabolic role for the process.

In recent studies in this and another laboratory, it has been

shown that significant Gil activity remains associated with tubulin

through several purification cycles of

polymerization/depolymerization (manuscript in preparation). Since

35
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it is well established that GTP is required for the in vitro

polymerization of tubulin to microtubules (59), it is reasonable to

propose that a functional linkage exists between the GiI-GTP-

tubulin triad. The exact nature of such interactions is presently

unclear. It may be speculated that Gil could interact with tubulin by
serving as a dissociable GTP carrier, delivering GTP to the tubulin-

GTP binding site, and thus facilitating tubulin polymerization.
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