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ABSTRACT

| . The inhibition of Rabbit musc/e phosphoglucomutase (E.C. .2.7.5.1.) by inorg‘ani;:
vanadate was investigated. It has been concluded that two mechanisms of |
competvitive inhibition occur; a rapid inhibition due to free, non—esterified:vana‘date'-'
and a much slower, time dependent inhibition due to a tight binding glucose
1-phosphate 6-vanadate mixed diester, both jnhibitors binding to the free
dephosphorylated enzyme. From the analysis of steady state kinetic data, two
values of Ki were obtained for the two competitive (vs. glucose;diphosphate)
inhibitors. Free vanadate had a value K = 36.0 24.9 x 10-* M and glucose
1-phosphate 6-vanadate w?s found to héve a value Kvp = 2.7 0.4 x 10_1: M. The
results of presteady-state studies were interpreted in terms of the rate limiting
binding of the mixed “diester' to the free dephosphorylated form of the enzyme,
competitive, with glucose diphosphate. in the presence of inhibitor the approach to
steady-state followed first order kinetics. The observed first order rate constant
increased with inhibitor concentration to a limiting value. These observations were
interpreted in terms of a change-in:rate-limiting step from binding of. inhibitor to
free dep’hosphory,lated enzyme, to formation of free dephosphorylated enuzyme By e
dissociation of the intermediate glucose 1,6-diphosphate. In terms of this model,
gluc,oée 16-diphosphate was found to dissociate from the enzyme once in every

[S

1.3,4 10* catalytic turnovers.

Added glucose was found to enhance the competitive inhibition due to
vanadate, and this behavior was attri/buted to binding of glucose 6-vanadate to the
free dephosphorylated enzyme, with an inhibition constant ng = 3.9 0.4 x 10 M.
An additional noncompetitive (vs. glucose-diphosphate) inhibition was found to
occur, which was rationalized in terms of binding of glucose 6-vanadate to the
phosphoférm of the enzyme with a value for the inhibition @énstant ng_ =
2.4 £0.3 x 10-* M. The generation of tightly bound mixed diester on the
dephosphoenzyme as product of the reﬂacztion of glucose 6-vanadate withqthe
phosphoform of phosphoglucomutase was themr’at’ional used to account for the

observed,.noncompetitive inhibition.
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QUOTATION

"Thought is not a trick, or a game, or a series of dodges,
Thought is a man in his wholeness wholly attending.”

D. H. Lawrence
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INTRODUCTION

Vanaanum has been proposed as an essential element required in trace
amounts for thé normal function of living organbsﬁxs (123). Typicaliy vanadium
compbunds present in hiving hissue fall in the r;xicromotar range of concentration;
e.g.. 0.34 uM n l;lood plasma, 0.52 uM in erythrocytes, 0.3-1.0 uM in rabbit and
'eqﬁme muscie {1} Whether vanadium performs an essantial chemical roie or not is
debatﬁbte. Nevertheless, the use of.vanadiumrcompounds as therapeutic agents in
thei trestment of chronic disease and the toxic effects linked 1o occupational

ﬁexposure {tempering of steei) (1) must be consequencas of some fundamerntal effect

on cellulsr sctivity thal represents an expression of the chemical properties of this

first series transition meétal,

The availabihity on vanadwwm of tow tyrng portially filled 3d orbitels confers
on the metal centre the capacity to extend its covalency through the use of
appropriate hybrd (i}b'“”s {45) This property is enhanced by the (argerL covalent
radit ang intninsically waeaker nature of the bonds formed to vanadium relative o
phosphorus, the result of vanadium having higher energy valence orbitals. UsuaHy'
v-0C bong lengths tall in the range of 0.3-0.7 angstrams greater than the
corrasponding bonds on phosphorus and suiphur which similarly can> utiyzé their
Vvacam higher tying 3d orbuals (487) Moleculas containing langer bonds are more .
susceplibie to the close approach of groups on other molecules capable of donating
tone pa¢ electron densitly and are inherently activated towsrds cleavage in exchange
reacthons. The properties of vanadium describaed above are also shared by
phosphosus and sulphur and form the chamical bas:is for the physiclogical role of
these two thud period elements n group transfer reactions. For this reason

vanadium shouid also be suwted for imeraction at this same level in living systems,

The physiologiceily relevant oxidation siates of vanadium are +4 and +5 (aiso
+3) represented by their thermally stable oxides with electronic configurstions of '
3d: andg 3g* respectivety (§) The presance of mis single d efeétron accounts ft?r
Quite a significant difference in the aqueous behavior of these two oxidation s;azes.

Al low pH’ vanadium (V) is @8 reiatively strong oxidizing agent. Solutions a8t higher



bH, howevaer, are characterized by more stabie covalent species which are better
able to express the electrophilic propertias of vanadium. Mononuciear tetrahedral L
vanadates, VO predominate (8) at concentrations of vanadium < 10* M. over the
pH range 13.0 down to approximately 3.0, protonated as dictateq by the pK of the
Sasic sites on the anion (pK, 3.4, ng 8.3. pK, 13.0), corresponding vatues for
phosphoric acid are pK, 2.6, pK, 7.2, pK, 12.0 (9) Hence the forms of vanadate
appesring at physiological pH in aqueous solution (7.0-8.0) will be the mono and
dibasic species H,VO, and HVO,/ , which are structurally simiiar to the forms of
ph)osphate'presem in this imerval.‘ in aqueous solution at lower pH the electrophilic
behsvior of vanadium will be seen in the reactions of the mt;re stable vanady! (1Vi
ox;d;a. However, vanady! tends to hydrate above pH 3.0, followed by dimerization
and eventyally, owing tE} the low solubimy of its hydroxide VO(OH), .

(K$p = 108 x 103 M?’), precipitation from solution occurs at around pH 5.0 At
physiclogical pH vanady! species are very susceptible to aw oxidation., Because of
its agueous behavior vanadyl might not be expgcted to form a sigmficant =

contribution to the physiological effects ascribed to vanadium present in living

tissue. —-

Evidence obtained from electrog spin resonance studies shows, however, tha:
vanadum (IV) exists in living cells (10). The accumutation of vanadate by
erythrocytes and yeast cells, when followed by e.s.r.. shows up 8s the charactenstic
spectrum of the paramagnetic VO (vanadyl) species (11,12.13), intraceliular recucing
agents, such as giutathione in erythrocytes, have been identified ag. being
responsible for vanadate reduction. Conditions in the cytopiasm may be sufficiently
reducing for the vanady! product of suc_h redox behavior to be st;bi!nzed with
respect to oxidation. The low solubility of VO(OH), wili be offset by the tendency
of‘vanadyl to complex with intermediary metabolites and proteins, e.g., ATP and
haemoglobin (11,14}, Although these resuits point tc vanady! being the only form of
vanadium oxide tn hving tissue, evidence exists 10 show that vanadate is 8iso —
active. Vanadate in incubation media has been shown to gain access more readily
to erythrocytes and yaas.t cells (13) than \:anadyh which shows an 1mtal layg in the

rate of its cendlar association followed by a more rapid phase. of uptake (15) It

A}
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has been' suggested that this initial lag seen for vanady! uptak‘e by erythrocytes is
linked td awslow phase of oxidation in the bloodeplasma to the more membrane
permeable vanadate species. The anionic transport mechaniém of yeast plasma
membrane exhibits Km values for vanadyl and vanadate of 1.0 x 10> M and 0.3 x 10* M
respectively (13), showing the selective uptake of these anions. It is considered
that dissolved oxygen at a partial pressure of 40 mmHg, may be sufficient to
oxidize vanadyl faster than its tendency to complex with transferrin and other
agents; eg., serum albumin of the biood plasma (15) From /in vivo studies with
canine blood it has been found that injection of 'V jabelled vanadate or vanadyl
both aeventually give rise to a similar cell/plas}na ratio of vanadium distribution,
that remains constant despite removal of vanadium from the blood ‘through
excretion (15). The sensitivity-of this ratio t‘o changes in plasma vanadium Iévels
could be the result of an equihlibrium distribution of vanadate across the erythrocyte
membrane. The erythrocyte transmembrane ion pump the Na'-K* ATPase, which is
strongly inhibited by vanadate (Ki of 40 uM) (1) but not vanadyl, was found to have
an sn vivo activity that represents 1/100th of its isolated acti\‘/ity. The lower
intracelluiar activity of ‘the Na'-K* ATPase may be a consequence of intracellular
vanadate being present (2,11). Hence it is possible that vanadium oxides of both

oxidation states can be present together in living tissue,

Some of the physiological effects that have been ascribed to the presence of
vanadium nclude i1ts behavior as a diuretic and natriuret‘i;,%enhanced contractile
ability of heart muscular tissue and increased biood oxygeﬁ\gensions (1). A
common feature of these effects is that the processes conce‘rned either directiy or
indirectly are linked tc the activity of proteins that catalyze phosphoryl group

transfer, where in some instances the protein becomes phosphorylated in an

intermediate step.

Vanadate has been shown jn vitro studies to behave electrophilically, readily
accepting lone pair electron density from hydroxyl groups on molecules to form
labile vanadate esters. The oxidation of glucose by A-NADP-, catalyzed by glucose
6-phosphate dehyarogenase. Is activated in the presence of vanadate. This effect .

was rationslized in terms of o labile“ vanadatd aester of glucose serving as.a better

|



substrate than the non phosphoryiated molecule (16). The rate constant for the
formation of glucose 6-vanadate as the activating complex was estimated (16) to
‘be 35.0 M-1 s-! (cf. values of-9 x 10-* and 1 x 10-* M-t s', for glucose , S
6-phosphate and glucose 6-arsenate formation respectively (17,18)). 'V NMR studies

‘have also yielded an estimate for the value of the pseudo first order rate const‘{nt ¢

for ethyl vanadate hydrolysis of 1.21 x 10° s (19). This value far exceeds those

observed fof glucose 6-phosphate and glucose 6-arsenate hydrolysis, which are 10

and 104 s-! respectively (17,18). Eariier studies had shown that arsenate like

vanadate, could also form esters capabie of acting as substrates in the

phosphoglucomutase reaction (18). Vanadate has also been found to activate

transfer of ’fP from labeled phosphogiucomutase to giucose (20). Hence vanadate

esters are formed rapidly enough to serve as substrates of erizymes that catalyse

the reactions of the anélagous phosphate esters. The rﬁost pcondunced effects of

vanadate, however, from /n vitro studies, occur at.enzymes cataiyzing phosphoryi

transfer reactions that involve a phosphoprotein intermediate (21,22,23). Vanadate o
when present at only micromolar cc;ncentration IS a very poteni competitive

inhibitor of such enzymes; e.g., of phosphoglucomutase (human erythrocyte)

K. = 1.0 uM, and of phosphogliycerate mutuase (human erythrocyte) Ki = 25 uM

{
@1, Interference in & phosphoryl transfer step to a specific active site residue

- <
could be what confers upon these enzymes their sensitivity to the presence of }
vanédate and/or vanadate esters. The readiness with which vanadate esters form
and hydrol\yse (16,19) (cf. corresponding phosphate or arsenate esters), Is the result
of a lower free energy of activation for these reactions. This would favbr the
attainment of the pentacoordinate, trigonal bipyramidal geometry that characterizes
the transition state of a phosphorylotransfer step to the enzyme (24). Perhaps in
this way low concentrations of vanadate ester analogues arising at micromolar
levels of free vanadate could mimic the normal phosphate ester substrates. The
vanadate ester, which may be a factor of 10* lower in concentration than the
substrate, is able to act competitively by virtue of being stabilized vas a transtition
State analogue at the enzyme active site. '

To test the hypothesis, the mechanism of vanadate inhibition of Rabbit muscle

phosphoglucomutase was investigated in this study.



EXPERIMENTAL PROCEDURES s

Reagents used and the preparation of Stock sol/utions

Concentrated stock solutions of the reagents were prepared in° 20mM Tris-Cl-
(Sigma, reagent grade) buffer pH 7.6. Appropriately sizéd aliquots of these stocks
were then used to g;hérate the desired final assay concentration. The reagent stock
solutions used and the commercial source of the reagents were as follows: 0.1M
MgCl,6H,0 (Anachem, reagent grade), 12mM S~NADP- (Boehringer-Mannheim), 27mM
EDTA (Fischer Scientific Co.), 2.9mM o-D-glucose 1,6 diphosphate
(Boehringer-Mannheim), 5.3mM a-D=-glucose 1—phosphaté (essentially free of
a~D-glucose diphosphate, Sigma, grade V), 0.13M D-glucose (Sigma, reagent grade),
sodium orthovanadate (Na,VO,-10H,0, Fischer Scientific Co.). Since the hydration
number of sodium vanadate was not known, the formqla weight had to be
determined from the absorbance at 260nm of a dilute solution of sodium vanadate
at pH 10.5.’ The predominant form 6f vanadate present at pH 10.5 is the dianion
HVO,! with a molar extinction coefficient of 3.55 x 107 M*‘cm"‘u (28). Care was
taken in preparing vanadate stock solutions not to make them to acidic thereby
avoidi‘ng the formation of decavanadate, which hydrolyses slowly at neutral pH and
is detected as a yellow colouration in solution. The concentrations of vanadate
stock solutions used were: 0.5mM (in 20mM Tris-Cl- pH 7.6) in the stea'dy—state
kinetic studies and 10mM (in 20mM Tris-Cl-pH 7.6) for the progress curve studies.
Careful attention was paicd to the pH of all the reagent stock solutions, which were
corrected to pH 7.6 using a combination of acidic (pH 3.0) and basic (pH 11.0)
solutions of 20mM Tris-Cl-. The volume of these solutions at the correct pH was

then adjusied with Tris-Ci- buffer pH 7.€ using a volumetric flask to the desired

final concentration.
Enzyme Preparation

Phosphogiucomutase (Boehringer-Mannheim, from rabbit muscle, 200 Umg-! at
- 25°C, pH 7.5, 10mg mi-! suspended in (NH,),SO,) and D-Glucose 6-phosphate
‘dehydrogenase (Boehringer-Mannheim, from bakers yeast 350 Umg-! at 25°C pH 7.5,

15mg 3ml-! suspended in (NH,),SO,) were the enzymes used in this study.

e



Concentrated sto‘cl§ solutions of the enzymes were prepared by bcgntri_fuging the .
commerciall ammonium sulphate suspension at 15000 r.p.m. for 15 minutes. Aftéir
this period the ammonium su‘phate supernatent was removed using & fine capilliary
tube, being careful not to disturb the protein pellet. The pellet was then _dissolved
in Tris-Cl- buffer (20mM pH 7.6). The concentrated stock enzyme solutions were
used without further purification and aiways diluted prior to use in the kinetit
aésays. The approximate dilution factor of the pellet in the reaction mixture was
104, this enables an estimate of the (NH,),SO, concentration in the reaction mixture
to be obtained of 0.3 mM. The protein concentration of the enzyme solutions was

determined using the method of Lowry et.al.(29).
Rate Measurement

The phosphogiucomutase reaction was followed in the thermodynamically
favourable direction, i.e., a-D-glucose 1-phosphate (A) --> o-D-glucose
6—ph059hate (C), by coupling the appearence of the mutase product to the activity.
of D—gklucose 6-phosphate dehydrogenase. Rates Were measured
spectrophotometrically at 340 nm by monitoring the increase in absorbance due to -
f-NADPH appearing as product of the coupled reaction, using the extinction
coefficient at this wavelength of 6.23 x 10 M-Icm-' for NADPH. Aill measurements
were carried out on a Varian spectrophotometer, Model 634.\ equipped with a
thermostated sample compartment set at 25°C.. All reagent stock solutions were
temperature equilibriated to 25°C using a temperature regulated water bath, prior td
their use. For standard initial velocity measurements the enzyme was assayed in a
total volume of 1.0 ml containing appropriate concentrations of substrates and
inhibitor in 20mM Tris-Cl- buffer, pH 7.6. The enzyme as;ay was génerally initiated
by the addition of substrate, usually o-D-glucose 1-phosphate to a preincubation
mixture of the enzyme ‘and the remaining reagents. Progress curves that showed the

time course of vanadate inhibition were obtained by initiating the reaction with

substrate, glucose 1-phosphate, followed by the addition of vanadate.

The details of pH, temperature and reagent concentrations used in the

individual experiments of this study and the special considerations that apply to the

a
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design of certain experiments, including the analysis of datg. 'érir. described
throughout the text of the Results and Discussion section of this thesis and listed

in the relevant figure legends.

Statistical analysis of data

in order to obtain a statistical analysis of double reciproca! plots “a weighted

lsast squares treatment was carried out. In this treatment an error of +5% was

assumed in velocity (v) measurements and error bars were calculated based on the

upper and lower limits of reciprocal velocity (1/v). The slope and intercept vaiues
were obtained from a least squares analysis, the standard deviation of the slopes
and intercept§ wés calculated using the upperr and lower |[imits of uncertainty in’
each data point. For npn-weighted data a least squares line was calculated for all
the data points from which the values of the slope, intercept and étandard deviation
could be calculated. Also an additional 'N’ least squares lines were calculated
containing (N-1) data points, this generated a family of 'N’ least squares lines of
:N' different slopes and ‘N’ different interce'pts which were used to calculate a
mean value and standard deviation for all the values of slope and intercept. Where
insufficient data points were collected to apply a meaningful statistical analysis a
standard deviation of at least +50% was assumed for the parameter being

determined. ‘ .



- RESULTS AND DISCUSSION

Preliminaries

Phosphoglucomutase, Mwt.62000, catalyses the interconversion of
e-D-glucose 1-phosphate and a-D-glucose 6-phosphate (Keq of 17.2 at 25°C,
pH 7.0 in the presence of 25 mM Mg?) (25) via an intermolecular mechanism
involving a phosphorylated enzyme intermediate. That such a pathway operates is
suggested by the results of equilibrium isotope exchange studies (26) and
experiments using chiral phosphate esters (27). As a consequenceA of this transfer
reaction, the enzyme exists in both phosphorylated and depho(sphorylated forms on
the reaction pathway. The added requirerinent that giucose diphosphate, as the
intermediate of this transfer reaction from active phasphoenzyme to bound
glucose monophosphate (25,30), be present in catalytic quantities suggests that the
free dephosphoenzyme can appear off the reaction pathway, though this is

considered to be an infrequent event (30,31).

Figure 1 shows the model proposed to acéount for the kinetics of the
phosphogiucomutase reaction imthe absence of inhibitors. In this scheme the active
phosphoenzyme repfesented by (EP} rz2cts with the glucose monophosphates
(A and C) but not with glucose 1,6-diphasphate (B). The reverse situation applies to
the reaction of the catalytically inactive free dephosphoenzyme (E). The free
dephosphoenzyme (E) and glucose 1,6-dighosphate (B) are not considered obligatory
intermediates of this reaction path. Their infrequent dissociation (30,31), however, is
responsible for the pattern of parallel line double reciprocal plots seen for
phosphoglucomutase and characteristic of a Ping~Pong mechanism. A Ping-Pong
mechanism is defined as one in which a product is released between {ding of
two substrates (32), in the model of Figure 1 free glucose 16-~diphosphate (B) is
considered as a first product and second substrate of the reaction. Using the

"King~Altman method” (32) a rate equation was derived for the model in Figure 1



Figure 1

Kinetic model describing the Ping-Pong mechanism of Rabbit Muscle

Phosphoglucomutase in the absence of inhibitors. The k’s denote specific rate

constants of the steps in the mechanism. In the model, E = free
dephosphoenzyme (inactive), B = glucose diphosphate, C = glucose 6-phosr;hate,
A = glucose 1-phosphate, EB = complex of dephosphoenzyme with glucose
diphosphate, EP = free phosphoenzyme (active), EPA, EPC = corﬁplexes of the

phosphoenzyme with A and C (defined above) réspectively.
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(see Appendix ) that accounts for the kinetics of the phosphoglucomutase reaction.
The rate equation predicted by the mode! in the form of the double reciprocal

(Lineweaver-Burke) piot is as follows:

1/v = Kmb/Vm - 1/[B] + ( g + Kma/[A] ) - 1/Vm Eq. 1

where:
v = initial velocity
Vm = maximum velocity
[B] = concentration of glucose 1.6-diphosphate
[A] = concentr'ation of glucose 1-phosphate ‘
Kmb = Michaelis constant of glucose 1,6-diphosphate for the free
dephosphoenzyme (E) )
Kma = Michaelis constant of glucose 1-phosphate for the active,

phosphoenzyme (EP)

The equeation as written above is appropriate for the conditions under which
the kinetic assays of this study were conducted,”namely with glucose
1,6-diphosphate (B) serving as the varied substrate anrd glucose j—phosphate (A)
hedld at different, constant concentrations. A plot of 1/v again'st 1/[B] is predicted
to have a constant slope of Kmb/Vm and a vertical intercept cgf '

1/Vm (8§ + Kma/[A]), that would change with the concentration of glucose

1-phosphate used in the assay.

Figure 2 shows the parallel line pattern of double reciprocal plots obtained at
three different glucose 1-phosphate concentrations. Analysis of the experiment of
Figure 2 in terms of Equation 1 allows the kinetic parameters of the mutase
reaction to be determined. These are listed in Table |. The values recorded are
greater than those reported in the literature, eg, the Km values of
glucose 1-phosphate and glucose 1,6-diphosphate are reported at 5 x 10-¢* M and
4 x 10-* M respectively in the presence of 0.4 mM Mg? ion at pH 7.4 and 30°C
(33). A possible expla;\atic'm could be the formation of inactive magnesium

complexes of the substrates at the MgCi, concentration used in the assays of this

1



Figure 2

Paraliel hne pattern of plots showing reciprocal rate against reciprocal
‘glucose~diphosphate concentration observed for the uninhibited phosphoglucomutase
reaction and charactenstic of a Ping-Pong mechanism. The double reciprocal piots
were obtained at three concentratlon; bf glucose 1-phosphate: 28 ulN (@)

50 uM (A) and 125 uM (m). over the indicated range of glucose-dipnosphate

o

concentration. Experimental conditions ara listed in footnote b of Table I.
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study (2mM), plus the effects of the anions C}- and SO,” as competitive inhibitors

of substrate binding. However, since conditions in the assays generally, and
especially in Mg? ion concentration, were kept constant throughout this work, the - =~
analysis of wvanadate inhibition of phosphoglucomutase was not complicated. by

taking into account the above effects which were assumed to be constant.

14



TABLE . ¥m vailues for the phosphoglucomutase reaction, detarmined for the

espe-imentsl conditions used i this study:

!
r SUBSTRATE Km (M)
1
! a-D-glucose 16-diphosphate 70 £ 3.3 x 10
f a-U-glucose J-phosphate 35 * 1.5 x 10+
I -
a. o~-D-glucose l1-phosphate 1S a compelilive inhibitor with respect to

gluccée mpﬁosphue binding a! the free dephosphoentyme having a
K o= 45 2 0.3 x 100 M. The conditions used in the experiment 1o
determing the Ki of glucose l1-phosphate wece the same as those‘
describea in footnote b of this table excep! that the range of \'\\V
glucose 1~phos;§hn!e concemraubns considered were: 2.6 mM, 10 mM and
15 mM. The K, value was determinaed from the negative horizontal ~i
intercept of a replot of siope of the 1/v against 1/{B] plots against
Qlucose 1-phosphate conceniration. |

t. Reaciions cuntained: 0.0% U phosphoglucomutase,

0.27 U glucose B-phosphate dehydrogenase, 2 mM MgCl,, 0.8 mM EDTA,
.48 mM 4-NADP- 20 mM Tris-Cl bufter p%;‘25°c in a total
volume of 1.0 mi. Double reciprocal piots we;e Tained at fixed
concentrations of glucose l-phosphate of 25 uM. 50 uM and 125 uM

over a range of giucose d:phosphaie concentration spunning 0.73 uM to

0.06 WM. |
T kcar = 15 $0.7 x 107 5 ¢, determined for » '\/m“ of 420 x 10* M/mgmin,

with phosphoglucomutase (Mw:ﬁl’m) present at 2.7 x 10 ‘mgsmi
- &
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Vanadate Inhibition of Phosphoglucomutgse

The time dependent nature of the inhibition

Figure 3 shows the effect of different pre-incubation conditions on the time
course of vanadate inhibition of phosphoglucomutase. The experiment was carried
out under the conditions listed in the figure legend, with glucose 1-phosphate

present in the assay at 530uM concentration.

Trace p represents the uninhibited mutase reaction initiated after 3 minutes
pre-incubation at -25°C in the absence of vanadate with glucose 1-phosphate. in
trace b the enzyme was added to a pr?-incubanon mixture of all the reactants
except glucose. 1-p)“iosphate and vanadate. After a period of incubation the same as
in 2 above, the reaction was initiated with glucose 1-phosphate, but this time was
followed by the rap\id addition of 4ul of a vanadaie stock solution to give a fival
assay concentration of 40uM. Under these conditions the complete nmc“:‘ourse of
vanadate inhibition of the enzyme, represented by the progress curve of Trace b
can be visualized. Two disnnc; regions can be seen in this progress curve that
corres%qonq to different time separated corMponents of vanadate inhibition. The first
is a rapid inhibition by vanadate of the initial velocity whith 1s seen not to be
identica! to that of the uninhibited reaction in Trace a. The second ts a much
siower inhibition that is responsible for the gradual decrease 'n the ntial velocity
and the establishment of a finai steady state rate which 15 less than that observed

in the absence of vanadate (16% of the uninhibited rate).

Trace ¢ is the resuit of pre~incubating the enzyme in the presence of glucose
1-phosphate anc vanadate for 2 minutes at 25°C in the presence of all the
reactants except giucose-diphosphate which was used to initiate the reaction. Under
these conditions the mutiase rate staried m-mally close to zero and then increased
4over a short period of time until an inhibited rate similar to that in the progress
curve of trace b was reached. This result is consistent with the hypothesis that the
onset of the siower time dependent vanadate inhibition occurs mMoré rapidly in the

absence of glucose-diphosphate, and that the site of the inhibition i1s the free

dephosphoenzyme (E). in the progress curve of trace p gtucose-diphosphate present

16



Figure 3
The ti;'ne dependent nature of vanadate inhibition of phosphoglucomutase in the
presence of high glucose 1-phosphate concentration. Reactions contained:
0.02 U phosphoglucomutase, 0.12 U glucose 6—phosp.hate dehydrogeéenase,
20 mM Tris-Cl- at pH 7.6, 2 mM MgCl,, 0.8 mM EDTA, 0.48 mM NADP-,
0.53 mM glucose i—phosphate, 0.2 uM‘ glucose 1,6-diphosphate and 40 uM
vanadate for b) and c) in a total assay volume of 1.0 ml at 25°C.

a. The reaction in the absence of vanadate was initiated after 3 minutes

tncubation by adding glucose 1-phosphate.

b. Vanadate 4ul, was added rapidly to the already initiated mutase
reaction.
c. All the reactants with the exception of glucose-diphosphate were

incubated for 2 minutes at 25°C, after which the reaction was initiated
by adding the diphosphate to a final concentration of 0.2uM in the

assay.
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competes with the slow vanadate inhibition, and is responsible in part for the time
dependent behavior seen. It is also relevant to note that in the absence °f.,
.glucose-diphosphate the enzyme present iﬁ its stable a;tive phosphoform is capable
of turning over glucose 1-phosphate albeit at a much reduced rate (30). The

significance of this point will be appreciated later,

To Ejate, all published studies of vanadate interaction with phosphoglucomutase
have employed the same pre-incubation conditions used to generate trace ¢ in
Figure 3 (21,22,35). Clearly the above results show that under such conditions the
complete time course of the inhibition would not be seén, SO an accurate

description of the inhibition mechanism would be difficult to obtain.

Analysis of the pre-steady state interval of the inhibition

The pre-steady state interval in the progress curve of trace b in Figure 3, is
the time period foliowing the initiation of the enzyme reaction and prior to the
attainment of the inhibited steady state rate, during which the enzyme activity is
seen to decrease with time. This was only observed when vanadate was added

after the reaction had been initiated with glucose 1-phosphate.

The conditions in the assays used to generate progress curve data were such
as to avoid effects arising from substrate deﬁletion and product accumulation
(36.37). Glucose i-phosphate was kept at saturating concentration of at least
530uM. Substrate depletion was always observed to be less than 15% of this value
for instance, over the range of glucose-diphosphate and at the vanadate
concentrations used in ‘the experiment of Figure’_§. Even at 20% depletion of
"substrate of the above concentratio-n, glucose 1-phosphate would be present at 10}
times the concentration of total enzyme typically used or 12 times the Km value
under these.conditionsu NADP* as cofactor of the coupling dehydrogenase was also
kept at saturating concentrations to avoid effects arising from its depletion.
Product of the mutase reaction was trapped by the coubl'mg enzyme, glucose
6-phosphate dehydrogenase, so that product accumulation did not present a

probiem. Another important consideration is that of irhibitor depletion by the
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enzyme. Vanadate is used at concentrations in the assays of at least 20uM (total
inhibitor concentration greater than that of total enzyme present). However this maf
not be fhe concentration of the actual inhibitor. A small apparent ﬂrsx order rate
constant for the reaction of a low concentration of an inhibitor capabie of binding
tightly to-the dephosphoenzyme could cause the slow onset of inhibition seen. If
the presence of a low equilibrium concentration of a glucose 1-phosphate
6-vanadate mixed diester as the product of the ability of vanadate to rapidly
esterify hydroxyl groups, is responsible for the time dependent inhibition of
phosphoglucomutase, its concentration would approach that of the enzyme
(approximately nanomolar) and would be lowered through bir;ding to the enzyme.
However, rapid vanadate ‘esterification at the high glucose 1-phosphate and vanadate
concentrations used in these assays would serve to maintain the equilibrium
concentration of the inhibitor. Hence, whether the true inhibitor is vanadate or a
low concentration of a mixed vanadate-phosphate diester, inh@bitor depletion should

not occur.

The first order rate constant for, approach to the steady state i.e. kobs' was
determined from an analysis of the progress curve as shown in Figure 4 (38). A
line 0.D. was drawn through t=0 of the absorbance (340nm) versus time plot
parallel to the linear, steady state region of the progress curve. The abshorbance
change at time t (minutes), A { Wwas measured as the distance between the line
0.D. and the pre-steady state region of the progress curve, values of At were
obtained at several reaction times. The total change in absorbance accompanying
the attainment of the steady state rate i.e. A_ , was measured as the distance
between the linear region of the progress curve and the line O.D. which are now
paral)l‘ei. The natural logarithms of the differences between A_ and At were  then
plotted against time. The slopes of these were equal to -kobs as described In

appendix |l EQ.9b.

If al! the conditions above are met, respecting substrate depletion, inhibitor
depletion and product accumulation then the decrease in velocity during the
pre-steady state interval can also be described by the analogous equation (Eq.2)

which was derived by other workers (39):

20
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Figure 4

Analysis of the pre-steady state interval of the slow inhibition. Determination of

kobs' the apparent first order rate constant for approach to the steady state.

21
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v = Vi + (Vo_ Vl) e-kObS.t Eq. 2

where:
v = velocity at any time t
vrin velocity in the steady state
Vo= velocity at zero tirhe

kobs = the apparent first-order rate constant for the approach to the

steady state.

Equation 2 predicts that a plot of In(v - Vi) against time, should be linear with the

slope equal to 'kobs‘

The experimer;t of Figure 5 was conducted to determine the effect of varying
glucose diphosphate concentration on the time dependent inhibition, The conditions
of pH, temperature and reactant concentrations used in the assays qf, this
experirpent are listed in the figure legend. All the reactants except glucose
1-phosphate and vanadate were incubated at 25°C for 3 min_‘ut'es after which the
reaction was initiated by adding 100' ul of the glucose 1-pho£ﬁh@te stock solution
ito a final concentration of 530uM. Afteq: the almost instantaneous establishment of

a steady-state rate, 2, 4 or 8ul of a vanadate stock solution ( 10 mM, in 20 mM

Tris-Cl- pH 7.6) was added rapidly, to a final reaction volume of 1.0 ml.

Progress curves showing the time course of vanadate inhibition were obtained
over a range of glucose-diphosphate concentration. The reactions were foliowed
until a new inhibited steady-state rate had been established, j\;ldged as a linear
region in the progress curve lasting at least 5 minutes. The glucose diphosphate
concentrations used were: 0.2, 0.44, 0.73, 1.16 and 1.45uM respectively. Figure 6
shows semi-logarithmic plots of the pre-steady state data ip an experimené of the
type shown in Figure 5, from which it can be seen that the onset of inhibition
follows first-order kinetics. The plots of In (A, - At) against time (sec) are linear
over at least three half-lives, which is considered a sufficient length of time for a
reaction to have demonstrated first-order kinetics (40). The values of the apparent

first—-order rate constants (k ) determingd from the slopes of the semi-log plots

obs
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Figure 5

The effect of varying glucoee diphosphate concentration on the time-~-dependent
inhibition of pr;osphoglucomutase causéd by wvanadate at constant high glucose
1-phosphate concentration. Reaction mixtures contained: 0.021 U
phosphoglucomutase, 0.12 U glucose 6-phosphate dehydrogenase, 2.0 mM MgCl,,
0.8 mM EDTA, 0.48 mM ANADLP-, 0.53 mM a-D-glucose 1-phosphate , 20 mM
Tris-Cl- buffer pH 7.6 at 25°C, in a total assay volume of 1.0 ml. The
experiment was carried out a! three vanadate concentrations, 20uM, 40uM and
80uM over a range of Q—D'»-g|uco§e diphosphate concentration. The figure shows
representative progress curves obtained at 40uM. vanadate, in the presence of
0.44uM (@) and 0.73uM {A) glucose diphosphate.

'
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are listed in Table I, and in Figure 7 the values determined at vanadate
concentrations of 20uM and 40uM aré ptotted against giucose~diphosphate
concentration. From Tabie i and -the plot of Figure 7 it is seen that the rate
constant for approacﬁ to the steady state decreases with increasing concentration
o‘f glucose diphosphate_. At higher vangdate concentrations more glucose diphosphate
is required to reverse the inhibition, i.e. to decrease koos' The above resuits are
consistent with the ‘hypothesis that the time dependent inhibition is occurring at the
site of the free dephospho form of phosphoglucomutase, competitive \)vnth the
binding of glucose-diphosphate, it should also be appreciated that the range ¢!
reaction'half‘ times (t1/2). that correspond to the values of ko{:s lister iny Table {!
are within reach of the approximaté value expected for inhibition due to a iow
concentration of a glucose vanadate-phosphate, mixed diester, interacting in a
diffusion rate-limited step with the free dg:phosphoenzyme‘ The equilibriurﬁ constant
for/formation of the vanadate ester with the 6-hydroxy! group ‘on glucose, has beaen
determined elsa‘w:here (16) as Keq = 0.084 M. At 530 uM glucose 1-phosphate and
20 uM vanpdate"m the assay the concentration of glucose 1-phosphate 6-vanadate
[gP-V] will be 9 x 10 '* M. The forward reaction rate (vf) for the binding of the
mixed diester nhibitor to the free dephosphoenzyme (E) in th‘e absence of glucose
diphosphate 15 as foll“ows:
ve = kon[gP - V] [E] .

s
Since the concentration of the inhibitor (gP-V) remains constant, as discussed
)earlier, the reaction will be first—order with respect to. the f;ee dephosphoenzyme
(E) and have an apparent first-order rate constant of, kon[gF’-V] sec .. If the
binding step is diffusion controlled with kon = 1 x 10 M! s ! (47) the binding of
inhibitor to the dephosphoenzyme will have an apparent first-order rate constant of
9 x 10°' s ' and thus a half time (t1/2) of 8 seconds. This represents only a
’guideline value, an upper limit under the above conditions, for the half time
corresponding to kobs for approach to steady-state smce, as seen above In the
plot of Figure 7 and the results in Table Ii, the observed first-order rate constant

varies with the concentrations of vanadate and glucose-diphosphate prasent n the
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Figure 8

Analysis of the progress curve data of the experiment of Figure 5. The figure
shows semi-logarithmic plots of In (Aw - At) against time from the analysis of
the presteady-state interval of progress curves obtained at 20uM and 40 uM
vanadate over a ranée of glucose diphosphate concentration in the assays.

Glucose diphosphate concentrations used were: 0.2uM (O). 0.44uM (@), 0.73. uM (A),

1.16uM (AN V.45uM (.
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TABLE 1. Velues for kobs ©f Phosphogiucomutase inhibition derived from the
siopes of the semi~log plots shown in Figure § obtained at 20 and AOuM» : T

vanadste, as & function of varying glucose diphosphate concentration.

\f\\ ’
)
! 2 ) I
| | c |
[ g 1.6-P) ( kops 6% (s7) ; Kops 6% (s 1) ;
| uM | 20uM vanadate, ] 40uM vanadate, | ’
| u; 530uM [g-1~P) l 530uM [g-1-P) | l
! I | l
! | I l
| * | | . l
| : 0.20 | 0.0150 | 0.0239 |
{ 0.44 | 0.0092 | 0.0175 1
0.73 | 0.0061 0.0119 |
1.16 | 0.0055 0.0085 |
|
l
I

I l
| |
| 1.45 0.0038 | 0.0073 |
| l
l I

a. k is the apparent first-order rate constant of the reaction governing

obs
the time dependent inhibition of phosphoglucomutase activity.

b. {g-1-F) represents concentration of glucose 1-phosphate in the assay.
c. [g9 16-P,] represents concentration of glucose diphosphate 11 the assay.
.

30



Figure 7 .

A pilot of the kobs values from Table !l obtained at 20 and 40uM vana‘date,
against glucose diphosphate concentration. The kobs values were obtéined from
the slopes of the plots shown in Figure 6. The lines drawn represent the

calculated fit to the data points obtained at 20uM (Q) and 4GuM (@) vanadate,

using Equation 6 derived later.

4
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assay. The previous results also provide an exblanation for theaihnitia! velocity of
the mutase react'ion" starting almost completely inhibited in trace ¢) of Figure 3.
Here the pre~incubation was carried out in the absence of giucose-diphosphate but
in the presence of glucose i1-phosphate and vanadate. Ciearly under these
conditions tpe observed first—order‘ra_te cons;tant will be large and therefore the
onset of the inhibition should be fast. The above considerations show that the
pre-steady state data in the experiment of Figure 5 can be interpreted in terms of
the reaction of a low concentration of an inhibitor, which must be céipable of
binding tightly to the enzyme, giving rise to a small apparent first-order rate
constant that governs the onset of the inhibition. Here the inhibitor is the putative,
glucose 1-phosphate 6-vanadate, which acts competitively with respeci to glucose

diphosphate binding to the free dephosphognzyme.

Steady state analysis of the two time separated components of vanadate inhibition of

phosphog/ucomutase

To recapitulate, the time separated components as pointed out earlier in the

examination of Figure 3, wre: |

1. a rapid inhibition seen as the effect pfnvanadate on the initial slope of the
progress curve, and

2. a slower time dependent inhibition that results in a fiial steady-state rate
much slower than that seen in the absence of vanadate, and representéd by

the linear region in the progress curve,

in Figure 8 the model proposed to account for the steady-state behavior of
the phosphoglucomutase reaction in the presence of vanadate is shown. The scheme
is the same as that described for 't‘ﬁe mutase reaction in the model of Figure ]},
except that here vanadate is included as a competitive inhibitor acting at the level
of the free dephospho\enzyme E) Thé model of Figure 8 shows vanadate inhibition
to develop in two possible ways: via a) the reaction of a low equilibrium
concentration of glucose 1-phosphate 6-vanadate (A}), mixed diester with the free
dephosphoenzyme (E) and, b) g’sequentim route that invo!ves free vanadate (1)

reacting with the dephosphoenzyme (E), followed by glucose 1-phosphate (A)

-



»
binding to the resulting complex of the dephosphoenzyme with vanadate (El). This

route will be associated with the formation of the mixed diester on the enzyme.

Again using the "King=Altman method"” (32) a rate equation was darived for
the model in Figure 8 (see Appendix Il) in terms of which the steady-~state
behavior of phosphoglucomutase in the presence of vanadate could be adequately
explained. J;he rate equation predicted by the model in the form of the doubie
reciprocal (Lineweaver-Burke) plot showing reciprocal rate against reciprocal glucose

diphosphate concentration is as follows:

[}

1 Kmb (. (Al 1 Kma 1
= F mme (T F eme e ) et (== v 4 )L e Eq. 3
v Vm Kv Kvp [B] [A] vVm
where: o ' 7, ‘
v = initial velocity
Vm = maximum velocity
[B] = concentration glucose diphosphate
[A] = concentration~of glucose 1-phosphate

Kmb = Michaelis constant of glucose diphosphate for the free
dephosphoenzyme (E)

Kma = Michaelis constant of glucose 1-phosphate for the active,
phosphoenzyme (EP)

[I1] = concentration of free vanadate, taken to be the total concentration

in the assay

KV = inhibition constant for free vanadate as a competitive inhibitor vs.
glucose~diphosphate |

[Al] = concentration of glucose 1-phosphate 6-vanadate

Kvp = inhibition constant for the mixed diester as a competitive inhibitor

vs. glucose~diphosphate

Equation 3 shows that competitive inhibition due to vanadate acting at the free

c(ephosphoenzyme (E) will appear as an increase in the siope of a piot of
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Figure 8

Kinatic model proposed to account for the inhibition of phosphogiucomutase

activity by vanadate. The k'’s, denote specific rate constants of the steps in the

mechanism. In the model, B = glucose diphosphate, A glucose 1-phosphate,

C = glucose 6-phosphate, | = vanadate (oxyanion), Al glucose 1-phosphate

6-vanadate, EP = phosphoenzyme (active), EB = compiex of the dephosphoenzyme
with glucgse diphosphate, E = free dephosphoenzyme (inactive), EI = inhibited

compiex of the dephosphoenzyme with vanadate, EAl = inhibited compiex of the

dephosphoenzyme with glucose 1-phosphate 6-vanadate (mixed diester), EPAEPC
complexes of the active phosphoenzyme with the glucose monophosphates

(A and C) defined above.
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1/v against 1/[B]. Hence at different vanadate and constant glucose 1—>phosphate
concentrations in the assay the expected pattern of the double recfprocar plots will

be a series of lines of varying slope converging to a common vertical intercept of,

o

—- Kma 1

_— 4+ J——

(A] vm

The slopr: of the double reciprocal plot of Equation 3 is given by,

Kmb (1 [Al]
—eem (1 * mmm 4 —moo )
vm Kv Kvp

The value of [Al] in the brackets can be expressed in terms of the known

concentrations of vanadate and glucose 1-phosphate and the equilibrium constant

for formation of glucose 1-phosphate 6-vanadate, mixed diester, Keq = 0.084 M-!
This gives, . 4
Kmb (1] (1] [g-1-P]Keq
slope =  —o= (1 + —mo + e ) P
vm Ky Kvp " Ry

Summation of the terms common in vanadate concentration allows the expression

for the slope of the double reciprocal plot to be abbreviated as shown below.

Kmb [1]
slope = ———m= (1 4+ e ) Eq. 4
vm Kiapp
where:
(1] = concentration of free (non esterified)
vanadate, taken as the tota! concentration
. present in the assay.
: Kv - Kvp
Kiapp Y B e e , 7 B

Kvp + Kv - Keq [g-1-P]

and [g-1-P] = total concentration of glucose 1-phosphate

present in the assay,
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‘The slopes-of dot‘JbIe reciprocal plots of the form of Equation 3 obtained at —°
different vanadate concentrations can be analyzed in terms of Equation 4 which
predicts that a R‘eplot of slope ?’gqinst vanadate concentration will be linear and e
have a horizontal intercept of = Kia

As seen above Kia is an overall, apparent

pp° pp
inhibition constant representing the sum of the competitive effects due to free

vanadate and glucose 1-phosphate 6-vanadate present in the assay.

Figure 9 shows plots of reciprocal rate, obtained from the initial slopes of the
progress curve data of the experiment in Figure 5 against reciprocal
glucose diphosphate concentration. It is seen that the initial velocity of the mutase
reaction is subject to a rapid reversible competitive inhibition that increases with
increasing concentration of vanadate and which occurs at the level of the free
dephosphoenzyme. The rapid inhibition seen here is probably due only to
competitive effects arising from free (nonesterified) vanadate. Previous results
suggest that no significant contribution due to mixed diester present would be
expected to have deveioped in the short time interval subsequent to initiating the
reaction and adding vanadate, during which inhibition of the initiak velocity takes
place. Also, experiments described iater, Figure 12, show that the initial rate, before
time~dependent inhibition h developed éignificantly, is independent of glucose
1-phosphate concentration % the concentration of glucose 1-phosphate used in ~
these experiments. To generate progress curves the reaction was first initiated after
an incubation period of 3 minutes at 25°C by adding glucose 1-phosphate to the
reaction mixture in the absence of vanadate and replacing the cuvette in the
spectrophotometer. Once steady state had been established the chart recorder was
disengaged, the cuvette removed and an aliguot of a vanadate stock sol/ution added.
The cuvette contents were then mixed by inverting several times and finally the
cuvette was replaced in the spectrophotometer. The chart recorder was immediately
reengaged and data coliection continued. On average the time that elapsed
subsequent to adding vanadate before data collection could begin was 5 seconds.
This represents the earliest opportunity that a rate could be measured, hance the S
rates recorded from the initial slope of the progress curves in this experiment

correspond to those at t=5 seconds. The half-time (t1/2) associated with the onset
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Figure

106}

«

A plot of reciprocal rate, obtained from the initial slope of the progress curves
of the —experiment of Figure 5, against reciprocal glucose diphosphate
cbncentration, The figure shows the effect & vanadate on the initial velocity of
the phosphoglucomutase reaction, concentrations of Qvanadate prgswen.t were

20 uM (O) and 40uM (@) The inset shows g replot of slope of the above plot .._

against vanadate concentration. From the negative horizonta! intercept a value of

Ki for vanadate as a competitive inhibitor 'can be obtained, KV 37 (£18)uM.
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of inhibition due to mixed diester at a concentration of 530uM glucose 1-phosphate
in the presence of 40uM vanadate and at the lowest glucose-diphosphate
concentration use'd in the plot of Figure 9 was calculated to be 40 seconds,
determined from the data presented later in the plot of Figure 15 and the
relautionship tyo ™ 'nz/kobS' A measure of the extent to which mixed diester
inhibition had progressed in this 5 second interval toward steady state is provided
by the percentage deviation of the rates recorded at t=5 seconds from the
expected initial rate at t=0 calculated using Equation 2 given earlier and the
half-time of 40 seconds. It is found that the rates differ by approximately 9% from
that expected for the initial rate at t=0 seconds. Since the accepted limit of
allowed experimental error in rate determinations is 5% it can be seen that the
rates recorded at t=5 seconds vary by a margin of 4% outside this Iimigt. However‘r
when constructing the Iines‘in the plot of Figure 9 emphasis was placed on the
points coliected at the higher concentrations of glucosé—diphosphate eg., at the next
highest concentration of 0.73uM the ty 2 for mixed diester inhibition under the
congitions considered above becomes 77 seconds and the deviation of the rate
recorded falls to only 4% of that expected at t=0 seconds. At lower vanadate
concentration the Y0 becomes even longer. Thus inhibition due to mixed diester is
not considered to have developed sufficiently in this interval of 5 seconds to form
a contribution toward the rapigj component of .inhibition that expresses itself in this
_interval. For this reason the value of Kiapp obtained from the replot of slope
against vanadate concentration shown in Figure 9 will be equal to KV, the inhibition
con3tant for the compiex of the dephosphoenzyme with vanadate (El) in the model
of figure 8 The value of Kv determined from the replot was 37 18uM. As
considered earner,' the time dependent inhibition will progress further towards
steady state over a given interval of time at low glucose-diphosphate cc:ncentration
than will be the case at high glucose-diphosphate concentration. This implies that
the points recorded at the lowest glucose-diphosphate concentrations in Ifigure <]
shouid deviate upward, not downward from the lines in the plot as seen. The
downward deviation is rationalized in terms of contaminating glucose-diphosphate
presént in the commercial source of glucose 1-phosphate used in these studies.

The effect of this contaminating glucose-diphosphate on the initial rate is more
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profound over shorter time intervals than the inhibition due to the mixed disster,
hence the trend in the rates r;corded.

in Figure 10 are shown plots of reciprocal‘rate obtained from the siope of the
linear, steady-state region of the progress curves generated in the experiment of
figure § against reciprocal glucose diphosphate concentration. The rate measured in
this region of the progrtesséI curve is the result of the slow component of vanadaste

inhibinion, thought to be due to a tight binding complex of

glucose 1-phosphate 6-~vanadate.

The pattern seen for the double reciprocal piots of Figure 10 n the presance
of varying vanadate is as predicted above for reversible, compatitive inhibition
arising at the free dephosphoenzyme (E). As shown in Figure 11 a replot of slope

of the reciprocal plots of Figure 10 against vanadate concentration i1s hinear. having

a vertical intercept of

Kmb
vm
Kmb "1 Keq [g-1-P)
and a slope of T U T e )
s Vm . Kv Kvp

From the observed value of the replot intercept (Kmb/Vm) and the known values of

Kv, Keg and triue concentration of glucose \-phc;Sphate used in the assay ! s
possible.to determine K}D the inhibition con§gant for the complex of the
dephosphoenzyme with glucose 1-phosphate 6-vanadate mixed diester (EA!) in the
mode! of Figure 8. The value of Kvp determined from the siope of the repiot of
Figure 11 was 2.7 +0.4 x 10" M. The value of K'app obtained from the horizon!al
intercept of this replot was 0.6 +0.08 x 10 ¢* M. The ratio Kmb/Vm determined from the
vertical intercept of this replot yields a value of Kmb the same as that obtained

ffom the intercept of the corrasponding plot in Figure 9.

Ninfalli et al. (21) had earlier obtained a value of 1.0 x 10 * M from the horizontal

intercept of a replot similar to that of Figure 11 which was taken to be the
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A pier of ceciprocal ot the rate obtained from the slope of the linear, 2

steads—-state regien of the progress curves of experrments of the type shown in
Frgure 5 against reciprocal glucose diphosphate concentration. The figure show;
the effect of varving vanadate concentration on the rate of the
phosphagiucamualase reacnion a0 thys region of the progress curve,

Concentrations of vanadate consigered were: 20uM (). 40uM (@) and BO uM - {A)
Reaction mudures contamned: 0.02% U phosphoglucomutase, G.12 U glucose
G-phenphate dehvdrogenase, 2.0 mM MyCl,, 08 mM EDTA, O,QSHmM A-NADP -,

¢ 53 mN L -D-glucose t-phospbatle. 20 mM Trnis-Cl buffer pH 7.6 at 25°C, in a

tertal assa, volume of 1.0 mi
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-

A’ pr‘i‘r‘nary replot of the data in Figure 10 i.e., siope of the double reciprocal
plot against vanadate concentration : 20uM, 40u4M and 80uM. A Tinear regression
techrique was used to fit the line to the data points. From the slope of the ‘
replot a \}alue of Ki' the inhibition constant of glucose 1-phosphate 6-vanadate
as a competitive inhibitor of the dephosphoenzyme is obtained,

Kvp w 2.7 $0.4 x 10 M.

[

45



SLOPE (min)

2.0 |

—_
-

20 . 40
[LVANADATE]

46

60
(uM)

80

o



inhibition constant for free vanadate as a cdmpetitive inhibitor of
phosphoglucomutase (rabbit muscie). in Ninfalli's study (21) the enzyme had been
pre-~incubated v;ith vanadate in the presence of 250uM glucose 1-ph<‘)sphate.' For
this reason the full time course of inhibition was pot appreciated (see/trace ¢ of
Figure 3) and the value of 1 x 10-¢ M obtained really represents the apparent

inhibition constant Ki, as defined with Equation 4.

pp’

|

The relationship of the Kia values determined at these two concentrations of

pp )
glucose 1-phosphate, provides support for the identity of the inhibitor responsible—

for the time dependent inhibition as an equilibrium concentration of

glucose 1-phosphate 6-vanadate.

The value of Kia determined from the steady~state anaI;/sis of the linear

Pp
portion of the progress‘ curves at a given concentration of glucoSe 1-phosphate
corresponds to the concentration of vanadate at which the egquilibrium concentration

of mixed diester approaches a value equal to Kvp. A comparison of the values
determined above for '&y and Kvp shows that the compiex of

glucose 1-phosphate 6-vanadate is bound a factor of 10¢ times more tightly to the
dephosphoenzyme than free (nonesterified) vanadate. As a résult of the large
diffgrence in the magnitude of these inhibition constants the meaning of Kiapp in
equation 4 will vary depending on which region of the progress curve is considered

in the steady-state analysis.
¢ A\

The results obtained so far do not provide conc[usive proof of the slow time
depend@mt inhibition ariéing from the reaction of a low concentration of a tight
binding inhibitor (mixed diester) with the free' dephosphoenzyme. The inhibition
¢9u|d also arise from the rapid binding of the inhibitor components, i.e., vanadate
and glucose 1-phosphate separately, as considered by the sequential pathway in the
model of Figure 8. Once these components are bound, a rate determining ’
conformational change‘ in the dephosphoenzyme, resulting in a tighter association
. with the mixed diester may control the siow onset of inhibition. In this case it

might be expected that the rapid inhibition seen as the effect on the initial velocity

of ‘changing vanadate concentration shouid also be sensitive to changes in the
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concentration of glucose 1-phosphate.

The experiment of Figure 12 was conducted to test this possibility. The
concentratior;s of reactants used are listed in the figure legend, experiments Ware
carried oaut at concentrations of glucose 1-phosphate of 75uM and 150uM in the
presence in each case of 20uM and 60uM vanadate. Initial rates were coliected
over a range of glucose diphosphate concentration as shown. All the assay
components including vanadate but not glucose 1-phosphate were incubate;d for 3
minutes at 25°C prior tq initiating the reaction with substrate. At the higher
concentration of glucose 1-phosphate used in this experiment, in the presence of

.40uM vanadate and Q.44uM glucose-diphosphate the half-time assocjated with the

° onset of inhibition due to mixed diester was 120 seconds. For this reason effacts

due to the slower component of‘mhibition on the initial rates measured from the
spectrophotometric trace, ware not considered to be significant in the intarval of 10
seconds that elapsed before a rate measurement could be made. In this mterval
mi_xed diester inhibition would have advanced only 6% of the way toward steady
state. The pattern seen for the double reciprocal plots in Figure 12, is‘ again es
predicted (see Equation 3) for reversible competitive inhibition occurring at the free
dephosphoenzyme. The- downward deviation of the rates recorded at low
glucose-diphosphate concentration in the plots of Figure 12, is ascribed to the
presence of uontami‘n'ating glucose-diphosphate present in the commercial source of
glucose 1-phosphate used in these studies as discussed earliebr. In the absence of
effects due to the siow inhibition, the slopes of the reciprocal piots of Figure 12

in the presence of rapid, competitive inhibition due to both glucose 1-phosphate

and vanadate are described by analogy with Equation 3 above as follows:

Kmb , M [g-1-P]
slope = ————w (1 4 e 4 e ) Eg. 5
vm Kv Kgip
The terMms in Equation 5 are as defined earlier except for K which is included n

glp’
this analysis to represent the inhibition constant for glucose 1-phosphate reacting

with the free dephosphoenzyme. Equation 5 predicts that the negative horizontal

intercept of a replot of slope against [I] (vanadate concentration in the assay)
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The e_ffect of varying glucose 1-phosphate concentration on the rapid, initial
component of vanadate inhibiiinn of pkhousphoglucomutase. Reactions contained: 20
mM Tris-Cl pH 7.6 at 25°C, 0.034 U phosphoglucomutase, 0.20 U glucose
6-phosphate dehydrogenase, 2 mM MgCl,, 0.49 mbd J3-NADP-, and 0.81 mM £DTA
in a final volume of 1.0 mi. The experiment was carried out at concentrations of
glucose Il-phosphate of 75uM and 150uM.‘The figure shows plots of reciprocal
rate against reciprocal glucose diphosphate concentration, obtained at the above
two concentrations of glucose 1-phosphate in the absence of vanadate (). and

in the presence of vanadate at 20 uM (@) and 60 uM (A
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Ki_ - will be equal to,

app
[g-1~P] -
Kv (1 + e . %
Kgtp
Hence Kiapp should become larger as the concentration of glucose 1-phosphate‘

present increases, Ciearly from the values obtained for this intercept from the
replots shown in Figure 13 of 34.9 +4.6 x 10-¢ M~and 37.3 £1.9 x 10°¢ M at 75uM
and 150uM glucose 1-phosphate respectively, it can be' seen that the effect on
Ki of doubling the glucose 1-phosphate concentration was not significant. It is

app \
also important to note that these values of Ki are the same as that obtained

app

earlier for KV at 530 uM glucose 1-phosphate (p.43), from the intercapt of the
replot shown in Figure 8. The initial velocity of the mutase -reacfwn from the
results of the last experiment decreased with increasing concentration of vanadate
but was independent of glucose 1-phosphate at the twb concentrations used. Such
a response of the initial velocity would not be expected for inhibition due to a low
concentration of a tight binding, mixed vanadate-phosphate diester. Claarly this
represents a separate, rapid component of inhibition due to free v(nonesterifigd)

vanadate acting competitively with respect to glucose diphosphate at the free .

dephosphoenzyme.

The experiment of. Figure 14 was pefformed to determinethe effe‘ceﬂt of varying
glucose 1-phosphate concentratior* on the observed first-order rate constant (kobs)
of the slow inhibition. Progress curves were obtained in the samc¢ manner, with
reference to considerations of substrate and inhibitor depletion and also product
accumulation and under the' same experimental conditions of reactant concentration,
pH and temperature as’thosé of the experiment in Figure 5, except that here
glucose 1-phosphate concentration was varied at constant vanadate concentration of
40 uM in the assay. The experiment was performed at two different concentrations
of glucose diphosphate which were held constant in each case at 0.44 uM and
0.73 uM respectively. The analysis of the presteady-state interval as described in Figure
4 yiélded the semi-logarithmic plots of In (A, - ;At)'against time shown in

Figure 14. From Figure 14 it can again be seen that the observed rate of the slow
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Figure 13

Primary replots of the data in Figure 12, The slopes of the double reciprocal
plots obtained at the two concentrations of glucose 1-phosphate used of .
75uM (@) and 150uM (A), are plotted against vanadate concentration at 20uM
and 60uMM.
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SO

Figure, 14

The effect of varying glucose 1-phosphate concentration on k i.e., the

»

obs:
apparent first-order rate constant of the time dependent inhibition. Reaction

mixtures contained: 0.02 U phosphoglucomutase, 0.12 U glucose 6-phosphate

dehydrogenase, 2.0 mM MgCl, 0.8 mM EDTA, 048 mM 3-NADP-, 20 mM Tris-Cl-

pH' 7.6 at 25°C, and the indicated concentrations of vanadate and
glucose-diphosphate in a total volume of 1.0 ml. Concentrations of glucose
1-phosphate used were: 0.53 mM (@. 2.8 mM (N, 1.06 mM (A), 1.48 mM (O
212 mM (l,‘2.38»mM () and 3.18 mM (). The figure shows the semi-iog
plots” of In(A_ - A) against time (sec) obtained at glucose-diphosphate

concentrations of 0.44 yM and 0.73 uM respectively.
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inhibition follows first-order kinetics. The values of the apparent first~order rate

constant {k ). obtained from the siopes of the semi-log plots, are listed in

obs

Table Ili: In Figure 15 the values of Kob determined at 0,44 uMm

s _
glucose-diphosphate and 40 uM vanadate are p}oﬁed“xagm'nst gtucose Y-phosphate ' D

concentration.

-,

-Table i1l and the plot of Figure 15 show that the value of ko becomes

bs
targer as the concentration of glucose 1-phosphate in the assay is increased. it can
also be seen that higher concentrations of 'glucose—ai’phosphate tend to decrease the
value of kobs i.e., oppose the onset of the slow inhibition. The dependence of

k on glucose 1-phosphate and vanadate concentration suggests that the time

obs
dependent’ inhibition is a product of both species acting together at the level of the
free dephosphoenzyme (E). This supports the previous analysis of the steady-statg
;-
data in the linear region of the progress curves, based on a rmodel that accountsy

for the strong inhibition being due to a compiex of glucose 1-phosphate 6-vanadate

2 the depéosphoenzyme.

To summarize the above observations, vanadate inhibition of the nitial
velocity of the m(nas'e reactioq occurs independently of glucose 1-phosphate
corJ\centration and yet, giucose 1l1-phosphate and vanadate together have an essental
role in the time dependentuinhibition . These results can be rationalizedSQp terms of
the reaction of a low equilibrium concentration of giucose 1—phosphat:a 6-vanadate,
capable of binding tightly to the free dephosphoenzyme, being rect»onsible for the

slow onset of the strong inhibition as considered in the model of Figure 16.

Figure 15 aiso shows that kob approaches a Iimiting value at high

s
concentrations of glucose 1-‘phosphate. in the absence of a particular feature of the
mutase‘ reaction i.e., the infrequent appeardnce of the free dephosphoenzyme and
glucose diphosphate (30,31) such a trend in kobs would not be expected for siow
inhibition due to a low concentration of a tight binding

glucose 1-phosphate 6-vanadate mixed diester. At the high concentrations of |
glucose 1-phosphate used in the experiment of Figure 14 the results are rationatized I

in terms of the inhibitor (mixed diester) binding to the dephosphoenzyme with an

*
58




TABLE i1l: Values for kobs of phosphoglucomutase inhibition derived from the

siope of the semi-log plots of Figure 14 obtained at 40uM vanadate in the ) o

presence of O.4é‘”uM and 0.73uM glucouse diphosphate, as a function of glucose

p T ————

t-phosphate concentration. ~

I | I | ’ I

I [9-1-P] , l kobs 6% (s I kobs 6% (s7) . I r

40uM vanadate,

0.73uM [g 1,6-P)]

40uM vanadate,

0.44uM [g '1,6-P,)

(mM)

I | | I
| I | |
| I I |
| | | I
I | | I
| 0.27 I 0.007 | - I
| 0.53 | 0.018 | 0.009 |
| “ 079 | 0.025 | 0.014 | ]
| 1.06 | 0031 | 0.017 L
| 1.48 | 0.038 | ———— N
| 2.12 | 0.041 | 0.029 |
| 2.38 | 0.047 I - |
| 3.18 I | 0.042 |
| | l I
| | I | f
a. [9-1-P] 'is the concentration of glucose I—phosphate present in the‘
assay. a

b. [g 16-P,) represents glucose diphosphate.
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Figure 15

A plot of the kob"s values from Table |il , obtained in the presence of 0.44uM
giucose diphosphate and 40uM vanadate, against glucose 1-phosphate
concentration. Data for this plot were obtained from the anaiysis of results of

-

the experiment described in Figure 14.
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apparent first order rate constant approaching closaely that with which the free
dephosphoenzyme appéars off the main mutase'reaction path. But for this feature -
of the mutase reaction kobs would be expected to vary as a linear functicn of

glucose 1-phosphate concentration.

In Figure 16 is shown the model proposed to account for the slow inhibition
in terms- of a low equilibrium concentration of glucose 1-phosphate 6-~vanadate i.e.,
the rate limiting binding of inhibitor to the dephosphoenzyme'. From this. mode! an
expression ‘can be derived for kobs that predicts the dependence of this apparent
first order rate constant upon the. concentration of glucose 1~phosphate, vanadate
and glucose diphosphate present in the assay. The expression for kobs 1s shown as .
follows (the derivation of the expressicn is given in Appendix i11):

0‘\‘\
k, Kds [T] + K,
k [S] ) E 6
b T e ——— q.
ons 1+ [T “

where, |
[T] = equilibrium concentration of glucose 1-phosphate 6—vanadéte
[S1 = concentration of glucose dibhosphate, substrete of the( free
dephosphoenzyme R
de = taken as the Krr\1 for glucose diphosphate (using the value
determined in this study).
k, = the bimolecular association rate constant tor the mixed diester (T)
binding.to the free dephosphoenzyme (E) «
k, = the unimolecular dissociation rate constant of the inhibited complex
of déphosphoénzyme-glucose 1-phosphate 6-vanadate (ET).

k, = the bimolecular association rate constant for glucose diphosphate (S)

binding to the dephosphoenzyme (E).

In the experiment of Figure 14 the effect of changing glucose 1-phosphate

rati
concentration on kob

g Was examined., At the concentrations of glucose diphosphate
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Figure 16

A proposed simpie mechanism to account for the siow onset of inhibition of
phosphoglucomutase , in terms of the reaction of a low, equilibrium concentration
of glucose 1-phosphate 6-vanadate (T). in the figure, ES = complex of the
dephosphoenzyme and glucose diphosphate. E = free dephosphoenzyme, ET =
cc;mplex of dephosphoenzyme and tightly bound‘T, k = specific rate constants of
the individual steps of the reaction, S = glucose diphosphate, substrate of the

dephosphoenzyme,
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emplc;yed S Kmb, the ‘apparent first-order rate constant (kobs) is expected to be
largely a function of the inhibitor binding steps shown in Figure 16. As the
concentration of glucnse 1-phosphate is increased so will the concentration of the
mixed diester inhibitor (T). Hence the pseudo first-order rate constant k, [T] for the
association step becomes large with respect to k, (k, must be by necessity small
to account for tight binding) and is assumed to form the major contribution overall

to k For this reason, in Equation 6 k, is dropped and the equatiorn used to

obs’
analyze the data of this experiment becomes,

~e= B mmee—eee t e Eq. 7

The terms in Equation 7 are as defined before e)xcept for k, which is the specific
rate constant for the step in the model of Figure 16 that involves dissociation of
glucose diphosphate and the free dephosphoenzyme off the main mutase pathway.
Equati%n 7 predicts that under the above experimental conditions and taking account
of the.asvs'umptions made, that a plot of (kobs) - against [T]-! will be linear héving

a slope of:

—e — — ——— —

r
In Figure 17 is shown'a plot of (kobs) "1 against [glucose 1-phosphate]-! obtained
from the analysis of the data generated in the experiment of Figure 14 in terms of

Equation 7, except that here the siope of the plot is given by

————— T

k, Kds Keq [!]
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where: )
Keq = the equilibrium constant for vanadate ester formation at the
6-hydroxy! group on glucose 1-phosphate
[1] = concentration of free .vanadate in the assay, which is taken to be

the total concentration present,

The slope of the plot increases at higher glucose-diphosphate concentration as
predicted by Equation 7. From the measured value of, the slope of. this plot and the -
known values for [S], Kyo. Keg and (1] all as defined earlier, a value for k, the
association rate constant for the inhibitor binding s‘teﬁ‘g)in the modei of Figure 18,

can be calculated. »

The values determined from the slope of the plots in Figure 17 obtained at
concentrations of 0.44 and 0.73 uM glucose-diphosphate were:
8.3 £0.9 x 10¢ M-t s-t and 6.2 £0.7 x 10* M ! s-! respectively. As can be seen both
values are ciose enough to almost be within a8 single standard deviation of each
other, hence the average of these values is taken as the closest estimate of the

association constant k, ard is equal to 7.3 1.2 x 10¢ M-! s},

From the vertical intercept of the same piot a value for k, (defined above)
was obtained equal to 7.9 0.5 x 10-? s-L. The half-time that corresponds to k,, for the
dissociation of glucose~diphosphate from the dephosphoenzyme is 8.7 seconds.

Since phosphoglucomutase has a turnover number (k value) of 10’ s'! it can be

cat

- seen that the free dephosphoenzyme will appear with a frequency of

Tx10%s! /79 x 102 st = 13 x 10* turnovers per dissociation. The above
results support the previ(:us exp{lanation for the trend in kobs values seen in the
plot of Figure 15 as a function of glucose 1-phosphate concentration i.e., a change
of the rate limiting step, from ‘t-he 'bind,i‘ng of inhibitor to the free dephosphoenzyme
to the rate limiting dissociation of glucose-~diphosphate from tuhe dephosphoenzyme
at high inhibitor concentration. At the concentrations of mixed diester attained in

this experiment the pseudo first order rate constant for the inhibitor association

step can approach values close to that of k, above (see later).

~
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Fiqure 17

A plot of (k ) ' against [g-1-P] ' obtained from the analysis of data of the

obs
experiment in Figure 14, in terms of Equation 7 in the text. The figure shows

the plots obtained. at 0.44uM (@) and 0.73uM (A) glucaose diphosphate.
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The value for k,, the rate constant of the inhibitor dissociation step can be

caiculated from progress curve data obtained in this study using a previously

established relationship (4243) in which the slope of the linear, steady-—state region

is given by,

L}

Vi

rearranging

where,

v, = inhibited velocity in the steady state

Vo T initial vellocity in the absence here, of effects due to the mixeu
diester inhibitor

kobs
inhibited steady state.

= the observed first order rate constant for the approach to the

Using Equation 8 ar»;d the values determined for Vo Vi and kobs from the
progress curves generated under the conditions of the experiment described in the
legend to Figure 14, a value for k, was obtained equal to 3.3 0.6 x 10-* s'% The
ratio of this k, value, to that determined for k, above gives the dissociation
constant Kvp for the inhibited complex of the dephosphoenzyme with
gtucose 1-phosphate 6-vanadate. From the ratio k,/k, a value of 4.5 1.1 x 100! M
was obtained for Kvp which is close to the value determined earlier from the
steady state analysis of the data in Figure 10 where KVp was found to equal
2.7 £0.4 x 10°'" M. The values determined for the rate constants k, and k, using
the data from the experiment described in the legend to Figure 6 and the plot
obtained in the presence of 20uM vanadate and 530uM glucose 1-phosphate wers;
k, = 7.9 £0.7 x 10* M* s and k, = 49 1.7 x 10-' s-I. The ratio of these two
values k,/k, gives an estimate of KVp equal to 6.2 2.2 x 10-1* M. At 530 uM

glucose 1-phosphate, 40 uM vanadate and 0.44 uM glucose-diphosphate, and taking
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de as equal {o Kmb (defined previously) the k, term in the numerator of Equation
6 on p.63, k,de[T]/[S] = 2 x 10°? s°! is a factor of 10? greater than the values of
k, determined above. This calculation shows that dropping k, from Equation § in

analysing the results of the experiment of Figure 14 was justified. Under the above

conditions, th pserpdo first-order rate constant of the inhibitor association step in

-

£

£

the model of Figlre 1ﬁ approaches closely the value of k, (defined earlier) equal to
. P
7.8 +0.5 x 10? s-l.//’

The effect of glucose on vanadate inhibition

The experiment of Figure 18 was carried out to detarmine the effect of added
glucose on vanadate inhibition of phosphoglucomutase. Conditions of reactant
concentration, temperature and pH used in the experiment are detailed in the figure
legend. The experiment was carried out at three different glucose concentrations of
1.3, 2.6 and 5.3 mM respectively in the presence of 40uM vanadate which was held
constant throughout. Rates were coliected over a range of glucose diphosphate
concentration as—showr "All the reactants except glucese 1-phosphate were
incubated for 3 minutes at 25° C prior to initiating the reaction with the substrate
which was held constant at 100 uM. Control reactions were carried out to
determine tr:e extent of vanadate activated glucose oxidation catalyzed by the
coupling dehydrogenase of the assay system. Only at the highest glucose
concentration, i.e. 5.3 mM was an additional background rate seen. This activity
represented approximately 2% of the recorded mutase rate, at the lowaest

0

concentration of glucose diphosphate used. Since the additional activity fails withun

the accepted limit of allowed experimental error (x5%) it could be safely jgnored.

The doubie reciprocal plots of Figure 18 show a mixed pattern of compeuitive
and noncompetitive inhibition. Increasing glucose concentration in the presence of
constant vanadate caused enhanced competitive inhibition at the level of the free
dephosphoenzyme as indicated by the increased slope of the 1/v against 11/[81
plots. The non-competitive component has its effect on the vertical intercept of
these plots which becomes larger as the concentration of glucose in the reaction

mixture increases and is considered to be the result of inhibition occurring at, the
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The eflect of added glucose’ on vanadate mhnb»g{on of phosphoglucomutase.
Reactions contaned: I mM MgCl, 049 mM :-NADP- 0.80 mM EDTA. 0.0dy o

phosphoggomutase, 076 U glucose 6-phosphate dehydrogenase. 2) mM Tris-Cl

pH 76 a1t 25°C 0 a total volume of 1.0 mi. The figure shows a plot of

reciprocal rate acainst regwprocal glucose-diphosdhate concentration obtained  in the

presence of 400N vanapStel and at three concentrations of glucose, 1.3 (@).

26 (&) 53 ) mMm roespecthively . An “uminhibited tine obtained in the absence of

glucose amvd canadate s also shown (O} i
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active phosphoenzyme, - ' N

A

No presteady-sgate phase was observed in these experiments. it was therefore

4

conciuded that binding of glugom 1-phosphate 6-vanadate to the dephosphoenzyme -
did not contribute sigriificamly to the inhibition observed in these experiments. The
half-time (t1/2) associated witn the onset of inhibition ascribed to binding of
glucose 1-phosphate B—VWE to the dephosphoenzyme at the concentration of
glucose 1-phosphate used hare, in the presence of 40uM vanadate and 0.44uM
glucose diphosphate is 198.0 seclonds determined from the data presented in the
plot of Figure 15 and the rewlationship' t1/2= ln2/kobs, Rate maasurerhems on
average were made 15 seconds after initiation of the reaction, in addition to mixing.
time this interval includes. that taken for steady-state to be reached and represents
the earliest opportunity that a rate could be measured from the spectrophotometric
trace. The percentage deviation of the rates recorded at.t==15 seconds from the
expected initial rate at .t=0 calcuiated for a halftime under the above conditions of
198.0 seconds using Equation 2 earlier, provides a2 measure of the extent to which
mixed diesAter inhibition has progressed in this interval towards steady-state. It was
found that the rates recorded at t=15 seconds differ by approximately 7% from the
value calculated for the initial rate at t=0 seconds. Since the accepted |limit of
allowed experimental error in rate determinations is +5% the recorded rates are
seen not to vary significantly from the calculated initiél rate. Hence inhibition due
to mixed diester under the conditions used here is considered not to have

developed sufficiently in this interval of 15 seconds to form a contribution toward

the component of inhibition that has its effect on the sllope of the plots in Figd%

< 18 and which expresses itself during this time.. The enhancement of vanadate

P

inhibition by glucose at the daphosphoenz;'me was rationalized in terms of =an

additional rapid componant arising from vanadate esterification ot glucose producing

a glucose-vanadate ester. Though both the glutose 1-vanadate and glucose |

6-vanadate esters will be present, the analysis of these results is considered only -
in tarms of the more favoured giucose 6-vanadate ester (cf. Keq of 17.2 at 25°C,

pH 7.0 in the pre%ence of 25mM Mg’ for o-D-glucose 6-phosphate/a-D-glucose

1-phosphate (251There is no documented evidence that phosphate esters at the 2, 3
R

-
e
. »
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and 4 positions on glucose act as substrates or inhibitors of the enzyme and as
such the behaviour of the corresponding vanadate esters, which are aiso likely to

be present is uncertain.

Previous studies (18,20) have shown that both arsenate and vanadate esters of
glucose are capable of acting as substrates in the phosphoglucomutase reaction.
The noncompetitive inhibition detected .in the vertical intercepts of the plots shown
in Figure 18 was rationalized in terms of the ability of glucose 6-vanadate to sarve
as substrate for the active 'phosphoenzyme (EP), resuiting ultimately in rhe
formation of the inhibited complex of the dephosphoenzyme and tightly bound
glucose 1-—phbsphate 6-vanadate. In the absence of effects arising from the siow
inhibition due to mixed diester acting at the free dephosphoenzyme, the reaction of
g.lucose 6-vanadate with the phosphoenzyme (EP) is considered to represent the
only path under these exp’erimentafl‘condmons‘ﬂby which the complex ot the
dephosphoenzyme and tightly bound mixed diester is generated‘. Frgure 19 shows
the mode! proposed to account for the steady-state behavior of the
phosphoglucomutase reaction in the prese?e of giucose and vanadate. ;in the model
inhibition is considered to occur at two levais: )

a. at the fice dephosphoenzyme (E) whare the rapid components of
inhibition due to free vanadate () and glucose 6-vanadate (D) take place
competitive with the binding of glucose-d{phosphate (B). and )

b. at tf\e active phosphoenzyme (EP) where the reaction of glue)o“se )
-6~vanadate (D) competitive with the glucose monophosphate substrates

. (A or C), resylts in the formation of the inhibited complex of the
Oephosphoenzyrr;e with giucose 1-phosphate 6-vanadate (mixed dse:ster),

(EAL) in the model. -

Using the "King-Altman method” (32) a rate equation was dearived for ;he
model in Figure 19 (see appendix (V) in terms 67 which the sieady-state behavior
of phosphoglucomutase in the presence of inhibition due to vanadate and’ glucose
6-vanadate could be explained. The rate equation predicted by the model expressed -
in the form of the double raciprocal (Lineweaver-Burke) plot,;showing reciprocal h

rate against reciprocal glucose-—diphosphaten concentration [B] is as follows:
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Figure 19

Kinetic model proposed to account for the effect of glucose upon the inhibition
of phosphoglucomutase activity by "Qan§date. The k's denote spsecific rate
constants of the steps 1n the mechanism. In the modei, B = glucose diphosphate,
A= glucose 1-pnosphate, C = glucose 6-phosphate, | = vanadate, D = glucose
6-vanadate, EP = pr{ésphoénzyme. EB = complex of the dephosphoenzyme wugh
glucose diphosph;te, E = free dephosphoenzynfe, El = inhibited complex of the
dephosphoenzyme with vanadate, ED = inhibited compiex of the dephosphoenzyme
with glucose 6-vanadate, EAl = inhibited complex of the dephosphoenzyme with
glucose 1-~-phosphate 6-vanadate arising from the reaction pf glucose 6-vanadate

(D) at the phosphoenzvme (EP). EPA’ EPC = complexes of the active

phosphoenzyme with the glucose ménophosphates (A and C) defined above.
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1 Kma [giu][i)Keq 1 Kmb (N (D] 1
e = [ mmmm (1 e ieee Y+ B ). = e (14 S5 4 mal ) -
v [A) A Kgv* vm vm 1 Kv Kgv B}

The terms in Equation-_S_ above are as defined previously exbept for:
[giu] = concentration of glucoss® present in the assay
Keq = the equilibrium constant for formation of glucose 6-vanadate
(D] = the equilibrium concentration of glucose 6-vanadate, at the

concentrations of glucose and vanadate used in the assay and is given

&

by [glu][i]Keq .

’ Kgv® = inhibition constant (i.e. Ki )} for glucose 6-vanadate as a
competitive inhibitor of the phosphoenzyme (EP)
Kgv = inhibition constant for glui:ose 6-vanadate as a competitive

inhibitor at the level of the free dephosphoenzyme (E)

in the absente of effects arising from the slow inhibition as considered
earher, Equation 8 shows that the slopes of réciprocal 1/v against 1/[B] plots such
as those of Figure 18, in the presence of competitive inhibition due to vanadate (|)
and glucose 6-vanadate (D) acting at the free dephosphoenzyme (E) will increase

with higher glucose and vanadate concentrations as follows:

Kmb Mm [glu][i]Keq
slope = ~—eae (1 + mmoe e ) Eq. 10
- Vm Kv Kgv
s
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Rearranging, Equation 10 becomes,

Kmb 1 Kmb Kea[]iglu]

slope = ——=== (1 + —cme ) 4 ccmmm o : Eq. 11
vm Kv Vm Kgv S

As shown in Figure gg and predicted by Equation 11 a replot of siope of the
reciprocal piots of Figure 18 against glucose concentration at constant vanadate is

linear having a siope of:

Vm Kgv
and a vertical intercept of:

Kmb (n

—— (1 + ma)

Vm Kv

Kmb/Vm, can be obtained from the slope of the reciprocal plot in Figure 18 seen in
‘ the absence of inhibition due to vanadate and glucose 6-vanadate, with this value
and that for Keg = 0.084 M ! and t.he known concentration of vanadate used in the
assay [l]. ng can be found from the slope (:,f the replot. The value for ’ng Le.,
.‘fthe inhibition constant for the complex of dephosphoenzyme with glucose
6-vanadate, (ED) in the model, was caiculated to be 3.9 +04 x 10* M. From the
replot intercept the value of KV was determined to be 46 *7 x 10+ M. {t can be
seen from these results that the addded presence of glucose enables vanadate in the
form -of its glucose‘ 6-vanadate ester to bind to the free dephosphoenzyme a factor
of 10* ti}nes more tightvly than nonesterified vanadate. Large apparent first ord‘er
rate constants for the inhibitor association step at the concentrations of giucose
6—vanadate-alikely to appear at the values qf glucose concentration used in this
experiment plus a larger_ off rate constafit would account for the faster onset of
inhibition and the absence of slow time dependent effects, Hence the sensitivity _
which is seen in the response of the initial velocity of the mutase reaction to

changes in the glucose concentration.
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A primary replot of the data in Figure 18 i.e., slope of the double reciprocal
plots Bgainst glucose concentration: 1.3mM, 2.6mM and 5.3mM . A linear
regression technique was used to fit the line to the data points. From the slope
of the replot a value. of Ki i.e., the inhibition constant for glucose 6—vanadatevas
5 competitive inhibitor of the free dephosphoenzyme is obtained,

K .= 39 104 x 10° M.
gv
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in*terms of the model shoWn in Figure 19, Abinduing of glucose 6-vanadate to
the phosphoenzyme (noncompetitive vs, glucose-diphosphate) is predicted to be
manifested as an intercept effect in the plots shown in Figure 18. From Equation 9
given earlier, this. effect can be analysed quantitatively in terms of Equation 12 for

the vertical intercept of a plot of 1/v against 1/[B].

Kma [giu][l]Keq 1
intercept = [ ——== (1 + ——emeeeu-- Y+ 8] . —=——- Eq. 12
[A] Kgv®* vm

Equation 12 shows that at constant vanadate and non-saturating glucose

1-phosphate concentrations, the effect of increasing glucose concentration will be

to increase the value of the vertical intercept. Rearranging, Equation 12 becomes:

Kma 1 Kma Keq [l]{glu]
intercept = ((==== + f ), ceee + cmmem——————— - Eq. 13
(A] vm [A] Vm Kgv*

As shown in Figure 21 and predicted by Equation 13, a replot of intercept against
glucose concentration, at constant vanadate and non-saturating glucose 1-phosphate

concentrations, is linear having a slope of:

Kma Keq [!]

( [A] Vm Kgv*

and a vertical intercept of,

Vm, can be obtained from the replot intercept and the known values of Kma and
the concentration of glucose 1-phosphate ([A]) used in the experiment. With these
values and that for Keq = 0.084 M'! and the known concentration of vanadate [I].
Kgye can be found from the slope of the replot. The value of Kgye the inhibition
constant for glucose 6-vanadate as a competitive inhibitor of the active




Figure 21

A primary replot of the data in Figure 18 i1.e., ntercept of the doubtle reciprocal

plots against glucose concentration: 1.3mM, 2.6mM and 53mM. A linear

ragre.ssion technique was used to fit the hne to the data pomnts. From the siope

of the replot a value of Ki' thre inhibition constant for glucose 6-vanadate as a
# competitive inhibitor of the bhosphoenzyme 1s obtaned

Kgye = 2.4 303 x 107 M.
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[ médels shown in Figures 8 and 19 K
=/

phosphoenzyme was calculated to be 2.4 0.3 x 10-°* M.

The favourable thermodynamic pull of the reaction that leads to the genaration’

of tightly bound mixed diester on the dephosphoenzyme is considered 1o ba what
enables glucose 6-~vanadate to act competitively; with respect to glucose

1-phosphate binding at the phosphoenzyme. The meaning of the value determined
for ng. and what it implies about the cataiyrc mechanmism of the normal mutase
reaction (i.e. the feature that enables glucose 6-vanadate inhibition at EP) can be

obtained from a consideration of the thermodynamic scheme presented n Figure 23

and what is known about the substrate binding site of the dephosphoenzyme.

F:gure 22 shows the thermodynamic box used to interpret the value of K gve in
terms of the mechanism proposed for ’glucose 6-vanadate as a compatitive mmbator
of the phosphoenzyme (EP). The top Iinﬁ and right-hand side of the box show the
reactioﬁ of giucose 6-vanadate with EP leading to the formation of the ishibited
compiex of the dephosphoenzyme and tightiy bound mixed diester (ED*g1P 6V). The
bottom line of the box shows the reaction involved in the inhibition caused by
binding of glucose 1-phosphaje 6-vanadate to the dephosphoenzyme to yield the
same dead-end complex. The left-hand side of the box completes the
thermodynamic cycle, and makes it possible to determine whether the Ki values
corresponding to the two modes of inhibition are consistent with the value 01; K,.
which can be estimated as described below. The standard free energy of hydrolysis
of EP has been estimated at -1.0 kcawl mol ! at pH 7.5 and 25°C (44), and under the
same conditions the standard free energy of gilucose 1-phosphate formation from
glucose and phosphate has been estimate‘at +4.2 kcal mol ' (45). If it 1s assumed
that the standard free energy of formation of glucose 1-phosphate 6-vanadate from
glucose 6-vanadate and phosphate is also +4.2 kcal mol-!, then the standard free‘

nergy corresponding to K, is =3.2 kcal mol-!, and K, = 2.3 % 10“ ln terms of the
=K, . K, =24 203 x 10° M, and

gv
Kvp = K, = 27 £0.4 x 10''* M. The thermodynamic cycle shown in Figure 22
requires that K, = K, K, / K, = 0.89 x 10% This vatue i1s reasonably closg (o the
value for K, calculated as described above from published values of the free

energies of hydrolysis of the phosphoenzyme and glucose 1-phosphate. This
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Thermodynam:c box used 1o interpret the value Pf ng, n terms of a possible
;nechanism for glucose 6-vanadate as a competitive nfubitor of the phosphoform
of phospﬁog'luG?/m'_qﬂlase, In the scheme, EP = phosphoenzyme, V = vanadate,
p6-V= gt;Jcose 6-vanadate, g1P 6V = glucose 1-phosphate 6-vanadate,

E = dephosphoenzyme, ED.gIP 6V and ED®.g1P BV represent isomerizing complexes
of the dephosphoenzyme with bound mixed diester, the latter complexulhe one n

which mixed diester 1s bound tightly, stabilized as a transition state anaiogue
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agreement is about as close as can reasonably be expected for a comparison of
this ®ort, and it supports the mode! used to rationalize the resulis of the inhibition

studies reported here.

. O —

Evidence from- earlier studAies had poirited toward the existence of two
in_tfinsic»ally different phdsphoryl group binding subsites ‘being present on the
dephosphoenzyme. ,Puf)lished results have shown that a single strong phosphate
binding subsite is common to both fhe phogpho and dephosphoforrﬁs of .
- phosphoglucomutase with an additiohal substantially weakér phosphate binding
.subsite present on the dephosphoenzyme cdnsidered to be the site at which ‘
phosphoryl transfer takes place (4647). The presence of two phosphq;yl group
binding subsiteé, only one of which has the ability ‘to transfer a phoSphoryI group
to the enzyme, supports the earlier proposed "Exchange"” hypothesis in which‘“two
different compliexes of the dephosphoenzyme with giucose 1.6-diphos’6ﬁaie appear
on the reaction pathway. Iin one of these complexes transfer of the 6-phosphoryl
group of glucoﬂse—diphosphate to the dephosphoenzyme could occur while i’n the E ]
other transfer of ‘the 1-phosphory! group would ge possible. Interconversion of the ' _
two complexes would require an exchange of position or ,reol‘[i‘ematbpn of the two
phosphoryl groups of the substrate relative to the phosphate‘ binding subsites on

the dephosphoenzyme, and would have to occur via a process that involved only a

partial dissociation of glucose~diphosphate. \ * o

In terms of the "Exchange" hypothesis and the presence of two differem
phosphory!l group binding subsites it is possible to arrive at an explanation for the
feafure of the catalytic mechanism of the mutase reaction, specifically the nadture
of the step on the dephosphoenzyme, that leads to the inhibited complex of the
dephosphoenzyme and tiéhtly bound mixed diester (ED*g1P6V) in Figure Z22.
Figure 23 shows a schematic representation of the substrate binding site on the
dephosphoenzyme, in whjch the reotrientation of glucose t1-phosphate 6-vanadate
(mixed diester) with respect t.o the weak and strong. phosphoryl group binding o
subsites is regarded as the step that supplies the 'driving force’ behind glucose
6-vanadate inhibition at the phosphoenzyme. the complex of the

dephosphoenzyme with mixed diester (ED.g1P 6V) produced initially, the 1-phosphoryl

\
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Schematic representation of the substrate binding site on the dephosphoenzyme.
The di"lagram shows the reorientation of glucose 1-phosphate 6-vanadate (mixed

diester) with respect to the weak and strong phosphor‘yl group binding subsites

rd

as the step providing the ’driving force’ behind glucose 6—vgnadaté. inhibition at

\
™

the phosphoenzyme (EP).

e
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group is ;t the weak site with the 6-vanadate group located at the strong site
where'its ability to readily aseume a five-coordinate structure will not Eesult in
tight binding, because the strong site provides no special stabilization of this A
structure. Inorder for inhibition to develop, the next step has to involve a
rearrangement of the mixed dlester on the dephosphoenzyme This enables the
1-phosphoryl and 6-vanadate groups of the subStrate to exchange positions relatnve
to the weak and strong phosphate binding subsites. In this way the 6-vanadate
group vcould then occupy the weak site where it readily adopts the penta-coordinate,
tngonal blpyramadal geometry *characteristic of the transmon state for a phosphoryl
transfer steLté the enzyme (24). What these results suggest is that partial
dissociation aggﬁearr‘angement of the glucose-diphosphate molecuie on the
dephosphoenzyiﬁe as proposed by the "Exchange"” hypothesis is a feature of the

catalytic mechanism of the normal mutase reaction. The phosphory! group which is

. transferred to the enzyme is determinéd by the positioning of the

glucose-diphosphate m)oleculeéwith respect to weak (high transfer potential) and

strong (low transfer potential) bhosphoryl group binding subsites. The outcome of

such a rearrangement in the mechanism of glucose 6-vanadate inhibition at EP is
the stabilization of the mixed diester as a transition state analogue at the active
site of the enzyme which gives rise to the inhibited compiex of the

dephosphoenzyme with tightly bound mixed diester (ED‘g1P,6V).
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CONCLUSION 5

| Lok
The strong inhibition of Rabb.ii muscle phosphoglu(:omut&s%;\sggn"’ in the
presence of var]adate results from thé ability qf ghis aﬁ'ién f‘é foim iabile ester\g:"
with hydroxyl groups on bﬁysiologica! substrates‘;‘r in this casé, resulting in the ‘
formation of \a glucose 1-phosphate 6—vanadaté, ‘,r"nixed diester. Despite being present at
low concentration, in the range of 10-1¢ - 10*&“} M at micromolar levels of vanadate,
it can act as a competitive inhibitor by virtue&of binding more tightly. to the free
dephosphoenzyme than the normal substrate which it mimics structurally. The tight
.binding results from the ease with which the vanadate ester adopts the
pentacoordinate, trigonal bipyramidal geometry characteristic of the trahsition state
for a phosphory! transfer step to the protein (24). 'The‘ rapid component of
inhibition seen can reasonably be ascribed to direct esterification by vanadate from
\\solution of the serine 116 hydroxyf group on the dephosphoenzyme. The tight
\binding develops because of the stabilization of thé mixed diester as a transitiom
state analogue at the enzyme active site (48). The normal criterion of transition
state analogue behavior is binding constants that fall in the range 10! - 10* times
greater than that of the normal substrate (41). The results re‘ported here show that
glucose 1-phosphate 6-vaﬁadate binds a factor of at least 10° times,; more tightly
to the dephosphorylated form of phosphoglucomutase than does the ‘glucose
diphosphate substrate. The gradual increase in the binding affinity of free vanadate,
glucose vanadate and glucose t1-phosphate 6-vanadate seen, arises from the
additional binding contribution afforded by the larger ieaving group (H,0 --> .

glucose --> glucose 1-phosphate) towards stabilization of the vanadate ester on

the enzyme.

That the strong inhibition of phosphoglucomutase is due iv a low
concentration of a tight binding mixed diester, reacting with the free
dephospnoenzyme in a step that has a large second order rate constant, is
suggested by the observed first orcder kinetics which govern the approach to the
inhibited steady state. The apparent first order rate constant was found to increase

with the concentrations of gmgose 1-phosphate and vanadate used in the reaction
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mixture, Thns indicates that both species together actrvely contribute to the

—

inhibition _at the free dephosphoenzyme. At high concentrations of =« - ' -

constant ‘was found to

glucosek 1-phosphate,hov0ever,' the apparent first-order-“"re
reach a ltm‘rting vata%;of 7.9 +0.5 x 10-* s-%. This has beén expt"atrfed in ‘terms. of a
‘change of the rate limiting 'stept. at high inhibitor concentration,‘-'fnrorr»\ the'_bimoleucul‘er
association of the rh\"lxed tdiester to the rate limiting qppearance of the free
dephosphoenzyme arising from the ‘dissociation of glucose-diphosphate off the
mutase reaction path. From the limiting value determined for kob-s and the value of

the turnover number (k__..) for the phosphoglucomutase reaction of 103 s-! it is

cat
estimated that the free dephospho e will appear once in every 1.3 x 104
cételytic cycles. =Ev’dence supporting this interpretetion t\xased on a feature of the
mechanism of the mutase reactron as opposed 1o some rat{e) limiting step in the
enzvme=inhibitor complex, eg., a conformatlonal change '. is obtained from the
results of the experiment which was conducted to determine the effect of glucose
on vanadaté inhibition. In thrs expenment the non-competitive inhibition detected as
the effect on the vertical nntercepts of the piots shown in Frgure 18 was
rationalized in terms of a glucose 6-vanadate ester acting as substrate for the.
phosphoenzyme (EP) The absence of a presteady-state phasé in the glucose
enhanced vanadate inhibition is taken as evidence agamst a rate-iimiting.
conformatronal change. The results of this experlment suggest in favour of the
rate— ftmmng step at high inhibitor concentration being a praperty of the mutase
inechanism, namely an infrequent appearance of the free depho*phoenzyme. The
same e)tperiment aiso shects light on another foature of the mutase mechanism R |
specifically the reaction step that controls phosphory| transfer in the complex of
the dephosphoenzyme with glucose—diphosphate. It is possible to explain n

glucose 6-vanadate competitive inhibition at the phosphoenzyme in terms of the
earlier "Exchange.” hypothesis and the established presence of two phosphoryl group4
binding subsites which differ in their tendancy to transfer a phosphoryl group to o '
and from the enzyme. The conclusion that can be drawn from’ the results is that
partial dissociation and rearrangement of the glucose~ dlphospj;ate molecuie on the

dephosphoenzyme as proposed by the Exchange hypothesis is a teature of the

catalytic mechanism of the normal mutase reaction. The phosphoryl group on the
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: substrate that becomes transferred to the enzyme is determined\'by, the positioning ?; R
. : ' i D ——

o
A

of the glucose-diphosphate molecule with respect to the weak (high transfet’
potenitival) and strong (fow transfer potential) phosphoryl group binding subsites

present on the dephosphoenzyme. ‘ »

93



APPENDIX | =

Dergvation of the rate equation for the model in Figure .1 describing the Ping-Pong N
{ . e

mmechanism of phosphoglucomiitase in the absence of inhibition due to vanadate. T
The model of Figure 1 can be described by 4 open patterns of {(n-1) sides, where n

refers to the number of enzyme intermediates. Referring to Figure 1 the basic S

T

pattern is:
k1[B) k3 # ) He
E ------------ EB ——————————— EPA . L Py
k2 k4 -
k8 [k7 k6[A] kS
. ~ ko )
EPC -=--=-~-——- EP. — s
P klo[cl A
\} * - 7
Y
&)
The four open patterns are as follows: -—
&" ©




The distribution equations for the intermediates appearing in the model obtained

using the four open patterns above are: v [

Efe = k, [A] k, k, k, ‘ SRR

| + Kk, ky [C) K, K, i |
\ o+ Ky k, [A) K, K, |
| | + ky [C] K, K, K,

= coefg [A]

EB/e

ke [A] ki k, K, [B]
+ K, [B) k, k, ky[C] k,
+ k, [B] k, k, [A] k.
+ Ky [C] K, ko k, [B]
coefgg "[A] [B]

1

_—
A

EPA/e = k, [B] k, k, k, [A] : 5
\ &
+ Kk, [B] k, k, k, [A] .
‘ + k, [B] ky ky k [A]
+ k; [B] k, ky [C] K,
= coefgpa [A] [B]. g
oy ‘ r
¢é EPC/e = k, [B] kurk, [AVK, . . -

4k, [B) Kk, k, ko [C)
L, [B) k, «, Kk, [C] S :
+ k, [C) Kk, k- k, [B] '
= coefgpc [A] [B]

EP/e = k, [B] k, k, k,
+ Kk, [B] ks Kk, k,
+ Kk, [B] k, k, k, |
+ Kk, [B] ke k, k. - -

= coefg [B]
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Since the rate of the reaction is given by ,

v =k, [EPC] : S | B

and the conservation equation is

then

and therefore

e = [E]i+ [EB] + [EPA] +[EPC] + [EP]‘

k, [EPC]
YT S A T R Y '
k, coefEPC [A] [B]. )
V/EB = mesmmm o a e .

* coefgpa [A] [B]* coefgpc [A] [B]
+ coefgp [B]

Dividing numerator and denominator by coefgpc the terms in the equation become:

coefgpc/coefgpe = 1

coefgg/coefgpe = a constant  (c’)

coefgpa/coefppe = a constant (c")

coefg/coefgpc = Kb
coefgp/coefgpc = Ka : E
Substituting for these terms in the above equation gives:
K (A (8] .
V/8 B ececcccceam=- e s e e e ot e . e e 0 P i L e e

Kb [A] + Ka [B] + [A] [B] (1 + ¢’ + ¢") .
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Dropping the terms that are constant in the bracket, the equation

- ‘ N

"\ K, [A] [B).

V/@ T cdecaccmcccmccrce—————————
Kb [A] + Ka (8] + [A] [B]

becomes:

Since Vm = k, e, 7
vm [A] [B]
Kb [A] + Ka [B] + [A] [B]

\ﬁ 6‘/ q

where,
[A] = glucose 1-phosphate concentration
[B] = giucose diphosphate concentration

The above is the general form of the rate eqguation for an enzyme following a
Ping:-Pong reaction mechanism in the absence of inhibition. Rearranging this '

equation to show [B] as the varied substrate (glucose diphosphate):

N ~

(1 + Ka /[A]) [B] + Kb

Expressing this equation in the form of the double reciprocal plot it becomes:

N
1 Ka 1 Kb 1

= ( + - ) - + -~ . —_—

v (A] vm vm q[B]

This equation predicts that in the absence of competitive inhibitors, the siope of a
double reciprocal plot for a Ping-Pong reaction mechanism‘ will remain constant,
equal to Kb/Vm, but the intercept on the 1/v axis will cha‘;ngb with the
cohcentration of the fixed substrate used (here glucose 1-phosghate or (A]) A

. characteristic feature of the plots will be parallel lines. -

w



'APPENDIX |

’

Deavation of the rate equation’for the model in tigure B describing the ‘r”m9-:’-’ongq¢.(v,‘§%
mecharmism of phosphpglucomu!ase in the presence of inhibition due (G vanadate.
The model of Figure 8 can be descnibed by 12 open patterns of {n-1) sides where

n' refers 10 the number of enzyme termediates. Referring 1o Figure 8 - the 12

~

patterns Trom which the distrittion mns for the intarmediates m the scheme

can be obtamed are as follows:

3
<
$




1

- The distributioh squations for the intermediates nﬁpearmg in the model

obtained using the twelve open patterns above are:

1) CEse = ok, kg, kg k, kA[C) K,
+ ok, kg kg k, k, Kk [A]
C vk ko ks ke ke KA
+ kG A] K, Kk, k,"k.{C]

+ Ky, ky kK, K[C) K,

+

LSTEE ST SEL k.[A) K,

b

+

Ki[A) Ko, K, K, KL[C) K,

+

ku[A) Ky Ky Kk, kt[A] k'n
* ok, kyy kK, k‘[A) k,

‘t ku kl: ,kl kl k\r kv[C]

when[C] = 0

T

Ese & [A) k, ky ky Kok, kyy + Ky kg, + ok kg vk, k)

+ [A]; k: 4kl k‘ kll k\t(ki + k")

Ere = coe!E[A} + coef (A}

b
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2) EBre
-3
when([C] = 0
EB /e
EB/e

= ky, ki ky[B] kg k[C] ky

+ Ky, kg, KB Ky Kk, k[A)
+ k,, k;, k,[B] k, k, k,J[A]
+ k. [A] Kk, k,[B] k, k, k,[C]
+ k,, k,, k,[B] k, k,[C} Kk,
+ &y, ko, K0B) ke Ko(A] K,
+ ky[A] Kk, k,[B] k, k,[C] kK,
+ k[A] ko K, [B] k, k[A] Kk,
+ ko ky, K,[B] k. Kk J[A] Kk,
+ k,, k;, k,[B] Kk, k, k,[C)
+ k,, k,, k,[B] k, k,; k,;[C]
+ ko y[A] ki ky[B] ky kg k([A]

L]

+ [A)B] k, ki, k¢ kyy kky + k)

fl

coefEB[A][B] + coefEB[A]z[B]
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3) Elze = k,, ky,[l] Kk, k, k.[C] kK,
+ Ky kiall] K, ky ke K [A]
+ Ky knll] Ky K, k, Kk [A)
+ Ky, kys[Al] ky ke Ky k,[C)
+ Kull] ¥, K, k,[C] Kk,

kL\
kll kn[l] kz ka ks[A] kl

+
+ Ky, kis[A1] K, ko K,[C) Ky
- + ky, ki[Al] k, ke kA] k,
+ ko k(1] k, ke K [A] K,
+ K, k1] Ky k. Ky k,[C)
+ kyy kpll] Ky, k, kg k[C)
+ Ky, ks[A1) Ky ko ke k[A]

when[C] = 0

Ele = [A][l] ky kg kg kpplke Ky + kg kyy + kg ko + kg k)

+ [Al][A] kZ' k4 kﬁ kl) k”(k! + k'))

El/e = coefg [A][l] + coefg [Al}{A]
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4) EAl/e = k[Al} ky k; ki k,[C] K,
» + ki[Al) Ky Ky kK, KA)

+ ko [A] kiall] k; ky ky kg[A]
+ ku[A] k[Al] k; ko Ky ko[C] ,

4 kyl[A] k1] K, Ky ko[C) Kk
+ kulA] kull] ks ke k[A] Ky
+ kufA] ki [A1] K, ky kq[C] K,
+ k. A] kis[A1) Kk, k, kJ[A) Kk,
+ ko [A1] Ky K, ke KJA] Ky

+ kys[Al] ky, K, ke k, k,[C)

+ ku[A] kull] k; ke Ky k,[C)
+ ki [A] ki[Al] k; kg Kk, k([A]

whenfC] = 0

EAl/e = [AI[A] k, k, K, ki, Kys(k, ko)
+ AT Ky ke kg Ky Kyl #+ k) N
- +, [A]’[A|] k, ke kg Kyy kxs(kl + k)

EAl/e = coefEA|[AI][A] + coefc , [A][]] + coefp 5 |[A][Al]

- - 5
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5)

when[C] = 0

EPC/e = Ky, ky[B] Ky, kyp Ko[C) K,
+ ko Koy Ki[B] kyg k[A) K,
+ ky; kyy K, [B] ko kJA] K,
+ k. [A] ky, k,[B) ki k, k,[C)
+ Ky, Ky, K,[B) Kk, ko[C] K,
+ Kk, ky, k,[B] k, k, k,[C]
+ ku[A] ki k,[B] kyo ko[C] K,
+ k. [A) ke k,0B) K, k, k,[C)
+ Ky, ky, K,[B] Kk, k, k,[C]
Kye Ky Ky[B] Ky Ky ks[C)
+ ki kyy k,[B] ki ki k,[C]
ku[A] ke K,[B] ki k. k [A)

EPC/e = [A][B] kl ka k,, kxo kn(kn + klb)
+ [AP[B] kl k4 k6 klO kll k16
L
EPCre = coefEPC[A][B] + coefgp[A]*[B]
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6) EPA/e = k,, k,, k,[B] ko K, k([A]
+ ki ky, ky[B] Kk, ky Kk [A]
+ k,, ky, kI[B] k, k, ks[A]
+ Ku[A] kue ky[B) k, ko[C] K,
+ kyy k, k,[B] ko K, ks[A]
+ k,; k,, kx[B] k, k, ks[A]
+ KW[A] ke K[B] ko k, kG[A]
+ k“[A] Kie k,[B] k, k, ks[A]
+ k, kq, k,[B] k, k, kG[A]
+ Ky ko Ki[B] Ko[C] K, k, T
+ k,; ky, kl[B] k, tk,[C] K,
+ ku[A] Ko kl[B] ko k, k6[A]

when[C] = 0

EPA/e = [A][B] ky kg Kok, kig kg + Ky kg kyg + ky Ky Ky
* ok, kg kyy ok k, kiy + Kk, ky k)
+ [AII[B] ky kg kg koglky ke *+ ky ky + ky ky)
EPA/e = coefpp,[A][B] + coefep 2 [A]Y[B]

104



7) EP/e = k,, ko K,[B] ki K, K,
+ Ky, Ky Ky[B] ko ky kg
+ k,, kyy ky[B] ko ky ki \
4 KLA] Ky K, [B] Ky Ko ki

+

ki kyy ky[B) ko Ky K

+ kyy ki, ky[B] k, ki k, ‘
+ Ky [A] ki Ky[B] kyo ky ki
+ Kk, JA] Kk, k,[B] k; ki k,

+ Kk, kyy ky[B] k, ki k,

* Ky ko ky[BY Ky kg K,
+ ko Ky K IB) Kk, Ky K,

+ k,[A] k,e k,[B] K, ks K

when[C] = 0

EP/e = [B) k, ky(ky ky kyo kyg *+ Ky kg kg kyo + ky ky ky kyy
+ k, Ky Ky kyy ok, kg ky kg
J R keky kg ok kg kg kg
+ k, ky kyo kyg)
+ [A][B] k, ky, kilk, ki Kk,
+ ok, ko Ky + ko ky kyp * K, Ky kg
+ Kk, ky k)

' EP/e = coef ,[B] + coefgp[A][B]
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Since the rate of the reaction is given by

1

v = k,JEPC)
and the conservation equation is
= [E] + [EB] + [EI] + [EAI] + [EPC] + [EPA] + [EP]
then

v/e = k,[EPC)/ e
k,[EPC]

—— s et S e . e P e o G (e e . e S T L (e = . e S Y e v S e e

[E] + [EB] + [EI] + [EAI] + [EPC] + [EPA] + [EP]
kicoefgpc[A}[B] + coefgpc[A]?(B]
coefg[A] + coefg[A]? + coefgg[A][B]
+ coefgp[AJ1[B]
+ coefg[A][l] + coefg|[AI][A]
+ coefgal[Al][A] + coefga [A]!]
+ coefgal[AJ[Al] + coefgpc[Al[B]
+ coefgpc[A)}[B] + coefgpalA](B]

+ coefgpa[A][B]
+ coefgp[B] + coefgp[A][B]
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Dividing the terms of the numerator and denominator of the above equation by

coefegpc, where this equals, coefgpc[BI[A}(1 + [A]), the terms become:

1) coefg coefg[A] + coefg[A]’

coefgpc coefgpc[A][B] + coefgpc[A]*[B]

rearranging,

coefg[A] (1 + [A])

) coefg
- Coetepci®l
Kb
B
2) coefgp _ coefgg[A][B] + coefgg[A]*[B]
“coefgpc  coefgpclAJ(B] + coefepc[Al’[B]

rearranging,

coefgg[A][B](1 + [A])

= a constant
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3) coefg| + coefga _ - coef’[A][I] + [A]'[I]

coefepC wﬁfEPch]fA} (1 + fA})

rearranging,

coef’[I][A] (1 + [A])
Q coefgpc[B[A] (1 + [A])

4) (coefg) + coefgpp|) + coefgp

——— - — " - — - -

Taking the term in brackets in the numerator as equal to, coef" the above equation

can be rearranged as follows:

(coef” + coefgay) [AI]J[A] (1 + [A]D

- —— > —————— > — —— — —— . — i . - b=

coefgpc[B][A] (1 + [A])

(coef™ + coefgp)[Al]

- coefgpg(B]
Kb{Al]
[B]Kvp
5) coefgpc * coefgpc [B][A] (1 + [A])
_________________ T o= i st e P S e v o o = 1
coefgpc *+ coefgpc (BJ[A] (v + [A])
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6) coefgpa coeprA['A][B] + coefgpa[A]i[B]
| coefepc coefgpc(B][A] (1 + [A])

*

rearranging,

coefgpa[B][A] (1 + [A])

coefgpa
coefgpc
= _ a constant.
7) coefgp ’ coefgp[B] *+ coefgp[A][B]
coefgpc coefgpc[A][B] + coefgpc[A]![B]

rearranging,

coefgp[B](1 + [A])

coefgpc[A]
Ka

[A]

Taking the definitions 1) through 7) and substituting for them in the previous rate

equation it becomes,

k,e
v B et e e ————— i o 2 e e e S e e
Kb Kb[l] Kb[Al] Ka
—_—— ot e D SR + o+ -
(B] (BIKy (BlKyp (A]

where e = the total enzyme concentration
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since Vm = K,e,

vm o
v B e o 0 ot o 0w o o o o 2 v o e e e e et e G e e e e
1
Kb [ [AN] Ka
memm (14 s b aomm ) ¥ (momm t f) N
.[B] Ky Kvp [A]

expressing this equation in the form of the double reciprocal plot, where yiucose
diphosphate [B]is the varied substrate, it becomes, w

- Kb [] [Al] 1 Ka 1 b

——— B emm— (] + c———— F e ) e+ ——— + -
v vm ( Ky Kvp " (8] ( [A] v | /A

The terms in this equation are as defined earlier for the mod‘él of Figure 8 in the
text. The rate equation predicts that m .ihe presence of competitive inhibition due

to vanadate acting at the free dephosphoenzyme (E) the siope of a plot of 1/v
against 1/[B] will increase. At different vanadate and constant glucose 1-phosphate
concentration the expected pattern of the double reciprbcal plots should be a series
of lines of varying slope converging to 8 common vertical intercept. The constants
c’ and c” that are incorporated into the constant § (= 1 + ¢’ + c”) have no

influence on the values of the kinetic parameters K, and Kvp determined in this

study. 4 does not enter into the slopes of the plots but only into the intercepts.
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APPE&PX W

obs+ @ , the apparent first otder rate constant of \

the time dependent inhibition, in terms of the reaction scheme shown in Figyre 1§.
(After the methpds of Strickland et al. 1975 (49) and Abelq et al. 1985 (50). Tp%

Derivation of an expression for k

differential equations describing the reaction scheme are: L

d[ES) ' | |
-===- k, [E][S) - k, [ES] {’L/ : fa s

ST

]

d[E ' ) :
——([;‘-]" = k; [ES] + Kk, [ET] - [E] k, [S] Cj’t/. {T]) Eg. 2
d(ET]
""" = ky [E][T] - k. [ET] Eg 3
‘dt =
(Etotat] = [ET] + [?] + [ES] / Ec:; 4
¥

It is assumed that subsequent to adding vanadate to the ailready imtiated mutase
reaction and prior to the attainment of steady-state, the concentrat'on of the

free dephosphoenzyme very rapidly reaches a low cohstant concentration such that

d[E] , N BN
—_——— = 0 i Eq. 5

dt ‘ Y.

When this is the case the conservation Equation-4 above becomes equal to

»

(Etoral]l = [ES] *+ [ET] ’ g 6

Equations 2, 5 and 6 can be combined to provide an expressnon for [E]. t

concentration of free dephosphoenzyme in terms of [Eyprall-

T



When df{€}/at = O
then | R

(€] &. [S] * & (73)'*{55}’*[57]

unon resrrangement the concentration of free dephosphoanityme 15 Qiven by,

\ - S e T ST T
i ] e v A e e il e W . Y vy St e -
TSI
ang since N R
[£S] * [ET] = [Erorall. 7 ‘x\\
(E] = (k. * W) [Erorat]
! _%n-_.--.:—.!..-(.}..fﬁ..- Eq‘ 7
(k, {S} » &, [TDH
p@ﬁ
Substituning for (E] abﬁve n Equation 3 and rearranging gives Equation § below:
@ & | ‘
ofET) ke (hy =k, ) (7] k, &, {T] [Exotal]
s A G ——————— * k) (BT - e e
Sk ko [S] Kk, [T) k, [S] + Kk, [T)

Tris aguation has the form:

d[ET!
----- * wfET) -~ 4 = 0 . o £Eq. 9
at
with soiution .
o 3 )
(ET] L R L LU R ) Eq. 9a
o a
-
L
. -
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Rearranging Equation $» and taking natural logs ‘gives:

in{(B/a ~ [ET]) = -at Ind/a : ) Eq. 9b

From Equation 8,

* e
8/a = final equilibrium concentration of [ET)
and '
. ( ky, (k, - k, ) [T} - ) .
a = obs E | emmeecremam s e e - + . ‘ g 1
k, [8) + Kk, [T]

Equstion 10 describes the apparent first order rate constant n terms of the
concentrations of [S}“n giucose diphosphate and [T] = the inhibitor glucose
i-phosphate 6-vanadate and the specific rate constants of the individual steps in
the mode! of Figure 16. Equation 9 describes the form of the semi-log plots used

a plot of

in the progress curve analysis, i.e. In (A_ ~ A = =kt InA_,

in (Ag, - At) against time yie'rds a slope that gives the value of -k On

obs’
rearrangement, Equation 10 becomes:
Ky, (k)= kK, ) [TY *+ k, (K, [S] *+ Kk, [T}

kobs T e e o v e o o o s e e e v e s e e e o et Eq 11
k, [S] *+ Kk, [T]
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Working through the numerator of Equation 11 gives:

k, ky [T] + k, k, [S] Eq. 12
k, [S] + k, [T] |

Dividing the numerator and denominator of Equation 12 by k,[S], the equation

becomes:
k, ky [T]
_________ + K,
k, [S]
N J‘obs B eeacmeesccc e ——————— Eq. 13
ky [T)
1 + 7 i.
k, [S]
since r
k,
-==~ = Kdg, taken to be the Km of the dephosphoenzyme
k, or glucose diphosphate,

the final expression for kgophg becomes:

ky Kgs [T]
______________ + Kk,
K (5] Eq. 14
obs Sttt et :
: ky [T] '
k, [S]

: |
where, - -

[T} = the inhibitor complex of giucose 1-phosph5te 6-vanadate

[S]

glucose diphosphate



The form of Equation 14 will depend on the experimenta! conditions used to e

evaluate kob and the assumptions that can be made under these specific

s
conditions.

In the experiment of Figureld, k was monitored as a function of inc‘reasmg'

obs
glucose 1-phosphate concentration i.e.,"a component of the inhibitor complex [T].

At the glucose diphosphate concentrations employed < Km the apparent rate B
constant will be influenced by the inhibitor binding step in the model of Figure 16. =
As the inhibitor concentration increases the pseudo first order rate poh'stant for the

association step k,[T] becomes large with respect to k, (k, will be small by

necessity to account for the low value of aKvp) and is assumed to form .the major
used to analyse the

contribution overall to kob Hence in the expression for kob

s
data of this experiment k, is dropped, kobs is then given by:

s

k, Kds [T] ‘
[S]
kObS = o~ o o v G e i St i e s S S e S Eq 15
ky [T} o
1 +  erm————
k, [S]

______ = ————— + ————— . Eq. 16

Kobs k; Kgs (T) Kdas ki
(S]
since Kds = k,/k,
1 [S] 1
e E ememme————— + memem—— B HEQ. 17
kobs = k; Kds [T] K,
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Equation lZ predicts that under the experimental conditions used here and taking

account of the assumptions made that a piot of

————— against —————

and an intercept on the vertical axis of, ]

where,

k, = specific rate constant for the step in the reaction scheme of Figure 16,
involving the dissociation of glucose diphosphate from its complex with the

dephosphoenzyme on the main mutase reaction path, 5

Intuitively t)his seems a reasonable result i.e,, inhibition at high inhibitor
concentrations limited bY the rate of appearance of free dephbﬁs}phoenzyrﬁe (E) off
the main reaction path. This is also consistent with what is known of the 3?”
phosphoglucomhtase reaction in the Iit:aratq‘re, principally an infrequent dissociation
of the complex of dephosphoenzyme with glucose diphosphate to the free

tomponents, estimated previously at around once every twenty catalytic turnovers

(30).
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- APPENDIX [V

Derivation of the rate equation for the model shown in Figure 19 describing
the Ping-Pong mechanism of phoisphogtucomutase in the presence of inhibition due
to vanadate and glucose 6-vanadate. The mode! of Figure 19 can be described by
four open patterns of (n-1) sides, where 'n’ refers to the number of enzyme
,intermediqates. Referring to Figure 19 the four patterns from which the distribution

equations for the intermediates in the scheme can be obtained are as follows:

XX LN

*
i

The distribution equations for the intermediates appearing in the model obtained

using the four open patterns above are:

1) EP/e = k.. k, k, k, k, [B] ki, ki
+ kn‘ Ky klO K. kx [B] ku kn
- g + k\s ks ks ks k: [B] kH k\‘

+ kl! k5 kl kln kl [B] kl’ kH

EP/e = k, [B] k, ke k,, k, k,, (k, *+ k)
+ kl [B] ku kl(v "‘11 kl‘ klﬁ (kd + ks)

= kl [B] kll kl‘ kU [ k‘ kf» (P‘) + )(V) + ].:. kl" (‘« + k) ]

m
e
~
Q
]

coefEP (B]
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2) EPC/e = ki Kk ke [A] kys Ky [B] ky, Ky
+ Ky Ko Ky [C] Kis k; [B] kyy ko
+ k, [C] kys ky ky k; iB] kg, ki
+ Ky ks [C] Ky ki Ky [B] ki Kug

when [C] = 0

EPCre = kl [B] ke kg [A] Ky kiy Ky ks
= coefEPC [A][B]
3) EPA/e = k,, &k, [A] k, ky k, [B] k,, ki,

+ le k7 [C] kq kJ kl [B] kll li
+ le ki kb [A] kl kl [B] kll kl}
+ kl.S k6 [A] kl klo kl [B] kll kl]

when [C] = O

EPA/e = k,, k, [A] k; k; [B] ki ky; (ky + ko)
+ ks kg [A] ky kyp ky [B] kyy kg

EPA/e = k, [B] k, [A] ki Koy Ky [ K, (ky # ky) + k, klo]
= coefEPA [A][B]

4) EB/e = k,, k, [A] ki k, k, [B] ky; ky;
+ ks ky [C] kg kg ky [B] kyy ko
+ kg ky ke [A] Ky K, [B] ki, kyy
+ k,, k, k, [C] ky ky [B] ky; ki

118



when [C] = 0

. .
EB/e = k, [B] ki ki [A] ky, ki kig (kg + Kky)
= coefEB [A][B]

5) Ere = ki k¢ [A] ka.k9 K, kyy ko,
* ks ks [C] ky ky kg kggaky
* Kas Ky ke [A] Ky kg Ky Ky

b + kls ks k7 [C] k9 kz 'kn kn
when [C] = O
E/e = k; ky k¢ [A] kyy kyy kg (kg + k)
= coefE [A]
- “""1\
6) EAl/e = k,, [D] k, K, k, ky [B] ki, kyy
N + ki [D] ky kyp ky k, [b] ky, Ky,
+ ki [D] ky ky ky k, [B] ky, Ky
+ ko [D] ks ky ko Kk, [B] k,, ki, /,—-—-
“when [C] = 0
EAl/e = k, [B] k, ky ki, ky; kg [D] (ky + ky)
+ kg [B] kg ko kyy kyy kg, D] (ki + k)
=k, [B] kyy kyy ki [D] [ ky ky (ky + ko) + ky kg (k, + k)]
EAl/e = coefEAl [B][D]
7) El/e = ks ke [A] ke ky Kk, kyy kg [1)

* ks ko [C) ko kg kg kyy kyy 1]
+ le kl k6 [A] k4 k2 k13 kll ['}
* ok ky ke [C) kg kg kg kg 1]
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when [C] = 0
Eize = k; ky k¢ [A] kyy [1] ki kys (kg # k)

= coefEl [A][l]

8) ED/e = ky, k, [A] k, k, k, ky, ky, [D)
+ ko, k, [C] k, k, Kk, ky; kyy [D]
\ + ki, ky kg [A] Kk, k, kyy ks [D]
| + kys ks k, [C] Ky k, kyy ke [D]

~ when [C] = O
ED/e = k, k, k¢ [A] kyy ki [D] kys (kg + ko)

= coefED [A][D]

Since the rate of the reaction is given by
v = k, [EPC]
and the conservation equation is
e = [EP] + [EPC] + [EPA] + [EB] + [E] + [EAI] + [EI] + [ED]

then
e [EP] + [EPA] + [EPC] + [EB] + [E] + [EAI] + [EI] + [ED]

ADS\viding the numerator and denominator by [EPC], the terms become:

a) coefEP (B] coefEP 1 coefEP

------- L ommmm—— = emedeee | e ( =—===— ) = Ka
coefEPC  [A][B] coefEPC (A coefEPC

coefEP 8] Ka

coefEPC  [A][B] A]
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b)

d)

e)

f)

9)

coefEPC

coefEPC

coefEP A

coefEPC

coefEAI

-coefEPC

coefEAL

coefEPC

coefEAI

coefEPC

coefEl

coefEPC

coefEl

coefEPC

. m————— = constant = ¢’
[A](B]
[Al[B] .
. m————— = constant = ¢

[4](B]

[A] . coefE 1
[AIlB]  coefePC  [B]

Ck, (kg *+ k)
e e L T = Kb
kl klO

coefE : (A) Kb
"~ coefEPC [A]B]  [B]
[BID] _ coefEAl = [D]
[A[B]  coefEPC [A]

Ka

 Kgve

[D] ) Ka [D]

[A) {A) Kgv*

[A][N] ~ coefEl (N
TAllB]  coeferC  [B]
(1] Kb 1]

[ Y
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h) coefED [A]ID] coefED  [D]
./

coefEPC  [A][B] coefEPC [B]
coefED (D] Kb D]
co;f_E-P-C; -[-B.]- - (B] ' Kgv

Substituting for the terms a) through to h) in the previous rate equation, gives:

Ky
Y T TR Y [EPA] ¥ [EPCT < (EB] + [E] *NEAD + (B0 - ED]
""""""""" ercy
!
vm
A S Kb Kb[l]  Kb[D]
e F o -l + f + —ee A+ cmeel + meol
[A]  [A] Kgv* [B] . [Blkv  [BIKgv

~ Taking the reciprocals of this equation and expressing it in the form of the

Lineweaver-Burke plot in which giucose~diphosphate is the varied substrate([B]) it

becomes, .
Ka [D] 1 Kb ) 1] [D] 1
T = [emm (1T + = )+ ] ==+ cmm (1 + mce + acl ) e
(A] Kgve* vm vm Kv Kgv [B]

T'he rate equation predicts that in the presence of competitive inhibition at the free
dephosphoenzyme (E) due to vanadate [l] and glucose'6—vanada.te [D] the siope of
a plot of 1/v against{ 1/[B] will increase. For glucose 6-vanadate [D] acting as a
compstitive inhibitor of the phosphoenzyme‘(EP), the effect of increasing glucose
concentration will be to cause an increase in the value of the vertical intercept of
the 1/v against 1/[B] plot. Although the constants ¢’ and c" will appear in the
intercept term, in the replot of the intercepts vs glucose concentration, they again
enter onlty into the y-intercept of the replot and it is the slope that yiqfds the
desired information i.e. ng. and are considered thus to have no influence upon the
value of this parameter.
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