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ABSTRACT 

Substrate analogues of adenosine monophasphate, adenosine 

diphosphate and adenosine triphosphate have been tested by kinetic 

methods for their ability to activate three kinases: myokinase 

(adenylate kinase), pyruvate kinase and hexokinase. These substrate 

analogues are vanadate esters and anhydrides that are formed 

spontaneously in solutions that contain vanadate and nucleotides. 

Adenosine vanadate, an analogue of AMP, was found to be a good 

substrate for myokinase. No activity was detected with other 

substrate analogues containing vanadate, for myokinase, pyruvate 

kinase or hexokinase. Vanadate had no observable effect on the activity 

of pyruvate kinase. It was found to be a weak inhibitor of myokinase 

and hexokinase, but the presence of nucleotides did not enhance the 

in hibition. The natural substrates for the kinases are Mg*+/n ueleotide 

complexes, an exception being myokinase which binds an uncoordinated 

AMP or ADP molecule at one of its catalytic sites. It has been proposed 

(Craig and Gresser (1988) J. Cell Bioi, 107, 189a) that the reason that 

vanadate in tha presence of nucleotides is not a potent inhibitor of the 

kinases, is the failure of the phosphovanadate moiety of the 

spontaneously formed vanadate nucleotide to chelate a divalent cation. 

Thus nucleotides whicn are mixed phosphatdvanadate anhydrides are 

unable to bind to enzymes for which the normal substrates are 

Mg'+/nucleotide complexes. 



The ability of diva~auate and of phosphovanadate to chelate Mg2+ 

was tested by 51V NMR. Divanadate and phosphovanadate were not 

stabilized in aqueous solutions containing Mg2+. 

The ability of vanadate to spontaneously form esters with small 

organic molecules in aqueous solution was tested in experiments with 

glyoxylate. Electrophilic catalysis of the dehydration of glyoxylate 

hydrate was demonstrated in a reaction coupled to lactic 

dehydrogenase. 
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$enera1 Introduction 

The transition metal vanadium is widely distributed. In trace 

quantities it is present in both organic and inorganic matter. The 

vanadium atom is so electropositive that it is usually found 

coordinated to electronegative atoms such as oxygen and nitrogen. In 

dilute aqueous solutions of vanadium oxide at neutral pH, the 

predominant species are the vanadate anions HV042- and Hz VOs-. 

Miilimolar concentrations of these ions are toxic to living organisms 

(LD75 i.p. in rats 4-5 mg/Kg, Merck Index), but at lower 

concentrations they may be essential for growth (Swarz and Milne, 

1371). Although the mechanisms for the biological behavior of 

vanadium are not understood, they became of more clinical interest 

when it was discovered that vanadate could act as an insulin mimetic 

in diabetic rats (Heyliger et al., 1985). In addition, evidence that 

incubation with vanadate increases the oxygen affinity of whole human 

blood indicates that it may have the potential to benefit victims of 

sickle-cell anaemia (Ninfali et a/., 1983; Stankiewicn et al., 1987). 

The biological effects of vanadium may be related to some of the many 

different effects that vanadate ions have on enzymes. For phosphatases 

and nucleases it is a potent inhibitor, while it appears to enhance the 

activity ~f other enzymes such as phosphoglucomutase and adenylate 

cyclase. Many of the kinases and dehydrogenases are not affected, or 

are only slighfiy inhibited by vanadale. (Chasteen, 1983discusses 

some relevant aspects of vanadium chemistry and its effect on a 

variety of enzymes). Studies sf the interactions between vanadate ions 



and organic molecules were originally undertaken to investigate its 

influence on enzymes. It was th~ught  that the effects that were 

observed must reflect, in part, the similarity ~f vanadate ions to the 

phosphate anions, HP042- and W2P04-- Although vanadate and phosphate 

are analogous with respect to physical structure and electronic 

properties, their behavior in aqueous solution is quite different 

(Hanzlik, 4976; Pope and Dale, 1968). Vanadate ions are only slightly 

more basic than their phosphate counterparts, but, unlike phosphate, 

they readily ferm dimers and oligomers, particularly in acidic 

solution. As the studies progressed it became apparent that there are 

other important differences between vanadate and phosphate when they 

are added to solutions of organic molecules. The ability of yanadate to 

react spontaneously at hydrcxyi groups to form esters has been 

detected using kinetic methods (Nour-E!deen et al, 1985; Craig, 1986) 

and 51V NMR (see references listed under Gresser, M.J. and under 

Tracey, AS.).  In addition, vanadate forms spontaneous anhydride bonds 

with phosphate groups, as well as with other vanadate ions. These 

anhydrides have also been detected using 51V NMR (Gresser et al., 1986; 

Tracey et al., 1988a). Phosphate esters and anhydrides which have 

thermodynamic properties similar to those of vanadate, also form 

spontaneously in solutions of phosphate and alcohol. Hswevea the 

spontaneous formation of phosphate esters and anhydrides takes place 

on a time scale sf years, rather than miiliseconds, as in the case of 

vanadate compounds. Under physiological csnditims the formation of 

phosphate compounds, and their hydrolysis, is catalyzed by enzymes. 

The similarities and differences between vanadate and phosphate and 



the implications of these differences for biological systems are 

discussed in more detail where they become relevant to the 

experiments presented in this thesis. 

The work reported here represents an investigation of several 

aspects of vanadate organic chemistry. In Part I the rapid, 

spontaneous formation of a vanadate ester is a step in the catalysis sf 

a dehydration reaction. The results sf these experiments demonstrate 

that vanadate can act both as an electrophi~e and as a nucleophile in the 

pres~nce of hydroxyl and carbonyl groups respectively. It has been 

shown previously (Nour-Eldeen et al., 1985; Craig, 1986) that vanadate 

esters can be recognized as substrates by enzymes which normally bind 

the corresponding phosphate esters. The work reported in Part II was 

unddrtaken in an attempt to understand why vanadate has little effect 

on the kinases, ATP and ADP utilizing enzymes. There are theoretical 

and empirical reasons to expect that AD?-vanadate (ADPV) and AMP- 

vanadate (AMPV) will bind more tightly to the active site of a kinase 

than will its normal substrates ATP and ADP. However, no kinetic 

evidence for such binding was obtained. The basis for these predictions 

are discussed in the introduction to Part II, and a rationale has been 

proposed to account for the experimental results. 51V NMR studies of 

vanadate and phosphate in the presence of other inorganic ions were 

undertaken to investigate the interactions of these ions in aqueous 

solution. The results of these studies are reported in Part Ill. The 

results of the experiments in Part Ill provide independent evidence in 

support of the conclusions reached in Part II. 



Fleetronh . .  9 he Dehvd ion of rlrc ~&tvsrs bv Van- of t rat 

l&fmeLGlu_Qxvlate 

The rapid, spontaneous formation of vanadate esters has been 

observed in aqueous solutions of vanadate and organic molecules (Nour- 

Eldeen et all 1985; also see references listed under Gresser, M.J. and 

under Tracey, A.S.). Therefore it is expected that the hydroxyl groups of 

glyoxylate hydrate will be esterified by vanadate to some extent in 

aqueous solutions containing glyoxyiaie and vanadate. In addition, the 

elimination of phosphate from the phosphorylated hydrate of D- 

glyceraldehyde has been shown to be several times faster than the 

dehydration of the hydrate under similar conditions (Rendina and 

Cleland, 1984). With these considerations in mind, vanadate ion was 

tested for its ability to enhance the reduction of glyoxylate by the 

mechanism shown in Scheme I. 

As depicted in Scheme Ilb, lactate dehydrogenase (L-lactate: 

NAD oxidoreductase; 1.1.1.27) (LDH) has the ability to catalyze the 

oxidation and the reduction of glyoxyiaie. Nicstinamide adenine 

dinucleotide (NAD) is the oxidizing agent aird the  reduced form sf NAD, 



glycolate 

Scheme I 

The uncatalyzed reversible hydration of glyoxylate and an 

alternative pathway which proceeds via the formation of 

a vanadate ester 



Scheme I I  

(a) The LDH-catalyzed ~nterconversion of pyruvate and lactate 

(b) The LDH-catatyzed reduction and oxidation of glyoxyiate 
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NADH, is the reducing agent in the reaction catalyzed by LDH (Duncan 

and Tipton, 1969). 

The natural substrates of LDH are pyruvate and lactate. As 

shown in Scheme II, the structural resemblance of glyoxylate to 

pyruvate and of the hydrated form of glyoxylate to lactate sugg~sts 

that the anhydrous and hydrous forms of glyoxylate act as substrate 

analogues of pyruvate and lactate respectively. This idea has been 

supported by inhibition studies in which oxalate was shown to be a 

noncompetitive inhibitor of pyruvate reduction (Novoa et al., 1958) and 

of glyoxylate reduction (Duncan and Tipton, 1969). In addition oxalate 

was shown to be a competitive inhibitor of lactate oxidation ( N ~ v o a  et 

al., 1958) and of glyoxylate oxidation (Duncan and Tipton, 1969). Thus 

it is likely that lactate and glyoxylate hydrate bind to the same site on 

LDH in the presence of NAD. Scheme II shows the LDH catalyzed redox 

reactions of lactate and pyruvate, and the proposed model of the LDH 

catalyzed reactions ir! the presence of the analogues glyoxylate hydrate 

and glyoxylate. 

Glyoxylate is predominantly hydrated in aqueous solution 

(Gunshore et al., 1985). It was determined by Everse and Kaplan, 1973, 

that it is the anhydrous form ot glyoxylate that acts as a substrate in 

the LDH catalyzed oxidation of NADH. The specificity of LDH for the 

anhydrous form of glyoxylate as a substrate in the oxidation of NADH 

has been put to use in the following experiments. 

The rate of reduction of glyoxylate in the presence of vanadate is 

significantly accelerated. The lower pathway of Scheme I, the route 

through the vanadate ester intermediate (GV), can account for the 



observed enhancement by vanadate of the reduction of giyoxyiate. it is 

possible that the kinetically significant complex is not the vanadate 

ester. Aqueous solutions of vanadate and other organic acids have been 

shown to contain a variety of compiex molecules (Tracey et al., 1987). 

Some of these types sf complexes have been implicated in the catalysis 

by other transition metals of the dehydration of glyoxylate (Meany and 

Pocker, personal communication) and of 2,2-dihydroxypropionate 

(Pocker and Meany, 1970). This will be discussed in more detail after 

the results of the experiments with glyoxylate and vanadate have been 

presented. 

In order to determine if the reduction of glyoxylate is enhanced 

in the presence of other anions, phosphate and arsenate were tested in 

the absence of vanadate for their ability to accelerate glyoxylate 

reduction. 



Procedure 

4-(2-hydroxyethy1)-1 -piperanine-ethanesulfonic acid (HEPES) 

and nicotinamide adenine dinucleotide, reduced form (Grade II) (NADH) 

were obtained from Boehringer Mannheim. Crystalline L4actate:NAD 

oxidoreductase (EC 1.1.27) (LDH) and glyoxylic acid from Sigma were 

used without further purification. Sodium metavanadate was purchased 

from Matheson, Coleman and Bell. 

Stock solutions of NADH, glyoxylate, LDH, vanadate, phosphate 

and arsenate were prepared in 0.1 M HEPES buffer (pH 7.2) and adjusted 

to pH 7.2 with potassium hydroxide or hydrochloric acid. In a test of 

the effect of vanadate on the the rate of reduction of glyoxylate by 

NADH, reaction mixtures contained 0.1 M HEPES, 0.15 mM NADH, 6.1 

mM glyoxylic acid and the appropriate concentrations of LDH and 

vanadate. LDH concentrations varied over a range of 0 - 1 .1 mg/mL. 

Vanadate concentrations were 0, 0.20, 0.40 and 0.60 mM in total 

vanadate. The concentrations of monomeric vanadate were calculated 

frnrn !he tota! vanadium atom concentrations and the equilibrium 

constants for the formation of vanadate oligomers. These calculations 

are described in Appendix I. In other experiments 0.60 mM phosphate or 



0.60 mM arsenate was substituted for vanadate in the presence of 1.0 

mg/mL LDH; other conditions were the same. The reaction was 

initiated by adding 10 pL of the glyoxyiic acid stock solution to a 

reaction mixture which contained all of the other reagents at 30•‹C, pH 

7.2. The total sample volume was 1.0 mb. The rate of reaction was 

measured after five seconds, the minimum time required for the 

reactants to mix and for the recorder pen to stabilize. The dehydration 

rate was measured by following a decrease in absorbance at 340 nm, 

due to the oxidation of NADH, irsing a molar extinction coefficient of 

6.22 x 103 M-km-1 .  A Cary-17 spectrophotometer with a temperature- 

controlled cell holder was used for the measurements. No change in 

absorbance was observed before the addition of glyoxylate. 



The enhancement by vanadate of the reduction of glyoxylate by 

NADH, catalyzed by LDH is shown in Figure 1. The points in Figure 1 

were determined by experiment; the curves were calculated using 

equation 4 which was derived on the basis of the mechanism shown in 

Scheme I. The saturation behavior of the curves in Figure 1 can be 

explained if the dehydration step becomes rate limiting at high enzyme 

concentrations. The substrate, giyoxylate (G), does not appear in the 

denominator of equation 1 as its concentration is much lower than its 

KM (4.1 8 x 10-5 MI Meany and Pocker, personal communication) as a 

substrate for LDH The equilibrium constant for the hydration of 

glyoxylate has been estimated to be 163 at 25'C at pH 7.4 (Gunshore et 

al., 1985), Thus more than 99% exists as the hydrate (GH). The results 

of studies by Everse and Kaplan, 1973, indicate that it is the anhydrous 

glyoxylate (G) that is accepted for reduction by the enzyme. The 

cofactor NADH is at a constant, saturating concentration, and therefore 

its concentration is included in the constant term of equation 1. 

kcat 
Rate = - [LDH] [GI 

Km 

The rate equation derived for the mechanism in Scheme I1 is 

shown below (2). It is assumed that the formation of the vanadate 

glyoxylate ester, GV, is in equilibrium with GH and Vi. The rapid, 

reversible equilibrium that is established between vanadate and its 



The effect of different LDH concentrations on the rate of 

reduction of glyoxylate in the absence and presence of vanadate. 

Conditions were the following: 0.10 tvl Hepes, pH 7.2, 25OC, 0.15 mM 

NADH, 0.10 mM glyoxylic acid, and the indicated concentrations of LDH. 

Reactions were initiated by the addition of glyoxylic acid. The sample 

volume was 1.0 mL. Total vanadium a t ~ m  concentrations (added as 

inorganic vanadate) were as folhws: (0) 0, (a) 0.20, (0) 0.40 and (A)  

0.60 mM. The solid lines were calculated from equation 4 by using the 

constants kd = 0.0098 s- l  , k3Keq = 12.66 M- l  s - I ,  kh l ( kca t lK~ )  = 0.0336 

mg mL-1, k4/ (kcat /K~)  = 36 mg ml-I M - I .  The values used in the 

calculations for vanadate concentrations were: (If) 0.179, (0) 0.322 

and (A) 0.437 mM. The reaction was monitored by measuring the rate of 

oxidation of NADH in accordance with the mechanism shown in 

Scheme I. 





esters has been described in previous work (Nour-Eldeen et al.. 1985; 

Gresser and Tracey, 1985; Tracey et al., 1987). Equation 2 can be 

rearranged to eqilation 3 which expresses the steady-state glyoxylate 

concentration in terms of the independent variables [GH], [LDH] and [Vi], 

where [GH] = [GV] I (Keq [Vi]). 

Substituting the expression for [GI from equation 3 into the rate 

equation and taking 

In equation 4 

the reciprocal, yieids equation 4. 

- - 
Rate kcat  

K [GH](kd +k3Keq[Vil) 
[ L W  

m 

[GH] is assumed t~ be equal to the total glyoxylate 

concentration, for reasons discussed above. The value for the 

equilibrium constant for the formation sf the vanadate ester which is 

present in aqueous solutions of wanadate and lactate is equal to 0.5 M- I .  

This value was obtained at 1.0 M ionic strength, pH 7.35 ( Tracey et al., 

1985), but it provides an approximate value for the equiiibrium 

constant for the formation of glyoxylate vanadate. It has been 



muitipiied by 2 ts account for the presence of 2 hydroxyi groups am 

glyoxylate hydrate, to obtain Keq = 1.0 M-1. 

Plots of IIRats vs IIELDH] at different concentrations of Vi were 

linear as shown in Figura 2. The relation between the reciprocal of the 

vertical intercept of equation 4 and the vanadate concentration is 

shown in equation 5. 

When the values for I1V.I. of Figure 2 were ?lotted vs [Vi], as 

shown in Figure 3, a value for kd was determined from the vertical 

intercept where [Vi] = 0. k3Keq was obtained from the slope of Figure 3. 

The relation between the slope divided by the vertical intercept 

of Figure 2 and the vanadate concentration is shown in equation 6. The 

plot of stope/V.l. vs [Vi] is shown in Figure 4. 

s o p  k h  + kd[Vi l  - - 
V.I. kcat 

Km 

When [Vi] = 0 equation 6 yields a value for kh/(kcat/Km). By using 

the published value of 163 for khlkd at 25 OC. pH 7.4 (Gunshore et al., 

1985), and the kd determined above, a value for kh was estimated. The 

value of kh was used to dete~mine kcat/Km from equation 6 when [Vi] = 

0, and to determine k4/(kcatKm) at known vanadate concentrations. 



Fiaure 2 

Double reciprocal plots of the data from Figure 1. The effect 

of different LDH concentrations on the rate of the reduction of 

glyoxylate in the absence and presence of vanadate. Total vanadium 

concentrations (added as inorganic vanadate) were (a) 0, ( 0 )  0.20, (%) 

0.40 and (0) 0.60 mM. Conditions were as described in the legend to 

Figure 1. 





The reciprocals of the vertical intercepts (V.I.) of the lines in 

Figure 2 vs the vanadate concentration (Vj). Conditions were as 

described in the legend to Figure 1. 





The slopes multiplied by the reciprocals of the vertical 

intercepts (V.I.) of the lines in Figure 2 vs vanadate concentration (Vi). 

Conditions were as described in the legend to Figure 1 .  





and O l s c u s s r ~  

The values obtained from the secondary plots of the data from 

Figure 1 (Figures 2, 3 and 4) were used as initial estimates for the 

parameters in equation 4. A nonlinear, least squares program (BMDP) 

was used to determine the constants that provided the best fit of 

equation 4 to all of the data from Figure 1. The values obtained from 

this procedure were as follows: 

Similar values were obtained when the experiment was repeated 

using lower concentrations of LDH, and the values were not affected by 

changing the concentration of glyoxylate. From the value of kd 

determined by the curve-fitting technique described above, and the 

published value of 163 for kh/kd (Gunshore et all 1985), 

The value obtained for the rate constant for the dehydration of 

glyoxyiate, kd = 0.0098 s-1 at pH 7.2, 3WC, compares well with the kd 



of 0.0095 s-1 at pH 7.0, 25%, obtained by Rendina et al., 1984, using 

the same experimental method. The value of 12.7 s- l  for k3, the rate 

constant for the elimination of vanadate from the vanadylated 

glyoxylate hydrate, is more than 100 times greater than the value of 

0.035 - 0.043 s-1 reported for the elimination of phosphate from the 

phosphorylatecl glyceraldehyde hydrate at pH 7.0, 15% (Rendina and 

Cleland, 1984). The presence of the carboxylate anion on glyoxylate 

may facilitate the elimination of the vanadate anion. Phosphate and 

arsenate failed to accelerate glyoxylate reduction at pH 6.0 and pH 8.5, 

whereas vanadate, at similar concentrations accelerated the rate of 

glyoxylate reduction thr~ughout this range. These results, shown in 

Figures 5 and 6, indicate that the enhancement of glyoxylate reduction 

is specific for the presence of the vanadate ion. 

Alternatively, the species which catalyses the hydrolysis of 

hydrated glyoxylate may be a cyclic diester in which Vi is chelated by 

hydroxyl groups fram each of the carbons on glyoxylate. Aqueous 

solutions of Vi with lactate were found to contain cyclic diesters of 5- 

coordinate (Keq = 9.3 M-1) and 6-coordinate (Keq = 2.9 x 101 1 M-4) 

vanadium. The 6-coordinate lactate/Vi cyclic diester was binuclear in 

Vi. The 6-coordinate species was favoured at low pH as a proton was 

required for its formation. 

In aqueous solutions of 1 .O mM Vi and 0.8 mM lactate at pH 7.1, 

the vanadim atom conceratratims for the monomeric ester, 



The effect of different anion conceritrations on the rate of 

reduction of glyoxylate. Conditions were 0.113 M Hepes, pH 6.0, 25OC, 

0.15 mM NADH, 0.10 mM glyoxylic acid, 1.3 mg/mL LDH and the 

indicated concentrations of anion: vanadate (Vi) (0) , phosphate (Pi) 

(a) arsenate   AS^) (X). Vi concentrations are those of total Vi added as 

inorganic vanadate. Reactions were initiated by the addition of 

glyoxylic acid. The sample volume was 1.0 mL. The reaction was 

monitored by measuring the rate of NADM oxidation in accordance with 

the mechanism shown in Scheme I. 





The effect of different anion concentrations on the reduction of 

glyoxylate. Conditions were the same as described in Figure 5, except 

that the pH was 8.5. 





the 5-coordinate bipyramidal cyclic diester and the 6-coordinate cyclic 

diester were 8.01 1, 0.230, 0.322 mM respectively. In addition there 

was approximately 0.068 rnM Vi atoms involved in various other 

combinations of monoesterldiester bonds with lactate molecules. 

Presumably solutions of glyoxylate and Vi contain similar complexes. 

Meany and Pocker (personal commi~nication) determined that the 

dehydration of glyoxylate is catalyzed by other transition metal ions, 

the order of catalytic effectiveness being: Zn2+ > Cu*+ > C O ~ +  > Ni2+ :, 

Cd2+ B Mn2+. The possible mechanisms postulated by these 

investigators involve electrophilic attraction of the positive metal 

centers for the oxygen electrons on one or both of the hydroxyl groups 

on glyoxylate. The experiments reported here cannot differentiate 

between a monomeric or dimeric intermediate. However it is noted in 

Figure 2 that the reciprocal of the rate of reaction was linear with 

respect to vanadium atom concentration. This suggests that a binuclear 

cyclic diester of glyoxylate and Vi was not significantly involved in the 

catalysis. 

The experiments described above are significant for two reasons. 

First, they illustrate the versatile nature of vanadate chemistry. The 

vanadate ion can accept electrons at the electropositive vanadium 

center or can donate electrons from its oxygen ligands to other 

electropositive atoms. The second reason for the significance of the 

vanadate chemistry observed in these experiments is that it may halp 

to explain some of the physiologica! etiects of vanadate. Some recent 

developments in glyoxylate chemistry that may be relevant to some of 

the observed clinical effects of vanadate are discussed below. 



Glyoxylate at concentrations of 10 - 100 pM is a normal 

component of animal cells. Glyoxylate is an inhibitor of the pyruvate 

dehydrogmase complex, competitive with pyruvate (Ki = 80 pM, pH 7.0, 

Beatty and Hamilton, 1985). It has been suggested that glyoxylate 

partially confrois the activity of the pyruvate dehydrogenase complex, 

an important link between glycolysis and the citric acid cycle in 

aerobic c;ells. The inhibition by glyoxylate is largely reversed in the 

presencs of millimolar concentrations of thiols, particularly cysteine, 

with which glyoxylate forms spontaneous adducts, or thiohemiacetals. 

Gunshsre et al., 1985, measured equilibrium constants of 0.2 - 1.7 

m M - 4  for the formatior! of thiohemiacetals formed by glyoxylate and 

several different thiols common to the cytosol. Given that cellular' 

thiols are normally present in millimolar concentrations, they 

determined that about half of the glyoxylate present in the cell will be 

in the form of a thiohemiacetal complex. 

The thiohemiacetals formed spontaneousiy in the presence of 

glysxylate and thiols have been shown to act as substrates for 

peroxisomal oxidases such as D-amino acid oxidase, D-aspartate 

oxidase and L-hydroxy acid oxidase which convert them to oxalyl 

thioesters ( O X )  in the presence of oxygen (Gunshose et al., 1985). The 

pathway from free glyoxylate and thioi to OTE is shown beiow. 

RS-CHOH-COB- + 0 2  + RS-CO-COO- + Ha02 



It has recently been reported (Harris and Hamilton, 1987) that 

BTE's are present in animal cells in concentrations of up to 50 pM. 

Evidence has been accumulating to support the role of BTE1s as 

metabolic control factors in animal cells. For instance, 

S-sxalylglutathione, the oxalyl thiaester of glyoxylate and glutathione, 

is a potent inhibitor of malic enzyme (Ki = 5 yM at pH 7.4, 25OC, Harris 

and Hamiltan, 1987). Malic enzyme catalyzes the oxidative 

decarboxlyation of malate in the presence of NADP. The products of the 

reaction are pyruvate and NADPH, a vitai reducing agent for fatty acid 

synthesis. The production and specific activity of malic enzyme are 

both stimulated by insulin. Thus it appears that S-oxalylglutathione is 

a negative effector of insulin. 

The relationship between OTE's and cell growth was investigated 

further by comparing OTE levels in resting and in rapidly growing cells. 

As expected, OPE levels of resting cells were significantly higher than 

those of rapidly proliferating transformed fibroblasts and of lectin- 

stimulated lymphocytes (Skorczynski et al., 1988). This effect could be 

a consequence of the high level of y-glutamytransferase (GGT) that is 

typical of many tumour cells, as GGT catalyzes the catabolism of 

glutathione and its conjugates. At pH 7.4, 25OC, the KM for S- 

oxalylglutathione as a substrate for bovine kidney GGT was 0.36 mM for 

the transfer of the y- glutamyl group to glycylglycine, and 7.Q pM for 

the transfer of the y-glutarnyl group to water (Hamilton et a1.,1988). 

Vanadium is normally present in mammals as an ultratrace 

element. The total-body pool of vanadium is approximately 100 pg, 

most of it present inside the cells. It is differentially distributed 



among the tissues with the highest concentrations being found in liver 

(= 0.2 yM) (see Nechay et al., 1986, and references therein for a brief 

summary of the role of vanadium in biology). In vivo vanadium is 

distributed between the +4 (vanadyl) or the +5 (vanadate) oxidation 

state. Most of the intracellular vanadium is bound to proteins or to 

phosphates (Nechay et al., 1986). In the bound state the oxidation of 

V 0 * +  to V043- ,  that would normally take dace in the presence of 

cellular oxygen, is prevented. At normal physiological levels the 

effects of vanadate on glyoxylate metabolism are probably negligible. 

However, higher concentrations of vanadium have indisputable 

bioiogical effects, some of which could involve the interference of 

vanadate ions in glyoxlate metabolism. For instance, the hydrolysis of 

an OTE could proceed through a nucleophilic attack by vanadate on the 

carbonyl of the thioester, with elimination af the thiol and the 

subsequent hydrolysis of the vanadium-oxygen bond. This is a 

reasonable mechanism considering the nucleophilic behavior of 

vanadate that has been observed in the experiments reported here and 

by DeMaster and Mitchell, 1973. DeMaster and Mitchell found that 

vanadate uncoupled the oxidative phosphorylation of glyceraldehyde-3- 

phosphate catalyzed by glyceralde hyde-3-p hosp hate de hydrogenase. 

The behavior of vanadate was similar to that of arsenate ii! that these 

anions compete with phosphate in a nucleophilic attack on the carbonyl 

carbon of the enzyme-bound 3-phosphogiycerate. Vanadium could aiso 

affaci OTE levels by another mechanism, Thisis such as gfuiaihiona are 

sornplexed by oxovanadium ions. Thus an increase in vanadium 

concentration would decrease the concentration of thiol available for 



the oxalylthioherniacetal formati~n with glyoxylate. A reduction in OTE 

levels appears to have a similar effect on the cell as that of an 

increase in insulin concentration, that is, among other things, the 

reversal of OTE inhibition of malic enzyme and the stimulation of cell 

growth Vanadate has been shown to stimulate cell growth (see below), 

but its effects on the OTE levels of cells and on the GGT enzyme have 

not yet been tested. 

Vanadate behaves as an insulin mimetic, although the 

mechanism for this effect in not krlown (Chasteen, 1983, Heyliger et 

at., 1985). A possible mechanism for the insulin mimetic effect of 

vanadate is discussed in a report by Tracey and Gresser, 1986. 

Vanadate has also been shown to mimic and potentiate the effects of 

epidermal growth factor (Carpenter, 1981). It is a potent inhibitor of 

tyrosine phosphatase. The effects of insulin and epidermal growth 

factor are mediated by tyrosine phssphorylation. Thus it is possible 

that the mimetic effects of vanadate are produced by its ability to 

inhibit the tyrosine phosphatases that control the phosphorylation of 

the receptors for insulin and epidermal growth factor. Vanadate has 

the potential ability to interfere with normal metabolic processes 

through its spontaneous reactivity with hydroxyl groups and carbonyls. 

Exactly how this chemical behavior is related to the clinical effects of 

vanadium is interestin5 as a present and future subject of 

investigation. 



ffects of Vanadate ~ m o n s  C w d  bv the 
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ruvate Kinase. Mvokmase and Hexoklnase, 

introduction 

In the experiments described in this section the effect of 

vanadate on 3 ATP-utilizing enzymes has been investigated. In the 

presence of adenosine (Ad), adenosine monophosphate (AMP) and 

adenosine diphosphate (AL'P), it is expected that vanadate will 

spontaneously form a variety of ester and anhydride bonds. Vanadate 

ester formation at the hydroxyl groups of small organic molecules has 

been well documented by 5 1 ~  NMR (see references listed under Gresser, 

M.J. and under Tracey, A.S.), and it has been shown that vanadate esters 

can be recognized by enzymes which normally act upon the 

corresponding phosphate esters (Nour-Eldeen et ai., 1985, Craig, 1986). 

Mixed vanadatet'phosphate anhydrides have been detected by s1V NMR in 

aqueous solutions containing vanadate and phosphate or pyrophosphate 

(Gresser et al., 1986), and in solutions of vanadate and AMP (Tracey et 

a!., i988a). tt is reasonabie to expect that the mixed 

phosphatelvanadate anhydrides formed In these sn!utions can be 

utilized by enzymes in the same way as vanadate esters. Under 

physiological conditions, pyruvate kinase (PK) and hexokinase (HK) 



catalyze reactions which involve the substrates ADP and ATP, while 

myokinase (MK) recognizes AMP, ADP and ATP. 11: th+= present work 

solutions which were expected to contain the substrate analogues 

adenosine vanadate (AdV), adenosine monophosphovanadate (AMPV), 

adenosine vanadophosphate (AdVP) and adenosine vanadopyrophosphate 

(AdVPP), substrate analogues of AMP, ADP and ATP, were tested for 

activity with PK, MK and HK under appropriate conditions. 

In additional experiments vanadate alone and in the presence of 

adenine nucleotides was tested for its ability to inhibit the normal 

(physiological) reactions of PK, MK and HK. It has been reported that 

the adenosine diphosphovanadate anhydride, ADPV, is a potent 

inhibitor of the enzymes myosin ATPase (Goodno, 1982) and dynein 

ATPase (Evans et al., 1986). In the ATPase reaction a phosphoryl group 

is transferred from A I P  to a water molecule. The inhibition has been 

rationalized by considering that the intermediate complex formed 

between the bound ADPV and the incoming water molecule should be 

more stable than the corresponding ATP complex. The difference in 

stability is thought to be due to the fact that, in order to form the 

nucleotide/anion/H20 complex (the anion being phosphate or vanadate), 

a pair of electrons from the water molecule must be accepted by the 

vanadate or phosphate mciety, increasing the coordination number of 

the central atom to 5. Vanadate has 3d orbitals of relatively low 

energy avai!able, and is thus stable in a 5-coordlnatr3 canfiguration. 

Phosphate must accept electrons into relatively high energy 36 

orbitals. The instability of 5-coordinate phosphate facilitates the 

breakdown of the complex into products, a necessary condition for the 



normal reaction to take place. It is thought that the stability of the 5- 

coordinate vanadate in the intermediate complex is responsible for the 

observed inhibition of the myosin and dynein ATPases. Similar 

arguments have been put forward to explain the potent inhibition by 

vanadate of enzymes which normally pass through phosphorylated 

intermediates, such as the acid and alkaline phosphatases (Chasteen, 

1983). Phosphatases pass through a phasphoenzyme intermediate in 

which phosphate is covalently bound to the enzyme. As in the ATPase 

reaction, the bound phosphate must accept a pair of electrons from a 

water molecule, forming a 5-coordinate transition state, before it is 

relsased from the enzyme. In the presence of vanadate the normal 

activity of the phosphatase enzyme is inhibited by the relatively stable 

intermediate formed by enzyme, vanadate and the incoming water 

molecule. In view of the evidence available about the behavior of 

vanadate with the phosphatases and with the myosin and dynein 

ATPases, it would not be surprising if vanadate were a good inhibitor 

of other systems which involve phosphate transfer. However, reports 

in the literature indicate that vanadate is not an effective inhibitor of 

several of the kinases. Vanadate, in miliirnolar concentrations, does 

not inhibit pyruvate kinase and is only a weak inhibitor of hexokinase 

(Climent et al., 1981). Moreover, even in the presence of ADP, under 

conditions where it would be expected to form a strong transition state 

analogue, it is only a weak inhibitor sf glycerol kinase (Gresser 2nd 

Stankiewicz, unpublished results). In the kinase reaction a phosphoryl 

group is transferred from ATP to an organic ligand. The transition 

state involves nucleotide, enzyme and incoming ligand, rather than a 



phosphoenzyrne/ligand intermediate (Blattler and Knowles, 1979.; Lowe 

et al., 1981). The presence of a divalent cation is required for the 

normal activity of all ATP utilizing enzymes. Both ATP and ADP have 

been shown by NMR to be associated with a divalent cation when bound 

to phosphoryl transferring enzymes {Mildvan and Fry, 1987). The 

presence of the cation is thought to facilitate the kinase (or ATPase) 

reaction by assisting the binding of the nucleotide substrate to the 

enzyme. In crystallographic studies of pyruvate kinaselsubstrate 

complexes, the cation has been observed to be coordinated to the 

nonbridging oxygens of the f3 and y phosphate groups of ATP (Muirhead 

et al., 1987). In this position it can displace some of the negative 

charge on the oxygens away from the phosphorus atom, making it more 

susceptible to nucleophilic attack from basic groups on the incoming 

ligand. The phosphate groups of ATP and ADP have the ability to chelate 

divalent cations in aqueous solutions and it is the nucleotide/metal 

complexes MgATP and MgADP that are thought to be the true substrates 

for phosphoryl transferring enzymes (Connolly and Eckstein, 1981). 

However, 51V NMR studies of aqueous solutions of vanadate and of 

vanadate plus phosphate failed to detect any stabilization of the 

divanadate or phosphovanadate species when magnesium chloride was 

added (Craig and Gresser, 1988). The experimental results for the 51V 

NMR studies are presented in Part Ill of this thesis. The results imply 

that, unlike the pyrophosphate moiety of ATP and ADP, divanadate and 

phosphovanadate species are not good chelators of magnesium ion. An 

inability of ADPV to chelate magnesium ion, and thus to bind to the 

enzyme, would explair: the lack of inhibition that was observed in the 



glycerol kinase system. (Gresser and Stankiewicz, unpublished 

results). These considerations lead to the hypothesis that the lack of 

inhibition by vanadate of the kinase enzymes is due to the inability of 

the nucleotide vanadate anhydrides to form a compiex with a divalent 

cation such as M$+. If this hypothesis is correct, it would also be 

expected that these anhydrides would be poor substrates for the kinase 

enzymes, as well as for other ATP utilizing enzymes. The fact that the 

mitoch~ndrial ATPase, an enzyme which does not i x lude  a 

phosphoenzyme intermediate in its reaction cycle, is inhibited poorly 

by vanadate (Kj = 1 mM, Kao, 1 WO), supports this hypothesis. 

Vanadate is apparently unable to inhibit the enzyme in a situation 

where the nucleotide must be bound for the phosphoryl transfer to 

occur. That is, vanadate in this case would be expected to inhibit as 

the nucleotide vanadate anhydride, an ATP analogue, but since this 

species is unable to coordinate a Mg*+ ion, it is unable to bind to the 

enzyme effectively. 

The potent inhibition by vanadate in the presence of ADP of the 

myosin and dynein ATPases is difficult to explain. It has been assumed 

that the ADPV groups bound to these ATPases are associated with 

magnesium ion in a way similar to that of the normal substrate, ATP 

(Goodno, 1982; Evans et al., 1986), but there are no published 

structures of the postulated nucleotide/metal/enzyme csmplexes. 

Csnnslly and Eckstein. 1981 (myosin) and Shimizu and Furusawa, 1986 

(dynein) have investigated the stereoselectivity of the myosin and 

dynein ATPases for phosphorothioate analogues of ATP in the presence 

of various divalent cations. These studies have provided evidence that 



the divalent metal coordinates to the P- but not to the a-phosphate 

group. It is usual to assume P,y-bidentate chelation if binding to the p- 

but not to the a-phosphate is demonstrated. This is based on the much 

greater thermodynamic stability of bidentate as compared to 

monodentate metal2+lnucleotide triphosphate complexes. The myosin 

ATPase is active in the absence of divalent cation if a monovalent 

cation is present (Connolly and Eckstein, 1981; Lymn and Taylor, 1970). 

The results of stereoselectivity studies of myosin ATPase in the 

presence of monovalent cations were similar to the results in the 

presence of divalent cations. That is, metal ion coordination to the P- 

but not to the a-phosphate group of ATP was indicated. An example of 

these experiments follows. 

The metal/nucleotide specificity of myosin ATPase was studied 

by Connolly and Eckstein, 1983. They prepared Sp and Rp diastereomers 

of ATP that had sulfur atoms substituted for oxygens in non-bridging 

positions on either a- or P-phosphate groups. In the case of the P 

analogues they observed a difference in act~vity between Sp and Rp 

diastereomers that was dependent on the nature of the activating 

divalent cation. In the presence of M$+, ATPPS(Sp) was a >3000-fold 

better substrate than was ATPpS(Rp). As the metal ion was varied in 

the order Mg**, Mn*+, Co2+, Zn2+ and C&+, the activities of the Sp 

and Rp diastereomers were progressively decreased and increased 

respectively, until with Cd2+ both diastereerners were equally g a d  

substrates. It was only in the presence of Cd*+ that ATPPS(Rp) showed 

an appreciable activity. In contrast, ATPaS(Sp) and ATPuS(Rp) were 

both good substrates for myosin in the presence of Mg2+ and the Sp/Rp 



activity ratios obtained were largely independent of the activating 

metal ion. The high Sp/Rp activity ratio that was observed in the 

presence of Mg2+ with the P analogues was thought to reflect the 

greater affinity of the hard an~on 0, relative to the softer anion S-, 

for the hard cation M$+. The affinity of the soft anion S- for the metal 

cation would be expected to increase as the softness of the metal 

cation increased. As predicted, the activity of ATPPS(Rp) was highest 

in the presence of Cd*+, the softest of the metal cations tested. The 

difference in activity between the Sp and Rp P analogues in the presence 

of Mg2+ and the dependence of the Sp/Rp ratio on the softness of the 

metal cation was considered to be evidence that the P-phosphate group 

associates with the metal ion in the course of substrate binding. As 

both Sp and Rp diasteriorners of the phosphorothioate a analogues were 

good substrates for myosin ATPase in the presence of Mg*+, it was 

reasonably proposed that the a-phosphate group is not significantly 

involved in chelation of the divalent metal cation. 

In order to obtain more information about the effects of 

vanadate containing nucleotide analogues on the activity of phosphoryl 

transferring enzymes, PK, HK and MK were tested for inhibition by 

vanadate alone and in the presence of adenosine, AMP and ADP. The 

studies with PK and HK included tests of divalent cations other than 

Mg2+, with the idea that the stability of complex formation between 

vanadate nucleotide and metal ion might be influenced by the size of 

the metal ion. 

As the inhibition of HK by vanadate was found to be significant 

in preliminary tests, more detailed studies were undertaken to try to 



determine which of the various species present in aqgeous vanadium 

oxide solutions were affecting the enzyme activity. In an attempt to 

detect direct binding of vanadium ions to HK, s1V NMR spectra were 

taken of solutions containing different concentrations of vanadium ion 

under conditions of high HK concentration. 5%' NMR has been a useful 

tool in the study of the components present in aqueous solutions of 

vanadium oxide, and in the characterization of complexes formed by 

vanadium ions and organic molecules (see references listed under 

Gresser, M.J. and under Traeey, A S . ) .  The 51V nucleus has an abundance 

of nearly 100% and a sensitivity of approximately 113 that of the 

proton. The quadrupole moment of the 51V nucleus causes line 

broadening, but under high field spectrometry peaks representing the 

various vanadate species can be resolved. Consequently, equilibrium 

constants for the vanadate monomer and oli~omers can be estimated by 

integrating the peak areas of spectra obtained at different vanadate 

concentrations. Binding of vanadate species to a large molecule such as 

HK produces a shorter relaxation time for the vanadium nuclei, 

broadening their response to the magnetic field. The signals due to 

bound nuclei cannot be differentiated from the baseline of the 

spectrum; therefore bound species can be detected by the reducti~n in 

total peak area that takes place when the protein is added to the 

vanadate solution. 

To summarize: vanadate containing substrate analogues of AtdP, 

ABP and ATP have been tested as substrates and as inhibitors of PK, MK 

and HK by kinetic methods. These studies have been done in order to 

test the hypothesis that, due to their inability to chelate divalent 



cations, nucleotide vanadate anhydrides are poor inhibitors of kinase 

enzymes. In addition, 5 l V  NMR was used to investigate the effect of 

vanadate on HK, in the absence and in the presence of the normal 

substrates ATP and glucese. 



All of the materials used in the experiments described in this 

section are listed below with their source of purchase. The chemicals 

were of reagent grade and all were used without further purification, 

with the exception of myokinase (rabbit muscle) and the hexokinase 

(yeast) used for 51V NMR. These enzynies were obtained as ammonium 

sulfate suspensions and were treated as described in the Methods 

section. 

- albumin (bovine serum) 

- glucose-&phosphate dehydrogenase (GGPDH, yeast), EC 1.1.1.49 (0- 

glucose-6-phosphate: NADP reductase) 

- hexokinase (HK, yeast), EC 2.7.1.1. (ATP: D-hexose 6- 

phosphotransferase) 

- lactic dehydrogenase (LDH, rabbit muscle), EC 1.1.1.27 (L-lactate: 

NAD oxidoreductase) 

- myokinase, also known as adenylate kinase (MK, chicken muscle, 

rabbit muscle), EC 2.7.4.3. (ATP: AMP phosphotransferase) 



- pyruvate kinase (PK, rabbit muscle), EC 2.7.1.40 (AT?: pyruvate 

phosphotransferase) 

All proteins were purchased from Sigma Chemical CQ. except for the 

myokinase extracted from rabbit muscle which was f r ~ m  Boehringer 

Mannheim. 

- acetic acid (glacial), Fisher Scientific Co. 

- adenosine (Ad) 

- adenosine diphosphate, sodium salt (ADP) 

- adenosine monophosphate, sodium salt (AMP) 

- adenosine triphosphate, sodium salt (ATP) 

- P l  ,Ps-di(adenosine -5')pentaphosphate, sodium salt (AP5A) 

- glucose 

- isopentyl alcohol (3-methyl-1 -butanol) 

- monothiogiycerol 

- p-nicotinamide adenine dinucleotide, reduced form, sodium salt 

(NABH) 

- p-nicotinamide adenine dinucleotide phosphate, sodium sait (NADP) 

- phospkoenolpyrlrvate, potassium salt (PEP) 

- pyruvaie, sodium sait 

- Pyrophosphate Assay Reagent 



All organic reagents were purchased from Sigma Chemical Go. except 

MADH, PEP: ATP and pyruvate which were from Boehringer Mannheim 

and isopentyl alcohol which was from McArthur Chemical Co. 

Jnorwn~c Ions. Acids and Barn 

ammonium molybdate ((NH4)&l0704), American Chemicals Ltd. 

chlorides of divalent manganese, cobalt, calcium, strontium, iron, 

nickel, copper and zinc, Anachemia Chemicals Ltd. 

hydrochloric acid (HCI), Fisher Scientific Co. 

magnesium chloride (MgCIz), Sigma Chemical Co. 

potassium phosphate (KH2P84, KzHPO~) ,  American Chemicals Ltd. 

sodium bisulfite (NaHS03), Anachemia Chemicals Ltd. 

sodium hydroxide (NaOH), Fisher Scientific Co. 

sodium pyrophosphate (NadP207), Anachsrnia Chemicals Ltd. 

sulfuric acid (HzSOd), American Chemicals Ltd. 

Trizrna base (Tris), Sigma Chemical Co. 

Trizma hydrochloride (Tris-HCI), Sigma Chemical Go. 

vanadium (V) oxide (V205, 99.990h), Aldrich Chemical Cs. Ins. 



Methods 

Reagents were prepared in Trizma base (58 mM) which had been 

adjusted to pH 7.4 with glacial acetic acid. This buffer is hereafter 

referred to as Tris-OAc. The pH of each reagent was adjusted to pH 7.4 

before it was diluted to its final concentration. The only exceptions to 

this procedure were the reagents for the S1V NMR experiment which 

were prepared in 50 rnM Tris-OAc, pH 8.0, and were adjusted to pH 8.0 

before the final dilution. 

Mvokinase (MK) (rabbit muscle) 

Myokinase in ammonium sulfate suspension was centrifuged to 

remove most of the ammonium sulfate, and the precipitate was 

dissolved in dialysis buffer. The buffered solution was then dialyzed 

against 2 L Tris-OAc (50 mM, pH 7.4) for 4 hours, and against 2 L of 

fresh buffer for 8 hours. All procedures were performed at 4' C. 

Dialysis was carried out for 1 m i  aliquots of the suspension mixture 

which contained approximately 5 mg rnyokinase. The concentration of 

protein after dialysis was determined by the Lowry method (bowry et 

al., 1951), using bovine serum albumin as a standard, or 

spectrophotometrically using an extinction coefficient (&) equal to 0.53 



m L m g - k m - 1  at 280 nm (Noda, 1973). In experirnen!~ where the 

concentration of MK was < 10 pg/mL, bovine serum albumin (2.0 

mg/mL) was added to the enzyme preparation. Preliminary tests 

showed that bovine serum albumin did not alter the activity of the 

enzyme, but improved the stability of the enzyme preparation. 

An ammonium sulfate suspension of yeast hexokinase for the 51V 

NMR experiment was dialyzed against 2 L Tris-OAc (50 mM, pH 8.0) for 

8 hours, and against fresh buffer for an additional 8 hours. All 

procedures were performed at 4" C. Dialysis was carried out with an 

aliquot of 7.2 mi of the suspension which contained 21 mg hexokinase. 

After dialysis the protein solution was concentrated by centrifuging in 

a Centriprep column. The final protein concentration was determined 

spectrophotometrically using E = 0.92 mL-mg-lcm-1 at 280 nm (Lazarus 

et al, 1966). In experiments where HK concentrations were c 50 pg/mL, 

bovine serum albumin (2.0 mg/mL) was included in the enzyme 

preparation in order to improve the stability of the enzyme activity. 



&gmar&on of Vanadate Solutions 

Stock vanadate (Vi) solutions were prepared from V2O5 

dissolved in Tris-OAc (50 mM, pH 7.4). A concentration of NaOH equal 

to that of vanadium atom was added to the buffer solution before the 

vanadium pentoxide was dissolved. The solutions were made basic to 

avoid the production of the yellow decavanadzte which is formed in 

acidic solutions of vanadate ion. The pH of these solutions was 

adjusted with Tris-HCi when necessary, befora they were diluted to 

their final concentration. 

Absorbance measurements were made on a Hewlett-Packard 

8452A spectrophotometer equipped with a temperature controlled cell 

holder. The multicell transport system of the HP 8452A can 

accommodate up to 6 cells plus 1 blank; a water-powered magnetic 

stirring device positioned under the iight beam allows the solutions to 

be mixed during measurement. Conventional spectrophotometers focus 

a preselected wavelength of light onto the sample and measure the 

intensity of the transmitted beam. The diode array detector of the 

Hewlett-Packard 8452A passes a collimated beam of iight from a 

deuterinrn !amp th:t;ugh the sample before the light is separated by a 

grating into its component wavetengths. The grating ref!ects ihe light 

onto an array of photodiodes, each assigned to a diffwent wavelength 



of light in 2 nm intervals. The simultaneous access to information at 

all wavelengths increases the rate at which data can be acquired. 

Measurement of React~on Velocity 

Reaction velocities were determined by monitoring a change in 

the absorbance of the reaction mixtures at 340 nm. The assays used to 

detect activity and inhibition of the er.rymes studied are described in 

detail in the sections apprcpriate to the enzyme concerned, but in 

every case the rate of reaction was considered to be equal to the rate 

of change in the concentration of pyridine nucleotide coenzymes. NADH 

and NADPH have an absorbance maximum at 340 nm, while the oxidized 

forms of these molecules, NAD and NADP respectively, do not absorb 

at this wavelength. NADPH and NADH both have a molar extinction 

coefficient (E) of 6.22 x 103 M - k m - 1  at 340 nm. The change in 

concentration of NADPH or NADH was calculated using the Beer-Lambert 

law: AA = EIAc, where AA is the change in absorbance measured at 340 

m E is the molar extinction coefficient of the pyridine nucleotide, I 

is the path length of the cell, 1 cm, and Ac is the change in 

concentration of the chromophore. 

Samples were prepared in a total voli~me of 3.0 mL by 

combining all of the components for the reaction except for the reagent 

used to initiate the reactiort, incubating the mixture f ~ r  4 minutes at 

25 "C, then adding the initiating reagent. The samples were mixed 

continually by a magnetic stir bar placed inside the cell. The 

absorbance at 340 nm was monitored during the period of incubation 



and after initiation, for a time suitable to determine the initial 

velocity of the reaction. Plots were constructed by drawing the best 

visual line through the points. 

Analysis of reacticn mixtures for the presence of pyropkosphate 

was attempted :zi'~y two different methods. 

1. Molybdate forms a complex with pyrophosphate (MoPP) 

and w~th phosphate (MOP). If these complexes are reduced they absorb 

light at different wavelengths. In a procedure published by Grindley and 

Nichol, 1970, 0 - 40 nmoles pyrsphosphate (PPi) can be determined in 

the presence of a high concentration of phosphate (Pi). This analysis 

was performed on reaction mixtures which contained Pi and that were 

thogght to contain PPi, as described below. 

To 0.80 mL of the solution to be tested, 0.050mL (F\5H&Mo704 

f0.020 M) was added to form the MoPP and MOP complexes. 0.10 mL 

NaHS03 (0.530M) was added to stabilize the MoPP chromophore (stable 

for 3 hours), and 0.050 mL thioglycerol (0.5 mU5 mL in H20, made 

fresh daily) was added to reduce the molybdate complexes. After 10 

minutes 1.0 mL isopentyl alcohol was added to separate the two 

chromophores. The solution was mixed and centrifuged at 2000 rpm for 

1 minute. Two layers formed; the reduced MOP complex in the upper 

layer and the reduced MoFP in the lower layer. To 0.80 mL of the upper 

layer, 0.050 mL Hz0 was added to stabilize the MOP chromophore, and 



0.20 rnL ethanol was added to prevent the further separation of phases. 

After 20 minutes the absorbance of this solution was measured at 775 
- 

nm. I he lower layer (containing MoPP) was treated as follows. To 0.80 

mL of the lower layer 8.10 m l  of 0.038 M NaHS03, 0.050 mL of the 

thioglycerol/water solution and 0.10 mL Hz0 were added. This solut~on 

was mixed and the absorbance was read at 575 nm. The procedure was 

performed at ambient temperature. Standard plots of absorbance vs 

moles of Pi (0 - 40 nmoles) and PPi (0 - 80 nmoles) were prepared using 

stock solutions with known quantities of Pi and PPi. The quantity of PPi 

in reaction mixturas was determined by compwing the absorbance at 

575 nm with that of the standard plot. 

2. An enzymic assay based on the activity of PPi-dependent 

phosphofructokinase in the presence of PPi was performed on samples 

thought to contain PPi. The Pyrophosphate Assay Reagent used to 

measure the enzyme activity in the samples was purchased from Sigma 

Chemical Co.; reagent concentrations present in the commercial 

preparation and the mechanism for the reaction are described in 

Appendix I f .  i f  PPi is present in a solution which is to be tested with 

the assay mixture, the production of NAD from the assay reaction will 

be equal to 2 times the quantity of PPi in the test solution. As 

described in the section on reaction velocity, the production of NAD 

can be followed by a decrease in absorbance at 340 nm. The procec'ure 

for testing rezcticn mixtures fa: the presence of PPi is described 

below. The following solutions were prepared in spectrophotometric 

cells: 1) a blank containing 1.0 ml of the assay mixture and 2.0 ml H20, 



2) a standard containing i .O mi of the assay mixture, 1.95 mL H z 0  and 

0.050 mL of a PPi standard solution (1.0 mM, prepared in 50 mM Tris- 

OAc, pH 7.4), 3) test solutions containing 1.0 mL of the assay mixture, 

1.95 mL H 2 0  and 0.050 mL of the solution to be tested, 4) a control 

containing 1.0 mL of the assay mixture, 1.90 mL H20, 0.050 mL of the 

solution to be tested and 0.050 mL of the PPi standard solution. The 

absorbance of cells containing assay mixture and H20, at 25"C, was 

recorded before the introduction of PPi standard or unknown solution. 

After the addition of PPi and lor unknown soiution the change in 

absorbance was recorded until no further change was observed, 

approximately 10 minutes. 

NMR spectra were recorded at 300 K at 78.9 MHz using a 10 mm 

multinuclear (broadbanded) probehead on a Sruker AM 300 spectrometer. 

The spectral width was 41,666 Hz, the recycle time was 49 ms and 45" 

tip pulses were used. Starting with 16 - bit 4DC, 4 K data points were 

collected for 14,400 acquisitions (10 minutes). The spectrophotorneter 

was not locked. FlDs were weighted witP a 25 Hz exponential function 

prior to Fourier transformation, baseline correction and plotting. 

Chemical shifts were indirectly referenced to the internal tetrahedral 

vanadate signal at -536 ppm. 



kx~er iments with Pvruvde Kinase 

Tests for Substrate Analowes of ADP (AMPV and AdVPl' 

Tests for PK Act ivitv with .AMP + V i) . in the Absence of 

Solutions containing a mixture of Vi (1.1 mM) and AMP (up to 30 

mM) were tested for their ability to activate PK (50 pglrnL) in the 

presence of Tris-QAc (50 rnM), PEP (0.5 mM), MgC12 (1.0 rnM), NADH 

(40 pM) and LDH (30 pg/mL). The reaction was initiated by introducing 

30 pL of the PEP solution into a reaction mixture which contained all of 

the other reagents at 2S•‹C, pH 7.4. Tracey et al., 1988a. detected the 

spontaneous formation of AMPV in aqueous solutions of AMP and Vi. 

They reported a vaiue of 9.2 + 0.7 M for the equilibrium constant of 

formation of AMPV at pH 7.4. This value was obtained at an ionic 

strength of 1.0 M, but it should be a good approximation for the 

formation constant of AMPV under the conditions of the experiments 

reported here. It has been used to estimate the equilibrium 

concentration of AMPV in reaction mixtures containing AMP and Vi. The 

highest concentration of AMPV that was estimated to be present in 

these solutions was 0.3 mM. Scheme Llla shows the physiological 

reaction in which PK catalyzes the transfer of a phosphate group from 

PEP to ADP. The product pyruvate can be trapped by LDH, which 

*Structures of vanadate esters and anhydrides are shown in Appendix 111 



Mechanisms for the pyruvate kinase (PK) catalyzed phosphoryl 

transfer from (a) PEP to ADP, (b) PEP to AMPV, (c) PEP to AdVP. The 

product pyruvate is converted to lactate in the presence of LDH and 

NADH. (a) represents the physiological activity of PM, (b) and (c) 

represent the activity of PK that is expezted in the presence of the 

spontaneously formed ADP analogues AMPV and AdVP respectively. 



AMP + Vi 

AMPV 

lactate 



catalyzes the reduction of pyruvate in the presence of NADH. 'With the 

assay enzymes and their substrates present at saturating 

concentrations, the rate of oxidation of NADH to NAD will reflect the 

rate of phosphoryl transfer catalyzed by PK. The rate of NADH oxidation 

was monitored as described in the section titled Measurement of 

Reaction Velocity. Scheme lllb shows how AMPV would be expected to 

activate PK. If PK can accept AMPV as a substrate, a phosphate group 

from PEP will be transferred to AMPV to form a labile AMPVP species 

that will hydrolyze spontaneously to AMP, Vi and Pi. Pyruvate, the 

other product of the reaction is a substrate for the LDH-catalyzed 

oxidation sf NADH. 

Iests for PK Activity with (Ad + V i  + Pi) in the Absence of ADP 

Solutions containing a mixture of Vi (1.1 mM), adenosine (Ad) 

(6.7 mM3 and Pi (up to 30 mM) were tested for their ability to activate 

PK-catalyzed pkosphoryl transfer in assay mixtures that contained 

Tris-OAc (50 mM), PEP (0.50 mM), MgCI2 (1.0 mM), PK (0.12 mg/mL), 

NAGH (40 uM) and LDH (10 pg/mL). The reaction was initiated by 

introducing 38 pL of the PEP stock solution into a reaction mixture that 

contained all of the other reagents at 25OC, pH 7.4. Because of the 

evidence for the spontaneous formation of vanadate esters (Gresser and 

Tracey, 1985; Nour-Eldeen et al., 1985; Craig, 1986) and vanadate 

anhydrides (Gresser et a1.J 986; Tracey et al., l988a), it is reasonable 

to assume that aqueous solutions containing Ad, Vi and Pi will contain 

small quantities of the vanadate ester anhydride AdVP. Tracey et al., 



1988 obtained evidence for the formation of a 

methanollvanadateiphosphate complex in S1V NMR studies of aqueous 

solutions containing methanol, vanadate and phosphate. The highest 

concentration of AdVP that could be present in these solutions was 

calculated to be equal to 0.6 pM. The concentration of AdVP was 

calculated by assuming that the equilibrium constant for the formation 

of AdVP can be approximated by multiplying the formation constant of a 

vanadate ester, ethyl vanadate, by the formation constant of a 

vanadate anhydride, vanadophosphate. The formation constant of ethyl 

vanadate, 0.19 It 0.04 M-1, was obtained at pH 7.5 in solutions of 1.0 M 

ionic strength by Gresser and Tracey, 1985. The formation constants 

for vanadophosphata, obtained at an ionic strength of 1.0 M, were 

reported to be 25 + 1 .O M-1 at pH 6.69 and 5.8 2 0.2 d-1 at pH 7.98, by 

Gresser et al., 1986. From these values the formation constant of 

vanadophosphate was estimated to be I5  M-I  under the conditions of 

the experiments reported here, pH 7.4. Thus the formation constant for 

AdVP was calculated to be equal to 0.19 M-I x 15 M-1 = 2.8 M-2. 

Scheme lllc shows how AdVP would be ~xpected to activate PK to 

produce pyruvate. i f  PK is able to catalyze the transfer of a phosphate 

group from PEP to AdVP, the products will be pyruvate and the labile 

species AdVPP. AdVPP will undergo a spontaneous, rapid hydrolysis to 

Ad, Vi and PPi. This hypothesis was tested in separate experiments 

where similar reaction mixtures were tested for the presence of PPi. 



W for the Presence of PPi - due to the Formation of AdVPP Catalvteci 

w 

Tests for the presence of PPi were performed on samples 

containing Vi (0.66 mM), Ad (6.7 mM), Pi (0.1 mM), Tris-OAc (50 mM), 

PEP (0.5 mM), MgC12 (1.0 mM) and PK (0.50 mg/mL) which had been 

incubated for times of 20 minutes to 72 hours. Samples were stored at 

4•‹C for incubations that were longer than 20 minutes in order to 

preserve enzyme activity. The samples were tested for the presence of 

PPi using the molybdate-complexing procedure described under 

Pyrophosphate Assay (1). In addition, reaction mixtures containing Vi 

(1 .0 mM), adenosine (1 6 mM), Pi (30 mM), PEP (0.5 mM), MgCi2 ( I  .0 

mM) and PK (0.5 mg/mL), which had been incubated at 4•‹C for times of 

20 minutes to 120 hours, were tested with the PPi-dependent 

ph~sphofructokinase assay reagent purchased from Sigma. The 

procedure that was followed is described in the section titled 

Pyrophosphate Assay (2). 

Tests of O i v f i t r ~ u b s t r a t e s  and Substrate Analo~ues 

It has been shown that for kirrases the coordination of a divalent 

cation to the nucleotide is an important factor in the binding of the 

nucleotide to the enzyme (Milavan and Fry, 1987; Muirhead et ai., 

1987). In addition to the experiments described above, where AMPV 

and AdVP were tested for their ability to activate PK in the presence of 

Mg2+, these ADP analogues were also tested without Mg*+ ion in the 



presence of the divalent cations of: Ca, Sr, Mn, Fe, Co, Ni, Cu and Zn. 

The natural substrate ADP (33 pM) was also tested under the same 

conditions. The procedure was the same as that described prev~ously in 

the tests for PK activity in the presence of substrate analogues, 

except that in some of the trials an appropriate aliquot of either buffer 

solution or another chloride salt (1.0 mM) was substituted for MgC12. 

Tests for the Inhibition of PK by Anions and Nucleoti- 

ts for the Inh 
. . .  
~ b ~ t ~ o n  of PK Activity in the Preswce of ADP and PEP 

The anions Vi, Pi and PPi were tested for their ability to inhibit 

the normal PK reaction. Because they were involved in the tests for the 

substrate analogues of ADP, it was necessary to know that these 

anions, at similar concentrations, did not inhibit the activity of PK in 

the presence of ADP and PEP. Reaction mixtures containing Tris-OAc 

(50 mM), ADP (0.10 mM), PEP (0.5 mM), MgCl2 (I  .0 mM), PK (50 

pg/mL), NADH (46 pM) and LDH (30 pglrnL) were tested with and 

without 2.0 mM Vi. The experiment was repeated under the same 

conditions except that the concentration of ADP was 33 pM and 30 mM 

Pi was substituted for Vi. A third experiment was performed in order 

to test 10 mM PPi. The conditions were the same as those used t r ~  rest 

V j  a,nd Pj except that csncentrations sf up to 1.0 mM ADP were included 

in reaction mixtures. The reaction was initiated by the addition of 30 

p L  of the PEP stock solution into a reaction mixture which contained all 



of the other reagents at 25"C, pH 7.4. The reaction velocity was 

measured by following a decrease in absorbance due to the oxidation of 

NADH. 

The addition of 30 mM Pi or 10 mM PPi increases the ionic 

streqth of the reaction mixture to 84 mM and 67 mM respectively, a 

factor which could itself account for observed effects on the rate of 

reaction. The effect on the reaction velocity of increasing the ionic 

strength of the reaction mixture with KCI, a salt which is likely to be 

inert with respect to an enzyme that catalyzes phosphoryl transfer, 

was tested by including 84 mM KC1 (ionic strength - 84 mM) in assay 

mixtures which did not contain Vi, Pi or PPi. 

. . .  . .  . s for the Inh&~tlon of PK Actrvltv In the Presence of ADP and PEE 

AMP and (Vi + AMP) 

AMP was tested for the ability to inhibit PK activity in the 

presence of ADP and PEP. Reaction mixtures contained Tris-BAc (50 

mM), ADP (0.10 mM), PEP (0.50 mM), MgCl2 (1.0 mM), PK (50 ~g/mL),  

MADH (46 pM) and LDH (30 pg/mL) were tested with and without 10 mM 

AMP. The procedure was the same as that described for the tests fo: 

Vi, Pi and PPi inhibition. In a separate experiment a mixture of AMP 

(10 mM) and Vi (1.8 mM) was tested by the same procedure. AMPV could 

be expecied io act as a competitive innibitor of ADP binding. 

Syfieigistic effects "vetween AMP and Vi would suggest that the AMPV 

complex had a higher affinity for the ADP site than AMP or Vi alone. 



&sults and D m  

The A a v ~ t v  of PK with S u w a t e  A- 
. . 

The Fffect of (AMP + Vi) and (Ad + Vi  + Pi) un PK Activity in the Absence 
. . 

pf ADP: Analvsis of Pvruvate Kmase Ac_trvltv 

There was no PK activity detected in the absence of ADP in the 

kinetic tests for ADP analogues. Using the observed rate of 4.3 

pM/minute in the presence of 0.84 pM enzyme (PK = 50 pg/mL, M ~ K  = 

59,250) and 33 pM ADP,  a k c a t l K ~  of 0.15 pM-lminute-I was calculated 

for ADP. The caicuiation was based on the Michaelis-Menten rate 

equation R = (kca t /K~)  [E][S], where E and S represent PK and substrate 

respectively. The value of 0.15 pM-lminute-1 for ADP can be compared 

with the upper limit for k o t / K ~  for A D P  analogues that can be 

estimated if the minimum observable change in absorbance (AA = 1 x 

I 0-3/minute, approximately) was measured. A L A  of t x 10-stminute 

corresponds to a rate of 0.16 pM/minute as calculated from the Beer- 

Lambert law using 6.22 x 103 M-lcm-1 for the molar extinction 

coefficient sf NADH. Given a rate of 0.16 ~Mtminuie, 0.54 p M  Pi( and 

0.3 mM AMPV, k o ~ / K ~  = 6.3 x 10-4 pb ! -h i i i ~ te - !  for AMPV. AS 

calculated previousiy (Tests for PK Activity with AMP + Vi), the 

estimated equilibrium concentration of the AD? analogue AMPV, 0.3 



mM, was comparabfe to the Michaefis constant of the natural substrate 

ADP, 0.3 mM, measured under similar conditions (McQuate and Utter, 

1959). Since the lowest observable A A  was not measured in the 

presence of the ADP analogue AMPV, it can be concluded that the 

k C a t / K ~  of ADP is at least 200 times greater than that of AMPV. 

The equilibrium concentration of the ADP analogue AdVP was 

estimated to be very low, 0.6 pM, and the rate of NADH oxidation may 

be too slow to be detected under these conditions. However, the 

activity of enzymes in the presence of submicromolar concentrations of 

vanadate esters has been demonstrated (Nour-Eldeen et al., 1985; 

Craig, 1986). The lability of vanadate esters and anhydrides should 

ensure that the starting materials, Vi and AMP or Aa, would be 

released from the AMPVP or AdVPP complexes that might form in the 

presence of PEP and PK; that is they would be continuously recycled 

through the phosphorylation reaction. The absence of activity that was 

observed cannot be attributed to the inhibition of PK in the presefice of 

AMP, Ad, Vi or Pi under the conditions of these experiments. The 

effects of anions and nucleotides are discussed under the appropria~e 

headings. Further discussion of the activity tests follows the 

presentation of the results of the inhibition studies. 

a on PK Actwtv w 
. . 

n ith 

ate A n a l o w  

When other dications were substituted for Mg2+, it was found 

that only Mn2+ and Co2+ were able to support the PK catalyzed 



phosphorylaticn of ADP in the absence of Mg*+. Ca2+ and Sr2f inhibited 

the normal reaction in the presence of Mg2+. In the absence of ADP, in 

solutions that were expected to contain ADP analogues, PK activity 

was not detected in the presence of any of the divalent cations studied. 

The lowest observable rate of reaction was approximately 0.16 

~Mlminute. Thus the highest activity that could have occurred, but not 

been detected, was less than 0.1 6 ~Mlmino te .  

The Effect of (Ad + V 
. .  . 

i) on PK Activ~tv rn the Absence of ADP: PPi 
A n a l v s i ~  

Attempts to detect PPi in reaction mixtures containing Ad, V; 

and Pi and the phosphorylating assay system were unsuccessfui. The 

quantity of phosphate detected in the test solutions was larger than the 

amount that had been added to produce the AdVP. The cams of the 

greater-than-expected absorbance values of the test solutions was 

determined to be an interaction between Tris-OAc and the reagents 

esed for the molybdate assay. When the Pi stock solution was prepared 

in Tris-OAc (50 mM), the absorbance of the standard solutions was 

much higher than that of standards that were prepared from a Pi stock 

solution made up with water. Figure 7 shows plots of absorbance vs 

quantity of Pi and PPi for the preparation of the standard solutions in 

H20. fri four separate experIii?enis a sample was removed from the 

lower !ayer of the sample mixtsfre after isopentyl alcohol extraction, 

the iayer that contained the MoPP complex. The average value for the 

absorbance of these sampiss was 0,080 2 0.021. This value, kdicated 



Standard plots of absorbance vs phosphate (Pi) (9) and 

pyrophosphate (PPi) (+) concentrations. Pi and PPi were detected 

through their ability to form a complex with molybdate. The procedure 

is described in the Methods section, under the heading Pyrophosphate 

Assay (1). (X) represents the average absorbance of four unknown 

samples that were tested for the presence of PPi. The procedure for 

preparing the unknowns was the same as for the standard samples. 





on the standard PPi plot in figure 7, co~l ld be interpreted to represent 8 

+ 3 nmoles PPi. However it is more likely that the small amount of 

absorbance observed in the MoPP assay is the result of the intense 

color produced by the PiITris-OAcIMo interaction coupled with an 

incomplete extraction by the isopentyl alcohol of the Pi chromophore. 

It is possible that the presence of PPi in the test samples would 

produce a PPiITris-OAcIMo interaction that would result in an intense 

absorbance similar to that due to the presence of Pi. If PPi behaved in 

this manner the absorbance of PPi in the test solutions would be 

enhanced relative to that of the standard soliltions. The low value that 

was observed indicates that the upper limit to the quantity of PPi that 

was present in the reaction mixtures was 11 nmoles. A reading of 5 - 
11 nmoles was consistent for all trials and it did not change with the 

time of incubation of the test solutiorr. It is therefxe unlikely to be 

due to the presence of PPi, which would be expected to increase with 

the time of incubation. The conclusion from this experiment was that, 

in spite of the interference by Tris-OAc, the absence of a significant 

quantity of PPi in the test solutions was clearly demonstrated. 

The enzymatic test for PPi was based on the rate of decrease and 

on the total decrease in the absorbance at 340 nm due to the oxidation 

of NADH t~ NAD in the presence of PPi and the assay reagents (see 

Appendix ll for the reaction mechanism). The number of moles of NADH 

oxidized is equal to twice the number of moles of PPi present when the 

reaction is initiated. The enzymatic test for PPi was negative for all 

of the reaction mixtures that were being monitored for the activity of 

the substrate analogue AdVP. There was no evidence from the rate of 



decrease in absorbance or from the total change in absorbance that test 

solutions contained PPi. The enzyme activity in samples that had been 

incubated for 120 hours at 4•‹C was found to be approximately 2/3 the 

initial acMty.  In 2 experiments the rate of change in absorbance was 

similar for blank and test samples; blanks contained only assay 

reagent while test samples contained assay reagent plus test solution. 

This value could not be differentiated from the normal baseline drift 

under these conditions. In addition, the rate of decrease in absorbance 

was similar for standard and control samples; standards contained 50 

nmofes PPj pius assay reagent, while control samples contained 50 

nmoles PPi, assay reagent and test solution. The standard samples 

decreased in absorbance at a rate of (0.27 + 0.07)/minute; the control 

samples decreased at a rate of (0.19 + 0.02)/minute, independent of 

the time of incubation of the test solution before measurement. The 

total decrease in absorbance of the test samples (2 experiments) was 

nct significantly higher than that of blank samples. This value was 

similar for all test samples and did cot change with the time of 

incubation of the test solution before measurement. The totai dscrease 

in absorbance for standard samples was 0.26 rt 0.01 (the expected value 

in the presance of 50 nmoles PPi is 0.21). The value for control 

samples was 0.27 .s 0.01 and was independent of the time of incubation 

of the test solution. These results indicate that PPi was not produced 

in significant quantities in solutions that were being tested for PK 

catalyzed phosphoryl transfer from PEP to AdVP. 



The Effects of Anions and Nucieotides on PK Activity 

The Effects of Vi. Pi and PPi on PK Activitv in the Presence of ADP and 

BZ 

The activity of PK in the presence of 0.10 mM ADP was not 

significantly inhibited by 2.0 mM Vi. In one experiment rates of 

reaction of 17 pM/minute in the absence of Vi and 18 pM/minute in the 

presence of vanadate were recorded. Another experiment gave rates of 

34 pM/minute without and 13 pM/minute with Vi. The difference in 

rates in the absence and presence of Vi in the latter experiment was 

within the experimental error of the measurements. The activity of PK 

was totally inhibited by 10 mM PPi in the presence of 1.0 mM ADP. The 

inhibition by PPi could not be attributed to an inhibition of LDH, as in 

the presence of pyruvate (3.3 pM) and NADH (46 pM), LDH (30 pg/mL) 

was not inhibited by 10 mM PPi. The rate of reaction in the absence of 

PPi was 71 pM/minute and in the presence of PPi was 74 pM/minute. 

Although PK activity is inhibited by 10 m M  PPi, this cannot account for 

the failure to detect PK activity in solutions containing Ad, Vi and Pi. 

There was no evidence of a significant quantity of PPi in any of the test 

samples, whether they were measured by the Mo-complexing assay or 

by the PPj-dependent enzyme assay. 

The activity of Pi( in the presence of 33 p M  ADP and a saturating 

concmiraiioii of PEP was enhanced by a factor of 26 + 10 (average of 4 

trials) when 30 mM Pi was included in the reaction mixture. However, 

when 84 mM KC1 was substituted for Pi under the same conditions, the 



activity *as enhanced by a factor of 35 + 12 (average of 3 trials). 

Therefore it may be that it is the increase in ionic strength which 

accelerates the reaction, rather than a specific effect of Pi on the 

enzyme. However, Collier and Webb, 1958, found that AMP and Pi were 

activators of reaction systems in which PK was coupled to LDH, and 

both of these effects have been observed in the experiments reported 

here (see the following section for the effects of AMP on PK catalyzed 

phosphoryl transfer). It was not determined whether the enhancing 

effect of Pi was acting upon PK or LDH. 

Effect of AMP and (V . . AMP) on PK Act~vitv in the Presace of ADP 

The activity of PK in the presence of 0.10 mM ADP was enhanced 

by a factor of 2.2 + 0 2 (average of 3 trials) when 10 mM AMP was 

included in the reaction mixtures. This result is consistent with a 

report by Collier dnd Webb, 1958, who found that AMP was an 

activator of PKILDH coupled reactions. In the presence of 1.8 mM Vi the 

enhancement was 1.8 k 0.1 (average of 2 trials). Thus the enhancement 

was not changed significantly in the presence of 1.8 mM Vi. This result 

provides additional evidence that the AMPV species does not bind t~ the 

enzyme at the ADP site; it is consistent with the hypothesis that the 

inability of the PV moiety to chelate Mg2+, or some other factor 

prevents the binding of AMPV to the kinase. 



The fact that PK was not active in the absence of ADP in 

solutions which would be expected to contain the ADP analogues AMPV 

and AdVP indicates that, either these analogues were not formed in 

concentrations sufficient to demonstrate an observable activity, or 

that they were formed but were not accepted by the enzyme as 

substrates for the phosphoryl transfer reaction. The absence of PK 

activity in reaction mixtures which contained mixtures of AMP and Vi, 

and in which ADP was absent, was not a result of inhibition of the 

enzyme by Vi, by AMP,. or by a mixture of Vi and AMP. PK activity was 

not inhibited by Vi and was enhanced by AMP under the conditions of 

these experiments. In experiments that tested solutions containing 

mixtures of Ad, Vi cn.j Pi in the presence of a phosphorylating assay, 

PPi produced in the initial stages of the reaction would be present in a 

concentration too low to significantly inhibit the enzyme. In addition 

it has been shown that the presence of 30 mM Pi significantly enhances 

PK activity. Since there is evidence that AMPV is present in significant 

concentrations in aqueous solutions of AMP and Vj (Tracey et al., 

1988a), it is likely that the AMPV species is not accepted as a 

substrate by PK. This could be explained if the PV moiety on AMPV was 

unable to chelate Mg2+, and thus to bind to the protein. Similarly, 

there is evidence that AdV is formed in soiuiions sf Ad and iii (see 

experixen:~ in this thesis), and there is strong evidence for the 

presence of PV in solutions containing Pi and Vi (Gresser et al., 1986). 



Therefore it is likely that AdVP is present in aqueous solutions 

containing Ad, Vi and Pi. 

Although the equilibrium concentration of AdVP has been 

estimated to be very low (0.6 pM), if it could act as a substrate for PK, 

it is unlikely that there would be no evidence of PPi formation after 

120 hours, as was observed. The equilibrium constant for the transfer 

of a phosphate group from PEP to phosphate is favourable. Relevant 

equilibrium constants for the experiments reported here are listed in 

Apgendix V. In other experiments NADH and LDH were included in the 

reaction mixtures. The equilibrium constant for the transfer of a 

phosphate from PEP to phosphate, coupled to the reduction of the 

product pyruvate catalyzed by LDH, is several orders of magnitude 

greater than that of the uncoupled reaction. However, no PPi formation 

was detected in the coupled assay. The concentration limit for the 

reliable detection of PPi, as suggested by Sigma, is 40 pM. However, 

no PPi was detected in the reaction mixture after 120 hours. The 

absence of PK activity in the presence of AdVP may be a consequence of 

the inability of the VP moiety of AdVP to chelate Mg2+, and thus to 

bind to the enzyme. 

The idea that the PV moiety is unable to chelate Mg2+ is 

supported by 51V NMR evidence. Phosphovanadate anhydride formation 

is accompanied by a change in chemical shift and an increase in 

intensity of the signal for !?mn~~anadate relative to the signal in the 

absence of phosphate (see Part Ill of this thesis). The addition of MgC12 

to solutions containing vanadate and phosphate failed to produce the 



spectral changes that would indicate the stabilization of the PV 

anhydride. 

Further evidence that nucleotide vanadate anhydrides are not 

accepted as substrates or as inhibitors by kinases is presented in the 

following sections: Experiments with Myokinase and Experiments with 

Hexokinase. 



F x ~ i m e n t s  with MY- 

Tests for MK Act~v - 
. . 

itv w~th (Ad + Vi) in the A m c e  of Am 

Reaction mixtures containing fixed concentrations of Ad (0.80, 

4.0 and 12 mM) were tested at different concentrations of Vi (0 - I .O 

mM) for their ability to activate the phosphoryl transfer potential of 

MK. An assay mixture containing Tris-QAc (50 mM), ATP (1.5 mM), 

MgC12 (2.0 mM), MK (chicken muscle, 14 pg/mL), PEP (0.50 mM), PK 

(50 pg/mL), NADH (0.13 mM) and LDH (30 pg/mL) was included in each 

sample. The reaction was initiated by adding 30 pL of the stock PEP 

solution to a reaction mixture which contained all of the other reagents 

at 25"C, pH 7.4. The reaction was also studied using fixed 

concentrations of Vi (0.10 and 1.0 mM) and different concentrations of 

Ad (0 - 12.5 rnM). MK normally catalyzes the transfer of a phosphate 

group from ATP to AMP, producing two mslecules of ADP. In the 

presence of PK and PEP the ADP product of this reaction is converted 

back to ATP by a PK catalyzed phosphoryl transfer from PEP. The other 

product, pyruvate is converted to lactate in the presence of LDH and 

NADH. The rate of the reaction can be followed by monitoring a 

decrease in absorbance due to the oxidation of NADH. Schemes IVa and 

* Structures of vanadate esters and anhydrides are shown in Appendix.111 



fVb show the mechanism foi the normal MK-catalyzed reaction and i h s  

mechanism expected in the presence cf the AMP analogue AdV. AdV 

would be expected to form spontaneously in aqueous solutions 

containing Ad and Vi (Gresser and Tracey, 1985). If AdV is accepted as 

a substrate by MK, phosphoryl transfer fram ATP will produce a labile 

AdVP species which wilt rapidly hydrolyze to Ad, Vj and Pi. The other 

product gf the phosphoryl transfer reaction is ADP. In the presence ~f 

PK and PEP, ATP will be regenerated as ADP accepts a phosphate group 

from PEP. The other product of the PK-catalyzed reaction is pyruvate, 

and the rate of the reaction can be followed by monitoring the reduction 

of pyruvate by NADH, as previously described. 

In an experiment similar to that aescribed for the detection of 

AdV, the rate of the MK-catalyzed reaction was tested as a function of 

MK concentration. Reaction mixtures contained Ad (8.5 mM), Vi (1.0 

mM), Tris-OAc (50 mM), ATP (1.0 mM), MgC12 (1.0 mM), PEP (0.50 mM), 

PK (50 pg/mL), NADH (50 pM), LDH (30 pg/rnL) and different 

concentrations of MK (rabbit muscle, 0 - 15 pg/mL). 

The spontaneous fclrmation of AdVPP in aqueous solutions 

containing Ad, Viand PPi, and its acceptance as a substrate by MK, 

was tested by measuring the PPase activity of MK. The reaction 

mixtures contained Ad (8.0 mM), Vi (1.0 mM), PPi (10 mM), Tris-OAc 

(50 mM), AMP (1.0 mM), MgCta (1.0 mM), MK (rabbit muscie, 50 pg/mL, 



Scheme IV 

Mechanisms for the myokinase (MK) catalyzed phosphoryl 

transfer from (a) ATP to AMP, (b) AT? to AdV, and (c) AdVPP to AMP. 

(a) represents the physiological activity of MK, (b) represents the MK 

activity that is expected in the presence of ATP and the spontaneously 

formed AMP analogue AdV and (c) represents the MK activity that is 

expected in the presence of AMP and the spontaneousiy formed ATP 

analogue AdVPP. In each case the product ADP is converted to ATP in 

the presence of PEP and PK. Pyruvate, produced by the P' :-catalyzed 

phosphorylation of ADP by PEP is reduced to lactate by NADH in a 

reaction catalyzed by LDH. 
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PEP (0.50 rnft?); PK (50 pgimL), NABH (50 gM) and LDH (30 pglrn l ) .  The 

experiment was repeated without the mixture of Ad, Vi and PPi, in the 

presence of ATP (1.0 pM). The reaction was initiated by introducing 30 

pL of the PEP stock solution into a react i~n mixture containing all of 

the other reagents at 25*C, pH 7.4. Scheme IVc shows how MK might be 

activated by AdVPP in the presence of AMP. The transfer of a phosphate 

group from AdYPP to AMP, catalyzed by MK, would proauce a labile 

species AdYP which is rapidly hydrolyzed to Ad, Vi and Pi. Under these 

assay conditions the other product of the phosphoryl transfer, ADP, 

will accept a phosphate group from PEP to produce ATP. ATP is the 

natural substrate for MK and would be expected to have a greater 

affinity for the enzyme than the analogue AdVPP. ATP produced by PK 

activity would compete with AdVPP for the active site of MK. However, 

initially the ATP produced would be dependent on the activity of the 

enzyme with the substrate analogue AdVPP. 

Tests for MK Activitv with u d  + Vi + Pi) in the Presence of ADP 

The phosphoryl transfer reaction catalyzed by MK is reversible. 

In the absence of ATP and AMP, and in the presence of ADP, MK 

catalyzes the transfer of a phosphate group between 2 ADP molecules 

to produce a molecule of AMP and a molecule of ATP. This reaction was 

fojiowed by using an assay mixture which contained glucose, HK, NADP 

and gfucose-6-phosphate dehydrogenase (G6PLSS-C). The mechanism for 

this reaction is shown in Scheme Va. HK catalyzes a phosphoryi 



Scheme V 

Mechanisms for the MK-catalyzed phosphoryl transfer from (a) 

AD$ to another ADP molecule, (b) AdVP to ADP. (a) represents the 

physiologica! activity of MK; (b) represents the activity that would be 

expected in the presence of the ADP analogue AdVP. The product of the 

MK-catalyzed reaction shown in (b) is AdVPP, a labile molecule that 

breaks down into Ad, Vi and PPi. 
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transfer from ATP to glucose. The product, g!ucose-&phosphate 

(G6P), is oxidized to 6-phosphoglucsnate (6PG) by NADP in a reaction 

catalyzed by GGPDH. The reduction of NADP to produce NADPH can be 

followed by monitoring an increase in absorbance at 340 nm. A kinstic 

test for the activity of MK in the presence of a mixture of Ad. Vi and 

Pi, a mixture which is thought. to contain the ADP analogue AdVP, was 

not possible because of the necessity of including ADP in the reaction 

mixture. A phosphate group is transferred from one A3P molecule to 

another in the presence of MK, therefore it could not be determined if 

any of the activity observed was produced by the AdVP species. The 

formation and utilization of AdVP was tested by analyzing reaction 

mixtures for the presence of PPi as described in the next section. 

Tests for the Presence of PPi due to the Form&m of AdVPP C m  

The formation of the ADP analogue AdVP, and its acceptance as 

a substrate by MK, was tested by measuring $Pi formation in reaction 

mixtures which contained Ad (I6 mM), Vi (0.40 mM), Pi (30 mlvl), Tris- 

OAc (50 mM), ADP (025 mM), MgCi2 (1.0 mM) and MK (rabbit muscle, 

29 pg/mL). As shown in Scheme Vb, the transfer of a phosphate group 

from ADP to AdVP, catalyzed by MK, wculd be expected to produce !he 

iabiIe species AdVPP, which would rapl.Siy hydrolyze to Ad, Vi and PPi. 

The equilibrium constant for the transfer of a phosphate group from 

ADP to phosphate is favourable, as shown in Appendix V. The reaction 

mixtures were tested for the presence of PPi with the PPi-dependent 



phosphofructokinase assay reagent from Sigma. Samples of the 

reaction mixture were tested at 25"C, pH 7.4, after incubation times 

of 20 minutes to 72 hours. Test samples were stored at 4OC for 

incubations of longer than 20 minutes in order to preserve the activity 

of the enzymes. The procedure that was followed is described in the 

section titled Pyrophosphate Assay 2. 

t to Compare MK Activitv in the Presence of AMP and (Ad 4- k& 

The rates of MK-catalyzed phosphoryl transfer were compared 

for samples which contained AMP or a mixture of Ad and Vj. Reaction 

mixtures contained Tris-OAc (50 mM), ATP (1 "0 mM), MgCl2 ( I  .0 mM), 

MK (rabbit muscle, 4.9 pg/mL), PEP (0.50 mM), PK (50 pg/mL), NADH 

(50 pM), LBH (30 pgimL) and either AMP (0.83 p64 or a mixture of Ad 

(8.3 mM) and Vi (1 .O mM). The reaction was initiated by adding 3Q yL of 

the stock PEP solution to a reaction mixture which contained all of the 

other reagents at 25"C, pH 7.4. The same procedure was used to test 

reaction mixtures which contained a mixture of AMP ((4.83 pM), Ad $ 3  

mM) and Vi (1.8 mM). 

The activity o i  ivlK was rested in the presence of the normal 

substrates, AMP and ATP, for inhibition by Yi. in addition, mixtures 

which were thought to contain species with the potential to form 

tightly bound transition state analogues were tested for their effect on 



the normal activity of the enzyme. Finally, the potent MK inhibitor 

Pl,Ps-di(adenosine-5'jpentaphosphate (AP5A) (Lienhard and Seceinskt. 

1973) was tested for its effect upon MK activity in the absence of AMP 

in reaction mixtures which contained Ad and Vi. 

Tests for the lnhlb~tlon of MK A@& (AMP + ATP 
. . .  . . 

2AQPl - - 

h v i , a i &  

The rate of MK catalyzed phosphoryl transfer from ATP to AFAP 

was measured for different concentrations of ATB. Reaction mixti~rets 

contained Tris-BAc (50 mM), AMP (2.5 mM), MgC12 (2.0 mM), MK 

(chicken muscle, 75 ngimL), PEP (0.50 mM), PK (50 ~g imL) ,  NADH 

(0.15 mM), LDH (30 pg/mL) and different concentrations of ATP (0 - 

1.5 mM). The reaction was initiated by introducing 30 pL of the PEP 

stock solution into a t-saction mixture which contained ail of the other 

reagents at Z • ‹C ,  pH 7.4. The experiment was repeated in the presence 

of Ad (15 mM), in the presence sf Vi (2.0 mM) and in the presence of a 

mixture of Ad (15 mM) and Vi (2.0 mM). 

Tests for the l nh~b~ t~on  of MK Actlv~tv @lDP 
. . .  . . 

AMP + AW) bv V - - l-=axuila 

L5MB 

The rate of Mi( activity, under conditions of the reverse reaction 

where AD? is converted to AMP and ATP, was measured at different 

concentrations of Wi. It:  was necessary to use a low concentration of 

ADP as inhibition of the reaction was observed at concentrations in 



excess of 0.25 mM AGP. (A Fatichaelis canstant for ADP sf 1.6 mM has 

been determined under similar conditions, pH 7.5, Tris, 3Q•‹C, by 

Calfaghan and Weber, 1959.) Reaction mixtures contained Tris-OAc (50 

mM), ADP (0.25 mM), MgC12 (1.0 mM), MK (chicken muscle, 0.17 

pg/rnL; glucose (1.0 mM), HK (50 pg/mL), NADP (50 pM), GGPDH (3.0 

pg/mL) and different concentrations of Vi (0 - 0.60 mM). The reaction 

was initiated by introducing 10 pL of the MK stock solution into a 

reaction mixture that contained ail of the other reagents at 25"C, pH 

7.4. 

AMP Is an inhibitor of MK (Ki = 0.50 mM, Callaghan and LYeber, 

19593, competitive with ABP. Because sf the pstiential for the 

species AMPV to inhibit MM as a transition state analogue of ADP, the 

effect of AMP on the rate of reaction was tested at 0 - 0.60 mM Vi in 

the presence sf 0.05, 0.10, and 0.46 mM AMP. 

The effect of Ad and Vj on the rate of phosphoryl transfer 

between ADP molecules was tested in the presence of Pi. AdVP, 

although not a transition state analogue of ADP, is a potential inhibitor 

of MK activity because of its structural resemblance to ADP. Reaction 

mixtures contained Tris-OAc (50 mM), ADP (0.25 mM), MgG2 (1.0 mMj, 

MK (chicken muscle, 0.17 pg/mL), giucose (1.0 mM), HK (50 pg/mL), 

MADP (50 pM), GGPDH (3.0 pg/mL) and 0 - 0.60 mM Vi. In separate 

experiments Vi was varied iri the presence of the assay mixture and 30 





for the Inhlbrtro 
. . .  . . 

n of MK Actrwtv in the Presence of (Ad + Vi) hy 

&A 

P I  P5-di(aefenosine-5')pentaphosphate (APsA) is a potent 

inhibitor of MK, competitive with AMP and ATP. It is thought that 

APgA binds to MK as a nuitisubstrate analogue of ATP and AMP. 

Lienhard and Secernski, 1973 reported inhibition constants of 2.0 nM 

and 3.6 nM with respect to AMP and ATP respectively. These values 

were obtained at pH 8.0, 24•‹C: in 50 mM Tris-HCI buffer. The activity 

~f MK in ?he absence of AMP, in solutions containing Ad and Vi, was 

measured in the presence and absence of APsA. Reaction mixtures 

contained Tris-BAc (50 mM), Ad (4.0 mM), Vi (1.0 mM), ATP (1.5 mM), 

MgCi2 (2.0 mM), MK (rabbit muscle, 58 pg/mL), PEP (0.50 mM), PK (50 

pg/rnL), NADH (0.22 mM), LDH (30 brg/rnL) and different concentrations 

sf APsA (0 - 0.17 pM). The reaction was initiated by introducing 30 pL 

of the PEP stock solution into a reaction mixture which contained all of 

the other reagents at 25OC, pH 7.4. 



The Acttvlty of MK with S m  Ana- 
. . 

The Fffect of !Ad + Vif on MK A c t i v f i v t h e ~  of AMP 
. .  . 

Figure 8 shows the effect of different Vi concentrations on the 

rate of NADH oxidation in a reaction which cars be accounted for by the 

mechanism shown in Scheme IVb. The presence in the reaction 

mixtures of 0.8, 4.Q or 12 mM Ad is represented by the lower, middle 

and upper curves respectively. From the mechanism shown in Scheme 

IVb, it might be expected that the species ADP could accumulate if Ad, 

Vi, AT? and MK were incubated together. The high concentration of 

assay reagents would be expected to consume any accumulated ADP in a 

burst of activity when PEP was added to the reaction mixture. The size 

of burst would be limited by the quantity of NADH p r e ~  4 in the 

reaction mixture, 0.13 mM, the equilibrium concentration of ADP, or 

by the rate of ADP production. At the rates measured, it would be 

expected that, during the 4 minute incubation period required to 

stabilize the temperature of the reaction mixture, a significant 

quantity sf ADP would accurnuiate. However, the activity observed dtd 

not have the appearance of a burst. That is the rates of reaction 

observed wers slower than would be expected for a reaction burst. Ths 

absence of a burst of activity was observed also when AMP was the 



The effect of different Vi concentrations on the rate of NADH 

oxidation in a reaction that is thought to proceed by an MK catalyzed 

phosphoryl transfer from ATP to the spontaneously formed AMP 

analogue AdV. The proposed mechanism is shown in Scheme IVb. 

Reaction mixtures contained 50 mM Tris-OAc, 1.5 mM ATP, 2.0 mM 

MgC12, 14 pg/mL MK (chicken muscle), 050 mM PEP, 50 pg/mL PK, 

0.13 mM NADH, 30 pg/mL LDH, the indicated concentrations of Vi and 

Ad in the following concentrations: 0.80 mM (O), 4.0 mM (+I ,  12 mM 

) The reaction was initiated by adding 30 pL of the stock PEP 

solution to a reaction mixture that contained all of the other reagents 

at 2S0C, pH 7.4. The sample volume was 3.8 mL. The reaction was 

monitored by measuring the rate of NADH oxidation in accordance with 

the mechanism shown in Scheme IVb. 





substrate for the reaction. A discussion of this experiment appears in 

the section titled The Effect of Vi? Ad and (Vi + Ad) on MK Activi.iy. 

Figure 9 shows data collected from a simiiar experin-rent in 

which the concentration of Ad was varied and the concentration of Vi  

was fixed at 0.10 mM (lower curve) and 1.0 mM (upper curve). It can be 

seen from the figures that, in the absence of AMP, MK is activated in 

the Rresence of a mixture of Ad and Vi and that the rate of NADH 

oxidation increases with an increase in either Ad or Vi. The low rate 

observed (1 - 2 ~Mlminute) in the absence of either Vi or Ad was due to 

the presence in the reaction mixtures of small quantities of AMP and 

ADP which co-purify with ATP (the supplier specifies c 0.5%). The 

concentration of AdV ir: the reaction mixtures was estimated to range 

from 0 - 2 pM. MK activity was observed at concentrations as low as 

15 nM AdV, in solutions which contained 0.80 mM Ad and 0.10 mM Vi. 

The values for the concentration of AdV were calculated using the 

equilibrium constant for the formation of ethyl vanadate, 0.19 M-1, 

published by Gresser and Tracey, 1985. This value was obtained at pH 

7.5 at an ionic strength of 1.0 M, and it is thought to be a reasonable 

approximation for the formation constant of a vanadate ester under the 

conditions of the experiments reported here. The curvature cf the lines 

in Figures 8 and 9 Is discussed after the results of the inhibition 

studies have been presented (see The Formation of Ad2V2). 



The effect of different Ad concentrations on the rate of NADH 

oxidation in a reaction that is thought to proceed by an MK-catalyzed 

phosphoryl transfer from ATP to the spontaneously formed AMP 

analogue AdV. The mechanism is shown in Scheme IVb. Conditions 

were the same as those described in Figure 8, except that the 

concealration of Vi was fixed at 0.10 mM (0) and 1.0 mhA (+). 





Cornoarison of AMP-Induced MK Activitv with (Ad + Vi)-Induced M)( 

Act iv i tv  - 

Since AdV can act as a substitute for AM? in a MK catalyzed 

phosphoryl transfer reaction, it was of interest to compare the rates 

of the reaction for similar concentrations of the two substrates. 

Solutions containing a mixture of 8.3 mM Ad and 1.0 mM Vj (AMP = O), 

which were estimated to contain 0.62 pM AdV, were tested for their 

ability to stimulate MK activity. The concentration of AdV has been 

corrected for the presence of Ad2V2, using a formation constant of 2.8 

x 107 M-3 (see Figure 16 and section titled The Formation of Ad2V2). 

These results were compared with the activity of MK that was 

observed in the presence of 0.83 pM AMP (Ad = Vi = 0). An average value 

is reported for 3 trials which were performed under each set of 

conditions. The concentration of enzyme was the same in each case, 

0.23 pM (4.9 pg/mL; MMK = 21,700). The rate of reaction measured in 

the presence of 0.62 pM AdV was approximately equal to 4.1 + 0.8 

pM/minute, while the rate sf reaction in the presence of 0.83 p M  AMP 

was approximately 1 .I  + 0.1 pM/minute. The rates of reaction when 

both substrates were present in the reaction mixture, AdV (0.62 pM) 

and AMP (0.83 pM), were additive within experimental error; an 

average value of 5.8 5 0.7 pM/minute was obtained for two trials. 

These rates correspond to k c a t l K ~  values of 29 pM-lminute-1 for AdV 

and 5.8 pM-lminute-1 for AMP. It is rare that the k o t / K ~ j  value for a 

substrate analogue is greater than that of the true substrate. However, 

when the experiment was repeated at a higher concentration of Mg2+ 



(10 i~livlj and a different enzyme preparation (the enzyme from chicken 

rather than rabbit muscle was used), k c a i / K ~  values of 54 p M - l  

minute-' for AdV and 12 pM-'minute-1 for AMP were obtained. It is 

difficult to obtain an accurate rate for the experiment with a low 

concentration of AMP as the total AA is very small. When AdV is the 

substrate the absorbance continues to change until the limiting 

reagent, ~lsually NADH, is used up as Ad and Vi can be recycled in the 

phosphorylation reaction. The k c a t / K ~  for AMP was obtained at 0.5 mM 

AMP for this reason and is thought to be a more reliable value than the 

5.8 pM-lminute- l  obtained previously. Therefore it appears that the 

k c a t / K ~  of the substrate analogue AdV is of a comparable magnitude to, 

if not greater than, the kinetic constant of the normal substrate. 

These results indicate that AdV is a very good substrate for MK. It will 

be shown later that the presence of 8.0 mM Ad does not significantly 

affect the rate of MK catalyzed phosphoryl transfer from ATP to AMP. 

However, under conditians which approached saturation by the 

substrates AMP and ATP, the inhibition by 2.0 rnM Vi was 54%. Thus it 

is likely that the presence of 1.0 mM Vi inhibited the activity sf the 

enzyme about 30%. It is possible that the product AdVP does not inhibit 

the reaction to the same extent as ADF. The labile Vi bonds would 

prevent a build-up of AdVP. 

When MK cataiyzed phosphoryl transfer was tested in the 

absence of AMP in solutions containing Ad and Vi the rate of NADM 

oxidati~n was found to be dependent on the concentration of MK 

included in the reaction mixture. The linear dependence of the rate on 

MK concentration that was found in this experiment supports the 



conclusion that AdV acts as a substrate for MK. The results are shown 

in Figure 10. 

The Effect of (Ad + Vi + PPj) on MK Activitv in the Absence of ATP 

There was no evidence that AdVPP was accepted as a substrate 

by MK in the absence of ATP. The concentration of AdWPP present in 

solutions containing 8.0 mM Ad, 1.0 mM Vi and 10 mM PPi has been 

estimated to be approximately equal to 0.6 pM. This value was 

calculated using an equilibrium constant ~f 7.4 M-2 for the formation 

of AdVPP. The Keq for AdVPP was estimated by multiplying the 

equilibrium constant for the formation of ethyl vanadate, 0.19 M - I  

(Gresser and Tracey, 1985) by the formation constant for 

vanadopyrophosphate (VPP), 39 +. 3 M-1 obtained at pH 7.98 in solutions 

of 1.0 M ionic strength (Gresser et a!., 1986). It can be seen from 

Scheme SVc that if AdVPP is accepted as a substrate by MK, a 

phosphate group could be transferred to AMP to form ADP. The 

phosphorylation of ADP catalyzed by PK would produce AT?, the natural 

substrate for PK. Thus the nueleolide would be recycled through the 

phosphsrylatisn system made up of the two enzymes, MK and PK. The 

estimated concentration of AdVPP is very low (0.6 yM), but a high 

activity was observed In the presence of 1.0 phA AT$ ( Ad = Vi = ?Pi = 0) 

due to the regeneration of the ATP substrate by the PK-catalyzed 

reaction. However, in the presence of 10 mM PPi the reaction with ATP 

was totally inhibited under the same conditions. The t ~ t a i  inhibition of 



The effect of different MK concentrations on the rate of NADH 

oxidation in a reaction that is thought to proceed by an MK catalyzed 

phosphoryl transfer from ATP to the spontaneoersly formed AMP 

analogue AdV. The mechanism is shown in Scheme IVb. The conditions 

are the same as those described in Figure 8,  except that the 

concentrations of Ad (8.5 mM) and Vi (1.0 mM) were constant. 





PK activity by PP, under the same conditions (except fa: the piesencs 

of Ad and Vi) as those used in these experiments was reported in the 

section titled Experiments with PK. Because of the inhibition by PPi 

there can be no conclusion as to the viability of AdVPP as a substrate 

for MK. The fact that no activity was observed in solut~ons of Ad, Vi 

and PPi can be explained by the Inhibition of the auxiliary enzyme PK by 

PPi, or by AdVPP not being accepted as a substrate. 

W f f e a  of (Ad + U i +  ei) on MK Activitv in the Presence of ADP: PPi 

LklakLU 

There was no evidence of PPi formation in any of the tests 

which involved the spontaneous formation of AdVP and its subsequent 

phosphorylation by ADP, cataiyzed by 29 pg/rnL MK. These tests were 

run under the same conditions as the tests which involved the 

phosphorylation of AdVP by PEP catalyzed by PK (see Experiments with 

Pyruvate Minase, Results and Discussion). A background rate of AA of + 
9 x 10-4 minute-' was recorded during the experiment. If this A A  was 

due to a concentration change in NADH, it would correspond to a value 

of + 0.14 yM. Therefore the minimum concentration change of NADH, 

due to the uresence of PPi, that could be measured would have to be 

greater than 0.14 pM. This would correspond to the presence of 0.07 plan 

PPi, as the reaction produces 2 molecules of NAD from 1 molecule of 

PPi. The values for the rate of decrease in absorbance due to the 

oxidation of NADH and for the total decrease in absorbance for the 



reaction mixtures c~ntaining 29 pgimL MM weiii, within experimental 

error, equal to the values for the reaction mixtures containirrg PK. 

That is the measurements for the test solutions were similar to the 

blanks, and the control sraiutions were similar to the standards. The 

rate of change in absorbance and the totai change in absorbance did not 

depend on the time sf incubation of the react i~n mixture before 

measurement with the PPj assay. 

The lack sf MK activity cannot be explained by inhibition of the 

enzyme in the presence of Ad, Vi or Pi. As described in the inhibition 

studies, it was shown that the inhibition of MK catalyzed phosphosyl 

transfer between AD$ molecules is inhibited by approximately 5O0I0 in 

the presence of a mixture of 15 mM Ad, 1 .O mM Vi and 30 mM Pi. Thus 

the enzyme should retain 50•‹A of its activity under these conditions. 

The In- of MK Actrvlty 
. . .  . .  . 

In the Presence of (Ad -+ V3 by APaA 

APsA was a good inhibitor of MK activity in the presence of Ad 

(4.0 mM) and Vi(1 .O mM). Figure 11 shows a plot of the rate of NADH 

oxidation vs the concentration of APsA, for an experiment in which 

AMP was absent and ATP was present at 1.5 mM. The results clearly 

demonstrate the dependence of the rate of the MK catalyzed reaction on 

AQ5A concentration. Lienhard and Secemski, 1973, tested the 

inhibition of MK activity in the presence of the natural substrates (0.20 

mM AMP, 0.15 mFd ATP). They reported an inhibition of 55% of the MK 

activity at 0.03 pM A?+ The experiment described here was 

conducted in reaction mixtures that contained 1.5 mM ATP, 4.0 mM Ad 



The effect of different AP5A concentrations on the rate of NADH 

oxidation in a reaction that is thought to proceed by an MK catalyzed 

phosphoryl transfer reaction from ATP to AdV. The mechanism is 

shown in Scheme IVb. Reaction mixtures contained 50 mM Tris-OAc, 

4.0 mM Ad, 1.0 mM Vi, 1.5 mM ATP, 2.0 rnM MgC12, 18 pg/ml MK 

(rabbit muscle), 0.50 mM PEP, 50 pg/mL PK, 0.22 mM NADH, 30 yg/rnb 

LDH and the indicated roncentrations of APsA. The reaction was 

initiated by adding 30 pL of the stock PEP solution to a reaction 

nixture that contained all or the other reagents at X • ‹ C ,  pH 7-4. The 

sample volume was 3.0 mL. The reaction was monitored by measuring 

the rate of oxidation of NADH in accordance with the mechanism shown 

in Scheme IVb. 





and 1 .O m M  Vi. Under these csnditmns an inhibition of 5 5 O h  was 

recorded for 0.04 pM APsA. The cosicentration of APsA required to 

achieve 55% inhibiticn sf MK activity was higher in the experiment 

reported here than that reported by Lienhard and Secemski, 1973. The 

higher concentration of A7P used in this experiment (1.5 mM us 8.1 5 

m m  for the experiment of Lienhard and Secemski) would compete more 

successfully for the active sites on the enzyme. In the presence of a 

saturating concentration of ATP a higher concentration of AP5A would 

be required to produce the same amount of inhibition. Lienhard and 

Secemski performed the experiment at pH 8.0 while the work reported 

here was done at pH 7.4. Since there is a broad optimum for the 

activity of MK between pH 7 and pH 9 (Noda, 1958), the activity of the 

emyme is expected to be comparable at pH 7.4 and pH 8.0. 

The vertical intercept of a Dixon plot ( l /rate vs inhibitor 

concentration) of the data from Figure 11 gave a value of 27 nM for the 

inhibition c~nstant  (Ki) of AP5A. This value can be compared with the 

value of 10 nM for the dissociation constant of AP5A to myokinase 

reported by Mannherz et al. 1974, as the unpublished results of R.S. 

Goody, T. Frohlich, B. Walter and H. Schirmer. 

The maximum rate of NADH oxidation in reaction mixtures 

containing 4.0 mM Ad and 1.0 mM Vi was approximately equal to 16 

pMIminute in the experiment which was designed to test the formation 

and activity of AdV (Figure 8). In the experiment which tested AP5A 

inhibition of this activity, the maximum rate in the absence of 

inhibitor in reaction mixtures that contained 4.0 mM Ad and 1.0 mM Vi 

was approximately equal to 2.5 pM/minute (Figure 11). The apparent 



difference in the maximsm rater; of reaction under similar conditions 

of MK concentration (14 pg lm i  and 18 pg/mL respectively) is a 

consequence of the fact that different preparations of the enzyme were 

used fcr each experiment. Activity tests in the presence of saturating 

concentrations of AMP and ATP gave values for the activity of the 

enzyme preparations of 745 units/mg protein for the AdV activity 

study and 29 unitslmg protein for the APsA inhibition study. The ratio 

of (activity x enzyme concentration) should be equal to the ratio of the 

rates of reaction in the absence of inhibitor for reaction mixtures 

containing 4.0 mM .4d and 1.6 mM Vi. These values, 26 and 6.4 

respectively, do not agree welt. Qualitatively however, the fact that 

the activity of the enzyme preparation used in the test for AdV was 

much higher than that used for the AP5A inhibition study can account 

for the difference in the maximum rates that were observed in these 

experiments. 

The I n m  
. . .  . . 

lor1 of MK Act~vitv bv Vi and Nucbot~rfe A- 

The most important results of the experiments performed to 

detect inhibition of MK activity by Vi and by Vi in the presence of 

nucleotides can be summarized briefly. AIthough Vj alone behaved as an 

inhibitor, the inhibition was not particularly potent, and it was not 

enhanced in the presence of adenosine or of adenine nucleotides. 



The uppermost curve of Figure 12 is a plot of the rate of MK 

catalyzed phosphoryl transfer at different concentrations of ATP in the 

presence of 2.5 mM AMP. The maximum rate of reaction in the absence 

of any inhibitor is 60 pM1rninute in the presence of 75 ng/mL MK, thus 

the activity of MK was equal to 800 unitslmg protein. ADP would be 

expected to accumulate when a reaction mixture containing ATP, AMP 

and MM was incubated for 4 minutes (reaction mixtures were incubated 

for 4 minutes in order to stabiiize the temperature). Accumulated ADP 

would be consumed in a burst of activity on the initiation of the PK 

catalyzed reaction by the addition of PEP, due to the high 

concentrations of assay reagents present in the reaction mixture. At an 

equilibrium concentration of 0.15 mM ADP (a rate of 38 pMlminute 

could produce 0.15 mM ADP in 4 minutes), it would be expected that all 

of the MADH present, 0.15 mM, would be consumed in a burst of 

activity. From the Keq of 2.26 for the formation of ADP from ATP and 

AMP published by Noda, 1973, it is estimated that a reaction mixture 

of 2.5 mM AMP and 0.079 mM ATP will produce 0.15 mM ADP at 

equilibrium. Thus all of the sampies which had rates greater than 38 

~Mfminute and greater than 79 pM ATP would be expected to proceed 

entirely as a burst of activity on the addition of PEP to the reaction 

mixture. However, as with :he studies in which AdV was the 

substrate, the progress curves did not have the appearance of a burst. 

The Keq of 2.26 reported by Noda, 1973, was obtained at 10 rnM MgC12. 

A high Mg2+ concentration would tend to favour the formation of 2 ADP 



The effect of different ATP concentrations on the rate of MK- 

catalyzed phosphoryl transfer from ATP to AMP in the absence and in 

the presence of Ad afid Vi. Reaction mixtures contained 50 mM Tris- 

OAc, 2.5 mM AMP, 2.0 mM MgC12, 75 nglmL MK (chicken muscle), 8.50 

mM PEP, 50 pg/mL PK, 0.15 mM NADH, 30 yg/mL LDH, the indicated 

concentrati~ns of ATP and the following additives: 0 (O) ,  15 mM Ad 

) 2.0 mM Vi (H), 15 mM Ad and 2.0 mM Vi (A). The reaction was 

initiated by adding 30 pL of the PEP stock solution to a react i~n 

mixture that contained all of the other reagents at 25%, pH 7.4. The 

sample volume was 3.0 mL. The reaction was monitored by measuring 

the rate of NADH oxidation in accordance with the mechanism shown in 

Scheme IVa. 





no!ecu/es over the formatior; of 1 AMP and 4 ATP. However, an 

experiment performed at 40 mM Mg2+ produced the same results with 

respect to an absence of burst activity. 

The symbols in Figure 12 represent the rates that were observed 

when 15 mM Ad was included in the reaction mixtures containing the 

natural substrates. The addition of 15 mM Ad did not have a significant 

effect on the reaction rates. The lowermost curve of Figure 12 is a 

plot of the rate vs ATP concentration in the presence of 2.5 mM AMP and 

2.0 mM Vi (Ad = 0). When the concentration sf ATP was equal to 1.5 mM, 

the presence of 2.0 mM Vi inhibited the rxaximurn rate by approximately 

54O/0. At lower concentrations of ATP the inhibition was considerably 

higher. At 0.30 mM ATP the inhibition was equal to 82%. (A value of 

0.30 mM for the Km of ATP was determined by Calfaghan and Weber, 

1959, under conditions similar to those of the experiments reported 

here: pt-l 7.5. Tris buffer, 30•‹C.). The fact that the % inhibition 

decreases as the concentration of ATP increases suggests that Vi 

competes with ATP for a site on the enzyme. The middle curve of 

Figure 12 shows the rate of the phssphoryl transfer reaction vs ATP 

csncentiation in the presence of 2.5 mM AMP, 2.0 mM Vi and 15 rnM Ad. 

The inhibition of the maximum MK activity that was observed in the 

presence of 2-0 rnM Vi is reduced to about 18•‹/o when 15 mM Ad is 

included in the reaction mixture. This reduction in Vi-inauced 

inhibition in the presence of Ad is not likely to be due to an increzlse in 

reaction rate caused by the formation of the substrate analogue AdV. 

The concentration of the substrate analogue AdV is estimated to be 

equal to 6 pM in solutions containing 15 mM Ad and 2.Q mM Vi, This 



value was calculated as previously described, using Keq = 0.19 

(Gresser and Tracey, 1985). The activity of 6 p M  AdV would be 

expected to have a negligible effect on the rate of reactian in the 

presence sf 2.5 mM AMP. Therefore it has been assumed in this 

experiment that the NADH oxidation observed is a function of the MK 

catalyzed ph~sphoryl transfer from ATP to AMP. A rationale for the 

reduction in Vi inhibitim that was observed when Ad was added to the 

reaction mixtures is presented at the end of the inhibition studies (see 

The Formation of AdzV2). 

The reaction velocity vs Vi concentration for MK catalyzed 

phosphoryl transfer between ADP molecules is represented in the 

uppermost curve of Figure 13. The reaction rate in the absence of 

inhibitor is estimated from the figure to be 23.8 pM/minute, while in 

the presence ~f 0.60 mM Vi the rate is 22.2 pM/minute. Thus 0.60 mM Vi 

inhibits the enzyme activity by 7%. The maximum concentration of Vi 

did not exceed 0.60 mM, as higher concentrations produce curvature of 

the plots due to vanadate oligomer formation. 

Figure 14 is a reciprocal plot of the data from Figure 13. The 

data was analyzed using the procedure of Yonetani and Theorell, 1964. 

They showed that when 2 competitive inhibitors bind at the same site 

on an enzyme, their interaction can be quantitated by using equation 1. 

The derivation of equation 1 can be found in Appendix IV. 



The effect of different Vi concentrations on the rate of MK 

catalyzed phosphoryl transfer reaction between ADP molecules, in the 

absence and in the presence of AMP. Reaction mixtures contained 50 

mM Tris-OAc, 0.25 mM ADP, 1.0 mM MgC12, 0.1 7 pglml. MK (chicken 

muscle), 1.0 mM glucose, 50 pg/mL HK, 50 pM NADP, 3.0 pg/mL G6PDH 

and the indicated concentrations of V,. The reaction was initiated by 

adding 10 pL of the MK stock solution into a reaction mixture that 

contained all of the other reagents at 25%, pH 7.4. The sample volume 

was 3.0 mL. The rate of reaction was measured in the absence sf AMP 

(0) and in the presence of 0.050 mM (+), 0.10 mM (a) and 0.40 mM (0) 
AMP. The reaction was monitored by measuring the rate of MAQP 

reduction in accordance with the mechanism shown in Scheme Va. 





Fiaure 14 

The effect of different Vi  concentrations on the rate of MK 

catalyzed phosphoryl transfer reaction between ADP molecules, in the 

absence and in the presence of AMP. A reciprocal plot of the data from 

Figure 13. 





v = initial velocity 

KM = Michaelis constant sf substrate 

V, = maximum velocity 

S = substrate c~ncentration 

11, 72 = concentrations of inhibitors 1 and 2 

a = interaction constant 

K1, K2 = dissociation constants ef inhibitors 1 and 2 

Equation 1 is symmetrical for inhibitors 1 and 2. The symbol a 

expresses the influence of one inhibitor on the dissociation constant of 

the other inhibitor. An a value between 0 and 1 indicates that two 

inhibitors behave syrrergisticaily; that is the Ki of one inhibitor is 

reduced in the presence sf th9 other inhibitor. An a value between 1 

and - represents repulsion between two inhibitors. P,n a value of 1 

indicates that both inhibitors can bind to the enzyme simultaneously, 

but binding of neither inhibitor affects the binding of the other. An a 

value of = indicates that the binding is mutually exclusive, A fast 

visual analysis of inhibitor interaction can be obtained graphically. 

Plots of Ilv vs I1  at several fixed concentrations of 12, at constant 

substrate concentration, appear parallel when the inhibitor binding is 

rnutally exclusive, that is when the presence of one inhibitor at the 



binding site cornpietely prevents binding sf the other inhibitor. This 

can be seen from the relation between the dope and 12, shown in 

equation 2. At a = - the slope is a constant valuei independent af the 

concentration of 12. 

When synergism is present between two inhibitors, the lines 

converge and meet at a point where the value sf -11 is equal to a K r .  At 

this point the vaiue of 1/v is independent of the cancentration sf 12. 

This can be seen when equation 1 is rearranged by collecting the terms 

which contain 12, as shown in equation 3. 

The plots in Figure 14 are parallel. This indicates that there is 

no potentiation of Vi inhibition by AMP. This result was somewhat 

surprising in view of the fact that myskinase has a binding site which 

does not require a metal cation cafactor for nueleotide binding. At 

concentrations of 0.4 mM AMP and 0.6 mM Vi, the concentration of the 

AMPV anhydride is 2.2 pM. The concentration of AMPV was estimated 

using a Keq of 9.2 M-1, obtained by Tracey et ai., 1988a. AMPV is not 

expezteci to bind i s  a site which requires a metal cation, due Po the 

apparent inability of the PV moiety to chelate the divalent cation. 

However, It might be expected that the enzyme would have a greater 

affinity for AMPV than for Vi a!one, at the site which normally binds 



uncoordinated AMP and AD$. These results will be considered again 

after the effects of other inhibitors have been presented. 

A weak inhibition of MM catalyzed phosphoryl transfer between 

ADP molecules was observed in the presence of 0.6 mM Vi (5% - 11%) 

and a moderate inhibition was observed in the presence of 30 mM Pi 

(20% - 36%). The presence of 84 mM KC1 did not affect the reaction 

rate. Inhibition was not observed in the presence of 15 mM Ad. The 

quantity of inhibition observed in mixtures of Pi + Vi, adenosine + Vi, 

adenosine + Pi and adenosine + Vi + Pi, could be accounted for by the  

presence of 30 mM Pi, or by the additive inhibition of Pi and 0.60 mM 

Vi. The inhibition observed in the presence of 0.27 rnM PPi was 

approximately that observed in mixtures of Pj and Vi, where the 

concentration of the PV anhydride was estimated to be equal to 0.27 

mM. The presence of adenosine did not change the amount of inhibition 

by PPr. The averaged results of several experiments are shswr; in 

Table I. In two cases weak synergistic effects were observed when the 

data were analysed with the method of Yonetani and Theorell, 1964. 

This method is described in :he previous section. The pairs of 

inhibitors: Pi + Vi and Ad + Pi produced slightly convergent lines when 

l / v  vs I t  was plotted at different fixed concentrations of 12. However, 

the synergism did not significantly effect the total inhibition of MK 

activity, which could be accounted for by the presence of 30 mM Pi, or 



by a mixiuie of Pi and Vi. The presence sf 15 mM adenosine actually 

reduced the amount o i  inhibition demonstrated by Vi. This was a very 

slight but consistent observation in these experiments. The reduction 

. .  . 
sine. V a m  and P h o w t e  on MK Actlv~tv in 

e P r e w e  of 411g 

C o n d i m  % Inhibition Po. of FxperirnenQ 



in inhibition by Vi in the presence of adenosine is !ike!y a result of the 

formation of the cyclic diester Ad2V2, as discussed in the following 

section. 

It is not possible to obtain an accurate Ki for Vi, due to the 

curvature of plots of velocity vs [Vi]. However, it appears that, as an 

inhibitor of MK activity, Vi has a potency similar to that of Pi. The Ki 

of PPi was also similar to that of Pi. Evidently the ease with which Vi 

can form a 5-coordinate species does not significantly enhance its 

ability to inhibit this enzyme. 

It is clear that myokinase retains at least 5Ooh of its activity in 

the presence of a mixture of 30 mM Pi, 0.6 rnM Vi and 15 mM adenosine. 

Therefore the attempt to detect effects which could be attributed to 

the presence of the ADP analogue AdVP did not fail due to inhibition by 

the mixture of Pi, Vi and aaenosine at these concentrations. 

The Formation of Ad& : Effects on V 
. . .  

i lnhlbltlon of MK and 
Effects on MK Activity in the Presence of [Ad + V i l  

The partial removal of the Vi inhibition of MK activity in the 

presence of high concentrations of adenosine (Ad) is likely due to a 

reduction in the concentration of free Vi through the formation of a 

cyclic diester containing Vi and adenosine. Similar complex formation 

has been detected 'Dy 5 1 ~  NMR studies of aqueous solutions containing 

Vi and AMP and solutions containing Vi and uridine (Tracey et al., 

1988a). The change in signal intensities that were observed as the 

ligand (AMP or uridine) concentration was changed lead to the 



conclusion that these ccrrnpiexes were binuelear in vanadium and that 

each binuclear complex contained two ligands. Binuclear cyclic 

diesters were differentiated from vanadate-containing noncyclic 

esters and anhydrides by their chemical shift. Noncyclic Vi esters and 

anhydrides have a tetrahedral configuration around the vanadium atom. 

Peaks representing noncyclic esters in 51V NMR spectra are 

superimposed on the peak which represents monomeric vanadate, a 

species consisting of four oxygens tetrahedrally arranged around a 

vanadirlm nucleus. Cyclic diesters of vanadate appear at relatively 

lower field than their noncyclic counterparts. The configuration around 

the vanadium nucleus in a cyclic diester is trigonal bipyramidal due to 

the acceptance by the vanadium atom of a pair of electrons in excess of 

the four pairs that make up its tetrahedral structures. Figure 15 shows 

the structures of (a) the vanadate ester AdV that is thought to act as a 

substrate analogue of AMP and (b) the cyclic va~adate diester A&V2 

that is thought to be responsible for the reduction of Vi inhibition of MK 

activity at high adenosine concentrations. The equilibrium constant for 

the formation of the cyclic diester containing Vi and uridine (U), U2V2, 

has been reported by Tracey et a!., 1988a to be equal to (2.8 + 0.3) x 107 

M-3. This value, obtained at pH 7.47 in a solution of 1.0 M iortic 

streilgth, is thought to be a good approximation for the formation 

constant of a similar complex Ad2V2 that is likely to be present in 

aqueous solutions containing Vi and adenosine. Figure 16 shows plots 



Figure 15 

The structures of two of the compiexes that are formed 

spontaneousiy in aqueous solutions containing adenosine and vanadate: 

(a) AdV, an ester that is a substrate analogue of AMP, (b) Ad2V2, a 

binuclear cyclic diester, the formation of which is favoured at high 

concentrations of Ad and Vi. 



(a)  AdV 

adenine 

adenine 



The effect of different Ad concentrations on the formation of the 

binuclear cyclic diester AdaV2 at the following concentrations of Vi: 

1.0 mM (a), 2.0 nhA (+). The lines were calculated using a formation 

constant far Ad2V2 equal to (2.8 + 3.3) x 107 M-3 (Tracey et al., 1988a). 





of AdzV2 conceiit~ation vs adenosine concentration at two different 

concentrations of Vi, calculated by using the Keq of U2V2 published by 

Tracey et al., 1988a. If it is assumed that Ad2V2 complex formation is 

ccmparable to that of U2V2, trre concentration of Ad2V2 in solutions 

containing 15 mM adenosine and 2.0 m M  Vi is approximately equal to 

0.80 mM. This value for Ad2V2 represents a value of 1.6 mM for Vi 

bound by the complex. It is likely to be uncomplexed Vj that is 

responsible for the inhibition of MIC activity. L e e  Vj could bind to the 

enzyme at sites which normally accept the phosphate moiety of the 

nucleotides AMP and ATP. A reduction in the concentration of free Vi 

from 2.0 mM to 0.4 mM can account for the reduction in the inhibition of 

MK activity from 54% to WO/O as observed in Figure 12. That is the 

inhibition was reduced to 1/3 when the concentration of free Vj was 

reduced to 115 of its original value, by the addition of 15 mM Ad. 

Figures 8 and 9 have the appearance of typical Michaetis-Menten 

plots of rate vs substrate concentration. As substrate concentration 

increases, active sites on the enzyme are filled until saturation is 

achieved. At high substrate concentrations the rate cannot be 

increased by increasing tho substrate concentration, as all of the 

active sites on the enzyme are occupied. This is unlikely to be ths 

explanation for the curvature of the plots of Figures 8 and 9, in which 

the substrate is thought to be AdV. A maximum concentration of 2 pM 

AdV was calculated for reaction mixtures that contained 12 mM Ad and 

1.0 mM Vi. The Michaelis constant (KM) for the true substrate AMP is 

eqtral to 0.5 mM at pH 7.5 in Tris-OAc buffer at 33•‹C (Callaghan and 

Weber, 1959), a value which represents the concentration of AMP that 



1s necessary to obtain half of the maxitnurv rate possible under 

saturatin~ conditions of ATP. The results of ths study that compared 

the rzte of reaction for AMP and AdV suggest that the K ~ J  for AdV is of 

the same order of magnitude as that sf AMP. Therefore a conce~tration 

of 2 pM AdV would not be sufficient to saturate the active sites on MK. 
- 
The fact that the rates do not increase with Ad or Vi concentration in a 

linear manner may be explained by the depletion of substrate through 

the formation of the cyclic Ad2V2 diester. As the concentration of Vi 

or of Ad increases, there is a corresponding decrease in the proportion 

of these reactants available to form the AdV ester substrate. 

The fact that the AMP analogue AdV is accepted as a substrate 

by MK is not surprising when it is considered that other Vi esters 

(glucose-fi-vanadate, Nour-Eideen et al., 1 985; glycerol-Wanadate, 

Craig, 1986) are accepted by enzymes in lieu of their natural 

phosphorylated substrates. The absence of MK activity in the presence 

of tne Vi anhydride AdVPP, an analogue of ATP, may be due to the 

inhibition by PPi of PK, an enzyme used to assay MK activity. The 

equilibrium constant for the MKIPKILDH coupred assay shown in Scheme 

IVc, calculated under standard ccnditions, was equal to 5.28 x 109 

(Appendix V). Thus product iornation would be expected lo be 

favourable in the absence of inhibition. H~wever, the absence of MK 

activity in the presence of tire ADP anaiogue AdVP cannot be accounted 



far by the inhibition of MK by Ad, Vi, c i  Pi, or by a combination of 

these reagefits. Some inhibition of phosphate transfer between ADP 

molectires was evident under the same conditions that were employed 

to test the activity of the substrate analogue. This i~hibi t ian was 

mainiy due to the additive effects of Vi and Pi and was not sufficient to 

completely inactivate the enzyme. No PPi was detected after 120 

hours, although the equilibrium constant for the transfer of a 

phosphate group from A5P to Pi is favourable, as shown in Appendix V. 

Since, as discussed previously, it is reasonable to assume the 

presence of AdVP in solutions that coqtain a mixture of Ad, Vi and Pi, 

the failure of AdVP to activate MK requires another explanation. An 

explanation can be found if it is accspfed that nucleotides which are 

vanadate anhydrides do not bind to sites which require a 

rnetallnucleotide csrnplex: as the VP moiety is a poor chelator of 

divalent cations. However it may be that the simultaneous binding ~f 

Ad, Vi and Pi to form the substrate analogue AdVP is simply too 

improbable at the reagent concentrations employed. 

MM has two binding sites for nuclestides, only one sf which has 

a requirement for a divalent cation One of the binding sites accepts 

MgATP and cne accepts uncornplexed AMP. In the reverse react~on, an 

uncornplexed ADP molecule is bound to the AMP site, while MgADP 

binds to the MgATP site. This rmechanism is shown in Scheme VI, 

where the AMP analogue AdV has been substituted for the normal 

substrate. 



Scheme VL 

A mechanism far the MK-catalyzed phospkory! transfer 
2+ . 

from MgATP to AdV. The metal cation Mg 1s required 

for ATP binding, but is not required for AdY binding. 

According to the hypothesis presented here, AdVP would not be 

expected to bind to the MgABP site, as the hypothesis is based on the 

siiggestion that YP is a poor chelator of Mg2+. However there is no such 

restriction for AdVP at the ADP site, as this site does no4 require that 

the nucleotide be eoardinated with a metal ion in order to bind. The 

MK-catalyzed pitosphoryl transfer between 2 ADP molecules requires 

that MgADP accept a phcpkate group from the uncsrnplexed ADP. Siwe 

it is unlikely that AdVP would bhd at the MgADP site, AdV? bound to 

the ADP site wili be the pticsphate cisnor in an MK-catalyzed reaction, 

the reverse direction to the reaction shown in Scheme VI. The products 

sf this reaction will be MgATP and AdV, rather than AMP and AdVPP. 



Thus it is understandable that no PPi was detected rn the assay sf the 

reaction mixture In xder  fo i  PPi to be produced, ~t wodd  be 

necessary that AdVPmordrnate Mga+ and bind to the MgADP site on the 

enzyme. Theso results support the hypothesis that the reason that 

AdVP is not accepted as a substrate is that the VP moldy sf AdVP is 

unable to chelate M$+, and thus is not bound by the enzyme at sites 

that reqr~ire metal isrr coordination to the nucleotide. It is unfortunate 

that it was not possible to measure the results sf the kinetic test far 

the ability of AdVF to act as a substrate in the reverse reaction, due to 

the activity of ADP. In future work the abdity of AdVP to donate a 

phosphate group to ADP could be tesxed by adding labelled Pi to the 

reaction rnix?ure and measuring the quantity of label that as present 6n 

the ATP produced. 

In order to be covalerftly transferred from o m  rnoleeule to 

another, Pj must go through a high-energy 5-cosrdinate trawsit~on 

state. It has been rationalized that the potent rnhibition of some 

enzymes by V ,  is due to the stability of 5-coordinate Vi anion. Thus an 

enzyme is effectively irnmobiiised In the transition state when Vi is 

substituted for Pi in a donor position. Therefore it follows that 

melece;les which contain Vi as a potential donor group will be more 

potent inhibitors of phosphate transfer than t h ~ s e  which cantdin \/I as a 

nor7donci Pi substitute. An example of a substrate analogue containing 

V i  In a rsortdsnor posi?ion is AdVP, which, if it is able to bind to MK at 

the nan-Mg site, would transfer a Pi g r w p  to AD$, bound at the Mg 

site. Another example is AdV, which w~l i ld  be an acceptor in the 

forward reaction when bound ta tne uncoord~nated site Although AdVP 



co~t ld possibly act as a substfate for MK, as Ad\% does, the potency of 

AdVP inhibition wouid not necessarily be enhanced by the piesence of 

Vi  in the molecule. Likewise the presence of Vi in AdV would not be 

expected 30 enhance the inhlbitican by AdV above that effected by AMP. 

These considerations may at least partially account for the Faiiure of 

V i  to enhance the ir?kibitisn by Ad i Pi and by adenosine. An additional 

factor which can accowt for the weak inhibition by AdVP is that the 

formation af the cyclic diester Ad2V2 would be expected to 

significantly reduce the quantity sf free Vj , and thus of AdVP in the 

reaction mixture. The inhibition of the forward reaction was reduced 

from 54% in the absence of adenosine to 18% in the presence of 15 mM 

adenosine. The inhibiiior; by Vi observed in the reverse reaction (7% at 

0.6 mM Vi) was proportic.naliy weaker than that observed In the forward 

reaction (54% at 2.0 mM Vi). The proportianal increase in inhibition at 

higher Vi concentrations suggests that Yi oligorners may inhibit the 

enzyme more effectively than the Vi monomer. The concentration of 

various Vi species present in aqueous media is s h o \ ~ n  in Figure 22. 'The 

effects of Vi digorriers on the activity of enzymes Is discussed in more 

detail after the experiments with hexskinase have been presented. 

Another factor that may partially account for the difference in 

V i  irihibition of the forward and reverse reactions is discussed below. 

The concentration cf ADP (0.25 mM) in the reverse reactim was much 

greater than the KM of this substrate. The KM for ADP measured in the 

experiments rspotted here was 25 y M  for the enzyme from chicken 

muscle, considerably lower than the KM of 1.6 mM reported by 

Callaghan and Weber, 1959 for rabbit muscle MK under similar 



conditians. The difference in the values of #hi may be d m  to the 

difference in source of MK; a M M  of 4 pM has been reported for the 

enzyme isolated from Escherichia coli (Reinstein et al., l9W) ,  

obtained under similar c0~3diti~ns. The inhibition by V, sf the reverse 

reaction would have been stronger and could be mere acclirately 

measured if  lower ADP concentrations were employed. Huwever, it is 

not likely that the conclusions of the study would have h e m  seriously 

affected. 

The studies of the inhibition sf MK activity by Vi + AMP showed 

that the enzyme does not have a high affinity for the AMPV rnoiecule. 

As in the case of AdVP, the inhibition observed wwid have been 

reduced by the high substrate concentration due to the competitive 

nature of ADP. However, as the AMPV molecule wodd most likely bind 

to the non-Mg site, the drsn~r site of the reverse reaction, the Vi 

moiety would be positioned to act as a transition state analogue of Pi. 

The failure of Vi to enhance the effect of AMP on :he inhibition of the 

reverse reaction suggests that Vi  cannot attain ths stable 5-coordinate 

geometry that is so effective in reducing the enzyme activity. 

The site on MK which accepts the uncoordinated nucleotide has 

been shown to be qilite specific for adenosine nuclestides (Moda, 1973). 

Also it has been shown by other investigators that PP, is accepted by 

the Mg site, but not by the uncoordinated site (Zabern, 1972). 4.M 

catalyses the production of AMP and PPPi, but not PIP and Pi, in the 

presence of PPj and ADP. The reaction rate of the phosphorylatbn of 

PPi by ADP is several orders of magnitude smalisr than the 

phosphorylation of ADP by anether molecule of ADP However. the fact 



that ADP cannot accept a phss#iate group ?ram ?Pi ir~dicates that PPi 

does not act as a ssbstrate at rhe noncoordinated site of the enzyme, 

as it is the Mg site that accepts the phosphate group in the reverse 

reaction. The specificity of the AMP/ADP site undoubtedly has a 

negative effect on the binding of substrate analogues and can be added 

to the list of factors that may prevent analogue binding. It may be this 

specificity which prevents the formation of the stable 5-coordinate V, 

structure in AMPV. 



The spontaneous formatim of the ATP analogue AdVPP, in 

aqueous sohtions containing Ad, Vi and PPi, was discussed in the 

section titled Experiments with MK. In physiological systems HK 

cataiynes the transfer of a Pi group t r m  ATP to glucose. If AdVPP is 

accepted as a substrate by HK, a phgsphate group will be transferred 

from AdVPP to glucose. The acceptance of AdVPP as a substrate by HK 

was tested by measuring the PFase activity of HK. Reaction mixtures 

contained Ad (4.0 nM),  Vi (1.0 mM), Tris-OAc (50 mM), glucose (1.0 

mM), MgC12 (1.0 mM), HK (0.83 mg/mL), NADP (50 pM), GGPDH (2.9 

pg/rnL) and either 0.50 mM or 5.3 mM PPi. The reaction was initiated by 

introducing 30 ph sf the glucose s t x k  solution into a reaction mixture 

which cofitained d1 of the other reagents at 25OC, pH 7.4. The 

experiment was reppaled under ths same conditions except that the 

concentration of Ad was 8.0 rnM and the concentration of PPi was 10 

mbd. 

The value for t b ~  concentration ~f AdVPP in solutions containing 

5.0 mM Ad, 1.0 mM Vi and 10 mM PP; has been estimated to be equal to 

* Saructures of vanadste esters and anhydrides are shown in Appendix 111 



0.6 bM. This value was calei;/ated by using a formation constant for 

A6VPP equal to 7.4 iul-2, as described in Experiments with Myokinase. 

In order to derncnstrate thai it is possible to observe activity at such 

low substrate concentrations, a third experiment was performed under 

the same conditions except that the mixture of Ad, Vi an3 PPi was 

substituted with 1.0 pM ATP. The experiment with 1 .C) pM ATP was 

repeated at a. lower i-fK concentrat;icsn (50 !~g/mL) in order to observe the 

effect over a longer time. 

Scheme VIla shows the physistogical reaction in which a 

phosphate group is transferred from ATP to glucos2 in a reaction 

catalyzed by HK. The producrs o i  the reaction am ADP and glucose-6- 

phosphate (G6P). In the presence or' NADP and GGPDH, G6P is oxldiz~d 

to 6-phosphogluconate while NADP is reduced to NADPH in a reactim 

catalyzed by G6PDH. The rate of the HK-catalyzed reaction can be 

rnonitared by following the rate of proeucticr; of NADPH irom NADP, as 

described In :he section titled Measurement of Reaction Velocity. 

Scheme Vlib shows hcw AdWP might substitute for ATP. In the 

presence of gk~ccse, if AdVFP is accepted as a substrate by HK, a 

phosphate group wiii be transferred from AdVPP to glucose to p r o d ~ e  

GfjP and the labile 5terrnediaie Ad'@. The rate of production of G6P 

can be monitored by an assay system whish contains NADP and GGPDH 

as descrhed above. The raptd t-iydro!ysis of AdVP will free Ad and Vi 

for fui'iher reaction ririiih PPi; that is Ad and Vj, as weii as i i K  wrii 

behave as cata!lPsts 3 in the transfer of phosphate from PPi to glucose. 



Mechanisms for the hexokinase (HK) catalyzed phosphoryl 

transfer from (a) ATP to glucose, b) AdVP? to glucose and (c) AMPVP to 

glucose. (a) represents the physioiogical activity cf  HK, (b) represents 

the HK activity that is expected in the presence of glucose and the 

spontaneously formed A I P  ailaiogue AdVPP and jc) represents the HK 

aciivity that is expected in the presence of glucose and the 

spon:aneoilsly formed ATP analogue AMPVP. In each case the product 

glircsse-&phosphate is oxidized to 6-phosph~gluconate in the presence 

of NADP and G6PDW. 



ATP 

AMP + Vi + Pi 

i 
I AMPVP 



The spontaneous formation of AMPV in aqueous soiutbns 

containing Vi and AMP (Tracey et al., 1988;~) and the formatiotl of the 

mixed phosphovanadate anhydride PV in soiutions containing Vi and Pi 

(Gresser et al., 1986), suggests that a small amount of rn5 mixed 

anhydride AMPVP is present in solutions which contain AMP, Vi and Pi. 

i f  HK can accept AMPVP as a substrate in the absence of ATP, in the 

presence of HK, AMPVP a ~ f d  glucose a phosphate group will be 

transferred from AMPVP to glucose to produce G6P. The mechanism for 

this reaction is shown in Scheme Vllc. The raie of formation of 66P 

can be followed as described previously. The formation of AMPYP and 

its acceptance as a substrate by HK was tested in rsaction mixtures 

which contained AMP (10 mM), Y (1 0 , Pi (10 mM), iris-OAc (50 

mM), glucose (1.0 mM), MgCI2 (1.0 mMj, HK (50 pg/rnL), NADP (50 pM) 

and GGPDH (2.9 pgimb). The reaction was M a t e d  by introducing 30 pL 

of the glucose stock solution into a reaction mixture which crintained 

all of the othgr reagents at 25%, pH 7.4. 

The equil~briurn constmt for the formation of AMPVP Is 

estimated to be equal to 138 M-2. This value was caiculated by 

muitjplyirlg the formatian cansiant of AiMPV, 9.2 M-1 (Tracey et al, 

f988;6), by the formation constant of VP, 15 M-1 (Gresser et a( , 

1986). The procedure for obtahing these constants was discussed in 

Experiments with Pyruvaie Kinase (AMPV) and Experiments w ~ l k  

Myokinase (VP). us in^ Keq = 138 M-2, the concentration of AMPVP that 



is est~mated to be present in ssiutiom containing a mixture of 10 mM 

AMP, I .O mWI Qi and 1C rnM Pi is 14 pM. 

The potential for divalent cations such as Mg2+ to support HK 

catalyzed phosphoryl transfer froa; ATP to glucose Is likely to be 

related to the ionic radius of the cation as well as to the bond angies of 

the coordinating pnssphale grcups. The bond angles of the PV moiety of 

the nucleotide are likely to be different from those of the PP group of 

ADP and ATP. The effects of the structure sf the chelating groups on 

cation coordination wiii be cansidered later in this thesis. The 

possibility that substrate anaiagues might be activated in the presence 

of cations other than M$+, in cases where no activity was observed in 

the presence of M$+, was tested in the fallowing experiment. The 

effects of different divalent cations on the reaction rate with and 

withotit Mg2+ was first tested in the presence of ATP with the chloride 

salts of Mn, Co, Fe, Ni, Cu, Zn, Ca and Sr. Reaction mixtures 

contained Tris-OAc (50 mhA), ATP (33 pM), glucose (5.0 mM), HK (1.7 

pglmL)? NADP (50 pM), GGPDH (3.0 pgfmij and either MgC12 (1.0 mM) or 

the chloride salt of another divalent catisri (1.0 mM). in other 

experiments the rate of reaction was measured under the same 

conditions except that instead of ATP, a mixture sf Ad (15 mM), Vi 

(2.0 mM) and PPj (10 mM) or a mixtilra of AMP (20 mM), Vi (2.0 mM) and 

Pi (30 mM) was included in the reaction mixture. In the experiments 



where substrate analogues were used instead of ATP, the 

concentration of HK was increased to 50 g g l r n l .  

The anions Vi, Pi and ?Pi are similar in structure and electronic 

properties to the phosphte moieties of ATP. Thus they have the 

potential to compete with ATP for binding sites on HK. The presence 05 

these anions in the experiments designed to detect the presence of ATP 

analogues might reduce or eliminate the ability of HK to bind the 

analogues. Therefore the effects sf these anians on ihe rate of HK- 

catalyzed phosphoryi transfer :ram ATP to glucose was examined, in 

cases where inhibition of HK was d ~ t e c b d ,  similar tests were 

performed on the auxiliary enzyme GGPDH. In addition, a mixture of 

ADP and Vi was tested for its ability to inhibit the enzyme. The 

species ADPV has k e n  shown to be a potent inhibitor of other 

phosphoryl transferring enzymes, as discussed in the Introduction. 

Tests fs: the l n h b t ~ s n  of HK Actrv~ty bv V 
. . .  . . 

l a u d 1  

The effects of Vi, Pi and a mixture of Vi and Pi on HK catalyzed 

phospkryi  transfer from ATP to glucose was studied at different 

coilcentrations 05 AT$. The presence of 30 mM Pi in some of the 

reaction mixtures increased the ionic strength of these soiuiicfis 

signifkantty; therefore KC1 was added to all crf the reaction mixtures 

in appropriate concentrations to maintain an ionic strength of 0.W 0. 



Preliminary tssts showed +hat the presence cf KCI up to 0.10 M did not 

affect rhe reaction velocity. The rate of reaction was tasted in the 

absence of inhibitor in reaction mixtures which csntaiiied Tris-OAc (50 

mM), KC1 (6.10 M), glucose (1.0 mMj, MgCI;! (2.0 mM), HK (0.20 pg/rnL), 

NADP (50 pM), GfjPDH (2.9 pg/mL) and different concentrations sf ATP 

(0 - 0.70 mM). The reaction was initiated by introducing 15 pL of the 

HK stock solution into a reaction mixture which contained all of the 

ather reagents at 25"C, pH 7.4. In separate experimerlts 1.0 mhrl Vi or 

30 mM Pi or a mixture of Vi ( 4  .Q mM) and Pi (30 rnM) was included in the 

reaction mixture. In the tests for inhibition by 30 mM Pi (ionic 

strength = 70 mM), instead of 0.10 M KC!, 30 mM KC1 was included in 

the reaction mixtures to bring the ionic strength to 0.10 M. 

The effect af a mixture of Vi and Pi on the rate of reaction in the 

presersce of a concentration of ATP comparable to that estimated for 

the substrate analogue AMPVP (14 pM) was tested in a reaction mixture 

that contained Trs-OAc (50 mM), ATP (1.0 pM), Vj (1.0 mM), Pi (10 

mM), glucose (1.0 mM), MgC12 (2.0 mM), H K  (40 pg/rnL), NADP (SO pM) 

and GGPDH (2.9 pg/mL). 

The effects af Vj, PPi and a mixture of Vi and PPi on i l K  

cataiyzed phosphoryl transfer from ATP to glucose was studied at 

different concentrations of N P .  The presence ot 16 mM PPi in some of 

the reaction mixtures caused an increase of 46 rnM in the ionic strength 

of these so!utions. In order that ail ~f the reaction mktures would be 



equal in ionic strength, KC!, (46 mM, ionic strength = 46 mM) was 

added to reaction mixtures which did not contain PPi. KC1 is a 

nonreactive species under these conditions (see preceeding section). 

The rate sf reaction in the absence of inhibitor was tested in reactton 

mixtures which contained Tfis-QAe (50 mMj, glucose (1.0 mMj, MgC12 

(2.0 mM), KCI (46 mM), HK (0.20 pgImL), NADP (50 pM), GCjPDlf (2.9 

pg/mL) and different concentrations of ATP (8 - 0.70 mM). Tha reaction 

was initiated by introducing I5 pb of the H M  stock solution into a 

reaction mixture which contained all of the other reagents at 25%, pH 

7.4. In separate experiments 1 .Q mM Vi or 10 mM PPi or a mixture of Vi 

(1.8 mM) and PPi (10 mM) was included in the reaction mixture. KC1 was 

not included in the reaction mixtures which conta~ned PPi. 

The effect of a mixture sf Vi and PPi on the rate of reaction in 

the presence of a concentration of AfP comparable :3 that of the 

substrate analogue AdVPP (0.6 pM) was tested in reaction rnixttrres 

which coi~taineci Tris-OAc (50 mM), ATP (1.0 pM), Vi (1.0 mM), PPi (1Q 

mM), glucose (1 .C mM), MgC12 (1.0 mM), SiK (50 pglmL), NADP (50 pM) 

and GGPDH (2.9 pg/mL). 

Tests for Inhibition of W D H  A c w  
. . 

i2i-i 

It was observed that, in the presence of the substrates ATP and 

glucose, ths anims Vi, Pi and PPi tmd inhibitc-ry effects on EK zctiw:ty. 

Since the assay f ~ r  HK activity was zoupCed to the G6PDH-mtalyzsd 

reduction of NADP, these anions were tested for their ability to inhibit 

GGPDW. The rate of NADP reduction by G6P, catalyzed by GEPBH, was 



measured withsu? inhibitor in reaction mixtures that contained Tris- 

OAc (50 mM), N A I F  (50 pM), GSF (33 pM) and G6PDH (1.0 pg/rnL). The 

reaction was initiated by introducing 10 pL of the G6PDH stock solut i~n 

into a reaction mixture that contained ail of the other reagents at 25•‹C 

pH 7.4. In separate experiments, the rate of reaction in the presence of 

each of the anions was measxed tinder the same conditions, except 

that in the lest for Vi inhibltior! the concentration of GtSPDH was 2.9 

pg/rnL. Vi was tested at one concentration, 2.0 mM; Pi was tested over 

a range of 0 - 125 mM; PPi was tested over a mnge of 0 - 100 mM. 

The rate of HK-catalyzed phosphsryl transfer from A i P  tc 

glucose was measured at different concentrations of Vi (0 - 0.80 mM) it? 

the presence of 0, G.40 and 0.80 m M  ADP. Reactiar; mixtures contained 

Tris-OAc (50 mM), A'TP (0.1 mM), gfucose (1.0 mM), F41gC12 (2.0 mM), 

HK (0.17 pg/mL), NADP (58 yMj, 66PDH (3.0 pg/mL) and the appropriate 

concentrations of Vi and ABP. The reaction was initiated by introducing 

10 pL of the stock HK solution into a reaction mixture which contained 

a!l of the other reagents at 25%, pH 9.4. 

The irshibiiiort 04 HK in the presence of Vj was investigated by 

attempting to determine the extent to which the enzyme was able to 

bind Vi. The b ind iq  of the Vi ior! to a large mo!gcule such as HK 



increases the rate of relaxation of the Vi  nridei. The increase ii: 

relaxation lime has the effect of broadening the peaks to the point 

where they cannot be differentiated from the baseline of the 5 ' V  NMR 

spectra. slV NMR spectra of aqueotis solutions of V(Vj  are composed of 

several peaks, each representing a different species of oxovanadierrr~ 

ion. The quaritity of free Vi present in a given solution is estimated by 

adding the integrated peak areas fur all of the species represented in 

the spectrum of that solution. In the presence of a large molecule such 

as HK, some of the Vr may be bound and thus removed from the free Vi 

pool. The extent of this binding is estimated by calculating the 

difference in total peak area bsiween Vi spectra recorded with and 

without enzyme present. 25 Vi binds lo the enzyme at active sites, the 

irrtroduction of substrates which have affinity for these sites would be 

expected to have the effect of displacing some of the bound anion. The 

position of the bsund Vi was examined by measuring the total peak area 

sf the HK/& solution in the presence of the natural substrates, and 

camparing these values with the values for the total peak area of HKNi 

ss!utions in the absence of substrates. 

Details of how the spectra were acquired can be found in the 

section on Methods. The experiments were conducted at ambient 

temperature. 

The preparation of HK for the 51V NMR spectroscopic study tias 

been described under Reagent Preparation, An estimate of the activity 



of tno preparation was performed before and after the NMR spectra 

were taken. Reaction mixtures for ihe activity tests contained Tris- 

OAc (50 mM), AT$ (2.0 mM), glucose (1.0 mM), MgCl2 (2.0 mM), HS4 (87 

nM), NADP (50 pM) and GGPDH (3.0 pglmb). The reaction was initiated 

by introducing 30 pL of the glucose stock solutlan into a reaction 

mixture which contained all of ?he other reagents at 25'16, pH 7.4, 

m i o n  and M e w e m e n t  sf V i  Stwdard Solutions 

V i  standard solutions were prepared as follows. 1.5 mb Tris-OAc (50 

mM) was added ?o each of 4 weighed NMR tubes. The volume of buffer 

solution in the NMR tubs was determined by its weight, assuming that 

the density of the solution was equivalent to that of water, 1.0 gJrnh. 

This procedure was necessary because of the difficulty of introducing a 

precise volume of fluid into the long narrow tubing. An afiquot of the 

stock Vr sshtisn (1  80 mM) was then added to eacn NMR tube to achieve 

the desired concentration of Vi and the solution was mixed an a vortex 

mixer. In order to maintain at3 approximately constant vo i~me  sf 

solution, the volume of the aliquots sf Vi stock se!ution were small (1 

or 2 microliters) relative to the volume sf buffer in the MMR tube. Four 

standard solutions were prepared: 0.14, 0.27, 0.48 and 0.68 mM Vi. 

The range of Vj concentrations used to test for binding of the anion to 

HK was chosen by considerisig the results of kinetic experimcnis, 

where the Iahibition of HK by 1.0 mM Vi was approximately 40?& The 

highest V, concentration was iewer aha9 the concentration necessary to 

saturate active sites on the enzyme, but high enough to be observed if 



displaced from the enzyme in the presence of substrate. If saturating 

concentrations of V; were present- when the substrate was added. the 

substrate might not compete effectively for active sites on t h e  enzyme 

Furthermore, high Vi concentrations might result in some nonspecific 

binding of Vi io the protein. 51V NMR spectra were recorded for each of 

the standard aolcrtions and the area under all of the peaks was 

estimated for each of the spectra. A plot of total peak area vs Vi 

concentration was prepared in which each point on the standard plat 

represented the totai peak area for a given concentration of Vi. The 

computing facility sf the Elruker AM 300 spectrometer provides 

automatic integration ~f peak area The estimation 05  relative peak 

area by cutting out and weighing the peaks gave results simiiar to 

those recorded by the speettometer. 

The enzyme solutim was prepared and its activity was measured 

as described in the sections titled Reagent Preparation and HK Activity 

Tests. The concentration of t-IK used in the 51V NMR study was 27 

rng/rnL, which is converted to 0.27 mM if a value of 100 kD is used as 

the molecular weight of the pratein (Clslowick, 1972). HK is a dimer 

with a binding site for ATP and glucose on each of its subunits. 

Therefore the HK used iii this experiment contained a total 

concentration sf 0.54 mM c&alytic sites. 4 vclurne cf 1.5 mL cf the 

prepared enzyme solution (27 mg/mL) wzs placed ir; an NMW tube. As in 

the case of the buffer soluticn the volume was determifled by weight, 



assuming that the density of the s~Iut ion was 1 .C gimL. A smell 

aliquot of 100 rnM 'Ji was added is the enzyme so lu t i ~ r  in the NFAR tube, 

the tube was mixed gently by vortex and the 5 l V  NMR spectra was 

recorded. This procsdure was repeated as successive aiiquota of tne Vi 

soldion were introduced into the same erszyme solution3 Spectra were 

recorrjed for concentratiofis of 0.14, 3.20, 0.27, 0.34, 8.48 and 0.55 

mM Vi. The total peak area for each of the spectra was determined as 

described previously. A plc? of peak area vs Vi concentration was 

supeiimposed on the stagdard plot in order to corngars the Vi spectra 

obta~ned with and w~thout HK. 

After 0.55 mM Vi had been added to the HK ssiulion in t h e  NMR 

t ~ b s  and the spectra had been recorded, b.lgCI2 (2.6 mM), ATP (1.5 mMj 

and giucose (1.4 mM) were added. seriaily, to the V;/HK solution and a 

spectrum was recorded after each addition. The csncenltations of the 

substrates added was 5 - 10 times as high as their Km values to ensure 

their effective csmpetit i~n with Vi ions for the active sites arc the 

enzyme. 



The Effect sf (AdaVi+PPii a m  (AMP+Vi+PiJ on HK Activity in the 

b.bsence of ATP 

There was no evidence that either AdVPP or AMPVP was accepted 

as a sstbstsate by HK. in siilutions which contained mixtures of 8.0 mM 

Ad, 1.0 mM Vj and 10 mM PPi, the concentration of AdVPP is estimated 

to be Q.6 yM. Solutions containing a mixture of 10 mM AMP, 1.0 mM Vi 

arid 18 mM Pi are expected to contain 16. pM AMPVP. These values were 

sakuiaied previously in the experimental section. Product formation in 

the HK/GGPDH co~p led  assay shown in Scheme 'JII was estimated to be 

thermodynamically favcurabie (Appendix V). The failure of ADVPP and 

AMPVP to be accepted by HK may be due to the low concentration of 

these substrate analogtles. However, it was poss!ble to observe the 

actiwif,.~ of 1.0 pM ATP, the natural substrate for HK. The change in 

absorbance :st the conversion sf 1.0 pM ATP t~ 1.0 pM ADP Is expected 

io be 0.006. A change of this ma~nitude (approxirnateiy 0.005) could be 

observed in sall~tions which contained ATP, glucose, HK and the assay 

reagents. The rate of this change was deperrdent cn HK concentration; 

that is atthough ii was very rapid at 0.82 m g i n i  I#, it could be 

absewed to take place over several minutes at 50 pJmL HK 

fapprsximately 0.00 1 /minute). Moreover, the change in absorbance was 



reproducible when additional afiquots o i  ATP were added to the 

reaction mixture after equitibril~m was established. The rate of change 

of absorbance in the presence of the st~bsirate analogues is expected to 

be slow but contiriuous. The iabile nature of the Vi ester and Vi 

anhydride bonds a!low the starting materials, Vi, PPi, Ad and AMP, to 

be released after the silbstrale analogue has been dephosphsrylated 

(see Scheme Vfi, b and c). 

It will be shown later that the anions Pi and PPi have an 

inhibitory effect on the i4K1G6PDH coupled assay. Activity in the 

presence of 1.0 pM ATP was ncit sbserued when a mixture of Vi and Pi or 

a mixture of Vi and PPi was presenf mder the same conditions as those 

used to test for activi'ry of the substrate anaiogues. Therefore it is 

possible that the failure to observe activity of HK in the presence ~f 

the substrate analogues AdVPP and AMPVP was due to the presence of 

inhibitory anions. Although She inhibition is rsduced at low 

concentrations of Vi, Pi and ?Pi, experiments performed at low anion 

concentratiors have the disadvantage that the concentration of the 

substrate analogue is also reduced. For instance, no activity was 

observed in solutions containing 4.0 rnM Ad, 1.0 mM Vi and 0.50 mM PPi, 

in which the concentration of AdVPP is expected to be 15 nM. Under 

these corrditions the inhibition of HK by Vi arid PPj would be expected to 

be much lower. Although the Vi concentration was 7.0 mM, the PPi 

conce~tration was reduced to 5% of the PPi concentration that was 

issied in ike presence of ATP. However, the co;xentration of the 

substrate analogue is so low (15 nM, using K e g  = 7.4) that activity, if 

,it was present, probably could not be measured. 



The Effects of Divalent Cations Other than M g h  Q O  HK 

w t h  Substrate A n a l o w  

None of the divalent cations stuciied supported HK activity in the 

absence of ATP ir: solutions which were expested to corltain substrate 

analogues of APP. HK-catalyzed phosphoryl transfer from ATP to 

glucose was sup~opted slightly by the chloride salts of Mn and Co in the 

absence of MgC12. In the presence of 1.0 mM MgC12 the reaction was 

inhibited about 50% by the chloride salts (1 .(, mM) of Ni and Zn. The 

chloride salts (1.0 mM) of Ca, Sr, Fe and Cu had no effect on the rate 

of the normai reaction in the presence sf MgCI2. 

The Fffects o 
. . 

f Anions and Nu&otides sn HK Actlv~& 

The and PPi on HK Actlv~tv In the P r e s ~ c e  of k'i. 
. .  . 

mand 

Gfucose 

Figure 17 shows that both Ili and Pj inhibit HK-catalyzed 

phosphoryl transfer from ATP to glucose. Frornm and Zewe, 1962, have 

reported Michaelis constanis of 0.1 7 mM and 0.20 mM f ~ r  glucose and 
-- 

AT? respectively, acting as substrates for HK. I ttese vatues were 

obtained at pH 7.6, 28%, in Tris buffer, under conditions similar ts 

those of the experiments reported here. At saturating concentrations 

of giucose (1.0 nivi), in the presence of 0.20 mM AT?, the inhibition by 

1.0 mM Vi, 30 mfvl Pi and a mixture sf Vi (1.0 mM) and Pi (30 rnM) was 

42%, 50% and 60% respectively. 



The effect of different ATP concentrations on :he rate sf HK 

cztalyzea ;?!oqiioryl transfer from ATP to glucose in the absence and 

presence of Vi and Pi. Reaction mixtures contained 56 mM Tris-OAc, 

4.6 mM glucose, 2.0 mM MgC12, 0.20 pg/rnL HK, 50 pM NADR, 2.9 pg/mL 

GEiPDH, the indicated concentrations sf ATP and the foilowing 

additives: 0.1 M KC1 (a), 1.0 mM Vi 2nd C . l  M KC1 (A), 30 mM Pi and 3Q 

rnbl KC1 (m), 1.0 mM Vi, 30 mM Pi and 30 mM KCI (0). (KC1 was added to 

control the ionic strength of the solutions.) The reaction was initiated 

by adding 15 pL of the HK stock solution into a reaction mixture that 

contained all of the other reagents at 25"C, pH 7.4. The sample volume 

was 3.0 mL. The reaction was monitored by measuring the rate of N k D P  

red~ction in accordance with tae meci?anism in Scheme Vila. 





The results of tests for the inhibition of HK-catalyzed phosphoryl 

transfer from ATP to glucose by Vi, PPi and a mixture of Vi and PP, are 

shewn in Figure 48. These tests were performed under the same 

condttions as the tests for Vi and Pi. In the presence of 1.0 mM Vi, 10 

mM $Pi and a mixture of Vi (1 .B mM) and PPi (10 mM), the inhibition 

was 36% 89% and 93% respectively. 

The ability of Vi, Pi and PPi to significan'ly inhibit the 

HKIGGPDH coupled assay system suggests that ii would be unlikely that 

HK activity in the presence of low concentrations of ATP or of ATP 

analogues could be observed, In fact the activity or  1.0 pM ATP, 

measurable in the absence of these anions, was nu longer observable 

when the anions were present at the concentrations indicated in the 

figures. 

Vi (2.0 mM) did n ~ t  lnhibit the GGPDH-catalyzed reduction of 

NABPH in the presence of a saturating concerrtration sf NADP and 33 pM 

G6P. The other conditions of the experiment were the same as those 

present in the tests for HK activity with AdVPP and AMPVP. Pj and PPj 

were weak inhibitors of GGPDH activity; a plot of Oh inhikition vs anion 

concentration is shown in Figure 19. In the presence of 50 pM NADP and 

33 pM G6P the rate of NADP reduction was inhibited I 60h by 30 mR1 Pi 

and 38% by i 0  rnM PPi. 



The effect of different ATP concentrations on the rate of HK- 

catalyzed phosphoryl transfer from ATP to glucose. iii the absence and 

presence of Vi and PPi. Reaction mixtures cantained 50 mM iris-OAc, 

1.0 mM glucose, 2.0 mtd MgC12, 0.20 pg/rnL HK, 50 JJM NADP, 2.9 pg/mL 

GGPDH, the indicated concent:ations of ATP and the foilowing 

additives: 46 mM K@i &I), 1.0 mfLi 'Ji and 46 mM KC1 (+); 10 ntM PPi 

(a), 1.0 mM Vi and 10 mM PPi (0). (KC1 was added to control the ionic 

strength of the ssluti~ns.) The reaction was initiated by adding 15 pk 

of the tiK stock solution to a reaction mixture that co;ttained all of the 

other reagents at 25*C, pH 7.4. The sample volume was 3.0 mb. The 

reaction was monitored by measuring the rate of NADP reduction irl 

accordance with the mechanism shown in Scheme Vlla. 





The effect of different concentrations of Pi (0 )  or PPi ( O )  on the 

rate of G6PDH catalyzed oxidation of glucose-6-phosphate (G6P). 

Reaction mixtures contained 50 mM Tris-OAc, 50 pM NADP, 33 pM G6P, 

1.0 9glrnL GGPDH and the indicated concentrations of Pi or PPi. The 

reaction was initisted by adding 10 pL of the GGPDH stock solution to a 

reaction mixture that contained ail of the other reagents at 25"C, pH 

7.4. The sample volume was 3.0 mL. The reaction was rnonitared by 

measuring the rate of NADP reduction in accordance with the 

mechanism shown in Scheme Vlla. 





Vi and AD? are horh weak inhibitors af HK catalyzed phosphoryi 

transfer from ATP to giucose, but there was no evidence that their 

effects were synergistic. Data frcm an experiment in which the 

concentration of b'i was varied in the absence sf ADP and in the 

presence of two different concentrations of ADP are presented in 

Figure 20. The fact that the piots are parallel indicates that the 

binding of the two inhibitors is mutually exciusive, according to the 

method of analysis of Yonetani and Theorell, 1964. The method is 

described in the section titled "Tne Effect of Different Csncentratiu~s 

of 'di anc! of (Vi + AMP) on MK Activity". The stlbstrate analogue of AVP, 

ADPV, is expected to be present at a concentration of approximately 

4.4 pM in aquesus solutions contaizing a mixture of 0.80 mM ADP and 

0.60 m M  Vi. The concentration of AEPV is an estimate based on the 

formation constant of AMPV of 9.2 FA-1 (Tracey et ai., 1988a). ADPV is 

the species which has been postulated to inhibit the myosin and dynsin 

ATPases by forming a lightly bound transiiim state analogue of ATP. 

The inhibition of the rnyasin zind dynein ATPases was significant at 

concentrations of 400 pM Vi and Iess than 16 #M ADP (Goodno, 1982; 

Evans e? al., 1986). It is dear from the results of the experiments 

tfinortecb hsre that ADPV does not affect i-tK In a manner similar t~ !he - -P- 

ATPases of myosin and dynein. HK utilizes MgATPaas phosphate donor. 

Therefore this resuit supports the hypothesis that the PV moiety is not 



The effect of differeni Vi concentratiofls an the rate of HK 

catalyzed phosphoryl transfer from AT? to glucose in the absence of 

ADP {a) and in the presence of 0.40 mM I+) ana 0.80 mM (H) ADP. 

Reaction mixtures contained 50 mM T:is-OAc, 0.40 mM AT?, 1.0 mM 

glucose, 2.0 rnM MgC12, 0.17 pgimh HK, 50 pM NADP, 3.6 pg!mk GGPDH 

and the indicated concentrations of Vi and ADP, The reaction was 

initiated by adding 10 pL of the HK stock solution to a reaction mixture 

that contained all of the other reagents at 25OC, pH 7.4. The sample 

volume was 3.0 mL. The reaction was mcilitored by measurin~ the rate 

o! NAPP reduction according to the mechanism shown in Scheme Vlla. 





a good cheiatcr of M$+, and thus does not bind t~ the enzyme. it does 

however raise questions about differences between HK and the myosin 

and dynein ATPases. These ATPases, which aiso utilize b!gATP, have a 

high affinity for ADPi/. 

A notabie difference between myosin APPase and hexokinase is 

the value of the dissociation constant for ATP. At pH 8, 23•‹C t h e  

dissociati~n constant of ATP from myosin has been reported to be il; 

the region of (3.10 pM (Mannherz et al., 1974). Danenburg and Ckiand, 

1975 report a dissociatisn constant for ATP from hexokinase of 4 - 6 
pM at pY 7, 17•‹C. The difference between the affinities af the two 

enzymes for ATP is of the order sf 107, in favor of the binding of ATP 

to myosin. It is possible that the factors which are respensibie for 

this difference in affinity can account for the fact that ADPV is a 

patent inhibitor of myosin ATPase while it has very littie effect, if 

any, on hexokinase. The presence ef a Mg2+ ion ~mdolibtedly contributes 

to the remarkable affinity of myosin for ATP. However, it is likely 

that other factors of structure and charge density are invaiwed in 

maintaining the stability of the nucfeotide/snzyme complex. For 

instance, myosin may 9ave a high affinity for groups on the adenosine 

moiety and thus permit tight binding of the vanadatelnucteotide: 

irrespective of its ability to chelate ths divaient catioi?. Alternatively 

there might be enough binding enerGy available to distsrt "Ihe AKSPV 

structure so that it can hind Mg2+ correcti:;. In generat, dissociation 

constants for nucleotides that are the substrates of the enzymes 

studied here are ia the micsomola: LO millimaiar range. Therefore the 

forces involved in nticleotids binding to pyruvate kinase scd rnyokinase 



are of an order similar lo that of kexckinase, rather than to that sf 

myosirr. Therefore, with regard to their interactions with substrate 

analogues, it is not unreasonable that they behaved more like 

hexokinase than like myosin ATPase. 

The total peak areas for each of four 51V NMR spectra 

representing Vi concentrations of 0.14, 0.27, 0.48 and 0.68 mM are 

plotted in Figure 21. The symbols represent the values for tota! peak 

areas that were measured at the given concentrations of Vi ion in the 

absence and the presence sf @.27 mM (27 mg/mL) HK. The line is drawn 

:hroa;gh the values for Vi alone. The values for the activity of the HK 

preparation, measured before and after the s1V NMR experiment, were 

253 and 209 unitsirng prsteir; respectiveiy. Thus 20% of the HK 

activity was lost during the experiment. This loss was probably due to 

a partial denatirrati~n of the protein during the vortex mixing. In 

addition the enzyme was subjected to ambient temperature for the 

period of testirrg, about 8 hours. The enzyme solution grew slightly 

cloudy as the experiment progressed, an indication that some of the 

protein was precipitating. Since the results sf this  experiment are of a 

quaiita:ive nature, the loss of 20% of the enzyme activity is not likely 

to significaniiy affect the anaiysis of ine data. At iow concentrations 

of Vj f< 0.4 m(L~1) there %as r;o sigfiificant difference between the peak 

areas with and without HK. The IOW values of t h s  points which appear 

a? higher concentrations of Vj, 0.48 mM and 0.55 mM, may represent 



The effect of different vanadate (Vi) concentrations on the totat 

peak area of S1V NMR spectra in the absence 2nd presence of 27 rng/ml_ 

(0.27 mM) HK, and in the presence of HK, M g Q ,  ATP and glucose. 

Reactiori rnixttires cofitained 1.5 vt_ of 50 mfd Tris-OAc, pH 7.4, the 

indicated concenirziluns of Vi ana the following additives: 0 (a), 0.2'7 

mfJl HK (+), 3.27 mM t tK and 2.0 mM MgC12, ( X ) ,  0.27 rnM HK, 2.0 mM 

MgCi2 and 1.5 n M  ATP (01, 0.27 mM tit(, 2.0 mM MgCI2, 1.5 mM ATP and 

1.4 m M  glucose jg). Spectra were mzasured at ambient temperatures. 





approximately 2OoA Vi binding to the protein. in preliminary work this 

effect was observed when the experiment was performed at h i ~ h e r  

conce~trations of Vi. The symbols in Figure 21, (X), (13) and (8) 

represent the reiative peak areas that were measured after the addition 

of MgCI2 (1.0 mMj, ATP (1.5 mM) and glucose (1.4 mM), respectively, 

to the soluiion containing HK (0.27 mM) and Vi (8.55 mM). A!! of the 

values which represant the addition of substrates to the Vi/HK mixture 

are sigriificantiy lower than those of the standard plot. This indicates 

that some of the Vi was bound to the enzyme mder these conditions. It 

is dear that the addition of substrate did nct decrease the tendency of 

V i  to bind to the enzyme. The lower total peak areas measured in the 

presence of substrate can be interpreted as a slight increase in the 

binding of Vi to HK, but the effect is small, almost within the 

experimental em:. Because the addition of substrates does not 

increase the quantity of free Vj, it was concluded that the small 

amount of V$HK binding that was observed at the highest Vi 

concenirations was of a nmspecific nature. There was no evidence 

from the resuits of this experiment that Vi binds preferentially to the 

active sites of HK. 

Inhibition by Vi of HK catalyzed phosphoryl transfer from ATP to 

glt~cose was demonstrated in the kinetic studies, where 0.6 mM Vi 

innibited the rate of reaction by approximately 30%. Ths simplest 

explanation for this inhibition is that Vi, an analogue of pi, competes 

with AYP for the active site of the enzyme. However, the failure of 

the 51V NMR studies to show that Vi is released from the enzyme in the 

presence of Mgzf. ATP and glucose suggests that Vi anions are not 



Sound to sites which normally accommodate substrate motecules. The 

results of the slV NMR experiment do not support the hypothesis that Vi 

acts competitively with the Pi moiety on ATP. However, the 

conditions of the NMR experiment were significantly different :ran 

those of the kinetic studies. The HK concentration in the kinetic 

experiments was 2.4) nhA (0.20 pg/rni), while the enzyme concentration 

in the MMR experiment was 0.27 mM (27 mg/mL). High concentrations 

of protein can lead to the oligomerizalion cf protein molecules, and a 

consequent reduction in the activity of the enzyme. The results of the 

kinetic studies, acquired at low enzyme concentrations, are 

considered to be more reliable as an indication of the nature of Vi 

inhibition. 

The absence of VdHK binding at low Vi concentrations and the 

appearance of approximately 20% binding at 0.6 mM Vi suggests that Vi 

ofigomers, may be involved in the inhibition of HK. The distribution of 

monomeric (Yi), dimeric (V2) and tetrameric (V4) vanadate species in 

an aqueous soidon containing 50 mM Tris-OAc, 2.0 mM M&!2 and the 

indicated vanadium atom concentra!ions (V), is shown in Figure 22. 

The procedure for calculating the concentrations of the different 

vanad~te species from 51V WFJlF? spectra is described ir: Appendix 1. In 

the presence of 50 mM fris-HCI, 2.0 mM MgC12, 1.0 mM Vi, at pH 7.4, 

25"C, the equilibrium constants for the formation of V2 and V4 were 

319 M-1 and 1 .O x ! 09 M-3 respectively. figure 22 shows that in the 

range of cmcentrations employed in the s i V  NMR experiments, 0.14 - 

0.55 mM VT (added as inorganic vanadate, Vi), the predominant species 



The effect of different total vanadium atom ( concentrations 

on the concentrations of monomeric (Vi) (a), dimeric (V2) (+) anu 

tetrameric (V4) (11$1) vanadate in aqueous solutians at pH 7.4. The lines 

were calculated using equilibrium constants for the formation of Vi, 

V;I and Vq ;hat were estimated by measuring h e  peak ratios of slV NMR 

spectra, as described in Appendix I .  The sh' NMR spectrm used to 

esrrrnate the formation constants was obtained in a soiution 

containing 50 mM Tris-OAc, pH 7.4, 2.0 mM MgC12 and 1.0 mM vanadium 

added as inorganic vanadate. 





is the n~onovanadate ion. The concsntrations of V2 and V4, negligible 

at 0.1 mhl Vi, become significant at 0.5 mM Vi. The absence cf Vi 

binding at !ow concentrations of Vi and the appearance of 

approximately 20•‹h binding at 0.55 mM Vi, may indicate that there is 

very little binding of the monomer, and that binding of the din~er 

and/or tetramer is observed when their concentrations become 

significant. This behavior may also be indicated by the curvatxe of the 

plots in Figure 20. Since the small amount of bound vanadate is noi 

released an the addition of the natural substrates, the binding either 

does not take place at the active sites, or it is irreversible. In either 

ease it could be responsible for :he inhibition that was observed in the 

kinetic studies. 

The inhibition of G6PDH from Leuconostoc mesenteraides by 

dimeric and tetrameric species of Vi has been invesiigaled by D.C. Crans 

and S.M. Scheible (personal communication). By analyzing their rssults 

in terms of the concentrations of Vi, V2 and V4 present in their 

samples, they obtained Ki values sf 0.16 mM (0.32 mM total vanadium 

atom concentration) and 0.53 mM (2.1 mFjl total vanadium atom 

concentration) for the dimer and tetramer respectively, hcth 

competitive with the NADP cofa~tor  for the GGPDH-catalyzed reaction. 

No inhibition was observed at low mor;omer concentrations and it was 

concfuded that inhibition by the monomer (Vi) in this system was 

within the experimental uncertainty of the measurements. It is 

interesting that GGPDH derived from yeast, tested in the experiments 

reported in this thesis, showed no sign of inhibition at 2.0 mM. Vi 

(total vanadium atom concentration), 



f o  kinetic studies which were a;: extension of those reported 

here, an attempt to corre!ate the inhibition of HK-catalyzed phosphoryl 

transfer with the concentration of dimer or tetramer present in Vi 

solutions did not give consistent results. In a study of HK-catalyzed 

phosphoryl transfer from .4TP to glucose, with giucose at a saturating 

concentration and ATF as the varied substrate, the inhibition of HK 

activity was measured at 0.40, 1.0 and 1.6 mM Vi. The data were fitted 

reasonably well to a model ir, which monomer, dimer and tetramer 

species of Vi were considered to be distinct inhibitors. However, the 

same model did not fit the data obtained at saturating concentrations 

of ATP, with glucose as the varied substrate. These resuits have not 

k e n  presented because of' thar inconclusive nature. However, they did 

suggest thzt the oligorners o i  Vi are involved in the inhibition and it is 

likely that the inconsistencies could be reselved if a sufficient 

quantity ~f data were accumulated. 

The question of which Vi spezies is involved in the inhibition of 

HK can be postponed to future work, as the questici; rnore relevant to 

this thesis has already been answered. That is that the inhibition of HK 

in the presence of Vi and AaP is not enhanced in excess of the added 

effect of the individuai inhibitors. 



I ' rn0,e:actio~s W e e n  LI Pi and M p 2 + ; a a V  NMR S u  

It has been postulated that Mg2+ is not significantly chelated by 

ths vanadate dime? V2, or by the phosphovanadate anhydride PV. In 

crder t~ detect possible stabilization of the dimer in the presence of 

Mg*+, NMR spectra were recorded tor aqueous solutions of Vi with and 

w~thou t  MgGla. Reaction mixtures at pH 8.0 contained 20 mM Tris-CI, 

1.8 mM Viand 0, 10, 20 or 30 mM MgC12 in a total volume of 50 mL. 

The ionic strength was 1.0 M, adjusted with KC1 as follows: 3.728 g 

KC1 (0 MgCi2), 3.615 g KC1 (10 rnM MgCIz), 3.504 g KC1 (20 mM MgCla), 

3.392 g KC! (30 mM MgC12). Spectra were rec~rded at ambient 

temperature. 51V NMR spectra of Vi in the absence of MgC12 and in the 

presence of 10, 20 and 30 rnM MgC12 are shown in Figure 23. The 

signals were assigned as fo!lows: -551 ppm, -569 pprn, -579 and -582 

pprn represent the monomer (Vi), dimer (V2), tetrarner (V4) and 

pentamer (Vs) respectively. The relative concentration of each 

vmadate species was quantitated by integrating the area under each 

peak and it was determined that peak height was a relatively accurate 

reflection of the htegrated areas for the siV spectra. The peak heights 

of the tetrarner (V4)* connected by a dashed line, appear to dacrease 

relalive to that of the monomer (V,), as the concentration of Mg2+ is 



T i e  effect of different Mg2'- concentrations on the 5' V NMR 

spect i~~m of varlar'ste ion at pH 8 0. Reaction mlxtures contained 20 mM 

Yris-CI, !.O mM Vi and MgCI2 as indicated. KC1 was added to a total 

ionic strength sf 1.0 M. Spectra were recorded at ambient temperature. 





increased. Thus it aqpeais that as M$+ concentration increases, the 

concentration of tetrawar decreases relawe to thai of the monomer. 

The peak height of the dimar (Vzj a3pears to dimmish aiso as the M$+ 

concentration increases, but the broadness of the '42 peaks makas them 

a less reliable measure sf relative concentration. If the dimsr Is 

stabilized by MgZi a decrease in concentration of all other species of 

vanadate would be expected, as vanaditim atoms from the! monomer, 

tetramer arrd pentarner would be used to form the dimer. The apparent 

decrease in V2 and V4 relative to Vi indicates that as Mg*+ 

cu~centration is Increased, monomer concentration Increases at !he 

expense of dimer and tetramer concentration. The observed 

stabilization of the vanadate monomer in the presence of Mg2+ is 

sapported by :he work of other investigators. An association constant 

of 76 M-1 has been reported for MgHPG4 in aqueous solutions of Mg2+ 

and H?042- at 25•‹C (de Meis, 1984). 

Interactions between vanadate and phosphate were studied by 

Gresser et a!., 1986, lising slV NMR. In the presence of phosphate the 

signat fcir the monovanadate ion is broadened and shifted to higher 

magnetic field. in the experiments reported here SlV  NMR spectra 

were recorded for mixtures of vanadate and phosphate in the absence of 

and in the presence of MgCl2. Reaction mixtures at pi-( 7.98 contained 

20 mM Tris-CI, 1.9 mM Vi, 52 mM Pi, 3.170 g KCi (to &just the ionic 

strength to 1.0 M) and either 0 or 2.0 mM MgC12 in a total volume of 50 



mL. In the presence o! 52 mM P;, it was necessary io limit We 

concentration of MgCl2 to 2 mM as the precipitation ~i Mg2(PQ4ja was 

obsarvzd at higher concegtrations sf Mg2". 

in other experiments performed under simifai conditions ~i 

vanadate concentration and ionic si~ength, 0.1 0 M NazS04 or 0.10 h4 

NazCrQ was substituted for. Pi in the absence of Mg2+. NazS04 a d  

GJazCr04 were tested at pH 7.8 and pH 8.0 respectively. In addition the 

divaient cations Ca2+ and S;2+ were substituted for Mg2+ in reaction 

mixtures containing Vi and Pi. 

The broad signal at 557.9 ppm in Figure 24 represents ihe 

vanadatelphosphate interact~on at 52 mM Pi. In the presence of 2.0 mM 

Mg2+ the PV signal was observed at 558.6 ppn  (spectra not shown). 

The difference in chemical shift was not considered to be significant 

as the broadness of the signal intrcdlrced some uncertainty in the 

measurement. 

There was no observable broadening or change in chemical shift 

of vanadate signals in the presence of Cr042- or S042- ions. Similarly, 

no changes in spectra were detected in the presence of the divzlent 

cations Ca*+ and SrZf. 

Since it has been reported that the presence of hr:c$+ j?as a 

stabilizing effect on PPi (blberty, 1969), it was sf interest to 

estimate the size of the chemical shift that would be expected if the 

stabilization of the PV molecule by M$+ was equivalent to its 

staoifizarion of PPi. 



51V N M R  spectrum of vanadate ion in the presence of phosphate 

at pH 7.38, ambient tempefature. The reaction mixture contained 20 

m M  Tris-CI, 1.8 mM Vi and 52 mM Pi. The ionic strength was 1.0 M, 

adjusted with KC!. 





From the work of A!kredy, !969, the change in free energy 

observed @Goobs) for the hydrolysis of PPi was -9.6 Kcal/rnoI in the 

absence of Mg2+, and -6.9 kcal/mol in the presence of 2.0 rnNl Mg2+. 

Since ail other conditions were the same, it is likely that the decrease 

in free energy of hydrolysis of 2.7 KsaVmol in the presence of M$+ 

was due to the stabilization of the PPi species by the Mg2+ ion. An 

equilibrium constant (Kpv) of 5.8 1 0.2 for the formation of the PV 

anhydride at pH 7.98 has bean reported by Gresser et al., 1986, This 

value corresponds to a change in free energy of -1.0 Kcallmol for the 

formation of phosphovanadate. If the the PV anhydride is stabilized in 

the presence ~f 2 mM Mg2+ to the same extent as PPi, AGCoh for the 

formation of PV in the presence of 2 rnM Mg*+ wauid be equal to [-I .0 + 
j-2.7)] = -3.7 KcaVmol. This leads to a value sf Kpv = 551 M-1. 

The equation beiow shows now Kpv is related to Pi concentration 

and to the chemical shifts for Vi in the absence of Pi ( 6 ~ 1 ,  Vi in the 

presence of 52 mM Pi ( 6 )  and Vr in the presence sf a saturating 

concentration of Pi (Gpv) (Gresser et al., 1966). 

Values of -55Q.6 ppm and -582.0 ppm for 6v and 6pv respectively 

have been estimated by Gresser et al., 1986. These values were 

obtained at pH 7.98, 28 mM Tris-CI, 1.0 mM Vi, p = 1.0 M, in the 

absence of Mg2+ ion. Under these conditions, using K p v  = 5.8 M-1, the 

chemical shift for Vi in the presence of 52 rnM Pi was estimated from 

the above equation to be equal to -558 ppm, a value in accordance with 



the observed chemical shift. Thus for Kpv = 551 M-1, at 52 mM Pi, the 

chernicai shift of PV in the presence of 2 mM Mg2+ would be expected 90 

equal to -581 ppm. It is noted that the values of 6v and 6pv were 

obtained in the absence of M$+. It has been shown (Figure 23) that the 

presence of Mg2+ has a negligible effect on the chemical shift of 

vanadate in the absence of phosphate. Protonation of the PV rnslecuile 

has the effect of shifting the resonance to a higher field (Gresser et a!., 

1986). Coordination with Mg2+ would be expected to have a similar 

effect. Since a significant chemical shift change of the PV signal was 

not detected in the presence of Mg2+, it is probable that Mg'f ions are 

not chelated by the PV molecule. 

The work of Alberty was performed at 0.2 M ionic strength, a 

value considerably lower than the 1.0 M ionic strength present in the 

experiments reported here. It could be argued that the formation of 

complexes of PV with Mg2+ would be less favourable at high ionic 

strength due to the partial neutralization of the oxygen anions by 

counter ions other than Mg2+. In order to test the effect of a change in 

ionic strength, spectra of Vi and of Vi in the presence of Pi, with and 

without Mg*+ were obtained at 0.2 M ionic strength. Reaction mixtures 

at pH 8.0 contained 20 mM Tris-CI, 1.0 mM Vi, 52 mM Pi, 0.20 g KC1 (to 

adjust the ionic strength to 0.20 M), and either 0 or 2.0 mM MgC12 in a 

total volume of 50 mL. 

The observed chemicai shifts for Vi and for Vi in the presence of 

52 mM Pi were 548 ppm and 551 ppm respectively. The difference sf 3 

ppm was srnafler than the difference of 7 ppm observed at an ionic 

strength of 1.0 M. This is a reasonable result as the proximal anions of 



the PV molecute would be stabilized at higher ionic strength. In the 

presence of 52 mM Pi and 2.0 rnM Mg2+ the chemical shift at 0.20 M 

ionic strength was 551 ppm, the same value as that obtained in the 

absence of Nlg2+. Thus the apparent inability sf the PV molecule to 

chelate Mg2+ ion at 1.0 M ~onic strength was supported by the results 

obtained at 0.20 M ionic strength. 



The results presented in this thesis indicate that the Vi 

nucleotide anhydrides that were tested did not interact signiS:cantly, 

either as substrates or as inhibitors, with the phosphoryl transferr~ng 

enzymes PK, MK and HK. All sf the mixed PV nucleotides tested we-a 

inactive as substrates for these enzymes. Where inhibrtion WEIS 

observed it could be accounted for by Vi alone, or by the additive effect 

of Vi and the nucleotide. There were no instances where the inhibition 

by Vi was enhanced in the presence of a nucleotide. The only species 

for which enzymic effects of vanadate complexes could be 

demonstrated in solutions containing Vi and adenosine or adenine 

nucleotides was the putative ester AdV. AdV is an analogue of AMP, a 

nucleotide which binds to MK at a site that does not require that the 

nucleotide be coordinated with a divalent cation. Thus the hypothesis 

that Vi nucleotides are unable to chelate Mg2+ ions, and therefore 

cannot bind to kinases is supported by these results. 

This hypothesis provides a reasonable explanation for the failure 

of Vi to affect the activity of kinases, but the evidence for the 

mechanism is indirect. 51V NMR experiments in aqueous solution 

showed that millimotar quantities of the divalent cations Mg2+, Ca2+ 

and Srz+ did not stabilize the P V  anhydride, and that the Vi dimer, 

divanadate (Va), was slightly destabilized in the pressnce of Mg2+. 

Alberty, 1969 reported that the stabilization of PPi in the presence o i  

MgCi2 significantly reduced the change in free energy of PPi hydrolysis. 

Kinetic studies presented here show that the effects of Vi on PK, MM 



and HK are not enhanced in the presence of nucleotides, and that a 

change of d ival~nt  cation does not affect these results. The evidence 

from the NMR experiments suggests that in aqueous solution divalent 

cations are not chelated by PV. The results of the kinetic studies are 

consistent with the evidence from NMR experimeilts. By studying the 

activity of the kinases in the presence ~f phosphate and mixed 

phosphovanadate nucleotides, it was shown that when the chelation of 

a divalent cation is necessary for activity, nucleotides bearing PP 

moieties are active while those bearing PV moieties are not active. 

The reasons for the differences between the PV and PPi 

anhydrides with respect to their coordination of divalent cations are 

not clear. The geometric and electronic structures of PV and PPi are 

very similar, while their chemical natures are very diffe~ent. In the 

solid state, the bond lengths between the oxygens and the central 

atoms are shorter in MgP207 than in MgV207. The mean P-0  distances 

are 159 pnt (bridging) and 152 pm (terminal) (Calvo, 1967), while the 

mean V-0 distances are 180 pm (bridging) and 169 pm (terminal) 

(Holloway and Melnick, 1986). POP and VOV bond angles at 

temperatures below 70•‹C are similar, 144" (Calvo, 1969) and 441" 

(Holloway and Melnick, ; 986) respectively. Presumably an intermediate 

value would be obsenfed fw the band angle of POV. it would appear 

necessary that the nonbridging oxygens be in reasonable proximity in 

order to chelate the iiWd ior?. eilihotigh the slightly smaller VOV angle 

tends to offset the effect that the longer V-O bond lengths would have 

on the distance between the nonbridging oxygens, their distance apart 

is greater in V2072-  than in P207?-. Likewise there is likely to be a 



greater average distance between the nonSridging oxygen atoms of PV 

compared with those of PPi in the solid state, and also in aqueous 

solutions of these ions. Possibly Mg2+ is not effectively coordinated by 

PV for this reason. The larger cations Ca2+ and Sr2+ might be expected 

to fit into coordination sites that are too large for Mgzf, but Ca2+ and 

Sr2+ did not stabilize the PV anhydride in 51V NMR experiments, and 

did not lend activity t3 any of the Vi nueleotide substrate analogues. 

However, the attraction of Ca2+ and Sr2+ for oxygen is smaller than 

that of Mg2+, due to the softer nature of the larger cations. Therefore 

they would be expected to be chelated less effectively than Mg2+. It 

may be that structural differences are not adeq~ate to explain the 

differences between PV and PPi cation coordination. 

The chemical differences between PV and PPi are substantial, 

probably mostly due to the fact that Vi has a surplus of low energy 

empty orbitals and Pi does not. The equilibrium constants for the 

formation of V2, PV and PPi are 370 M-1 (pH 7.8, Tracey and Gresser, 

1986), 15 M-1 (pH 7.4, Gresser et al., 1986) and 1.3 x 10-6 M - I  (pH 

7.0, Jencks, 1968) respectively. This means that the thermodynamic 

stabilities of Vi anhydrides are greater than the stability of PPi by 6 - 

7 orders of magnitude. The large difference in the thermodynamic 

stability between PPi and the Vi anhydrides V2 and PV can be 

rationalized, in part, in terms of the sizes and electronic 

environments of the central atoms. V5+ (59 pm) is somswhat largar 

than Ps+ (34 pm), a property that is reflected by longer V - 0  vs P - 0  

bond lengths. The longer V - 0  bond length allows for a reduction in 

negative charge density, and therefore a greater thermodynamic 



stabiiity for anhydrides that contain Vi. However, bond length is not 

likely to be the only factor responsible for the large difference in 

stabiiity between PPi and !he Vi anhydrides. The availability of low 

energy d orbitals on the vanadium atom may account for some of the 

stability of Vi anhydrides over that of PPi. The force constants and 

bond lengths between oxygen ligands and acceptor atoms of the third 

row of the periodic table (Si, P, S, CI) indicate the presence of double 

bond character of various strengths in rnolecuies such as SiQ4-, 

PO$-, S042- and C/O4- (Cotton and Wilkins~n, 1972). The higher bond 

strengths are thought to be a cursequence of the donation of electrons 

from the filled 2p orbitals ~f the oxygen atoms to the empty 3d orbitals 

of the central atoms. A similar case of dx-pn bonding has been 

observed for (SiH3)20, a nonlinear molecule with a Si-0-53 bond angle 

of 144•‹C. In this molecule the overlap between oxygen p orbitals and 

silicon d orbitals hss a shortening effect on both of the Si-8 bonds. It 

is reasonable to suppose that ~ T E - P X  bonding would be much more 

effective in an oxyanion containing vanadium as a central atom, as the 

3d orbitals of vanadium, as well as the 4s and 4p orbitals, lie much 

closer in energy to the valence electrons than do the 3d orbitals of the 

third row elements. Thus the PY anhydride, and more SQ the V2 

anhydride, would be stabilized in comparison with PPi. 

The bond angles between the central atoms and bridging oxygens 

ir? the ions V2072-~nC!  P2G72- depends largely on the geometry of the 

bonding ~rb i ta ls  sf the central atoms. The necessity to acco~modate 

steric requirements at the lowest energy possible will determine 

which orbitals on the central atoms are available to accept electrons 



from ligand atoms. Thus the bond angle between the central atom of a 

V2 dimer and the bridging oxygen atom partially depends on how much 

dn:-px overlap can be achieved in the final structwe. For instance, for 

phosphate in a tetrahedral field, dZ2 and dx2 - ,2 orbitals are lower in 

energy than dxy, dyz and dxZ orbitals. Electrons in filled p orbitals on 

oxygen a t m s  will be preferentially dorlated to the empty dZ2 and dx2 - 

y2 orbitals of phosphorus under thesa conditions. Cruickshank, 1961, 

examined bond lengths between phosphorus and oxygen, obtained by x- 

ray crystallography. He proposed that dz2 and dx2 - ,2 orbitals of 

phosphate are best suited for pn overlap with oxygen electrons. The 

relationships between d orbital geometry, bond angle and dn-pn: 

overlap are shown in Figure 25. Overlap of oxygen p orbitals with 

phosphorus dZ2 and dx2 - ,2 orbitals (Figure 25a) is consistent with the 

bent POP bond of 144" that has been detected in crystals of MgP207 

(Calvo, 1967). Since a VQV bond angle of 141" has been measured in 

MgV207, it is likely that there is a similar arrangement of bonding 

electrons in the V2 dimer. However, a dnpn: overlap between oxygen p 

electrons and the dxy, dyz and dx, orbitals of vanadium (Figure 2%) 

would involve an interaction between two lobes of the br~dging oxygen 

p orbitals with two lobes of the vanadium d orbitals. Such an increase 

in dx-pn overlap would be certain to increase the stability of the 

dimer, but would require that the bond angle between the central and 

bridging atoms be iinear. 



Overla? ~f p orbitals of the central oxvaen atom with d orbitals 

pf vanadium and phos~horus. 

The empty 3d orbitals of vanadium are more accessible to the 

electrons on bonded oxygen atoms than those of phosphorus. The low 

energy of the dxy, dyz and dXZ orbitals of vanadium, coupled with the 

increased stability of dlr-par overlap involving these orbitais, 

apparently does not significantly influence the bond geometry of the 

MgV207 crystal, however it may provide the conditions necessary for a 

linear bond in aqueous solution. When the divalent cation is solvated by 

water molecules its ability to interact with the oxygen electrons is 

diminished. Furthermore the necessity for the presence of a divalent 



cation proximal to the anion will be reduced in solution; this wi!: be 

particularly true for V2072-, as the 'dO bond length is greater thsr! the 

PO b m d  length. It is possibie that under these conditions the forces in 

favour of stabilizing the anhydride through p n - ~ T C  overlap become 

dominant in the V2Q72- ion. That is the most stable structure for 

V 2 0 7 2 -  in aqueous solution may involve a linear VOV bond, a structure 

that does not favour the chelation of a cation. The same forces would 

be present in the PV anhydride, although they would not be as ~ntense 

as those present in V2, where both of the central atoms have empty 

orbitals of law energy. Thus the presence of the low energy d orbitals 

may account for the thermodynamic stability of the Yi anhydrides and 

the failure of these anhydrides to chelate Mg2+ ion. 

The kinetics of formation and hydrolysis of Vi anhydrides are 

also strikingly different from those of PPi. V2 and PV are rapidly 

formed and hydrolyzed in aqueotis solution, while the formation and 

hydrolysis of PPi is very slow at room temperature. The mechanisms 

for formation and hydrolysis of the anhydrides, PPi, V;? and PV is 

probably similar to that for phosphate esters (Butcher and Westheimer, 

1955). Formation of the anhydride bond likely involves a nucleophilic 

attack of an oxygen of one monomeric anion on the electropositive 

center of another, with the subsequent release of a water molecule. Bn 

the reverse reaction the nucleophilic attack of a water molecule on a 

centrai atom of the binuclear anhydride anion would release a 

monomeric anion. The mecnanism is shown M o w .  



The reversible formation of the ~hss~hovanadate anhvdride 

The availability sf low energy orbitals facilitates the donation 

of electrons from the nucleophile in both directions of the reaction. 

When vanadium is the centra! atom of the monomer, or one of the 

central atoms of the anhydride, its low energy 3d orbitals readily 

accept electrons from the nucleophile. There is no low energy pathway 

for this mechanism when phosphorus is the electron acceptor, as there 

are no empty orbitals that are at a low enough energy t~ accept the 

donated electrons. In biological systems, where the kinetic stability 

of phosphate anhydrides is vital, formation and hydrolysis of the 

pyrophosphate bond is controlled enzymically. The thermodynamic 



instability of PPi is used biologically to pull energetically unfavourable 

reactions to completion. 

Examplss of synergistic relations between anions and enzyme- 

bound nucleofides have been reported. Certain small anions, including 

Vi, have been observed to affect :he activity of phosphoryl 

transferring enzymes in conjunction with nucleotides. In some cases 

the relationship between these anions and the obligatory metal cations 

of the binding sites have been investigated. This work will be 

discussed briefly as it is related to the question of how divalent 

cations are coordinated by enzyme-bound species. 

It was mentioned earlier in this thesis that in the instances of 

the ATPases myosin and dynein, evidence has been obtained that is 

inconsistent with the hypothesis proposed in this thesis. Vi  binds very 

tightly to these enzymes in the presence of ADP (Goodno, 1982; Evans 

et al., 1986). The tight binding of the ADPV complex has been 

rationalized in terms of the stability of the Vi ion in the trigonal 

bipyramidal configuration which mimics the transition staie of the 

phosphoryl transfer reaction. In the case of the myosin and dynein 

ATPases, interact~on between the metal cation and Vi has not yet been 

Investigated. It appears that in the case of myosin ATPase the 

presence of Mg2+ is required for formation of the enzymelADPIVi 

complex (C.R. Cremo, personal communication). Furthermore, evidence 

has been obtained that Mg2+ coordinates to the ?-phosphate, but m t  to 

the a-phosphate group of AT? daring ATP hydrolysis catalysed by 

myosin ATPase (Cannolly and Eckstein, 1981) and dynein ATPase 

(Shimizu and Furmawat 1986). However, as discussed previously, the 



fact that the affinity of myosin ATPase for ATP is approximately 7 

orders of magnitude higher than the affinity of hexokinase for ATP, 

makes it possible that as yet unknown factors play an important role in 

ATP binding to myosin. 

Reports of other anions which inhibit phosphoryl transferring 

enzymes in conjunction with a bound nucleoside diphosphate can be 

found in the recent literature (Mitner-White and WattsJ971; Reed et 

al., 1978; Combeau and Cariier, 1988; Dupuis et al., 1989; Chabre, 

1990). Small anions such as BeF3(H20)-, AIF4(H20)2-, SCN-, N3-, 

N03-, HC03-, HC02- and some halide ions reversibly inhibit enzyme 

catalyzed phosphoryl transfer reactions by attaching to the nucleoside 

triphosphate sites of ADP- or GDP-bound enzymes. In general it is 

believed that tetrahedra! aniocs that cannot acquire a pentavalent 

conformation, such as BeF3 jH2O)- inhibit phosphoryl transfer 

competitively with the tetrahedral form of the transferring phosphate 

group (Combeau and Carlier, 1988; Dupuis et al., 1989). It is suggested 

that pianar anions such as Nos- inhibit because they fit into the 

equatorial plane of the pentacoordinate transition state of the 

migrating phosphate group, the nucleotide diphosphate and the 

phosphate acceptor completing the 5-coordinate structure (Reed et al., 

1978). Anions such as AfF4(H20)- can bind to a nucleoside triphosphate 

site in conjunction with a nuciesside diphosphate by exchanging an H20 

iigand for ine phosphate group of the nucleotide diphosphate. Thus it is 

posiutaieb that the AiF4-inucteoiide cornpiex inhibits via the 

pentacoordinate transition state of the phosphoryl transferring enzyme 

(Dupuis et af., 1989). The structures of tetrahedral and pentacoordinate 



phosphate and some analogues of these phosphate conformations are 

shown in Figure 26. 

Several planar anion inhibitors of creatine kinase, NOS-, NQ- 

and SCN- have been studied with respect to the interaction between 

these anions and metal ions such as M$+, Mn2+ and Co2+. Creatine 

kinase normally catalyzes the transfer of a phosphate group from ATP 

to creatine. The formation of an abortive quaternary complex 

consisting of enmymelMeADP/anion/creatine, where Me refers to the 

divalent cation, has been postulated to explain the inhibition of this 

reaction by the planar anion inhibitors. Infrared absorption frequencies 

for metal anion complexes were compared in soiutions of metallanion 

salts and in solutions which included enzyme, creatine and ADP (Reed 

et al., 1978). It was found that the affinities of the anions for the 

divalent cations were much stronger in the presence of the enzyme 

complex. In addition, the similarity between the infrared absorption 

frequencies of enzyme-bound anions in the presence of metal cations 

and those of the free metal/anion complexes suggests that the mode of 

metallanion attachment is the same for both cases; that is that the 

anions are directly coordinated to the divalent metal cation at the 

active site of the enzyme complex. 

The phosphate analogues discusssd above differ in their potency 

as inhibit~rs of phosphoryl transferring enzymes, The dissociation 

constafits f ~ i  beryllium and alurniiiiii-ii fluorides to F-ADF-actin were 

reported to be 2 p M  and 25 pM respectively (Cornbeau and Carlier, 1988). 

The planar anions SCN-, N3- and NO3- have dissociation constants to 

the MnlADP creailne kinase complex of 7.0, 0.6 and 0.1 mM 



Anions which inhibit phosphoryl transfer reactions because of 

structural similarities to different configurations of phosphate: (a) 

tetrahedral phosphate and anions which inhibit by assuming tetrahedral 

configurations, (b) pentacoordinate phosphate (an unstable transition 

state) and anions which inhibit by forming pentacoordinate structures. 





respectively (Reed et a!., 1978). These values can be compared with a 

dissociation constant sf 0.1 pM that has been calculated for Vi from the 

enzyrnelADPIVi complex in the myosin ATPase system (GoodnoJ 982). 

The evidence that the phssphoryl group analogues SCN-, N3- and 

Nos- are directly figanded to the metal cation in the 

enzyme/MeADP/anion/creatine complex of creatine kinase suggests 

that the y phosphate group of ATP is coordinated to the cation in the 

normal phosphoryi transfer reaction. Such mechanistic information is 

useful, as the role sf the divalent cation in activating these reactions 

is not completely understood. Although the planar anion inhibitors are 

directly chelated to the metal ion, and their binding mode is thought to 

mimic the transition state of the phosphoryl transfer reaction, the 

dissociation constants of SCN-, N3- and NQ3- are much higher than that 

expected for a true transition state analogue, which is generally in the 

micromolar range or lower. N03- has the lowest dissociation constant, 

and it is the only anion of the three in which the coordination to the 

metal cation is through oxygen, SCN- and N3- coordination being 

through N atoms (Reed et a!., 1978). Because of its lower 

electronegativity, nitrogen would be less strongly attracted to M$+ 

than oxygen, and this may account for the higher dissociation 

constants of the N-coordinated anions. In addition, Gutterman and 

Gray, 1971, have shown that the coordination of the transit i~n metal 

cation Ca2+ to NCS- is linear, while the coordination of metal to Ns- is 

angular as shown below. 



Linear and anaular confi~urations adopted by metal c m  

com~lexes with nitroaen l i a a n d ~  

The lower dissociation constant of N3- may be accounted for i f  the 

configuration of the Mg/N3 species provides a better fit in the active 

site of the enzyme complex. 

Coordination of the metal ion to the aluminum fluoride inhibitors 

has not been demonstrated. It would be expected that fiuorine would be 

a better ligand of Mgz+ than oxygen, and this might partially account 

for the fact that these inhibitors are active at micromolar 

concentrations. However, the beryllium fluoride inhibitors are also 

active at micromolar concentrations, but in this case the tetraheral 

structure of these ions does not allow them to mimic the five 

coordinate transition state. Thus the tight binding of the aluminum and 

beryllium fluorides may be mainly due to their effective, fluorine- 

mediated, coordination to the metal cation. Experiments without 

inhibitor are commoniy performed in the presence of rnillimolar 

concentrations of CI- ion, in giass vessels which would normaliy 

contain trace quantities of aluminum. Apparently the complexes of 

aiuminum ion and chloride ion do not inhibit with the same intensity as 



those of aluminum and fluoride. Although size may be an important 

factor in anion binding, CI- being a larger ion than F-, coordination of 

the metal cation would be iess effective for GI- than for 6- due to the 

softer nature of the Cl- ion. 

The interplay of many factors determines the binding constants 

of anions tca the active site of an enzyme. Most of them have not been 

considered here because they involve the active groups on the enzvrne, 

groups that in many cases have not yet been identified. The anion 

inhibitors have been useful in helping to clarify the interactions that 

take place, but as yet only a small fraction of the data that can be 

obtained in this way have been collected. The ultimate goal of this 

research is to understand how protein molecules can achieve their 

remarkable catalytic effects. 

m r e  Work 

Information about the interactions between proteins and their 

substrates and cofactors has been obtained through many different 

approaches, only a few of which have been discussed in this thesis. In 

addition to the Wvisibie, NMR and infrared techniques described here, 

neutron diffraction (Lindquist et al., 1975) and ESR (Reed and Cohn, 

1972: Lodato and Reed, 1987), have been used successfully to study 

the aqueous solutions of protein!scbstrate complexes. Eicaiiiifiaiion sf 

the solid state of enzyme/substrate complexes by x-ray 

crystallography provides a direct method for visualizing atomic 

interactions between reactive species (Bennett and Steibz, 1978). 



Most of these techniques are more difficult to apply than the 

uvkisible spectroscopy that was employed in the experiments reported 

here. The interpretations of NMR, ESR, IR and x-ray crystallographic 

data, particularly where proteins are involved, usually requires that 

the investigator have a specialized background. Clearly it would be 

useful to be able to visualize the enzyme/MgADP/Vi complex of the 

myosin and dynein ATPases, as they appear to behave differently from 

other phosphoryl transferring enzymes. X-ray diffraction is the most 

direct method of observation, but the difficulties associated with the 

crystallization of proteins often limit the information that can be 

obtained by this technique. It would be interesting also to study the 

metallanion interactions in the many inhibitory complexes that appear 

to bind both metals and anions. The high quantity of protein required 

for NMR and IR studies can be a problem when the purified protein is 

difficult to obtain. This is likely to be true for the myosin and dynein 

ATPases, as they are not avaiiable commercialiy. This is probably the 

reason that the nucleotide-binding proteins aden y late cyclase, 

transducin, tubulin, actin and FlATPase, all of which are inhibited by 

aluminum and beryllium fluorides (Chabre, 1990; Combeau and Carlier, 

1988; Dupuis et al., 1989), have been studied by spectroscopic 

methods. It is noteworthy that the effects of Vi have been tested on 

several of these enzymes: Vi mimics phosphate in the stabilization of 

F-actin filaments, and has about the same affinity as phosphate for F- 

ADP-actin (Combeau and Carlier, 1988); Vi inhibits the binding of 

tubulin to dynein (Shimizu and Furusawa, 1986); Vi is a weak inhibitor 

of F1ATPase (Ki = 1.0 mM) (Kao, 1990). Some of these effects of Vi 



have been rationalized in terms of competitive inhibition with respect 

to tetrahedral phosphate groups, some have been rationalized in terms 

of a tight enzyme/ADP/Vi transition state complex, and for some 

there is no rationale, as yet. 

Although the supply of data that can be obtained from 

spectroscopic studies is far from exhausted, application of the msre 

direct methods sf structural determination would contribute 

information that is indispensible to our comprehension ~f the 

mechanisms by which these enzymes exert their effects. 



Calculation of V a n w e  Monomer Concern 

slV NMR spectra of dilute vanadate solutions (rl mM) display 

peaks for several different vanadate species: monomer (Vi), dirner (V2) 

and tebrarner (V4). The chemical shift of the various species can be 

assigned relative to a vanadate pentamer (V5) which appears at higher 

concentrations of vanadate (> 3 mM). The method by which these 

assignments were made is described in Gresser et al., 1986. The 

signals that represent the different wanadate species are well resolved 

and the integrated peak area ratios c6fi be used to calculate the 

concentrations of Vi, V2 and V4 with respect to the known 

concentration of total vanadium ion as shown below, where Vn 

represents the peak area of Vi  or V2 or V4 and [VT] is the total 

vanadium atom concentration. Square brackets denote molar 

concentration. 

The relationships between the formation constants of the dimer 

and tetramer to [Vij are shovvr; in equations 2 and 3. 



Kd and Kt were estimated by the following procedure, [Vi], [Vz] 

and [V4] were obtained by applying equation 1 to the 5 ' V  NMR spectra 

obtained under the following conditions: 50 mM Tris-HCI, 2.0 mM 

MgC12, 1 .O mM Vi, pH 7.4, 25•‹C. Equation 4, shown below, relates the 

concentrations of the various vanadate species to the total vanadium 

ion concentration. 

Rearrangement of equations 2 and 3 gives expressions for [V2] 

and [V4] which can be substituted into equation 4 to give equation 5. 

[VT] is a known quantity, therefore [Vi] can be estimated from 

equation 5 and the calcuiated values of Kd and Kt. The concentrations of 

V2 and V4 for other values of [VT] and [Vi], obtained under similar 

conditions can be calculated from equations 2 and 3. 



The mechanism for the enzymic pyrophosphate (PPi) assay is 

shown below. In the presence of PPi, PPj-dependent 

phosphofructokinase (PPi-PFK) catalyzes the phosphorylation of 

fructose-&phosphate (F-6-P). The product, fructose-l,6-diphosphate 

is cleaved to produce giyceraldehyde-3-phosphate (GAP) and 

dihydroxyacetone phosphate (DHAP), in a reaction catalyzed by 

aldolase. The GAP produced in the aldolase-catalyzed reaction is 

isomerized to DHAP in the presence of triosephosphate isomerase (TPI). 

The 2 DHAP molecules that are produced from one PPi ion are oxidized 

in the presence of NAOH in a reaction catalyzed by glycerol-3- 

phosphate dehydrogenase (GDH). 2 molecules of NAD are produced for 1 

molecule of PPi present in the starting material. 

GDH 
2 DHAP + 2 P-NADH + 2 H+ ------- -3 



Abbreviations: 

PPi = pyrophosphate 
F -6-P = D-fructose-6-phosphate 
PPj-PFK = fructose-6-phosphate kinase, pyrophosphate-dependent 
F-1,6-DP = D-fructosel,6-diphosphate 
Pi = inorganic phosphate 
GAP = D-glyceraldehyde-3-phosphate 
TPI = triosephosphate isomerase 
DHAP = dihydroxyacetone phosphate 
GDW = glycerophosphate dehydrogenase 
p-NAB(H) = p-nicotinamide adenine dinucleotide (reduced form) 

Final Concentrations of Reaaents in Reaction Mixture 

Reaaent Concentration 

- imidazoleIHCI, pH 7.4 45 mM 

-- c i t ra te  0.5 rnM 

EDTA 0.10 mM 

F-6-P 12 mM 

bovine serum albumin - - - 5 mgImL 

- sugar stabilizer 5 mg/mL 

PPi-PFK 0.5 unitslml 

aldolase 7.5 unitslml 

- -- a3-I 5 units1mL 

TPI 50 unitslml 
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Kinetics of Inhibition with 2 Inhibitors (Yonetani & Theorell, 1964) 

E - enzyme 

S - suostrate 

P - product 

11 
I - inhibitor 

L E12 - EI112 K - dissociation constant 

m - interaction constant 

EEl[Ii] LEI [I21 LEI21[11] . I E h  ][I21 CE]Esl 
K1 = [EI l ]  ' K 2 =  [EIp] ; aK1 = [EIIIp] ' "K2 = [EI l Ip]  ' " =  [ES] 

The enzyme concentration [El can be expressed in terms of the total 

enzyme concentration [ET]. 

[sf [Itl 112] bLll[121 + + 
K2 + v v  Q n l  n 2  



The velocity sf  the reaction is proportional to the concentration of the 

enzymelsubstrate complex [ES], which is expressed in terms of the 

dissociation constant KS in equation (2). 

Substitution of the expression for [El from equation (1) into equation 

(2) gives equation (3). The reciprocal of equation (3) is equation (4), 

where KM = KS and kcat [E~]  = the maximum velocity of reaction Vm. 

Rearrangement of equation (4) gives equation (5) 



p i 1  
EPi12 

= 1.7 x 10-6 M -1 (pH 7, Rawn, 1989) 

%pyruvate][Pi] 
[PEP1 

= 2.9 x 106 M (pH 7, Rawn, 1989) 

JAM P][Pi] 
[AD PI 

= 2.0 x 106 M (pH 7, Rawn, 1989) 

= 5.8 M-1 (pH 8, Gresser et a1.J 986) 
[vi l [Pi l  

[A D PI [P i l 

EAT PI 
= 9.8 x 105 M (pH 7, Rawn, 1989) 

(pH 7,  Rawn, 



lATP][p yruvatel 
[ADP][PEP] 

= 6.45 x 103 (pH 7.4, 30•‹C, Tris, McQuate and Utter, 

[AD PI2 
[ATPNAMP] = 2.26 (pH 7.4, 2S0C, 10mM MgC12, Noda, 1973) 

[AD PI [V P] 
[ATPl[Vil 

= (9.8 x 105 M)(5.8 M) = 5..7 x 106 



HK) (EC 2.7,l.l) 

LADPIID-glucose-6-phosphate] 
[ATP]!D-glucose] = 3.86 x 102, (no MgZ+); 1.55 x 102 

( ~ g 2 +  = 17 - 79 mM); (pH 6.0. 30•‹C, Robbins and Boyer, 1957) 

Lactic Dehvdroaenase (LDH) (EC 1 . I  . I  .27) 

(L-lactate)(NAD+) 
(pyruvate)(NADH) 

= 3.62 x 10 5 (pH 7.0, 25"C, Pi, Hakala et al., 1956) 

Glucose-6-Phos~hate Dehvdroaenase (G6PDHI (EC 1 . I  .1.49) 

(D-glucono-lj-iactone)(NADPW) 
= 2.03 x 106 (pH 6.4, 28OC, Tris, (glucose-6-phosphate)(NADP) 

Noltmann and Kuby, 1963) 



Analogues of Pvrwte  Kinase. Mvokrnase and H e x o k i m  

at were Tested for the? Abhtv to Activate t 
. . 

I hese Fnzvme~ 

--- 
hexokinase 

~yruvate kinase 

nyokinase 

ADP 

AdVPP (Ad + \/i + PPi) 

AdVP (Ad + Vi + Pi) 

AdVPqAd + Vi+ P P L  

AdVP (Ad + Vi + Pi) 

All substrate analogues were inactive except for AdV, which 

activated myokinase. 



Amendix V11 

. . 
hhtors of Pvruvate Klnase e and Hex- 

Jnhibition of P v r m  Kinase ADP + PEP -+ ATP + pyruvate 

([ADPI = 0.10 mM; [PEP] = 0.50 mM) 

Pi (30 mM) enhancement of activity' --- 
I 

~ P P ~  (10 mM) / 100% inhibition 

I 
i 

i ; 

(10 m M L  j e n h a n c e r n e n t  of activity - 
1 
i 

[AMP + Vi j 1 same effect as AMP alone 

KC1 at the same ionic strength had a similar effect. 



([ATP] = 2.5 mM; [AMP] = 2.5 mM) 

PPi (10 r n M L  

AMP + ATP -+ 2ABP 

inhibition = 540h 

inhibition = Q 

inhibition = 100% 

inhibition = 18%~ --- 

Ad removed some of the inhibition by Vi through the formation of the 

binuclear diester Ad;rVa. 



2ADP -+ AMP + ATP 

Conditions % Inhibition No. of Exeerimenh 

Ad + PPi 5 1 



21 0 

ATP + glucose ADP + glucose-6-P 

([ATP] = Q.20 mM; [gi~cose] - 1.0 mM) 

ADP 0.80 mM M 
ADP (0.80 mM) + Vi (0.60 mM) 

inhibition = 34% 

inhibition = 40% 

inhibition = 56% 

inhibition = 36% - 42% -4 
inhibition = 50% -_____I 
inhibition = 60% 

inhibition = 89%' 

' Pi and ?Pi inhibit glucose-6-phosphate dehydrogenase 16% and 38% 

respectively under these conditions. 
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