— THESES CANADIENNES SUR MICROFIC

.

)

I\P

AT

_ Bibliothéque
Direction du

Natlonal Library of Canada “
Collections Developmem Branch

Canadian Theses an
Microfiche Service

Ottawa, Canada -
KIA ON4

'Serwce des th
“sur microfiche

The qudity of this microfiche is heaw%ependent upon the
( quality of the original thesis submitted.for microfitming. Every

eﬁonhasbeenn?detoensuremmghestquaityofrepr
tion possible.

If pages are missing, contact the ung/ersuty which granted the
. degree / /\i

03 tp
pagesweretypedwrmapoor i
s:ty sent us-an inferior photocopy.

kar-ribbon or if the univer- - -
Prevsously copyﬁghted materials (joumaT arﬁcles published
tests, etc.) are not filmed. , ’:

=

; P . . »
Reproducbon in full or in part of this film is governed by the
Canadian Copyright Act, R.S.C. 197mc C-30. Please read
the authorization forms which accompmy this thesis.

tionale du Canada .
reloppement des collections

canadiennes - ) o .

CAVIS ..

La qualité de cette microfiche dépend grandement de la qualité °
delathésesoumiseaumicro Nousavonstoutfaitpour
assurer une qualité supérieure reproduction.

Sl manﬁue des pages, veuillez communiquer avec l'univer-
sité qui a conféré le grade. .

r%eepeciailyiﬂhe driginal La quaﬁfé d'impression de certaines pages péut laisser é

--désirer; surtout siles-pages- originales ont été dactylographiées
a l'aide d'un ruban usé ou si 'université nous a fait parvenir
une photocopie de qualité inférieure. - ‘

Les documents qui font déja I'objet d'un droit d’auteur (articles
de revuei, examens publiés, etc.) ne sont pas microfilmés.

La repr uctvon méme parttelle de ce mlcrofilm est soumise

" THIS DISSERTATION

LA THESE A ETE

CIJ

EXA 1éTLY AS RECEIVED

1

ML 336 (r. 85/09)

— MiCRGFH:MEﬁEtI:EQUE—
NOUS L'AVONS REGUE

- «Canadi



Bibiiothégque nationale
_ du Canada

National Library
- of angda

kY

68

..ON MICROFICHE

Amani F.H. Nour-Eldeen

O-3/5 2027/-§

* THESES CANADIENNES

SUR mcnfﬁﬂcuf

CANADIAN THESES

)

178

NAME OF AUTHOR/NOM DE L'AUTEUR

TITLE OF THESIS/TITRE DE LA THESE_

"Interaction of Vanadjum with Glucose 6-Phosphate

/

Dehydfogenase"

[
/

Simon Fraser University

. i
UNIVERSITY/UNIVERSITE

_"DEGREE FOR WHICH THESIS WAS PRESENTED /

M.’Sc.

GRADE POUR LEQUEL CETTE THESE FUT PRESENTEE

S
S

YEAR THIS DEGREE éONFERRED/A_NNéE' D’OBTENTION DE CE

NAME OF ‘SUPERVISOR/NOM DU DIRECTEUR DE THESE

GRADE

1985

M.J. Gresser, Assist. Professor

Permission is hereby granted to the NATIONAL LIBRARY OF

‘_CANADA to microfilm this thesis and to lend or sell copies ~

o
v .

of the fitm,

I

The author reserves other publication rights, and neither the

thesis nor extensive extracts from it may be printed or other-

wise reproduced without the author’s written permission.

. - — S S _. -

L’autorisation est, par la présente, accordée & fa BIBLIOTHE-
QUE NATIONALE DU CANADA de microfilmer cette thése et
" de préter-ou de vendre des exemplaires du film.,

" L'auteur se rdserve les autres droits de pubf{ication; ni la

thése ni de longs extraits de celle-ci ne doivent é

ou autrement reproduits sans I’autorisation ;crite'de l"auteur,

) DATED/UE’TE: - f‘i_él‘i \CF?*L\* SIGNEDB/?_IVELi*f

7#‘*“‘6\:/0_\7 £ ﬁywﬁwi

PERMANENT ADDRESS/RESIDENCE FI

NL-917{3-74}




- INTERACTION OF VANADIUM WITH

GLUCOSE 6-PHOSPHATE DEHYDROGENASE

—~

-~

by

" Amani F.H. NQureldeen

B.Sc. (Biochéﬁ.), Ain Shams University, 1980

!

A THESIS SUBMITTED IN PARTIAL FULFILLMENT

OF THE REQUIREMENTS FOR THE DEGREE OF
 MASTER OF SCIENCE -
in the Department

of

R  Chemistry .

i
'® Amani F.H. Noureldeen, 1984
SIMON FRASER UNIVERSITY

July 1984

All rights reserved. This thesis may not be
reproduced in whole or in part, by photocopy or )
other means, without permission of the author. -

# -



ks ‘ ! hereby gran+ to Simon Fraser’ Unlverslfy the rlgh+ To lend
my +hesus, prOJecT or exfended essay {(the. +|+|e of which is showh below)
To yqerf ot the Simon. Fraser Un¢versufy Lrbrary, and to make parflal or
angle copies: only for such users or ' in response fo a requesf from The

library of any QTher»unlverSJ+y, or other educational Insflfuflon on f

fTs own behal f or for one Of its users. | further égree that permlssioq; :

for mulfiple copying of thisework for scholarly purposes may be granfed
by me or the Dean of Graduate Sfudles. It is understood that copying -

or publication of this work for tinancial gain shall not be allowed

without my written permission. - - s S —r~—;im‘

-

fa
e

Tifle’of,Tﬁesjs/ProjecT/ExTended EssayA

"Interaction of Vanadium with‘Glucose<6—Phosphate Dehydrogenase"

<
r o

R

-

. |
" Author:
- «signature)
Amani F.H. -Nour-Eldeen.
"""" - (naméT 77}\ -

(dafe)



’ Name : : 4 Amani F.H. Nour -Eldeen
Degree: © . Master of Science
Titlevof Thesis: Interaction of Vanadium with

Glﬁcoseké-Phosphate Dehyrodgenase..

Examining Committee:

B

Chairman: Dr. A.M. Unrau

Df. Michael J. Griesser, Senior Supervisor

1

\,;, IS . I — ,,,;,,,,,
T Dr. W R Rlchards

Dr. E.J. Wells

Dr. Barry M. Honda, A831stant Protessor
' External Examiner
DepartméﬁE of Biological Sciences
4 Simon Fraser Univer81ty
Burnaby, B.C.

%\
™R

/7
/7Lq

i
X
ALY

- r
Date Approved: |



'analog of the enzyme ‘S phys1olog1ca1 substrate, glucose 6-

= Inorganic Vanadate (Vi):activateSécatalysis bybglucose
6- phosphate dehydrogenase (G6 PDH) of" the oxidatlon of glucose

[
by NADP+ As the Concentratlon ‘of the enz me is increased
y

the rate of the vanadate act1vated glucose oxidatlon becomes

‘<

‘less. sensitive to increase in enzyme concentration.ﬁ The rate’

o

-of glucose ox1dation in the absence of vanadate increases

linearly w1th enzyme concentration. This resu1t is interpret-

F

~ed in terms of nonenzymic formation of glucose 6- vanadate, an

‘phosphate. At high enzyme concentratlon the vanadate ester

formatlon'reaction becomes part1a11y rate -limiting, and extra-
polatlon to infinite enzyme concentration allows determlnationl
of the second orderﬂrateAconstant,formformation”ofitheiesterfi,,;i;ﬁ -

T -m

from glucose and vanadate. - .

Sulphate (Sdi—)’also activates catalysis by°G6-PDH of the'
oxidation of glucose by'NAD§+. The sulphate activation is
interpreted 1n terms of activatlon of the enzyme as -a glucose
oxidase. by bindlng of SOq to the phosphate-binding domain in
the cata1yt1c site, 1:e., binding of sulphate’ at the region of

the catalytic site occupied byﬁthe phosphate moiety of G6-P

when the physiological substrateris bound at the catalytie




gite. Supporting thisminterpretation are the observations
thatf a)‘,SOif inhibits catalysis by G6-PDH of oxidation of
both G6-P and the putative glucose 6- vanadate, while Vi

does not, at the concentrations used in this study, inhibit
G6-P oxidation, and b) the sulphate act1vation ﬂs not satur-‘d
able by enzyme,ti.e., the/rate of the sulphate-activatedgf%fj

cose oxidation increasés linearly withgenzyme concentration.

-By extrapolating to inf1n1te G6 PDH concentration, the
second order rate constant for formation of glucose 6- vana-
‘date from glucose and vanadate at pH 7.0 was determined to be
1.93.M'ls'1.1 This can be'compared_with the corresponding
values for formation of G6;P-{ 9.0 x 10;11M'ls‘1)_and,G6-As

-

“(6.3 x 10"*M-1s=1). -In the pH range from 7.0 to 8.4 the SN

second order rate constant for G6-V foxmation increased from .

1.93 M~ls} to 11.2 M-ls! N

It is'concluded that the nonenzymic formation of glucose
6- vanadate is formed in ‘a facile nonenzymic reaction from
glucose ‘and vanadate, and that it is a substrate for glucose
6-phosphate dehydrogenase, If this is an 1nstancefof a
general.phenomenon, i.e., rapid'iormation of vanadate esters

Which are substrates for enzymes which catalyze reactions of

the corresponding phosphate esters, then it may be a factor

in some of the'physiological effects of vanadium.
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I.1 Introduction -

w

Vanadium belongs to fhe ﬁroup VB transition metals that
also includes niobium and tantalum.YEIﬁe electronic configura-
" tion for vanadium in its zero oxidatioé‘state is [Ar] 3d34s?.
The Gfbup VB transition‘metalsrare'chafacterized by having |
their d-orbitals partially filled (3 electrons in the |
dworbitals in the gfound étate). Potential oxidation states .
for vanadium range from 0 to +5; however, vanadium in the +4 _ e
and +5 formal oxidation states are the most .stable forms (vt

and V°t are not known) (1).

-

1Y

I.2 Distribution of Vanadium in the Environment

Vanadium has an sbundance in nature of about 0.02%. It
occurs commonly but not uniformly in the earth's crust where
its average concentration is betﬁeen 100 - 150 mg/Kg ore
(1,2). 1In rocks and soil, vanadium QOesUnot occur as the free
metal but rather as vanaaate'of copper, zinc, lead, ufénium,.
iron, calcium and potassium (2). " Generally, vapadium is
present in the rocks as a'relativelyiinsoluble salt'in the

trivalent state (2).

Fresh water contains variable amounts of vanadium ranging

from 0.3 to 200.0 pg/L‘(Z); Alﬁﬁdﬁéhifhe concentration of

vanadium in sea water is usually low (2.0 - 29.0 ug/L), the

<



total amount in oceans is about 7.5 x 10!2 Kg (2). The con-
'cehiﬁitions of vaﬁadium in a variety of ﬁlantsvand animals are

given in Table 1.1 (2).

Génerélly, marine plﬁnts and invertebrate animals contain
more vanadium than lgnd plants, insects and vertebrates. The
vanadium concentrafions in the'tissueg'df wild aﬁimals are
listed in Table 1.2 (2).

I.3 Vanadium and Human Exposure

,
S

Exposure to vanadium péntoxide dust produces a clinical
syndrome characterized by irritation of the eyes, nose and
throat, followed by rales throuéhout the lungs and acute bron-

chospasm similar to bronchial asthma (3).

I.4 Biological Effects of Vanadium

Vanaaium has long been known to be essential for norﬁal
growth and’development of animals. .The results éf a study
which was carried_out on éomé labora;ory animals (rats and
chicks)Ashowed that retardation of growth occurred when those

animals were kept on a diet deficient in vanadium (4). It was

also found that the amount of dietary vanadate required for

B s ati

the normal growth of a rat was 100 p rts per billion, or 2 nM,

£

and the normal tissue concentration was about 0.2 n mole per g

wet weight (4).



- -
TABLE 1.1
Vanadium in Plants and Animals(z)
.~ Source 4; , [V] pg/g (dry.wt)
Plants: . ’ |
Piankton L | : o VS.OO
Brown algae o | 2.00
Bryopﬁytes i a ' 2§j$'
vFerns N o . 0.13
Gymnosperms o . , - .0.69.
~ Angiosperms X . L; | 1.60
Fungt ' P . 0.67
Animals:
Plankton : o ’ 2.30
Annelids : ‘ 1.20
‘Molluscs ' 0.70
Echinoderms ’ ' 1.90
' Crustaceans } 0.40
Insects ' ’ N 0.15 -
Fish S e ————
M&mﬁals | : S —74~0#Mlm;————ﬁ}fr



<

Th?/Vanadium Concentratio
Animals (2

"TABLE 1.2

? }n the Tissues of wild

(V] ug/g (dry.wt)

Tissue* ,

* Mean Range
Kidney 0.94 0.00. = 2.07
Liver 0.25 }0.00 - 0.94
Heart - 1.16 0.00 - 3.40
Spleen o 1.16 _;_

* Of those tested animals,

A\

the only tissue in which no-

vanadium was detected fg any instance was the I*ng. T

@

— e




VVanadiﬁm is widely distributedvdm”mamy planta and ani-
mals,amany of which are ingested by humam beings. The dis-
covery of a naturally occuring potent inhibitor of sodium
pota331um stimulated adenosine trtphosphatase [(Nat, K1)
ATPaae] isolated from striated muscle (5) has raised the idea

that the element may have a physiological role and many

experiménts have. been carried out to study its effect.

The interaction of vanadate in the +5 oxidation state
‘with purified dog kidney (Nat, K*) ATPase was studied (6).
It was found that vanadate bound to one high affinity site

and one low affinity site per enzyme molecule. Binding to

the high affinity site was sufficient to cause more than 95%

inhibition of the enzyme, Scheme 1. 1 . It was also found that

in the presence of vanadium, the enyyme had a higher affinity

towards potassium and this reduced its afflnity towards ‘sodi-

um. . From the above study, it seems that vanadate acted in a
co-operative manner with ‘potassium in promoting inhibition
~of the sodium pump which impliés that vanadate may have a

physiological role in controlling the rate of the ~sodium

-

pump.

After the-discovery of the powerful inhibitoryreffeot of

_ vanadate on (Na¥, K*)fATPaSe;'itwwaéﬁthoﬁghtﬁtﬁat it may be

specific for this’enzymé only, as it was claimed to be inef-

fective on sacroplasmic ‘reticulum Ca?t-ATPase (5). The .
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inhiﬁltzbn'of Ca2+-ATPaée.of'huﬁénvréd cell membranes by
.vanadgte'was‘studied;' The—;teady-state’level~of the
'Caz+-dépendent phospho-enzyme décreased and,'asltﬁéfhe%cqse
qf (Na+, K+)-ATPase,'this may be,a'resulé of a similaf E, >
E, conformational change. Inhibition‘By vanadate;,éhus,
seems to be due to its binding to the high,-faffilhity site for
ATP. Vanadate inhibition was also found to be dependent on.
the presence ‘of Mg2+ énd'Kf (7). High concentrations of .. | N
Ca2+ were shown to decréase tﬁéfinﬁiﬁitiOﬁ'By vanadate and
ﬁhisvhad‘made thenobservation of such inhibition of the
enzymekdifficult in the eérliEr'studiesq hVanadate
inhibition was also shown by using rabbit muscle
sacroplaémic reticulum C52+—ATPase, Ca2+-‘Mg2+-ATPéses éf
ascites plasma membrane andAK+-ATPaseApf‘E.-C611 (8).
A study on the dietary ingest&énbpf sméll amounté of
vanadate (; potent inhibitor for (Na+,‘K+)ATPase) in rats
showed that slow increase§ in their blood preésures‘écgﬁrredf””
(9) (a simiiar effect was also observedk}n;dogs (10) «
Increased pressure correlated positiveiy with plasma

vanadium levels.

'In an'experiment using”redkblooducellsr£rem—humansy—itif B

was found that vanadate, which was taken up by these cells,

was converted from the +5 to the +4 ¢xidation state (11)-5,



The conversion of vanadate to the +4 oxidation state is not
“surprising in view of the reducing environment in the fed
cell cytoplasm and this can occur in ‘the other cells which

may take up vanadate.

Vanadate has -an effect on many enzymes which catalyze
phosphoryl transfer or release reactions. In recent studies,
it was ‘shown that vanadate acted as a potent 1nhib1tor of

many enzymes (12) The effect of vanadium IV and V on_ the

enzyme ribonuclease, which catalyzes the hydroly31s of cyclic
uridine 2' 3'-phosphate showed that the enzyme was
competltivelyllnhlbited by complexes of vanadium IV and V
with uridine, with dissociation constants of 10-12 M }13).

The association constant for the binding of the -

vanadyl-uridine'complexfto~ribonuclease—was 1000-and 40-fold "~ -

higher than that for the substrate and the product,
, respectively.' This was rationalized by two possibilities.
First, on the basis that vanadium may co-ordinate strongly

with His!? and/or Hls119

at the active site of the enzyme
(l3). The other possibility was that the vanadium complex
'may adopt a structure similar to that of the substiate

- portion of the transition state for the ribonuclease -

‘catalyzed hydrolysis of phosphate esters, which was thought

- to resemble a trigonal bipyramid of penta-oxophosphorus in
which the entering and leaving groups were in axial positions -

(13).



‘Vanadium (IV nd V) was also found to be a potent iﬁhibi—
tor of alkaline phosphatase from E.‘Céli (14). Vanadate

clearlyrshowed inhibition by competition with phbsphate'ions,.

over the pH range 7.0 - 10.0 with a Kj (inhibition constant) 7*,7

~value of 2.2 M for vanadate compared to a corresponding
value of 1.5 p’M‘fOr phdsphate. Oxovanadium ion was foun ﬁdf
ibind'about five to six times stronger‘théﬁ phosphate, with a _

Kj value of 0.4 p M which indicated it to be a more potent

1nhibitor (1&) " The enzyme-bound vdnadium (IV and V) ions may

have some resemblance to the metastable iﬁtermediate forméd‘_
during the hydrol&sis of phosphateieste;s (14):> Thus iﬁ is
reasoqablé to hypothesize that some of the physidlogical
effects of vanadate are due_to how it acts as a phospﬁ;teuaha-

1bg in therbiochemical reactions.

Some'experimentql evidence indicated that.vanadate'actéd,
~catalytically to stimulate the oxidation of glyceraldehyde<3-
phosphate in the presence of tﬁé'enzymé glyceraldehyde 3-phos-
phate dehydrogenase (G3-PDH) and NA]_)+ (15) Theée results
were‘;éﬁionalized by proposing the formation of l-vanado-3- ..
phosphoglyce;qté which then rapidlyihydroLYzed to vanadate and

3-phosphoglycerate. VWhen vanadéte was replaced by pﬁosphaté,A

1 3 dlphosphoglyceraté Qasrfbrmed and the reaction reached

Al

equ111brium with the accumulation Qf the latter compound. “The
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.rate of thé oxidation reaction was limited by the sldw bydrol?
ysis rate of 1,3 diphosphoglycerate *(Scheme 1.2). A similar

hechanism was proposed to account for the stimulationfsy -
arsenate of the glyceraldehyde 3-phoéphate debydrogenaseréata-

lyzed oxidatiop of glyceraldehyde 3-phosphate by NaDt (15).: T

A study of arsenate (Asj) showed that it reacted with . =~

glucose or gluconate to form the arsenate, esters glucose §;V w

arsenate (G 6-As) and 6-arsenogluconate (6-AsG) (16). Thesegi

esters were found to be substrates for thexgnzyme glucose 6-
phosphate dehydrogenase (G6-PDH) and 6—phosphog1uconate dehy-
drogenase (6-PGDH) (16). The object of the study reported in

A

this thesis was to investigate whether vanadate and arsenate

act similarly in theaglucosé 6-phdsphate dehydrogenase_ catal-

yzed oxidation of glucose. B

G6-PDﬁ catal&zesvthe reaction shown/below:

;\

<

D-glucosé 6-phosphate <5 D-glucono-s-lactono 6-phosphate

The equilibrium constant for the overall reaction is near 1.0
at pH 7 (26). The enzyme from yeast has a molecular weight of

e\l\
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128;000.(27). This enzyme is used to determine direéﬁly éG?P
and NADPf,yandvto determine manyrother.speciesuinéirectly in
coupledrenzyme assa§,syétéqsﬂ' Tﬁe gctivity is. most conven-

iently‘meaSured spectrophotametricallyvby the rgtégof fo?ﬁaFv

tion of HADPH, whiéh is measured by the increase in aﬁsorbance

-at 340 nm.

%
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I1.1 Experimental Section

II.1.1 Reagents and Solutions .
Unless otherwise stated, all the reagents used in this
study were commerc1ally available (reagent grade) and were

used w1thout further puriflcatlon.

a) - Trizma Base: (Slgma Reagent Grade) )

50 oM T- acetate (6.055 g/1) was preﬁhred and adJusted to
the indicated pH for each experiment. The pH ofrthe solution
was adjusted by using 1M acetic acid. All the follqwiné solu-
tions were prepared in the T-acetatefbuffer.

-

b) Glucose: (Amachem Reagent Grade)
Stock solutions of 20 mM glﬁcose were prepared by dissol-

ving 0.363 gm glucose/100 ml T-acetate buffer solution.

c) Magnesium Chloride: (Amacheh Reagent Grade)

Solutions of magnesium chloride_(MgClz) of concentratiohs
of 100 mM (2.303 g MgCl,/100 ml T-acetate buffer) were pteparef
ed.

c) Nicatinamide Adenine Dinﬁcleotide Phosphate (oxidized‘
form) : (Slgma Reagent Grade) | ' -

Stock solutions of 10 mM of n1cot1namId€“adenIHE"dInuole- R
otide phosphate (B-NADP+ Sigmay prep&red £remryeast}4were447
prepared by dissolving 0.30 g per 3 ml T-acetate buffer solu-

tion. The Qﬂ-of the solutions were then adjusted by using 1M

—_—

sodium hydroxide solution.



e) Sodium Orfhov#nadate: (Fisher Scientific Company Réagent'
Grade) |
Sodium orthovanadate was uséd without further purifica-

tion. Since the degree of hydration of the sodium vanqﬁaté
was not‘specifiéd, the‘concentrationé of the étock solutioné
were determined by dilutihg to approximately 2 x 10°" M at pH
10.5 and measuring the absorbance at x» = 260 nm. At this pH f
and,eonéentration vanadium exists essentially entirely asv
HVOHZ'; whose molar extinction coefficient (g) at 2607nm,i$
3.55 x 103 (17). The formula weight of sodium orthovanadate
was calculated and stock solutiohs of 4 mM vanadate solutioné

were prepared in 50 mM T-acetate buffer 'solutions without

~adjusting the pH.

£) Glucose 6-Phosphate: (Sigma Reagent Grade)
‘A stock solution of 1 mM glucose 6-phosphate (0.028 g/100
ml T-acetate buffer solution) was prepared and its pH was

adjusted to 7.4.

g) Sodium ,Sulphate: (BDH Chemicals)
2.845 g of sodium sulphqte‘were dissolved in 100 ml of

I-acetate buffer solution, at pH 7.4, to give 0.2 M solution.
U A

h) Glucose 6-Phosphate Dehydrogenase: -~
For all the experiments, thefgluegﬁe?éﬁqﬂyasphakaﬂkﬁﬁptf e

drogen&se enzyme (Sigma type VII, prepared from Bakers yeast)
»
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was diaiyzéd overnight against two liters of 50 mM T-acetate
bufféf‘solution (at the indicated pH for éacﬁ'experiment).
The process of dialysis was carried out, in a cold room (4°C),
in a beaker inserted in ice with constant stirfiﬁg. For the
ekpefiments'where the effect of different sulphate concentra~-
tions on the enzyme activities were checked, further treatment
fo; the enzyme Qas carried out by running the éﬁzyme ﬁwiée‘on

a Sephadex centrifuge colﬁmn'(using the method of Penefsky

(18)).
II.1.2 Purification of the Enzyme

In the following_séction;~purification of the enzyme by‘
dialysis and by Sephadex cehtrifuge-column chromatography will
be given in detail as well as the preparation of the Sephadex

column.

a) Vﬁethod of Dialysis

This process is one of the methods which- can be used for
desalting the enzyme. The membrane of the dialysis tubing
(Fisher Scientific Company, seamless cellulose, having an
average width of 1 cm, flat) contains ultramicroscopic pores.

This membrane allows small molecular weight solutes and water

to,paSs th h freely, but does not permit the passage of

large molecular weight molecules (such as proteins).-

The tube was prepared by soaking it, for on¢ hour, in 1%

acetic acid, then allowing it tq\stand, with genFle stirring,
. .
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- ing process was done as follows:

- 18 - . B
in deionized-distilled water for a few‘minutes and then the
water was replaced by a mixture of lZ:sodium carbonate and -
1 x 1073 M EDTA (ethylene diamine'tetraacetic acide disodium
salt). After another few minutea of gentle stirring, the
alkaline EDTA solution‘was replaced by a fresh solution at'the

P

same concentration and heated with stirring to about 75°C for

30 minutes. The hot solution was poured off and replaced by

deionized-distilled water and stirred gently. The prepared

tubing was stored in a refrigerator in deionized—distilled, L -
water containing a few drops of chloroform. The tubing was

washed gently with distilled water before applying the solu-

tion that contained the enzyme.

b)  Method of Enzyme Desalting

The term desalting referéTnot only to the removal of
salts, but also the removal of any lower molecular weight com-
pound from a solution of macromolecules Enzyme desalting was
done by running the %gzyme solution on a Sephadex,centrifuge

column. The preparation of the latter as well as the desalt-

=4

A disposable, 1 ml plastic tuberculin syringe was fitted
with a porous polyethylene disk The syringe was: filled to 1
ml mark with Sephadex G- 50 80 (bigma reagent grade, with a

i
particle diameter 20-80 pcm and "water regain of 5. O + 0.3 ml

per g dry sephadex) previously allowed to swellrin a solution



of 50 mM T-acetate buffer overnight in & refrigerator. The
column was replaced iﬁ a test tube; allowed,to stand upfil no
‘;é§ther liquid drained fromrit, and thenvwas transferred with -
the test tﬁse to a six-place, swinging BUCkét rotor in a

clinical centrifuge.v The centrifuge was preset to a Spééd of
1000 x g (about 3/4 of the maximum Speed).. Centrifugation was
done for two minutes. 100 1l of the solution-contain{ng the

- enzyme was applied to the top of the column and centrifugation
was immediately repeated‘under exactly the same conditions but - - .
for only one minute. In this case, the solution containing

the enzyme passed down the column (the low molecular weigﬁt
molequleé can penetrat? into thé poreé and were retained.iﬁ

the column,»bﬁt‘large proteih moléculesvcannot penetraté into

the beads and thus passed through the column).

LS
e
g

'II.2 Instrumentation
The instruments used in>this study were:
"1 - IEC model and CH (Clinical Chemical) centrifuge.
2 - Cary-l4 spectrophotometer (A = 340 'nm) with one inch per
iﬁinute chart speed and 0.0 - 1.0 absorbance range. One

cm quartz cells were used for the measurements.

ITI.3 Methods of Analysis

All the kinetic measurements were carried out at a conr

stant temperature of 30°C, using the concentrations which are
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given in the figure legends. The concentrations of nicotina-

mide adenine’ﬁinucleotide‘phosphate (NADP+) and MgCl, were the
- same for all the experiméhté (1 mM and 10 oM for NADP* and

MgCl,, fespectively). 'The total volume of each.reacti§§“

mixture was 300 pl for all the experiments. oo

711.3.1' Glucose Oxidation Rates

Aliquots of the incubated mixtures of glucose énd vana-

date were added to reaction mixtures (containing tris acetate :

buffer,vNADPf, MgCl, and different enzyme'conbentrations)‘to

a

initiate the reaction. The change in the absorbance_éf 340 nm

(Amax for NADPH (19)) was measured spectrophotometrically.?
Separ;te blanks with no vanadate weré‘done7for each enZyﬁe and
glucqée concentration (fo measure the rate of the énzymic
oxidation of glucose alone). .-The -rates obtained from the
blank experimentsgwere subtracted from thdse obtained in the

presence of vanadate to give rates from which plots of 1/V

vs. 1/[E] were obtained (where V is the oxidation rate).

€

It was found.that;onztperéddition§§f glucose “or glucose
and vanadate to the reacti&hqhixture, a lag in the absorbance
vs. time curve occurred. Many attempts were carried out to

reduce this lag, and it was foundﬁthag,ihg optimum condition

A

was to incubate the enzyme with the buffer for five minutes
before the addition of the substrate.

PO
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‘Calculation of the rate was carried out by usingA

.Beer-Lamberts' law: _ o R
Aj"—;Ce‘R
where A = absorbance.
'gc = concentration. -
v e = the molér"extihction Cénstant'which equals to

6.22 x 10% M~lem™! (for NADPH) (19).
2 = the light path length = 1 -cm.

3

- 11.3.2 The-Burét Method - o

bt

This test was qarried out by incubating tﬂe 9pffef, j
NADP+, MgCl, glucqse and vanadate for a fixed time during
which the absorbance of.this'mixture‘was'measuredl‘ Thé enzyme:

" was then added and the abéofbdﬁéé’Of the resultant ﬁiktﬁfe'waS””'
measuredﬁagain. ‘In this case, the burst was the differeﬁcg
between the absorbancé before -and after the ad&ition of the
eniyme and was proportional to the substratg concentr;tion

present at the moment when the enzyme was added. Blanks were

done by leaving out vanadate.
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I11.1 Introdﬁction,

Addition of inqrganic vanadate (Vi) to a:reactiogmix-r
ture that céntéins glucose (G), nicétinamide adenine dinucleé-
tide phosphate (NADPH) and glucose 6-phosphate dehydrogenésq_
(G6-PDH) resulFed in an increase in the rate of glucose oxida-
| tion. Increasingrthq concentrétion 6f either g1uco§evor fhe,
enzyme also caused an increase in the rate of the Téacti&n,
Omission of glucose or the enzyme from tﬁe reaction mixture
resulted in no'obserVabie rate. Therincfeaégiin Eﬁé;fa£5f6£”"
glucose oxidatioh could be due to an interéqtion between vana-
date and the,alcdhdlic groups of glucose to form an esterlike
- compound (as observed in the case of V(iV) and (V) with
uridine (13)) which may act as a substrate for glucdse 6-phos-
phate dehydrogenase and therefore increase the NADF* reduction
rate, orﬂdue to an activation of the.énzymefiiidobserved in
. the case of sulphate, see. below). ‘ ‘

I11.2 Evidence for Vanadate Ester Formation

The fact that addition of inorganic vanadate increases

the rate of gluccﬁé/bxidétidn raises the question of whether .
vanadate reacts with glucose to form a vaﬁadate ester or binds

to the enzyme and activates it as a glucose dehydrogenase?

Suppose vanadate activates the enzyme to accelerate glucose

oxidation. Thus, it binds to théminacﬁ1§e enzyme (Ej) to
give the active enzyme (Ea), which would increase the rate

of glucose oxidation as shown in equation (3.1):



s, + V, T E, *———__LEa- G —product . (3.1)
K’ - .
. 8

where Kg is'the equilibrium constant for the dissociation of -

vanadate frOm the active enzyme. A study of the effect of

vanadate on the reaction rate could be carried out by follow-

1ng the change in the rate of the reaction w1th changing

enzyme. concentration in the.presence of a fixed vanadate con-
centration. So, according to equagion (3.1), the rate of glu-

cose oxidation is given by equation (3.2), the Michaelis-
Menten equation: : C,/\\v

catn: 1G]
K, + WJG]B

where kcat is the turnever number o§ the enzyme (number of
substrate molecules transformed to a product per minute by a

,s1ngle enzyme molecule at saturating substrate concentra-

tions) Km is the Michaelis constant or the concentration

of substrate which gives half maximum velocity By using the
! -
conservation equation (3.3), the fraction of the inactive

enzyme in terms of the total enzyme and the active enzyme con~-

centrations can be calculated as in equation (3 4y
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(] = [E] + [E] (3.3
(5,1 = . [E] - [E] Gy

The~equi1ibriumﬂconstant,forfthemdiSSOCiation'of'vanadate5M““f‘

from the active site is given by equation (3.5), and by sub-

stitﬁting for the fraction of the inactive enzyme, equation

' (3.6) is obtained.
[E,1[V,] o
KS = _i__i_ ¢ (3.5)
s [E, ] . |
R ~'[E]{V;Jmf-fﬂEEw}PVr}—w¥~¥~vf —”wfwrfw—m~f~ifvf e
K, = = a2 o (3.6)
[E,] |
Rearranging equatioh (3.6) gives equation (3.7) which gives
the fraction of the active enzyme: ‘
[EILV, ] B |
[E,] = —X— (3.7)
, R+ [V,] -
~
- - Y



SﬁEétltutlng ‘this expre331on for [E ] into the rate equatlon
(3.2) gives egquation (3.8), and taking the reciprocal of both

sides gives equation (3.9):

-~
[EI[GI[V;] |
v - cat . . . A 3 (73.8)
K K.+ Km[Vi]. F Ks[g] + [GI[V,]. g

rrrrrrrrrrrrr ‘4E'

+ K [6] + [GI[V,]

< | =

[EJ[GI[V,]

cat

Equation (3.9) predicts that, by plotting 1/V vs. 1/[E] a

stralght llne through the orlgin w111 ~be obtained. iP,F§§ -
rrfound that plottlng i/V vs. 1/[E] (using different vanadate
~and glucose concentrations, Figure 3.1, 3.2) gave straight
lines but they did not intersect the origin. The intersection
of the lines at the horizontal axis to the left of the origin
means that equation (3.9) can not be applled to the present
systemn. Thls also rules out the activation of the enzyme by
vanadate and, therefore, the lncreasevin the rate of glucose

, oxidation;byuﬁanadetez—i&—mo’reqarobab}yﬁdoeﬂ:ofWormion .



Figure 3.1

hY

The Effect of Different G6-PDH Concentrations on the
R#te of NADP+ Reduction in the Presenge of Glﬁcose and Three
Different Vanadate Concentrations at pH S:Qf' Rates were
determined é;iaescfiﬁed in the exberiméntal section, and the
rates observed in the absence of vghadate were subtraéted
from those measured in Fhe'presence,of vanadate to obtain thé
values plotted in the Figure. Concentrations of the reagents
were as follows: 5.0 x ld'z.M Tris-acetate (pH 8.0), 1.0 x
10-% M NADP*, 1.0 x 10-2 M MgCl,, 5.0 x 10=% M glucose; and -
vanadate at 1.0 x 10~% M (solid cifcles), 2.0 x 10~* M (solid
squares), and 3.0 x 10°% M (solid trianéles). The indicated
volumes of G6-PDH stock solution (8.6 mg/mL) were prsenf in
the reaction mixtures whose final volume was 300 pL. The
error bars in this and t e'following“aéuble reciprocal plots
represent error limits of +10%. It was found that when |

duplicate kinetic runs were done, the rates were always

within these 11mit§fwwwu'?) '
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uFigure 3.2

—

The‘Efféct of Differént G6-PDﬁ Concéntrations on the Rate
of NADP' Reduction in the Presence of Vanadate and Two
Different Glucose Concentrations. Procedures and Conditions
were as%described for Figure 3.1, except that vanadate

concentration was 2.0 x 10~" M,Xand the glucose concentrations

were 5.0 x 107" M (solid triangles), and 1.0.x 10°% M (solid

circles).
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Suppose that vanadate reacts with glucose to form an '

ester. If the present system follows MichaeliérMenten

kinetics, on the basis of equation (3.10), one cah derive the

rate eﬁuation (3.11): o
A
. k) enzyme A : :
Vi + 6 T/——=G6-V— - > 6-VG (3.10)
7 N\ _ , |
) Ky - NADPY  NADPH

k, and k, are the rate constants for formation and hydrolysis
of G6-V (glucose 6-vanadate), respectiVely. 6-VG is 6-vanado-

- gluconate.

k R N . I ) I R R Lo o I o
v = -8t [E][G6-V] ~ , (3.11)
K - -

m
Equation (3.11) gives the rate of oxidation of G6-V (it is
assumed that the reaction follows Michaelis-Menten kinetics,
and that [G6-V] << Kp). By applying the steady-state

assumption to G-6V7(assume that the rate of formation of G6-V

equals its rate of cQnsnmpLiQn);equation_LBAlQ)misgobtained | ;

which can berrearrangg@rtgwequationi(3.13):HVVNWW7”

e —




dlG6-V] = 0 = Kk, [GI[V,] - |k, + Kcat [E] [G6-v] (3.12)
dt N | K - L
o ‘ ‘ it
. | |
Kk [GI[V;] = kp[G6-V] + —=2= [EI[G6-V] (3.13)
m

Solving equation (3.13) for the steady-state concéntration of

G6-V gives equation (3.14):

¥
o ky [G1(V,1]
[G6-v] = 7 c (3.14)
. N . k2 4__' Cat’ N [E] o - - s T T T - T = - - o
K
m

'

Substituting equation (3.14) into equation (3.11) results in
equation (3.15), and by taking the reciprocal of both sides,

one obtains equation (3.16)
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k’C&t [ ] ]
K Kk, [E]J[G][V,] - : o -
v = B i C . (3.15)
k, + KE?_ [E]
m
1 Kk, - 1 -
- , + e (3.16)

<l

K 610V, I

K
Tm

k .
cat k,[EI[GI[V,]

it

Equation (3.16) predicts‘that the plot of 1/V vs. 1/[E] is a

straight line with a vertical intercept =v1/k1[G][Vi], a

horizontal iﬁtercept = -k /Kmkz'and a slope = Kmkz/k

cat c.atkl

[GI[vi].
By'plotting the rate of G6-V oxidégiohm(ABgéinéd”ffdﬁr7
subtracting‘the rate of glucose'oxidation from the total rate
of the reaction) vs. the enzyme concentration, a hyperbolic
curve was obtained (Figures 3.3 - 3.6). The hyperbolic Cufve

is an indication of saturation by enzyme, where at saturation

~the rate of the reaction is independent of the enzyme concen-

tration. This curVature was not due to decrease in the spec-

ific activity of the enzyme with incr®asing ‘enzyme concentra-

tion, because in the absénce of vanadate the rate of glucose

oxidation increases linearly with enéyme»up to the highest



Figure 3.3

T )

The Effect of Different G6-PDH Concentratibns on the Rate
of NADPT Reduction in the'Presence of 1.0 x 10~3 M Glucose
T with aﬁdw}ﬁhout 2.0 x 107" M Vanadate at pH 7.0. Procédures
. and Conditions were as described with Figure 3.1, except that . -
the vanadate and glucosebcbncentrations were those indicated |
abéve, and the concentration of the enzyme stock solutionrwas
7.8 mg/mL. The points represent, (a) measurements of the
‘rates of NADP' reduction in the presence of glucose without
vanadate (solid circles), (b) similar measurements:in the
presence of both glucose and‘vgaadéfé’(SbiidmffiéﬁgléS);'aﬁd

(c) the différence between (b) and (a) (soiid squares).

e
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Figure 3.4 | 'y 7 ‘ P | ;Eﬁg

The Effect of Different G6-PDH Concentrations on the Rate

of NaDpPt Reduction in the Presence -of -1.0 x 107% M Glucose -

with and without 2.0 x 10" MfVanqdafe at pH 7.4. Procedures’

__and cohditions were-as described with Figure 3.3, except that

A

the pH was 7.4. The points,représeht: (a) measurements of -
the rates of NADP' reduction in the presence of glucose
without vanadate (solid cifcles), (b) similar measurements in

the presence of both glucose and vanadate (solid squares), and

(¢) the difference between (B)kéﬁd"(é)‘(éoii&itriaﬁglééy:”ﬁ -
v

A
”
7
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- _Figure 3.5 . V,////

The Effect of Different G6-PDH Concentrations on the Rate

of NADPY Reduction in the Presence of 1.0 x 10'3 M Glucose

with and without 2.0 x 10~ M Vanadate at pH 8.0. Procedures

) ' : )
and conditions were &as described with Figure 3.3, except that
the pH was 8.0.. The points represent: (a) measurements of .

the rates of NADP' reduction in the presence of glucose

-~

~without vanadate (solid circles), (b) similar measurements in

the presence of both glucose and vanadate (solid triangles),

and (c) the difference between (b) and (a) (solid sqﬁares)."

-
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Figure 3.6

The Effect of Different G6-PDH Concentrations on the Rate
of NADPt Reduction in the Presence of 1.0 x 10~3 M Glucose

- with and without 2.0 3_}0‘“ M Vanadate at pH 8.2. Procedures.

and conditions were as described with Figure 3.3, except that

the pH was 8.2. The points'represent: (a) measurements of

” .the rates of NADP' reduction in the presence of glucose
without vanadate (soiid circles), (b) similar measurements in
" the presence of both glﬁcose and vanadate (éolid squares);-and
e ) the difference between ~(b)-and (a)(solid triangles). . ... _
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Figure 3:7

The Effect of Different G6-PDH Concentrations on ghe Raﬁé‘&

" of NADPY Reduction in the Presence of 1.0 x 10~3 M Glucose
withAand'withoﬁt'2}0’i I0’“ M’V§ﬁadate’at”pH”S:At'ﬂProcedures:Wﬁ~=mr
and conditions were as‘describedfwith Figure 3.3,;excépt;thatvj

the pH wés 8.4. fhé/points represent: (a) mgfsureménts of

the ratAes'of’NADP+ reduction in the presence ;f glucose

without vangdéte (solid circles), (b) similar measurements ini

the presence of both glucose and vanadate (solid squares), aqd

(c) the difference between (biméﬁanigj“fébilaféiiéﬁgiééil o
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enzyme concentrations used. This saturation canAbe rationél-
ized in terms of a step in the reaction mechdnism before the
7enzymic oxidaqiéﬁ; which becomes rate-limiting at saturating
enzyme concentrations. This step*which becomés rate-limiting
at saturating enzyme concentrations is beléeved to be forma-

tion of G6-V, which is similar to G6-P (glucose 6-phosphate)

and G6-As (glucose 6-arsenate) whose oxidation reactions are

catalyzed by G6-PDH (16).

 Furthermore, a 5{V NMR study of a mixture of vanadate and

i

. ethanol showed that the vanadate formed a compound with ethan-
ol with a chemical shift for vanadium different from that for
the inorganic vanadate. Thus, when ethanol was added to di-
lute aqueous vanadate two peaks were observed in the !V NMR
spectrum, while only one majo,r’,,pe,ak,waLS,,QB,se;vgdiin,,,t,h,,e,,ab,-,, o
sence of ethanolk(ZO)f At ambient temperature, two separate
resdnﬁnces due go the free Vi and the putative ethyl ester
were observed. On raising_the temperature, the two resonances
broédened and theﬁ coalesced to a singlerpeak, indicative of a
rapid exchange process (20). This observationrcould be repre-
sented by equation (3.17) which supports the hypothesis that

vanadate esters form rapidiy from-V; and compounds, such as .

glucose,‘Which‘confaih"ﬁyaroxyl groups.

HVO2™ + CHyCH,OH _———> CHyCH,0-VO;™ + H,0 (3.17)



o

- III.3 Effect of pH on G6-V Formation

It is known that the concentration of the monovanadate
species in solution is very pH dependent at‘éoﬁstant vanadium
atom concentratioﬁj(Zl). és the pH ofvthe éolutioﬁ increases,
the fraction of total varadate which exists as monovahadate
species increases and it is the predominant species above pH
7.0 with totalvvanadium concentration less than about 1.0 x

1073M (21). A study of the effect of pH on the rate of G6-V

formation from pH 7.0 to.pH 8.4 at a total vanadate concentra-

tion of 2.0 «x 0"y was carried out. As can:be seen from the

figures (3.3 ~ 3.7), the rate of the G6-V oxidation increased

as the pH of the solution increased.

Saturation curves (V’vs;'[E]”plﬁt)”wereﬂobservedwatpr“
values less than 8.4 (Figures 3.3 - 3.6) while no such curve

was obtained at that pH (Eigure 3.7). This could bécduerto

. the monoprotonated species, HV042' (the predominant species at

pH ranges 8.3 - 13.0 (21)), being the most reactive species

(Zlﬁowards ester formation. (The pK, for loss of a proton

ffgm H,V0, is 8.3 (22).) Thus, at pH 8.4 G6-V ester was

formed faster than at the lower pH's and in turn more enzyme

was required to reach the saturation point.

fhese experimental results were gupported by an estimated

V vs. [E] plot (Figure 3.8) based on the following: the rate
' ,J
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Figure 3.8

-~

Estimated Rates of NADPT Reduction at Different G6-PDH
Concentrations. The rates were calculated from equation 3.15 o
using the following values for the constants and concentra-
tions: [Glucose] = 1.0 x 10-3 M, [Vanadate] =2.0 x 10~" M,

k; = 21.6 M's~!, k, = 5.0 x 10%s7}, kooe/Ky = 3.6 pL7ls™!,

pH 8.4.
N
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constant of G6-V fbrmation,rkl, at pH 8.4 (11.2 M'ls;l) was
obtained from the vertical intercept of the plot 1/V vs. 1/[E]
(Figure 3.13). The rate constant of G6-V hydrolysis (k, = 1.8
x 103s7!) was then calculated by assuming a Keq value equal

to that of G6-P (6.2 x 107°M~1)(16). The kear/Ky ratio
(3-6‘pL-l) was estimated from the hbriéontal intercept (40;002
pL‘l.s'l) of‘Figure (3.13). The estimated rate, V, was then
obtaiﬁed by applying the k,,k, as well as kcét/Km values

to equation (3.15) and using the s&me'experimental values of
[E] at-—pH 8.4. The results (wh%chrafe shown in Figure 3.8)
indicate that it is "not unreasonable that the plot of V wvs.

[E] is only very slightly curved at pH 8.4.
) {
Table (3.1) gives the values of k;, at different pH values

obtained from Figures (3.9 7”3,13),”51;Mwas found,that,,as,theWﬁ e

pH increased, the value of k; ihcreased, and this is shown in

the plot of log k; vs. pH (Figure 3.14).

III.4 Effect of Vanadate and Glucose Concentrations on the

Rate of G6-V Formation

The second order rate constant (k;) for the formation of

o

G6-V was obtained using the same procedure which was used for

the pH dependence studies in the preceding section. The val-

ues of k; which were obtained from using different vanadate
(Figure 3.1) and different glucose (Figure 3.2) éonqgntrations

at pH 8.0 are listed in Table (3.2). Ituwaa%fo@pé%tﬁat,'kl
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Figure 3.9

The Effeét ofiDifferentvG6-PDH/ConcéntfationsontheR&te"
of G6-V Oxidation at pH 7.0. - This Figure is a-doubigirecipro- .
cal plot of @até from Figure 3;3. The vélues used are from
line (c) in Figure 3.3, i.e. the‘rates,of NADPT reduction in

the presence of glucose and vanadate, minus the rates in the

absence of vanadate.
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Figure 3.10

The Effect of Different G6-PDH Copéentrations on the Rate

of G6-V Oxidatisn ét pH 7.4. 'Tﬁié Figu;e7is a d9ub1e fécipro-

| cal ﬁlo£ of dat;\{fom line (¢) in Figure 3.4., i.e. the rates 
iJof NADPY . reduction in the presence of glucose and vanadaté,

minus the rates in the absence of vanadate.
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Figure 3.11

-

EﬁevEffelofDifierentG6»PDHGoncentragionsonthe
Rate of G6-V Oxidation at pH 8.0. This Figure is a double
recipgocal>plot of_data from Fig. 3.5.. The vélﬁes used are
froh 1ine (c) in Fig. 3.5, i.e.’che fates of NADP' reduction

in the presence of glucose and vanadate, minus the rates in

the absence of vanadate.
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Figure 3.12
,ﬁ,,,ﬂffﬁ_Ihe Effect of Different G6- PDH . Concentrations on,the _Rate
of G6-V Oxidation at pH 8. 2. This Figure is a double recipro—
cal plot of data frpm Figure 3.6. The values'used are from
line (c) in Figure 3:6, i.e. the rates of NADP+ reduction*in
“Ehégﬁfééénce of glucose and vanadate, minus the rates in the
. absence. of vanadate.
.
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~:+ absence of vanadate.

Figure 3.13

| The Effect of Different G6-PDH Concentrations on the Rate
of G6-V Oxidétion-at pH 8.4. This Figg;éuis'a‘double recipro-
cal plbt of data from Figure 3.7. The values used are from
line (¢) in Figure'3;7, i;e..thé rates of NADPt reductioﬁ in

the presence of glucose and vanadate, minus the rates in-the
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Figure 3.14 N

The Effect of pH on the Rate of G6-V Formation. The
apparent second order rate constants for G6-V formation were
calculated from the -data shown in Figures 3.9 - 3.13 u81ng

equation 3.16.
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TABLE 3.1 4 o

The rate constant (k;) values for G6-V ester formation v"

at different pH values.

3

k‘l (M-ls-l‘)*‘

pH
7.0 1.9
7.4 2.2
8.0 5.6
8.2 6.2
- 8.4 - 1 ———
* Obtained from plots of v Ve TE] (Figures 3.9 - 3.13).




TABLE 3.2

The rate constant (k;) values for formation of G6-V ester

‘at different vanadate_éhd glucoée concentrations, pH 8.0.

[v;] M [G] M k, (M-tg=1y*
1.0 x 107" 5.0 x 1074 3.9
2.0 x 107 5.0 x 10°* 3.4
3.0 x 107" 5.0 x 107" 2.8
2.0 x 107" 1.0 x 107° 3.3

>
1 1

* Obtained from plots of 7V T (Figures 3.1 - 3.2).

[E]




decreases slightly as the concentration‘df vanadate increas-

es. For example, at 1.0 x 10~*M vanadate concentration, k,

was 3.9 M~lg~l while at 3.0 x 10™M vanadate it was 2.78

M'ls'l'(see Table 3.2). This could be rationalized by in- .

~creased polymerization of vanadate as vanadate-concentration

increases, resulting in a decrease in the concentration of

monomeric vanadate. This explanation'was supported by calcu-

lating the percentage decrease of the monovanadate species in .

“solution as  the vanadium concentration imereasesy using-the ="

vaiue of Keq (which is equal

to 10732 (21)) for vanadate

dimerization according to equation (3.18) and comparing it to

the percentage decrease in k), at the same concentrations.

: 2~
2 HVO, =

Substituting the value of Keq

at pH 8.0, therefore,

(3.19)

= 10732 and the [“OH] = 10~

(3.20)



2 - ‘ v 3=
Vi o= [Hvol, ] + 2 [HV207 ]
tot L - 7

Then -

ZKeq'[HVO»] + [Hvoq] R/ R I R N

“From equation (3.21), the concentration of the monoprotonéted

monovanadate species could be calculated as follows:

-1 +\/1 + 8K' V T

[ 2 - pqi,
= tot
W0, = 4 K
_"eq
175



Thus, the-équilibrium concéntrations of HVO, 1in 1.0 x 10~"
and 3.0 x 10-* M vapadate solution at pH s-.o are 8.54 x 10°°
.and 2.11 x 10'§'M, pespectiveiy. This means that about 85.5
and 70.37%7 of the total vanadate are expeéted to exist as the-
monomeric form at 1.0 x 10'5 and 3.0 x 10°% M vangﬂéte coﬁcen—

rtfations, respéctiyely. It is clear that as the concentration = . .-

w

of vanadate increases threefold, the monovanadate species

decreases by about 15.2%.

- The values of k; were found to be several orders of mag-
nitude 1arger‘thah thbse reportqd.fof the reaction of glucose“‘
with arsenate and phosphate (16). For example, at pH 7;4?éyrj
fot G6-V formation was 2.16 M~lg=!  yhere the coérespoﬁding
sécbthé?der raté'constants for arsenate and phosphate ester
fromation were 6.3 x~10’§ﬂand*aﬁout“970’xfTO’lL“M‘l§‘lj“”””””"f”;”””;”
respectively. - The Changé.in'thé?rate of‘glucose oxidation iﬁ»
the presence of arsenate w1£h~éhénging_enzyme Cohcéhtration,
using 4.0 x 107" M arsenate is shown in Figure 3.15 It is
clear from the figure that only a 'slight activation of glucose

oxidation by Asj was observed compared to that by vanadate

at similar concentrations, Figure (3.5).




R . . e lam

Calculation of fhe rate of G6-As oxidation atﬁdifferent
Asj éoneéntratiOns (4.0 x 10~ ts 3.0 x 10~! M) using the:
publishéd values of the kinetic constants’(kl, k, and
kcat/ij gave very small values which were negligible com- -

pared to the experimental values for the glucose oxidation

rate. ;Onrthis basiszﬁﬁt was expected that addition of-Asy- - - -

to a_réaction mixtur containing_glucose and the enzyme would

not increase the rate of glucose oxidation by glucose

6-arsenate formation. However, the small increase in the rate
of the reacfiqn on ad&ition of Asi (which is shown in Figure
3.15) could be due to activation of the enzyme by_arseﬁate;
'sincevan inhibition constant, Kj, of 12 mM for'Asilwith |
respecf to G6-P was previously reported (16). This is consis-

tent with binding cf Asj at the phosphate binding domain of .

the catalytic site, which would be expeéted to -inhibit cqtaly;

sis of G6-P oxidation by the enzyme, but mightrenhance'glucose

oxidation. Ihgt{glucose alone can bind at the catalytic site
is indicated1;§ the fact that the enzyme catalyzgs its oxida-
tion, and that it is a competitive inAhyibii:or with respect to |
GGlP."ﬁbfsuchrinhibiiién was observéd by‘Vanadqte with

respect to G6-P at the vanadate concentrations used in these

experiments, in agreement with published work (12).

N - - - i



-~ without arsemate (solid circles), and. (b) similar measure- ,

Figure 3.15

' 'The Effeéf‘bf“ﬁiffeféﬁt”GGFPbH”Conéeﬁfrétions”6n.the

- Rate of NADPT Reduction in the presence of 1.0 x 10°3 M

Qf“myggzﬂggatejatﬁpH48lﬂJ,,Brocedu;gs:and::::::::;:

as described with Figure 4.1, except that- the

pH-was 8.0, vanadate was not present, 4.0 x 10™* M arsenate

-

was present, and the concentration of the G6-PDH stock solu-

tion was 2.0 mg/mL. The poihts represent: (a) measurements

of the rates of NADPT reduction in the presence of glucose.

2l

.ments;innghg presence of both glucose and arsenate:
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AAmethodarepo:ted,by,othersmforwdetermlning G6—As,(16)ptwﬂfia:j;;,;¥\;jif

" vanadate system for two T

III.5 Attempts to Determine Directly the Concentration of
G6-V |

I . Several attempts were made to measure the concentration

of G6-V in solutions containlng glucose and Vi, using the

Briefly, the approach was as follows: enzyme was added to a

solution containing glucose, Vi and NADPT, Iﬁ“fhe case of

arsenate ester, essentlally, all of the G6- As was consumed in

a ngrstﬂ,react;oh,: Subeeqpeptrformatfgn of G6-As was slow,

so the burst phase was clearly separated from the subsequent |

slow phase of NADPt reduction.

This approach could not be used successfully with the

Tz

¢
,a) The facile oligmerizatlon of Vl at concentrations
above about 103 M made it impossible to achieve formation of

an equilibrium concentratiqn of G6-V which could be Egﬁgily

" detected in a burst. -

~b) The nonenzymic formation of G6-V is so fast that theA

sepafation between burst and subsequent slow phases of NADP+'

reduction weuld not be expected to be very clear. No burst of

-

- NaDPT reduction was observed in these experiments at the low

enzyme concentrations used.



I11.6 Comparison of G6- P, G6-As and G6-V as Substrate for
G6- PDH

If it were possible to determine the concentratlon 6f
G6-V during catalysis its oxldation by G6-PDH of, then from
the oxidation rate and the G6-V conceptrat;op7Ithprd/be7‘77
possibie'£0“calcu1ate’a keat/Ky ratio for G6-V as a 1

substrate for G6-PDH, using ‘the rate equation (equation

3.11). However, as lndicated in Sectlon III 5 it has not

) T Y
thus far been possible to measure the concentration of G6-V

under any conditions. Alternetively, if a value for the rate
constant, k,, for hydrolysis of G6-V were known, it would be
possible to calculate kcq¢/Ky from the horizontal

intercept of 1/V vs. 1/[G6-PDH] plot'(horizontal ineercept =

-kcat/KmkzlleﬂHQweyer,,kz,has,notfbeenfdetermineda_fe;wmfI”MW”IMIWIWIII,

, It is perheps worthwhiiertqrmake an estimate of the
keat /Ky retib for G6-V as a substrate for G6-PDH for com-
parison with the kcet/Km ratio for G6-As’end G6-P, because
it is the kog¢ /Ky ratio which determines (or is the best
indication of) the specificiti of an enzyme for a given sub-

strate {19);

Such an estimate can be made if it is assumed that the

value of Kgq for formation of GS-V from glucose and V; 1is
a

similar. to that for G6-As formation. This assumption is rea-

_sonable as a first approximation in view of the fact that the

Keq value for formation of G6-As is the same as that for

™~



kcat/Km = 159 (mg/mL) “lg-l = 9540 (mg/mL) min

C6efw(i6) 7 Thus, assuming that Keq for formationtof G6-V at
pH 7.4 is equal to 4.3 x 10'3 QY\Q and using the k;, value 2.16 ‘
M-lg-1 (from Table 3 1), one can calculate a value of kz'- 5.0

x 102 s'l. From the horlzontal intercept of Flgure 3.10 (8.25

x 10~3% uL'l), the fact that the volume\ef the reaction: mixture”A

was 300 uL, "and the G6-PDH stock solution was at a.concentra-. ~
tion of 7 '8 mg/mL, one calculates a value Sx\o 318 (mg/mL)' |
for its value of Kege/Kpky - IE k2 = 5.0 x 102\ -l, then

o

N,
L

JR o e \,

A value of kcat/Km for G6 P can  be calculated from I
the data in Figure 3.20. The rate of G6-P oxidation is 3.2
x 10-6 M.min"! at 2.6 x 10 -5 mg/mL'G6 -PDH and 5.0 x 107" ﬁ\\v'
GﬁhEﬁ Using a value of 2.4 x 10°* M for the K, for G6-P \
(16),’and the Michaells Menten equation, a value of 760

(mg/mL).mln ! "ig calculated. Since there appears to be no

case known in which the keat/Kp ratio for a nonphysiologi-

cal substrate 1is larger than that for the phjsiologicalisub-'

strate (19, 23), the large value estimated above for the

kKcat /Ky for G6-V may indicate that the value used for the

rate constant for G6-V‘hydfoiysis.(k2) is iarger than the real
value. This, in turn, would indicate that the equilibrium

constant for formation of .G6-V is larger than the correspond-

.ing values for G6-P and glucose 6-arsenate.: Values of

kcar /Ky for G6-P andVG6?As calculated from published work

(16) indicate that kcat/Km‘for G6-P is 3.4 times that for

glucose 6-arsenate.



QirThe”ﬁﬁifgr£;;ﬂgﬂénigégykmlratio are the same as those
of a second order rate constaht,- The use of the uﬁits
(mg /mL)'l.rrnin"'1 in the above calculations is dﬁe to the
choice of;concentraqion‘uhits for the enzyme,ofll.O mg/mL
rather than 1.0 M. Such a chOicé is ‘common, and is essential

in cases where the molecular weight ‘of the enzyme is not
kvbpown;

III.7  Inhibition by Sulphate of Enzymic Oxidation of G6-V

1
!

: - . - e e
It is well established that sulphatg (SO, ) inhibits the

,oxidéziéhrbf G6-P‘byrfﬁéienzyme (G6-PDH) in ;§e presence of

NaDPt (24). The studyjof the effect of sulphate on the

present system provided some interesting results as well as

additional evidence for¥é6-V formation. The effect of differ- //,,_;~

ent sulphate concentrations (0:0 - 2.0 x 1072-M) on- tj;e rate . . -

of glucoseroxidation in the presence and abgence,of vanadate
‘was studiéd'(Figure'3.165. It,ﬁas found that the rate of
glucbse oxidation increased with increasing sulphate concen-
tration. In the absence of vanadate,- the rate started to -be
indebendent of sulphate at,highér sulphate concentrations, k
showing saturation behaviour (Figure 3.16). Two possibilities

can account for this obsefvatidn: either sulphate reacted

;ith”glucose toiform«an estéf411ke compound, which could act

e

as a substrate for the,enzyme; or it bound to the enzyme and

activated it as a glucose oxidase. A plot of the. rate of '

<

glucose oxidation vs. sulphate concentration in the presence -



/ Figure 3.16

The Effect of Differene Sulphate Concentrations on the

Rate of Glucose Oxidation. in the Presence and Absence of

2.0 x 107* M Vanadate at pH 7.4. Procedures and conditions

 were as described with Figure 3.1, exceéﬂ that the pH was 7.4,
i glucose was’étrl.O xriO;guﬁ; G6-PDH was at 0.12 ﬁg/mL, and
. sulphate concentrations were as indicated. The points |
fepreseht: (a) measurements of the rates of NADPT reduction
in the presence of glucose without vahadate'(solid circles),
- (b) stmilar'measurements'inﬁtBE”presenceﬁof*bothfgiucose”and*”ﬂ”WW”"'”
| vanadate (solid triangles), and (c) the difference between-(b)

and (a) (sq;id'SQuefes).
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of a fixed vanadate concentfation was linear (Figure 3,16)} .
The ﬁlot of the rate of glucose 6;vanadate oxidation (differ-
“ence between oxidation rates in the presence and absence of
vanadate) vs. sulphate concentration indicates that the rate
of glucose 6-vanédate oxidation by the enzyme decreased as the

suiphateVconcentration'was increased.

The effect of sulphate on glucose oxidation is most like-

ly due to enzyme activation by sulphate since no curvature was

observed on plotting the difference in the reaction rate in
the presence and absence of sulphate vs. enzyme concentration
(Figuré 3.17) . Also there was a straight line through the
origin, which is consistent Qith equation 3{9 obtained by

asguming enzymic activation %y the anion. This indicated that

S0, bindg to the enzyme and activates it as |

tivates it as glucose dehydro-
genase. This resﬁlt is similar (aémentioned ébove) to the
resulted obtained with arsenate, and this suggeted thét arsen-
ate and sulphate are Botﬁ acting witﬁ the same,mecﬁanism,

while vanadate a different_mechanism. However, very fast

ester formation could not be completely rpled'out. The effect

of sulphate on the rate -of glucose oxidation (Figuréf3.17)'was

similar to the effect of arsenate on the same system (Figure

~3715) “except thEﬁh’J':gher—&c’ttva’tfdnfbyfsﬁpﬁ&refdc*cu;rfed .




phate to the enzyme at the P; binding domain of the cataly-
7 _ ) DR e~
tic site.
- . v, - - @, . - - ,'!.!:" v - - . - - . I ,. - - P V, P b,,,
_The above reactions can be summariZed by the following
scheme:
\ .

=76 -

and. Asy both héd'thelsame,efféct on the enzyme. Thus,ﬂthezf

high activation of glucose oxidation in the presence of S0,

was more likely due to enzyme activation by binding of sul-




Figure 3.17

The Effect of Different Enzyme Comcentrations on the Rate

of Glucose Oxidation in the Presence of 1.0-x 10~? M glucose

with an& Qifhoufii.b xilO'é M Sulphate at pH 7.4. Procedures

and conditions were as described with Figure 3.1,4except“that

I):L,eﬁBhLMéS,ﬁLEéifglucgggMa&it;il;.,ﬂ;;g 1073 M, vanadate was not

present, sulphate (where indicated) was pfesént atvl.O x 1072 -
M, and tﬁé G6-PDH stoék églﬁtiohkwas at 2.0 mg/mL. The poiﬁts
reéresent: (a) measurements of the rates of NADPT redﬁct%on ‘
in the presence of glucose without sulphate (solid circles), .

(b) similar measurements in the presence of both glucose and

‘sulphate (solid triangles), and (c) the difference between (b)

and (a) (solid squares).
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The Effect of Different Enzymé Concentrationsroh théLﬁaté
of Glucose Oxidation in the presence of 1.0 x 10~3M Glucose
and 1.0 x 10~2M Sulphate of pH 7.4. The data Irovaigure 3.17

- (solid square)‘are‘plotted as a double reciprocal plot. . ..
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G + Vi' (;gluconate :
G6-~V ‘glucose o . E
gluconate - - gluconate -

Scheme‘3.1

" From Schene 3.1 one predicts that increasing sulpnate

concentration will decrease the concentrationrof the free

enzyme present 1n“thé*rgattiaﬁ%migfﬁfefwhign—inmturnrw111~+tf%w~eefw4vv
result in a decrease inltbe rate of G6-V okidatiOn catafyzed‘

by the enzyme, as was confirmed by the results of Figure 3.16}_

S

~ In terms of scheme 3.1, ‘the results shown in Figure 3.16
: 5

; are iationalized as follows: 1in the absence of Vi, SOH
activateerG6 PDH as a glucose oxidase. The 1eve11iné off of B
the SOﬁ activation plot (solid circles, Figure 3.16) is due
to the saturation of the SO binding site,‘at whlch point,
most of the enzyme has been converted to the E SOk form. 1In

the absence of SOk s Vi causeS'considerable activation of

glucose oxidation, as shown by the difference between the

solid circle and the triangle on the verticélraxiSQgrﬂoﬁeVer,

as shown by the line through the triangles, the' dctivation by

I
T fwrt oo vt



SO, in the presence of V;j is considerably lessrthan in the
absence of Vj. The two activating effects are not additive,

even though they involve different mechanisms.

" The nonédditivityfofvthe vanadate and sulphate activation
of glucose oxidation is also shown in Figure 3.18. This fig-
ure shows that the activation of glucose oxidation by increas- |
ing concentrations of vanadate (lower line, solid circles) is | i'

' considerably less in the presence of sulphate (upper line,

7‘8011d ‘triangles). I"the’absence"or otner'Intormation;‘tne’”fif*“éiif**
results shown in Figure 3.18 would bé consistent with an inhi- 7
bition by vanadate of the sulphate‘actiyation. \§Swever, in
terms of Scheme 3;1, exactly the converse is true. Adding
sulphate decreases the concentration of the enzyme species (E

vin Scheme 3 1) which catalyzes the oxidation of G6- V

The lack of any curvature in the velocity vs. enzyme con-
centration plot for glucose oxidation in the presence of sul-
phate (Figure 3. 17) is also consistent with Scheme 3.1 as men-
tioned earlier., It was also mentioned that this lack of cur- -
vature could be explained by a very fast sulphate ester forma-
tion, so-that the'enzymic oxidation step remained rate-limit-

ing even at the highest enzyme concentrations used. However,

b

if this were the mechanism of sulphate acttvation‘of‘g ,rrrrfrf
4oxtdattonmone—would—ﬂot—expeet—to—see—the—eurv&ture—in—the——————gggggef
veloc1ty vs. sulphate concentration plot (Figure 3.16, solid

circles) indicatingﬂsaturation by sulphate. . __ o
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Figure 3.19
The Effect of Different Vanadate Concentrations on the

Rate of NADP' Reduction in the Presence and Absence- of

,lfO;X~lDIQM:SuiphaﬁewatfPHeiTAI:rPfoeedutesf&néfeondieiuns~umwv~ﬁ;:ff
were as described with Figure 3.16, except that the vanadate
concentration was varied and sulphate, when present; was at a
constant concentration of 1.0 x 1072 M. Aiso, G6-PDH -was at7 
0.2 mg/mL; The points represent: (g) neasurements of the

rates of NADPT reduction in-the presence of glucose, without

presence of both glucose and sulphate (solid triangles)-.
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'Also, consistent with Scheme 3.1 is the observation that
sulphate at the concentrations used in this study, inhibits
-oxidation of G6-P catalyzed by G6-PDH, while vanadate does

not (12). These results are discussed below. o 3

When the effect of SOi_,concentration was checked on‘the
rate of G6-P oxidation, the same effect as in'the”case‘ofﬂcoevrh
was observed (Figure 3.19). The similarity in the effect of.
sulphate concentration on both the rates of oxida ti,g:ggfgg;gﬁffif:i:;
and glucose with vanadate supported the formation of G6-V.
Inhibition by 20 mM sulphate‘was about 87% in case oéAG6-V and
’about 52% in case of G6-P. The weaker inhibition of G6-P |
oxidation is probably because the steady-state concentration

_'of G6-V is lower than that used for G6-P.

-”When"tne effectrof incteasiné,the'concentration of vana-
date (0.0 - 2.0 x 107" M) on the rate ofﬁGo-P oxidation (5.0 x
1073 M'b6-P) was studied, it was found that vanaaium has no
effect, consistent with published results (12). This does not. 1
‘;exclude the poss1billty that vanadate might bind to the enzyme
SLgniflcantly at higher Vj concentrations. In the case of
Asj, an inhibition constantA(Ki = 12‘mM) was reported

(16). Thusfmiﬁgthefgievalueseforearsenate;andAﬂanadate—afe—————e———u——

similar, inhibition by vanadate would be insignificant at the

low Vi concentrations used in the present study. Because of

the facile oligmerization of Vi, it is not feasible to



Figure 3.20 : . .

Inhiblfi6ﬁ:by*SuIphatE”offﬁﬁfifyﬁfﬁ‘ﬁ?‘ﬂﬁEPﬁﬁxﬁfffﬁﬁﬂﬁj
Oxidation at pH 7.4. G6-PDH was present at 2.6 x 10-5 mg/mL,
G6-P was at 2.5 x 10°% M (solid circles) and 5.0 x 107% M
(solid squares), MgCl, was at 1.0 x 10-2 M,_Tris:acetafe'(pﬁ
7.4) was at 4.0 x 1072 M, and sulphate was present at the

indicated concentrations. Procedures were as described under

methéds._
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extend the study to higher V; concentrations; monomeric

vanadate:would then no longer be the.predominant species.

- III.8 Conclusion and Physiological Implications

In this study, it was found that glucose and vanadate
react to. y1e1d a. product which can be oxidized by- NADP+ in-a -
reaction catalyzed by glucose 6-phosphate dehydrogenase. It

is likely'that the product of the reactiOn of glucose and

vanadate is glucose 6- vanadate. Similar behaviour was observ-

ed previously-in the case of'phosphate‘and arsenate. The

values of k; were found to be several orders of magnitude

3
¢

larger than those reported for the reaction of glucose with
.arsenate and phosphate (16); A value for kcat/Km of 9540.

7 (mg/mL) Lm n'1 was estimated | for glucose 6- vanadate compared

to 990 (mg/mL) -l ‘min~! for G6-P. This is very likely an over-
estimate, but it is consistent with the hypothésis that G6-V

is a good substrate for G6-PDH.

If the rapid reaction of vanddate with hydroxyl groups 1s
- a general phenomenon, then vanadate esters are expected to

come to equilibrium rapidly,under physiological conditions.

-If vanadate esters are generally good analogs to phosphate

esters, as is apparently the case with G6-V as a substrate for -




G6-PDH, theﬁ-noneng§mic vanadate ester formation ﬁay be phjéi4{
ologically important.

3

Previous work has been interpreted as indicating that
vanadium,éompounds have a regulatory‘role inrcarbohydrate

“metabolism as revealed by their effect.on g1u¢§§é m¢tqb91ism

-

in vitro (25). It was found that vanadium has an insulin- -

mimetic action in isolated rat adipocytes. The incubation of

adipocytes wiﬁh'orthovanadate stimulated the rate ofrglucoseg
éxidafion asrweil as gluéosé tfanéport. Théwéffécgéwgégé'
dependent on the éoncentration of\vanadate and‘the time of the:
iqcubatioﬁ. The authors éuggested that vanadate may enter the. ’

cells and is chemically altered and/bf'éequestered, but in the

.course of these intracellular reactions hexose'transport=is.

¥

stimulated. ,Thisvcouldfbe”dueﬁtoﬁtheminvolyement”of”vadadaEeijﬂW;
on phosphorylation of key membrane proteins in’thé insulin-

mimetic effeét of vanadate. -
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