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ABSTRACT 

The inhibition 9f Rabbit muscle phosphoglucomutase (E.C. .2.7.5.1.) by inorganic 

vanadate was investigated, I t  has been concluded that two mechanisms of 

competitive inhibition occur; a rapid inhibition due to free, non-esterified vanadate% 

and a much slower, time dependent inhibition due to a tight binding glucose 

1-phosphate 6-vanadate mixed diester, both inhibitors binding to the free 
* 

dephosphorylated enzyme. From the analysis of  steady state kinetic data, two 

values of Ki were obtained for the two cornpetitlye (vs. glucose-diphosphate) 

inhibttors. Free vanadate had a value Kv = 36.0 24.9 x lo-' M and glucose ? 
A ' 

1-phosphate 6-vanadate was found to have a .value K = 2.7 f0.4 x 10-I' M. The " P 
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 conc.entration to a limiting value. These observations were 

interpreted in terms of a change.in rate-limiting step from binding of* inhibitor to 
? ". 

free dephosphorylated enzyme, to formation of free dephosphorylated enzyme by . e  

dis~ocia~i ion of the Intermediate glucose 1,6-diphosphate. In terms of this model, 
3 

gluqosq' 1.6-d~phosphate was found to dtssoetate from the enzyme once in every 

1.3>& 10' catalyt~c turnovers. 

Added glucose was found to enhance the competitive inhibition due to 

vanadate. and th~s  behav;or was attributed to binding of glucose 6-vanadate to the 

free dephosphorylated enzyme, with an ~nhibit ion constant K = 3.9 20.4 x M. 
gv + 

An additional noncompetitive (vs. glucose-diphosphate) inhibition was found to 

occur, which was rationalized in terms of binding of glucose 6-vanadate to the 

pho~phoform of the enzyme with a value for the inhibition k h s t a n t  K = 
w+ 

2.4 f0.3 x M, The generation of tightly baund mixad diestar an the 

dephosphoenzyme as product of the reaction of glucose 6-vanadate withathe 
-- 

phosphoform of phosphoglucomutase was the rational used to account for the 

observed,noncompetitive inhibition. 

i i i  
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QUOTATION 

"Thought is not a trick, or a game, or a se r iesmof  dodges, 
Thought is  a man in his wholeness who l ly  attending." 
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Vanadrum has be'en proposed as an essent~at eicsment t.%quired in trace 

amounts f o r  thp, normal functton of living organism6 (123). Typically vanadium 
u 

compounds present in Irvmg" tissue fa l l  in the micromolar range o f  concentration; 

e.g. Q.34 uM tn blood plasma. 0.52 MM tn erythrocytes. 0.3- 1.0 fiM In rabbit and 

equine muscle (1) Whether vanadtum per forms an esaent~al  chemtcr l  ro le or not  i s  

debarable Navsrthelass, the use o f  vanadrum compounds as thsrapeut~c agents tn 

the( treatment of chrontc disease and the toxic ef fects l inked to occupational 

exposure frsmperrng at  steel) (1) musr b6 consequenc~s o f  Soma fundamefttat ef fect  

on celiufallt act ivt iy the1 represents en expresston of the chern~cal propertres of this 

ttrst series tk8ns11ton rn6 

T k t e  a.,ietta&rhty en vtwd+ctfn st +a* tytw pwtratty ftttad 3rf w b r ~ a l s  ewrfprrs 

0 ~ 1  tlw melal centre rhe capactty to  extend tts covalency through the use of  

sppraprlate hybrid or ttats ( 4 5 )  This property IS enhanced by the larger covalent P 
fad11 and tntrrnstcsfly weaker nature of the bonds fo rmed ro vanadtum ralatrve to  

phosphorus, t h e  result o f  vanadlurn havtng higher enetgv valence orbitals. Usually 

V-O bond lengths fall tn rba rsnga of  0.3-0.7 angstroms greater than the 

corresponding bonds on phosphorus and suiphur which stmrlarly can urt j i re t h e ~ r  

vacant h~gher Iytng 3d orbttsls (4,8.7). ,Motecules contatntng t9nger bonds are more 

auscapttble to !he c b s e  bpprobch of groups on other molecules capable of donettng 

lone pat! utecrron dst%stty and are tnharently ~ c t i v a t b d  tawbrd~ cleevagf? In exchange 

r a a e r ~ a n s ,  T h e  propetttes o f  vanadlum deskrtbrid above are also shared by 

phoaphws end sulphur and form the charnicai basta for  the physiolcqpcat role of 

lhctW two thtrd period trlernsnts In group transfer reactions. For this reason 
* 

vscmd~urn shouid also be swred fof mtesrrrerlon at this $am% level in l iv ing systems. 

The phy$tologrcrtly r l r l ~ v a n l  oxtdat+on siates of vanadium are *4 and 45 (slso 

3ds snet W rorspacrtivwty (5) R e  presence of O%fB singie d e l e h r o n  accounts for 
4 

q w r s  a s ignt f~canf  d~ffatrsnce tn the aqueous bahavtor ot there two oxtdatton srrtes. 

Ar l o w  pH vanadlurn (V) I$ e rslal tvety strong onichstng agent. Solut~ons at htghsr 
b 



pH. however .  are characterized by more  stable covalent specles w h ~ c h  are better 

able t o  axpress the electrophi l ic  p r o p a r t m i  o f  vanadrum. Mononuclaac tatcahebal 

vanadates, VO.8- predomfnata (8) at concentratrons o f  vanadrum < 10 ' M. over the 

pH range 13.0 dawn to approxtmately 3.0. protonated as dtctared by the pK o f  the 
d 

I 

basic srtes on the anton (pK, 3.4, pK, 8.3. pK, 13.0). co r respond~ng  values for 

phosphortc scrd are pK, 2.6, pK, 7.2. pK, 12.0 (9). Hence the f o r m s  of  vanadatr 

sppearrng at phystologrcat pH tn aqueous so lu t ton (7.0-0.0) will b e  the mono  and 

dibasrc species H,VO, and HVO,' . whtcl i  are structural ly s t m ~ l a r  t o  the f o rms  of 

phosphate present In thts interval. I n  aqueous s o l u t ~ o n  at lower  pH the e l e c t r o p h ~ l ~ c  
0 ,  

behsvtor o f  vanadrum wit1 be  seen tn the reacttons of the m o r e  stabte vsnadyl  ( t V i  

o x ~ d e .  However ,  vansdy l  tends t o  hydrate above pH 3.0. f o l l o w e d  by d r m e r ~ z a t ~ o n  
1 

and eventual ly ,  owtng  tb the low sotubt l t ty of  tts h y d r o x ~ d e  VO(OH), i 

(KSp - 1.08 x 10 '! Mr), p r s c t p t t a l ~ o n  f r o m  s o l u l ~ o n  occurs at around pH 5.0 At 

p h y s ~ o l o g t c a l  pH vanadyl  spectes are very  suscep t~b le  t o  atr oxtdat tor~ Becausr  of 

i t s  aqueous behavior vanadyl  might  not  b e  expected t o  form a s ~ g n ~ f t c a n t  

cont r ibut ion to the phys io log ica l  e f f e c t s  ascr lbed to  v a n a d ~ u m  present In l ~ v t r ~ g  

t issue. 
a 
r% 

E v ~ d s n c e  obtalned 

vnnadlum (IV) exlsts I n  

ery throcytes ssd yeast 

t r o w  e lect ron sp ln  resonance studies shows.  however ,  th?' 

l rvtng cel ls (10) The accumula t~on  of vanadate h )  

ce l l s ,  when f o l l o w e d  b y  e s . 1 . .  shows up as the cha rac le r~s f~c  

spectrum of the psramsgnettc VO' .  (vsnady l )  spectes (1 1.12.13). Intrecellutar rr*tit)c~r\!+ 

agents, such as glutathrone In ery throcytes,  have been ~ d e n r ~ f ~ e d  ah,betng 

responsible f o r  vanadate reduct ion. C o n d ~ t ~ o n s  In the cy top lasm may b e  suf  f ~ c ~ e n t l y  

reducing for the vanadyl  product o f  6uch redor  behavtor to be  stabi l lzed w t t h  

respect t o  oxtdatron. The l o w  so lub i l i t y  o f  VO(OH), w i l l  be o f f s e t  b y  the tendency . 

o f  vanadyl  t o  complex w i t h  rntsrmediary metabolt tes and proteins, e .g . .  ATP and 

haemoglobtn (11,141 Al though these resu l ts  po in t  t o  vanadyl  b a ~ n g  the on ly  f o r m  of 

vanadturn oxide tn l ~ v t n g  ttsscre, evtcience axlsts t~ S ~ Q W  that vanadate 1s QISQ - 

acltve. Vanadate In t ncuba t~on  rnedta has been shown to galn access more feadtty 

t o  e ry th rocy tes  and yeast ce l ls  (13) than vanadyl, wntch shows an ~ n i t t a l  lag In the 

ra te  of i ts  celtulsr assocrat ion f o l l o w e d  b y  a more  rap id  phase o f  uptake (15) I t  
! 



has been suggested that th is  in i t i a l  lag seen f o r  vanadyl  uptake by erythrocytes i s  

lmked t o  a s l o w  phase o f  ox idat ion in the b loochpktsme to the more membrane 

permeable vanadate species. The anionic t ransport  mechanism o f  yeast  plasma 

membrane exhibi ts K m  values f o r  vanadyl  and vanadate o f  1.8 x 10-I M and 0.3 x lo - '  M 

respect ive ly  (13). showing  the select ive uptake o f  these anions. It i s  considered 

that d isso lved  oxygen at a part ia l  pressure o f  40 mmHg, m a y  be  su f f i c ien t  t o  

oxidize vanadyl faster than i t s  tendency t o  complex w i t h  t ransfer r in  and other 

agents; eg., serum albumin o f  the b l o o d  p lasma (15). F rom i n  v ivo  studies w i t h  

canine b l o o d  ~t has been found that in ject ion o f  ''V label led vanadate or vanadyl  

b o t h  eventual ly g ive r ise t o  a s imi lar cel l /p lasma ra t io  o f  vanadium distr ibut ion, 

that r e m d ~ n s  constant despi te remova l  o f  vanadium f r o m  the b l o o d  through 

excret ion (15). The sens i t iv i ty  .of this ra t io  t o  changes in  p lasma vanadium levels 

could be the result o f  an equi l ibr ium d is t r ibut ion o f  vanadate across the ery throcyte 
I 

membrane. The ery throcyte transmembrane i o n  pump the Na--K* ATPase, wh ich  is  

s t rongly  ~nh ib l t ed  b y  vanadate (Ki o f  40 uM) (1) but n o t  vanadyl. was  found  t o  have 

an ~n v ~ v o  ac t i v i t y  that represents 1/100th o f  i ts  iso la ted act iv i ty .  The lgwer  

intracellular ac t i v i t y  o f  ' the Na.-K* ATPase may  be a consequence o f  intracellular 

vanadate being present (2.1 1). Hence i t  i s  poss ib le  that vanadium oxides o f  bo th  

o x ~ d a t ~ o n  states can be present together i n  l i v ing  tissue. 

Some of the phys io log ica l  e f f e c t s  that have been asoribed t o  the presence o f  

vanad~um Include i t s  behavior as a diuretic and natr iuret ic.$xthanced contract i le 

a b ~ l t t y  o f  heart muscular t issue and increased b lood  oxygen\tensions (1). A 
1 

common  feature o f  these e f f ec t s  is  that the processes concerned either d t rect ly  or 

mdrrect ly are l ~ n k e d  t o  the ac t i v l t y  o f  prote ins that catalyze phosFJloryl group 

transfer,  where i n  some instances the p ro te in  becomes phosphory la ted i n  an 

intermediate step. 

Vanadate has been shown in vi t ro  studies t o  behave e lect rophi l ica l ly  , readi ly  

accept ing lone pair e lect ron dens i ty  f r o m  hydroxy l  groups o n  molecules t o  f o r m  

labl ie vanadate esters. The ox idat ion o f  glucose b y  p-NADP-, catalyzed b y  glucose 

6-phosphate dehydrogenase. IS act tvated i n  the presence o f  vanadate. This e f f ec t  

was  ra t~ona l i zed  in terms o f '  a labile: vanadata ester of glucose serv ing a s -  a bet ter  



substrate than the non phosphorylated molecule (16). The ra te constant fo r  the 

f o rma t i on  o f  glucose 6-vanadate as the act ivat ing complex was er f i rnared (16) t o  

. b e  35.0 M-1 s - I  (cf. values of  - 9  x lo-" and 1 x l o - *  M - I  s I ,  f o r  Q I U C O S B  

6-phosphate and glucose 6-arsenate f o rma t i on  respect ively (17.18)). jlV NMR studles 
F- 

-have a lso y ie lded an est imate fo r  the value o f  the pseudo f i rs t  order rate c o n s h n t  " 

f o r  e thy l  vanadate hydro lys is  o f  1.21 x 10' s-I (19). This value far exceeds those 

observed f o r  glucose 6-phosphate and glucose 6-arsenate h y d r o l y s ~ s .  wh lch  are I0 

and lo - '  s-1  respec t i i e l y  (17.18). Earlier studles had shown  that arsenate l ike 

vanadate, cou ld  a lso f o r m  esters capable o f  act ing as substrates i n  the 

phosphoglucomutase react ion (18). Vanadate has a lso been f&nd t o  act lvate 

t ransfer o f  JJP f r o m  labeled phosphoglucomutase t o  glucose (20). Hence vanadate 

esters are f o rmed  rap id ly  enough t o  serve as substrates o f  enzymes that catalyse 

the react ions o f  the analagous phosphate esters. The mos t  pronounced e f fec ts  o f  

vanadate, however ,  f r o m  i n  vitro studies, occur at .enzymes catalyzing pho'sphory l 

t ransfer react ions that invo lve  a phosphoprotein intermediate (21.2223). Vanadate . 
when present at o n l y  m ic romola r  concentrat ion is  a very  compet i t i ve  

inhibi tor o f  such enzymes; e.g.. o f  phosphoglucomutase (human ery throcyte)  

Ki = 1.0 uM, and o f  phosphoglycerate mutuase (human ery throcyte)  Ki = 2.5 uM 

(21). Interference i n  a phosphory l  t ransfer s tep t o  a spec l f ic  act ive sl te restdue 
L F 

could be  what  confers  upon  these enzymes their sens i t i v i t y  t o  the presence o f  4 

vanadate and/or vanadate esters. The readiness w i t h  wh ich  vanadate esters f o r m  

and hydro lyse  (16,19) (cf. corresponding phosphate or arsenate esters), IS the result 

o f  a lower  f ree energy o f  activation fo r  these reacttons. Thls wou ld  favor the 

at tainment o f  the pentacoordinate,  t r igonal  b ipyramidal  geometry  that character~zes 

the t rans i t ion state o f  a phosphory l  transfer stop t o  the enzyme (24): Perhaps rn 

th is  w a y  l o w  concentrat ions o f  vanadate ester analogues ar is ing at micromolar  

levels o f  f ree vanadate could m i m i c  the 'normal phosphate ester substrates. The 

.. vanadate ester, wh ich  m a y  be  a factor o f  10' lower  i n  concen t ra t~oh  than the 
1 .  

substrate, is  able t o  act competitively b y  vir tue o f  be lng stabi l lzed as a t ransl t ton 

state analogue at the enzyme act ive site. 

T o  test  the hypothesis,  the mechanism o f  vanadate i n h i b i t ~ o n  o f  Rabbit muscle 

phosphoglucomutase was invest igated in th is  study. 



EXPERIMENTAL PROCEDURES 

Reagents used and the preparation of stock solutions 
- 

e 

Concentrated stock solutions of  the reagents were prepared in 20mM Tris-C1- - (Srgma. reagent grade)-buffer pH 7.6. Appropriately sired aliquots o f  these stocks 

were then used t o  the desired final assay conce'ntration. The reagent stock 

solutions used and the commercial source of  the reagents were as fo l lows: 0.1M 

- MgCI,6H,O (Anachem, reagent grade), 12mM p-NADPt (Boehringer-Mannheim), 27mM 

EDTA (Fischer Scientific Co.). 2.9mM a-D-glucose 1.6 diphosphate 

(Boehringer-Mannheim). 5.3mM a-D-glucose 1-phosphate (essentially free o f  

a-D-glucose diphosphate, Sigma, grade V), 0.13M D-glucose (Sigma, reagent grade). 

sodium orthovanadate (Na,VO,-1OH,O. Fischer Scientific Co.). Since the hydration 

number of sodium vanadate was not known, the formula weight had t o  be 

determ~ned from the absorbance at 260nm o f  a dilute solution of  sodium vanadate 
v 

at pH 10.5. The predominant form o f  vanadate present at pH 10.5 is the dianion 

HVO,] wi th a molar extinction coefficient o f  3.55 x ' lo3'  M- lcm- I  (28). Care was 

taken in preparing vanadate stock solutions not t o  make them to  acidic thereby 

avoiding the formation o f  decavanadate, which hydrolyses slowly at neutral pH and 

is detected as a yellow colouration in solution. The concentrations o f  vanadate 

stock solutions used were: 0.5mM (in 20mM Trts-CI- pH 7.6) in the steady-state 
+ 

kinetrc studies and 10mM (in 20mM Tris-CI-pH 7.6) for the progress curve studies. 

Careful attention was paid to the pH o f  all the reagent stock solutions. which were 

corrected t o  pH 7.6 using a combination of  acidic (pH 3.0) and basic (pH 11.0) 

solutions of  2OmM Tris-CI-. The volume of these solutions at the correct pH was 

rnen adjustad with Tr~s-CI-  buffer pH 7.E using a v.olumetric flask t o  the desired 

final concentration. 

Enzyme Prepare? ion 

Phosphoglucomutase (Boehringer-Mannheim, f rom rabbit muscle; 200 Umg 

25OC. pH 7.5. lOmg mt - I  suspended jn (NH,),SO,) and p-Glucose &phosphate 

dehydrogenase (Boehringer-Mannheim. f rom bakers yeast 350 Umg-I at 25OC pH 7.5. 
8 

15mg 3ml- I  suspended in (NH4),S04) were the enzymes used in this study. 
3 



Concentrated stdck solutions of  the enzymes were prepared by centrifuging the .- 

commercial ammonium sulphate suspension et 15000 r.p.m. for 15 minutes, After 

this period the ammonium sulphate supernatent was removed using a fine ca_ei!liry 

tube, being carefuf not to disturb the protein pellet. The pellet was t h U s s o l v e d  

: in Tris-CI- buffer (20mM pH 7.6). The concentrated stock enzyme solutions were 

used without further purification and always diluted prior to use in the kineti t  

assays. The apphoximate dilution factor of  the pellet in the reaction mixture was 

l o 4 ,  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.a1.(29). 

Rate Measurement 

The phosphoglucomutase reaction was followed in the thermodynamically 

favourable direction, i.e.. a-D-glucose 1-phosphate (A) --> u-D-glucose 

6-phosphate (C), by coupling the appearence of  the mutase product to the activity. 
1 

of D-glucose 6-phosphate dehydrogenase. Rates were measured 

spect.rophotometrically at 340 nm by monitoring the increase in absorbance due to 

B-NADPH appearing as product of  the coupled reaction. using the extinction 

coefficient at this. wavelength of  6.23 x l o 3  M - l c r n ~ '  for NADPH. All  measurements 

were carried out on a "  Varian spectrophotometer, Model 634, equipped with a 

thermostated sample compartment set at 25'~. All reagent stock solut~ons were 

temperature equilibriated to  25'~ using a temperature regulated water bath, prlor to 

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-CI- buffer, pH 7.6. The enzyme assay was generally Initiated 

by the addition of substrate. usually a-D-glucose 1-phosphate to a preincubatlon 

mixture of the enzyme 'and the rema~ning reagents. Progress curves that showed the 

time course of  vanadate inhibition were obtalned by lnttlatlng the reaction wlth 

substrate, glucose I-phosphate, fol lowed by the add~t Ion of vanadate. 

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

individual experi'ments of this study and the special considerations that apply to the 
a 



desrgn o f  certain experiments, including the analysis o f  dat escr ibed - 
throughout the text of the Pesults and Discussion sec t ion  of this thesis and t isted 

in  the relevant f igure legends. 

Statistical analysis of date 

In order t o  obta i i l  a s ta t is t ica l  analysis o f  double reciprocal  p l o t s  "a weighted 
.- . 

least squares treatment was  carr ied out. I n  th is t reatment an error o f  25% was 

assumed i n  ve loc i ty  (v) measurements and error bars were calculated based o n  the 

upper and lower  l im i t s  o f  reciprocal  ve loc i t y  ( l /v) .  The s lope and intercept values 

were obtained f r o m  a least squares analysis, the standard dev ia t ion o f  the slopes 

and Intercepts was calculated using the upper and lower  l im i t s  o f  uncertainty i n  

each data point .  For non-weighted data a least squares l ine was  calculated f o r  a l l  - .  

the data po in ts  f r o m  wh ich  the values o f  the slope, Intercept and standard dev ia t ion 

could be calculated. A l s o  an addi t ional  'N' least squares l ines were calculated 

containing (N-I) data po in ts ,  th is  generated a f am i l y  o f  'N' least squares l ines o f  

'N' d i f ferent  s lopes and 'N' d i f ferent  in te rc ip ts  which were  used t o  calculate a 

mean value and standard dev ia t ion f o r  a l l  the values o f  s lope and intercept. Where 

insu f f i c ien to  data po in ts  were  co l lec ted t o  apply a meaningful  s ta t is t ica l  analysis a 

standard d e v i a t ~ o q  o f  at least 250% was assumed fo r  the parameter being 

determined. 



Preliminaries 

RESULTS AND DISCUSSION 

Phosphoglucomutase, Mwt.62000, catalyses the interconversion o f  

a-D-glucose 1-phosphate and a-D-glucose 6-phosphate (Keq o f  17.2 at 2 5 ' ~ .  

pH 7.0 in  the presence o f  25 mM Mgl+) (25) v i a  an intermolecular mechanism 

involving a phosphorylated enzyme intermediate. That such a pathway opesates is 

suggested b y  the results o f  equil ibrium isotope exchange studies (26) and 

experiments using chiral phosphate esters (27). As a consequence o f  this transfer 
< 

reaction, the enzyme exists in  both phosphorylated and dephosphorylated forms on  , , 

the reaction pathway. The added requirement that giucose diphosphate, as  the 

intermediate o f  t h i s  transfer reaction f rom active phosphoenzyme t o  bound 

glucose monophosphate (25,30), be present in  catalytic quantities suggests that the 

free dephosphoenzyme can appear o f f  the reaction pathway. though this is 

considered t o  be an infrequent event (30.31). 

Figure 1 shows the model proposed t o  account f o r  the kinetics of the 

phosphoglucomutase react ion ik the absence o f  inhibitors. In  this scheme the actlve 

phosphoenzyme represented b y  (EP; :sncts with the glucose monophosphates 

(A and C) but not w i t h  glucose 1.6-diphasphate (0). The reverse situation applies t o  

the reaction o f  the catalyt ical ly inactive free dephosphoenzyme (E). The free 

dephosphoenzyme (E) and glucose 1.6-diEhosphate (0) are not  considered obl igatory 

intermediates o f  this reaction path. Their infrequent dissociat ion (30,31), however, i s  

responsible fo r  the pattern o f  parallel l ine double reciprocal p lo ts  seen for 

phosphoglucomutase and characteristic o f  a Ping-Pong mechanism. A Ping-Pong 

mechanism i s  def ined as one in  which a product is released between w d i n g  o f  

t w o  substrates (32). in the model o f  Figure 1 free glucose 1.6-diphosphate (8) i s  

considered as a f i rs t  product and second substrate o f  the reaction. Using the 

"King-Altman method" (32) a rate equation was h i v e d  fw the model Cn F W e  2 



Kinetic model describing the Ping-Pong mechanism o f  Rabbit Muscle 

Phosphoglucomutase in  the absence o f  inhibitors. The k's denote specif ic rate 

constants o f  the steps in the mechanism. In the model. E = free 

dephosphoenzyme (inactive), B = glucose diphosphate, C = glucose 6-phosphate. 

A = glucose 1-phosphate, EB = complex o f  dephosphoenzyme w i t h  glucose 

diphosphate, EP = free phosphoenzyme (active). EPA. EPC = cor;iplexes o f  the 

phosphoenzyme wi th  A and C (defined above) respectively. 



EPC EPA 



(see Appendix I )  that accounts for the kinetics o f  the phosphoglucomutase reaction. 
- 

The rate equation predicted b y  the model i n  the f o r m  o f  the double reciprocal 

(Lineweaver-Burke) p lo t  is as fot tows:  

l / v  = KmbA/m 1/[B] + ( ,8 + Kma/[A] ) . 1 /Vm Eq. 1 

where 

v = ini t ia l  ve loc i ty  

Vm = maximum veloci ty 

[B] = concentration o f  glucose 1.6-diphosphate 

[A ]  1 cancentration o f  glucose 1-phosphate 

Kmb = Michaelis constant o f  glucose 1,6-diphosphate for  the free 

deghosphaenzyme (E) 

Kma = Michaelis constant o f  glucose 1-phosphate for the active. 

phosphoenzyme (EP) 

The equation as wr i t ten  above is appropriate fo r  the condit ions under which 

the kinetic assays o f  this study were conducted,'namely w i t h  glucose 
r 

1,6-diphosphate (B) serving as the varied b b s t r a t e  and glucose 1-phosphate (A) 

held at di f ferent,  constant concentrations. A p lo t  o f  l Lv  against 1/[B] i s  predicted 

to have a constant slope o f  K m b N m  and a vertical intercept 9 f  

1/Vm ( p  + Kma/[A]), that would change w i th  the concentration o f  glucose 

1-phosphate used in the assay. 

Figure 2 shows the parallel line pattern 3 double reciprocal p lo ts  obtained at 

three di f ferent glucose 1-phosphate concentrations. Analysis o f  the experiment o f  

Figure 2 in  terms o f  Equation 1 al lows the kinetic parameters o f  the mutase 

reaction t o  be determined. These are l is ted i n  Table I. The values recorded are 

greater than those reported i n ' t he  literature, eg, the Km values o f  

glucose I-phosphate and glucose 1,6-diphosphate are reported at 5 x l o m 4  M and 

4 x 10-I M respect ively in  the presence o f  0.4 mM Mgl+ ion  at pH 7.4 and 30'~ 

(33). A possible explanation could be the format ion o f  inactive magnesium 
'~ 

complexes o f  the substrates at the MgCI, concentration used in  the assays o f  this 



Paral le l  l tne pa t te rn  o f  p l o t s  s h o w i n g  rec tp roco l  ra te  a g a ~ n c r  r c c ~ p r a c a l  . 

~ 1 t 1 c o s e - d t p h o s p h a t e  concen t ra t ton  o b s e r v e d  f o r  the u n l n h ~ b i t e d  p h o s p h o g l u c ~ m u t a s c  ' 

C reac t l on  and c h a r a c t e r i s t ~ c  o f  a P ing-Pong m e c h a n ~ s m .  The doub le  rec ip roca l  p l o t s  

w e r e  ob ta ined  a !  three concentrations o f  g lucose  1 - p h c s p h ~ t e :  25 .h? (a). 
50 o M  (A) and 125 uM ( ove r  the Ind i ca ted  range of g I ~ c o ~ e - ~ t p n ~ s ~ h ~ r c  

coricentra: lor i  E x p a r  imen ta l  c o n d ~ t  lor is I ~ s l e d  i n  f o o t n o t e  b o f  Tab le  I. 





study (2mM), plus the effects of the anlons Ct and SO,' as cornpetltlve cnhtb~lors 

of substrate binding. However, since ~mditfons tn the assays g w m t t y ,  md - 

especially In Mgl* Ion concentration, were kept constant throughout t h ~ s  work, @!$ 

analysis of vanadate inhibition of phosphoglucomutase was not compltcated bv 

taking into account the above effects which were assumxed to be constant. 
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f ABLE 1 : Km values for the! phosphuglucomu~ssd react ton. dts!drrninsd for the 

1 SUBSTRATE 

B c,-D-glucase 1-phvsphale IS a corngettTrve tnh~bttsr wtth respect to 

gkucose dtptbsph&le btndlng ar the free dsphosphasnzyme havm J a 

Y,, ~1 4 5 2 0 03 k 10 R4. The condtttons usad tn the sxperrmenl to 

detorrrline ?he K I  of glucose I-phosghsre weie the same as those 
\ 

descrtbeo tn foolnote P o f  thtlr table sxcspr that thz  range o f  1. 

1 
gkucase 1-phosphate cancsnrrafions cons~dered were: 2.6 mM. 10 m M  3nd 

i 
15 mM. The K I  value was datsrm:nakl from the negative horix.mtal S 

intercept o f  a replot o f  slope o f  the I l v  against I/[@] plars a$sInsr 

qlucosc! 1 -phasphble concentratton 

i l  Reaq:tons conralned 0.05 U phosphoglucornuia$e. 

O 27 U ~ f u c o s e  8-phosphate dehydrogmase, 2 mM. MgCI,. 0.8 mM ZDTA.  

6.48 mM 3-NADPy. 20 m M  Ttts-CI  buffer p<7,6 at 2S• ‹C  in a totai 

valrrma of  1.0 ml. Double rec~procal plats were * k t n a d  at (,xed 

cancrrntrsrlons bt  glucose 1-phosphate o f  25 uM. 50 r M  and 125 uM 

aver a range of giucose dtphosphste concentratton spunntng 0.73 rM to 

0.06 i ~ .  



V_nnsctate Inhibition o f  ph-omuth 

T h e  time dependen! mure of the inhibition I 

Figure 3 shows the e f f ec t  of d i f fe ren t  pre-incubatton c o n d i t ~ o n s  o n  the t tme 

course o f  vanadata inh ib i t i on  o f  phosphogtucamutase. The experiment was carrred 

out under the candi t ions l is ted in. the f igure legend, w i t h  glucose l -phosphate 

present in the assay at 530crM concentrat ion. , . 

Trace p represents the u n ~ n h ~ b i t e d  murase reactton t n t t ~a ted  after 3 minutes 

pie- incubat ion at 2 5 * C  i n  the absence o f  vanadate w i t h  glucose' l -phosphate. I n  

trace & the e n r y m 6  was added to a pr  -~ncubatron mlxture o f  al l  the reactants t 
except glucose l -phosphate and vanedate A f t e r  a perrod of ~ncubat ton  the same as 

i n  4 above, €ha react ion w a s  tnittated w i t h  glucose 1-phosphate, but t h ~ s  t ime was 

f d l o w e d  by the ra&d sdd t f ion  of 4 d  of e vanad&rs stock solut~orl to give a ftnai 

\ assay concentratkon o f  40rM. Under these condit ions the complete t lme course of 

vanadate inhibttron of the enzyme, represented by the progress curve o f  Trace I_, 

can be v lsual~zed.  T w o  

n d  t o  d i f ferent  

is  a rap id  rnhibi t ian by 

ident ical  t o  that o f  the 

distrnct regtons can be seen In  t h ~ s  progress curve that 

t ime  separated corS,onents of vanadate ~ n h t b l t ~ o n .  The f ~ r s t  

venadate o! the ~ n r t t a l  v e l o c ~ t y  whrch IS  seen not t o  be  

untnhibrted react ion i n  Trace 3. The second 1s a much 

s lower  tnh ib~r ron  that 1s responsible for the gradual decrease In the intttal veloccry 

and the eslablrshment o f  a frnal steady state rate wh ich  IS less than that observed 

I n  the absence o f  vanadate (16% o f  the un tnh tb~ ted  rate). 

Trace & IS the result of p re - tncubat~ng  the ertzyme In the presence o f  glucose 

l -phosphate anr: vanadate f o r  2 mlnutes at 2 5 ' ~  i n  the presence o f  a l l  the 

reactants except g lucose-d~phosphate % w h ~ c h  was used t o  ln l t la te  the react ion. Under 

these condt t ions the mutase rate s tar ied ~ n i t ~ a l l y  c lose t o  zero and !hen increased 
+ 
over a short per iod  o f  t ime  un t i l  an inh ib i ted ;ate s imi lar  t o  that in  the progress 

curve of trsce LJ was  reached. Thls result is  consistent w ~ t h  the hypothes is  that the 

onset of the slower time dlepenctem vanactate inhibition occurs more rdipidty in me 

absence o f  glucose-diphosphate, and that the s i te  o f  the i n h i b i t ~ o n  IS the free 

dephosphosnzyme (E). I n  the progress curve o f  trace glucose-diphosphate present 



Figure 3 

The time 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-phosphate dehydrogenase. 

20 mM Tris-CI at pH 7.6, 2 mM MgCI,, 0.8 mM EDTA, 0.48 mM NADP', 

0.53 mM glucose I-phosphate, 0.2 WM glucose 1.6-diphosphate and 40 uM 

vanadate for b)  and. c )  in a total assay volume of  1.0 ml at 2 5 ' ~ .  

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

incubatton by adding glucose 1-phosphate. 

b. Vanadate 4 ~ 1 ,  was  added rapidly to the already initiated mutase 

react ion. 

c.  Al l  the reactants with the exception of glucose-diphosphate were 

incubated for 2 minutes at 25'~, after which the reaction was initiated 

by adding the diphosphate to a final concentration of 0.2pM in the 

assay. 



ABSORBANCE (340nm) 



competes w i t h  the s l o w  vanadate inhibi t ion, and i s  responsible i n  part  f o r  nthe t i m e  

dependent b e h a v i o ~  seen. I t  is  a lso  relevant t o  no te  that in the absence o f  

glucose-diphosphate the enzyme present in i t s  stable act ive phosphoform i s  capable 
3 

o f  turning over  glucose 1-phosphate albei t  at a much reduced rate (30). The 

signi f icance o f  th is po in t  will be  appreciated later. 

1 

To date, al l  publ ished studies o f  vanadate interact ion w i t h  phosphoglucomutase 

have employed  the same pre- incabat ion condi t ions used t o  generate trace g in 

Figure 3 (21.22.35). Clearly the above resul ts  show that under such condi t ions the 

complete t ime  course o f  the inh ib i t ion w o u l d  no t  b e  seen. s o  an accurate 

descr ipt ion o f  the inh i6 i t ion mechanism wou ld  be d i f f i cu l t  t o  obtain. 

Analysis oj the pre-steady state interval of the inhibition 

The pre-steady state interval  i n  the progress curve o f  trace b i n  Figure 3, is  

the t ime  per iod f o l l ow ing  the i n i t i a t ~ o n  o f  the enzyme react ion and pr ior  t o  the 

attainment o f  the inhibi ted steady state rate, during wh ich  the enzyme ac t i v i t y  is  

seen t o  decrease w i t h  t ime. This was o n l y  observed when vanadate was  added 

after the react ion had been in i t ia ted w i t h  glucose 1-phosphate. 

The condit ions i n  the assays used t o  generate progress curve data were such 

as t o  avo id  e f fec ts  ar is ing f r o m  substrate deblet ion and product accumulat ion b 

(36.37). Glucose 1-phosphate was kept at saturating concentrat ion o f  at least 

5 3 0 ~ M .  Substrate deplet ton was  a lways  observed t o  be  less than 15%~ o f  th is  value 

for  instance, over the range o f  glucose-diphosphate and at the vanadate 
S 

concentrat ions used i n  the experiment o f  Figure 5. Even at 20% deplet ion o f  

'subst ra te  o f  the above concentrat ion, glucose I-phosphate w o u l d  be present at l o 5  

t imes  the concentrat ion o f  to ta l  enzyme typ ica l l y  used or 12 t imes  the Km value 

under these condit ions. NADP+ as co fac to r  o f  the coupl ing dehydrogenase was  a lso , 

kept at saturat ing concentrat ions t o  avoid e f f ec t s  ar is ing f r o m  i t s  deplet ion. 

Product o f  the mutase react ion was trapped h y  the coupling m y m e ,  glucose 

6-phosphate dehydrogenase, s o  that product accumuLation d i d  no t  present a 

problem. Another impor tant  considerat ion is  that o f  i ~ h i b i t o r  deplet ion b y  the 



* 
enzyme. Vanadate is  used at concentrat ions i n  the assays o f  at least 2 0 h  (total 

- - 

-- 

inhibi tor concentrat ion greater than that o f  t o ta l  enzyme present). However t h ~ s  may , 

not  be  the concentrat ion o f  the actual inhibi tor.  A small apparant f irst  order r& 

constant f o r  the react ion o f  a l o w  concentrat ion o f  an inhibi tor capable o f  binding 

t igh t l y  t o ' t h e  dephosphoenzyme could cause the s l ow  onset o f  inh ib i t ion seen, I f  

the presence o f  a l o w  equi l ibr ium concentrat ion o f  a glucose 1-phosphate 

6-vanadate mixed  diester as the product o f  the ab i l l ty  o f  vanadate t o  rapidly 

es te r i f y  hydroxy l  groups, i s  responsible f o r  the t ime dependent inh ib i t ion o f  

phosphoglucomutase, i t s  concentrat ion wou ld  approach that o f  the enzyme 

(approximately nanomolar)  and wou ld  be lowered  through b ind ing t o  the enzyme. 

However,  rap id  vanadate 'es ter i f icat ion at the high glucose 1-phosphate and vanadate 

concentrat ions used in  these assays wou ld  serve t o  maintain the equ i l i b r~um 

concentrat ion o f  the inhibi tor.  Hence, whether the true inhibttor I S  vanadate or a 

l o w  concentrat ion o f  a m ixed  vanadate-phosphate d~es te r ,  inhibi tor d e p l e t ~ o n  should 

not  occur. 

The f i r s t  order ra te  constant for,approach t o  the steady state i.e. kObs. was 

dqtermined f r o m  an analysis o f  the progress curve as shown in  Flgure 4 (38). A 

l ine O.D. was  drawn through t = O  o f  the absorbance (340nrn) versus t ime  p lo t  

paral lel t o  the l inear, s teady state reg ion o f  the progress curve. The absorbance 

change at t i m e  t (minutes), A t ,  was  measured as the distance be tween the l ine 

OD. and the pre-steady state reg ion o f  the progress curve, values o f  A t  were 

obtained at several react ion t imes. The to ta l  change In  absorbance accornpanylng 

the at tainment o f  the steady s ta le  rate i.e. A, , was measured as the d~s tance  

be tween the linear reg ion o f  the progress curve and the l ine 0.0. whtch are now 

parallel. The natural logar i thms o f  the d i f ferences between Am and A t  were then 

p lo t t ed  against t ime. The s lopes o f  these were equal t o  -kobs as descr ibed ~n 

appendix Ill Eq.9b. 

I f  a l l  the condi t ions above are me t ,  r espec t~ng  substrate deplet Ion,  t n h ~ b ~ t o r  

deplet ion and product accumulat ion then the decrease i n  ve loc i ty  dur ing the 

pre-steady state interval  can a lso be descr ibed b y  the analogous equat lon (Eq.2) 

wh ich  was der ived by other workers  (39): 



Ftqure fl 

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 stQate. 



TlME (min) 

intercept = A, 

. slope = +,,, 

0 4.0 6.0 

TlME (min) 



Eq. 2 

where : 

v = velocity at any t ime t 

vi= velocity in the steady state 

vo= velocity at zero time 

kobs = the apparent first-order rate constant for the approach t o  the 
- 

steady state. 

Equation 2 predicts that a plot o f  In(v - vi) against t ime, should be linear wi th the 

slope equal to  -kobs. 

The experiment of Figure 5 was conducted to  determine the effect o f  varying 
b 

glucose diphosphate concentration on the t ime dependent inhibition, The conditions 

of pH, temperature and reactant concentrations used in the assays o f  this 
a 

experiment are lrsted In the figure legend. A l l  the reactants except glucose 

1-phosphate and vanadate were incubated at 2 5 ' ~  for  3 minutes after which the 
\+ 

reaction was ~ni t iated by adding 100 rrl of  the glucose 1-phosgbqte stock solution 

to a final concentration o f  530ctM. Af ter  the almost instantaneous establishment o f  
b 

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

Tris-CI- 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 fo l lowed 

until a new inhibited steady-state rate had been established, judged 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 plo'ts of  the pre-steady state data in an experiment of  the 
7 

type shown in Figure 5, f rom which i t  can be seen that the onset o f  inhibition 

~ ~ ~ I o w s  first-order kinetics. The plots o f  In ( A  - At)  against t ime (sec) are linear 

over at laast three half-lives, whish is ~ m s i d w e d  B ~ t t f f i c i w t  km$k of t ime fw a 

reaction to  have demonstrated first-order kinetics (40). The values o f  the apparent 

first-order rate constants (kobs) determined f rom the slopes o f  the semi-log plots 



The s f fec t  o f  varying g l u c o c l  diphosphate concentration on the time-dependent 
4 

inhibi t ion o f  phosphoglucomutase caused by  vanadate at constant high glucose 

1-phosphate concentration. Reaction mixtures contained: 0.021 U 

phosphoglucomutase. 0.12 U glucose 6-phosphate dehydrogenase. 2.0 m M  MgCI,, 

0.8 m M  ZDTA. 0.48 mM PNACP-. 0.53 m M  a-D-glucose 'I-phosphate , 20 m M  

Tris-CI- buffer pl-i 7.6 a t  2 5 ' ~ .  ir a tota l  assay volume o f  1.0 ml. The 

experiment was carried out a: three vanadate concentrations. 20uM. 40uM and 

8 0 r M  over a range o f  ~ - ~ - - ~ l u c o ; e  diphosphate concentration. The figure shows 

representative progress cu.ves ootained at 40uM vanadate, in the presence o f  

0.44rM (@) and 0.73pM (A) glucose d~phosphate. 

1 





are l is ted in  Table II, and\n Figure the values determined at vanadste 
- 

concr tn t~at tons of 20uM and 4 0 ~ M  are p to t t ed  agarnst gtucose-diphasphate 

concentration. F rom Table II and the plot o f  Figure 1 i t  is  sam that ths r a t a  

constant f o r  approach t o  the steady state decreases w i t h  increasing concentrat ion 

o f  glucose diphosphate. A t  higher vanadate concentrations more  glucose diphosphsre 

is required t o  reverse the inhibi t ion, i.e. t o  decrease koDs, The above resul ts  are 

consistent w i t h  the 'hypothesis that the t ime  dependent inh ib i t ion is occurr ing at the 

si te o f  the free dephospho f o r m  o f  phosphoglucomutase. compet i t i ve  w ~ t h  the 

binding o f  glucose-diphosphate. I t  should also be appreciated that the range sf 

r e a c t i o n  ha l f  t imes ( t l i 2 )  that correspond t o  the values o f  robs 1is:f.d i : ~  Table I I  

are w i t h i n  reach o f  the approximate value expected f o r  inhibi t ion due to  a low 

concentrat ion o f  a glucose vanadate-phosphate, mixed d~es te r ,  interact ing in a 

d ~ f  f u s ~ o n  ra te - l i rn~ ted  s tep w i t h  the free dephosphoenzyme. The equi l ibr~urn constant 

fo r  f o rma t i on  o f  the vanadate ester w t t h  the 6-hydroxyl  group on glucose, has been 
A 

\ d e t s r m ~ n e d  e l s z - b v e  (16) as Keq  = 0.084 M I .  At 530 uM glucose 1-phosphate and 

20 UM vanpdate in  the assay the concentrat ion o f  glucose 1-phosphate 6-vanadate 

[gP-V] will b e  9 x 10 l o  M. The f o rwa rd  react ion rate ( v f )  fo r  the binding o f  the 

mixed d ~ e s t e r  inhibl tsr  to the free dephosphoenzyme (E) in  the absence o f  glucose 

diphosphate i s  as f o l l o w s :  

S ~ n c e  the concentrat ion o f  the ~ n h ~ b i t o r  (gP-V) remalns constant,  as d~scussed  

' ea r l~e r .  the react ion w ~ l l  b e  f irst-order w i t h  respect to  the free dephosphoenzyme 

(E) and have an apparent f i rst-order rate constant o f ,  kon[gP-V] SBC I .  I f  the 

b ~ n d ~ n g  step 15 d ~ f f u s ~ o n  con t ro l led  w ~ t h  kon = 1 x 10' M s (41) the b t n d ~ n g  o f  

i n h i b ~ t o r  t o  the dephosphoenzyme w ~ l l  have an apparent f~ rs t -o rder  rate constant of  

9 x 10-J s and thus a hal f  t l m e  (tlR) o f  8 seconds. T ~ I S  represents on ly  a 

gu ide l~ne  value. an upper l ~ r n ~ t  under the above condr t~ons ,  for the ha l f  t ime  

cof~csfxmhg to kobs fm to S@&+-mstcr s m ,  US SWCWT ~ V B  m 

p lo t  o f  Ftgure Z and the resu l ts  In  Table II, the observed f~ rs t -o rder  rate constant 

varies w ~ t h  the concentratrons o f  vanadate and glucose-d~phosphate prasent In the 



Ana lys i s  of the progress curve data  of the exper iment  of Figure 5. The f igure 

shows semi-logarithm~c p l o t s  of In  ( A  - A t )  against  t i m e  f rom the ana lys is  o f  

the p r e s t e a d y - s t a t e  i n te rva l  of progress curves ob ta ined  at 20uM and  40 uM 

vanadate  ove r  a range o f  g l u c o s e  d iphosphate  concen t ra t i on  in the assays 

Glucose c i~pho?p l ia te  concen t ra t tons  u s e d  w e r e :  0 . 2 ~ M  (0). 0.44uM (m). 0 . 7 3 .  pM (A), 

1 16pM 0, 1 45uM (I). 







TABLE I I :  Vslues for robs of phosphoglucomutase- inhtb~tion dertved from the 

slopes o f  the semi-log plots shown rn Figure 6 obtained at 20 and 40pM 

vanadate, as a function of varying giucose diphosphate concentratron. 

obs *S% (s-l) 

20rrM vanadate. 

530uM [g- 1 -P] 

kobs +6% ( 5  I )  

40uM vanadate, 

53OgM [g- 1 -P] 

a. kobs :s the apparent flrst-order rate constant of the reaction governing 

the time dependent inhit?lt~on of phosphogiucomutase actrvlty 

b. [g-1-p] represents concenrratton of glucose 1-phosphate in the assay  

c. [g 1.6-P,] represents concentratron of giucose diphosphate In the assay 



b 

A p l o t  o f  the  k o b s  va lues  f r o m  Tab le  I I  o b t a i n e d  at 20 a n d  40uM vanadate,  

agatnst g lucose  d tphosphate  concent ra t ton .  The kobs va lues  w e r e  o b t a i n e d  from 

the s l o p e s  o f  the p l o t s  s h o w n  i n  F igure  5. The l ines  d r a w n  represer?t  the 

ca lcu lared f i t  to  t h e  data  p o l n t s  * o b t a i n e d  at  20uM (0) a n d  4GL1M (0) vanadate,  

t lstng Equat ion  fi d e r i v e d  later .  
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assay. The previous results also provide an explanation for  the ini t ia l  ve loc i ty  o f  

the mutase reaction starting almost completety inhibited in  trace & of Figure 3. 
. Here the pre-incubation was carrled out in the absence o f  glucose-diphosphate but 

in {he presence o f  glucose 1-phosphate and vanadate. Clearly under these 

condit ions the observed first-order rate constant w i l l  be  large and therefore the 
\ 

onset o f  the rnhibition should be fast. The above considerations show that the 

pre-steady state data in the experiment o f  Figure 5 can be interpreted In terms of 
'b 

the reaction o f  a l o w  concentration of an inhibitor, which must be capable o f  

binding t ight ly to the enzyme, giving r ise t o  a small apparent f irst-order rate 

constant that governs the onset o f  the inhibition. Mere the inhibitor is the putative. . 

glucose 1-phosphate 6-vanadate. which acts competi t ively w i t h  respect t o  glucose 

diphosphate binding to the free dephosphoenzyme. 

Steady state analysis oi the t w ~  time sepwated cmpanents of va&&e inhibition of 

phosphog l ucomutase 

To recapitulate, the t ime separated components as pointed out earlier in  the 

examination o f  Figure 3, are: 

1. a rapid inhibit ion seen as the ef fect  o f  'vanadate on  the Init ial slope o f  the 

progress curve. and 

2 .  a Jower ttme dependent ~ n h i b i t m n  that results in a f i ; d  steady-state rate 

much slower than that seen In the absence o f  vanadate, and represented b y  

the l~near  region In the progress curve. 

In  Flgure 8_ the model proposed to  account for the steady-state behavior o f  

the phosphoglucomutase reaction in  the presence of vanadate is  shown. The scheme 

is the same as that described for t he  mutase reaction i n  the model o f  Figure 1. 

except that here vanadate is  included as a compet i t ive inhibitor acting at the level 

o f  the free dephosphoenryme (g). The model  o f  Flgure 8 shows vanadate ~nh lb i t l on  
s, 

to develop In t w o  p o s s ~ b l e  ways: v ~ e  a) the reactton o f  a l o w  equil ibrium 

concentration o f  glucose 1-phosphate 6-vanadate (Al), m ~ x e d  dlester w i t h  the free 

dephosphoenzyme (E) and, b )  a sequential route that involves free vanadate (I) 
e ,  

reactmg w l th  the dephosphoenzyme (E), fo l lowed b y  glucose 1-phosphate (A) 

iP 



? 

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

route wi l l  be associated with the formation af the mixed diestar on the enzyme. 

the model in Figure 8 (see Appendix 11) in terms of which the steady-state 

behavior of phosphoglucorr~utase in the presence of vanadate could be adequately 

explained. The rate equation predicted by the model in the form of the double 
d 

reciprocal (Lineweaver-Burke) plot showing reciprocal rate agalnst reciprocal glucose 

diphosphate concentration is as follows 
*. 

Eq, 3 

v = initial velocity 

Vm = maximum velocity 

[B] = concentration glucose diphosphate 

[A] = conceptration of glucose 1-phosphate 

Kmb = Michaelis constant of glucose diphosphate for the free 

dephosphoenzy me (E) 

K m a  = Michaelis constant of glucose 1-phosphate for the a c t l v e .  

phosphoenzyme (EP) 

[I] = concentration of free vanadate, taken to be the total concentrat~on 

in the assay 

Kv = inhibition constant for free vanadate as a competitive inhib~tor vs. 

gjucose-diphosphate 

[A l l  = concentration of glucose 1-phosphate 6-vanadate 

K = inhibition constant for the mixed diester as a competttlve inhrbltor " P 
vs. glucose-diphosphate 

Equation 3 shows that competitive inhib~tlon due to vanadate actlng at the free 

dephosphoenzyrne (E) wi l l  appear as an increase in the slope of a plot of  



Fiqure 8 

K~net ic  model proposed to  account for  the inhibit ion o f  phosphoglucomutase 

act iv i ty b y  vanadate. The k's. denote specif ic rate constants o f  the steps in  the 

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

C 3 glucose 6-phosphate. I = vanadate (oxyanion), Al = glucose I-phosphate 

6-vanadate, EP = phosphoenzyrne (active), EB = complex o f  the dephosphoenzyme 

wi th  glucgse diphosphate. E = free dephosphoenzyme (inactive), E l  = inhibited 

complex o f  the dephosphoenzyme w i th  vanadate. EAI = inhibi ted complex o f  the 

dephosphoenzyme wi th  glucose 1-phosphate 6-vanadate (mixed diester), EPAEPC = 

complexes o f  the active phosphoenzyme w i t h  the glucose monophosphates 

(A and C )  def ined above. 



EAI rrl>A-' 

EPC EPA 
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1 /v against 1 /[B]. Hence at di f ferent vanadate and constant glucose 1-phosphate 

conesntf#ions in  the assay the expected pattern of the doubte reciprocal ptots wit1 

be a series o f  l ines of varying slope converging t o  a common vertical intercept af,  

The slopr; o f  the double reciprocal p lot  o f  Equation 3 is  given by, 

The value o f  [ A l l  in the brackets can be expressed in terms o f  the known 

concentrations o f  vanadate and glucose 1-phosphate and the equil ibrium constant 

for , format ion o f  glucose 1-phosphate 6-vanadate, mixed diester, Keq = 0.084 M-l. 

f h ~ s  gives, 

Summation o f  the terms common in vanadate concentration al lows the expression 

for the slope o f  the double reciprocal p lo t  t o  be abbreviated as shown below. 

Krnb 
slope = ----- P I  

( 1 + ---- 
Vm Kiapp 

1 
where : 

[I] = concentration o f  free (non esterif ied) 

vanadate, taken as the tota l  concentration 

v present i n  the assay, 

Kv . Kvp 
Kiapp 1 I ---mu----------------- 

K v p  + Kv . Keq [g- I-P] 

and [g-I-P] = tota i  concentration of  glucose I-phosphate 

Eq. 4 

present i n  the assay. 



The slopes .of do;ble reciprocal p lo ts  o f  the fo rm o f  Equation 3 obtained st - 

di f ferent vanadate concentrations can be snatyzed in terms o f  Equation 4 which 
- 

/ 

predicts that a ~ e p l o t  o f  slope Ga ins t  vanadate concentration will ba ~inaar%and 

have a horizontal intercept of - Kiapp As seen above Ki is  an overall, apparent 
aPP 

inhibi t ion constant representing the sum o f  the competi t ive ef fects due to  free 

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

Figure 2 shows p lo ts  o f  reciprocal rate, obtained f r o m  the ini t ia l  slopes o f  the 

progress curve data o f  the experiment in  Figure 5 against reciprocal 

glucose diphosphate concentration. I t  is  seen that the init,al veloci ty of the mutase 

reaction is  subject t o  a rapid reversible competi t ive inhibi t ion that increases w i th  

increasing concentration o f  vanadate and which occurs at the level o f  the f ree  

dephosphoenzyme. The rapid inhibi t ion seen here is probably due only  to 

competi t ive ef fects arising f rom free (nonesterif ied) vanadate. Previous results 

suggest that no signif icant contribution due to  mixed diester present would b e  

expected to  have developed in the short t ime interval subsequent t o  ini t iat ing the 

reaction and adding vanadate, during which inhibit ion o f  the init iak veloci ty takes ' 

place. Also,  experiments described later, Figure 2, show that the ini t ia l  rate. before 

time-dependent inhibi t ion h signif icantly, is independent o f  glucose - 
1-phosphate concentration o f  glucose 1-phosphate used In 

these experiments. To generate progress curves the reaction was f i rs t  init iated after 

an incubation period o f  3 minutes at 2 5 O ~  b y  adding glucose 1-phosphate to  the 

react ion mixture in the absence o f  vanadate and replacing the cuvette In the 

spectrophotometer. Once steady state had been established the chart recorder was - 
I .  

disengaged, the cuvette removed and an aliquot o f  a vanadate stock s o l u t ~ o n  added. 

The cuvette contents were then mixed b y  inverting several t imes arid f inal ly the 

cuvette was replaced in  the spectrophotometer. The chart reco:der was immediately 

reengaged and data col lect ion continued. On average the t ime that elapsed 

subsequent t o  adding vanadate before data cottect ion corrtd begin w a s  5 saconcfs. 
* 

This represents the earliest opportunity that a rate could he maaswad, hmcs the 

rates recorded f r o m  the ini t ia l  slope ofethe progress curves In this experiment 
7 

correspond t o  those at t=5 seconds. The half-t ime (tlI2) associated w i t h  the onset 



A p l o t  o f  rec ip roca l  ra te ,  ob ta ined  f r o m  the ~ n i t i a l  s l o p e  o f  t he  p r o g r e s s  cu rves  

of  the  exper iment  o f  F igure  5. against  rec ip roca l  g l u c o s e '  d iphospha te  

concent ra t ion .  The f i gu re  shows the e f f e c t  of vanadate  o n  the  i n i t i a l  v e l o c i t y  o f  
9 

the phosphog lucomutase  reac t i on .  concen t ra t  i o n s  o f  vanada te  present  w e r e  

20 clM (0) a n d  40uM (0). The inset  s h o w s q - r e p l o t  o f  s l o p e  o f  t h e  a b o v e  p l a t  be 

a g a ~ n s t  vanadate concen t ra t i on .  From the  negat4ve h o r i z o n t a l  i n te rcep t  a value o f  

K i  for  vanadate as a c o m p e t i i ~ v e  inhibitor can be ob ta ined .  Kv  = 37 ( 2 1 8 ) u M .  





o f  i nh ib i t~on  duq t o  mixed diester at a concentration o f  5 3 0 ~ M  glucose 1-phosphate 

fn t b  p~esuwt of 40& vanadate and at the W e s t  gtucose-ctiphosphate - - 

concentratton used i n  the p lo t  o f  Figure Q was calculated t o  be  40 seconds, 

determined f r o m  the data presented later i n  the p lo t  o f  Figure 15 and the 

relationship t = ln2/kobs. A measure o f  the extent t o  which mixed diester 

inh ib~tron had progressed in this 5 second interval toward steady state is  provided 

by the percentage deviat ion o f  the rates recorded at t=5 seconds f r o m  the 
0 

expected i n i t ~ a l  rate at t -0 calculated using Equation 2 given earlier and the 

half- t ime o f  40 seconds. I t  is found that the rates d i f fer  b y  approximately 9% f rom 

that expected for the ini t ia l  rate at t=O seconds. Since the accepted l im i t  o f  
) 

a l lowed experimental error in  rate determinations is f5% i t  can be seen that the - 
2 

rates recorded at t=5 seconds vary b y  a margin o f  4 8  outside this l imi t .  However 

when constructing the llnes in  the p lo t  o f  Figure 3 emphasis was placed on the 
m 

3 
points collected at the higher concentrations o f  glucose-diphosphate eg.. at the next 

highest concentratlon o f  0.73uM the fo r  mixed diester inhibi t ion under the 

condit ions considered above becomes 77 seconds and the deviat ion o f  the rate 

recorded fal ls t o  only 4% o f  that expected at t=O seconds. A t  lower vanadate 

concentratlon the t I l 2  becomes even longer. Thus inhibit ion due t o  mixed diester is 

not considered to have developed suf f ic ient ly  in this interval o f  5 seconds t o  f o r m  

a contributron towmd the rapid component o f  inhibit ion that expresses i tsel f  i n  this 

- - interval. For t h ~ s  reason the value o f  Ki obtained f rom the replot o f  slope aPP 
agatnst vanadate concentration shown in Figure 2 wi l l  be equal t o  Kv, the inhibi t ion 

conStant for  the complex o f  the dephosphoenzyme wi th  vanadate (El) in  the model 

o f  figure 4. The value o f  Kv determined f r o m  the replot was 37 +18~M.  As  

considered earlier, the t ime dependent inhibi t ion will progress further towards 

steady state over a given ~n te rva l  o f  t ime at l o w  glucose-diphosphate concentration 

than w i l l  be the case,, at high glucose-diphosphate concentratlon. This impl ies that 

the points recorded at the lowest  glucose-diphosphate concentrations in Figure 2 
t 

should deviate upward, not  downward f r o m  the lines in  the p lo t  as seen. The 

downward deviat ion is rationalized i n  terms o f  contaminating glucose-diphosphate 

present in the commercial source o f  glucose 1-phosphate used i n  these studies. 

The ef f ect o f  this contaminating glucose-diphosphate on  the ini t ia l  rate is  more 



profound over shorter t ime intervals than' the mhibtt ion due t o  the m ~ x e d  dteltbr. 
0 

hence the trend in the rates recorded. 

In Figure 10 are shown p lo ts  o f  reciprocal rate obtained f rom the slope of the 

linear, steady-state region o f  the progress curves generated in the expertrnent o f  

figure 3 against reciprocal glucose diphosphate concentratton. The rate msa9ured In 

this region o f  the p r o g r e ~ '  curve is  the result o f  the slow component sf vanadare 
- - - -  

inhibii ion, thought t o  be due t o  r tight binding complex of 

glucose 1-phosphate 6-vanadate. -- 
The pattern seen for the double reciprocal piots of  Figure lJ rn the presence 

o f  varying vanadate is as predicted above fpr reversible. competrt ive ~ n h i b t t ~ o n  

aristng at the free dephosphoenzyme (E). A s  shown tn Frgure 11 a replor of slope 

o f  the reciprocal p lo ts  o f  F~gure  10 agalnst vanadate concent ra t~an  IS  ililaiu having 

a ve r t~ca l  Intercept o f  

From the observed value of the replot Intercept (KrnbNrn)  and the k r l o w r ~  value5 o f  

Kv, Keq and the concentratiora o f  glucose 1-phosphate used In the assay I! 15 

possible to  determine K')b. the i n h ~ b t t ~ o n  cons!ant for the complex of the 

dephosphoenzyme wrth glucose 1-phosphate 6-vanadate mlxed d~ester  (EAl )  rn the 

model  of   figure 8. The value o f  K determined f rom the slope of the rftplot of  
v P 

Figure 11 was 2.7 20.4 x M. The value o f  Kt obtarnsd from the hsrtzontsl 
aPP 

Intercept o f  t h ~ s  replot was 0.6 20.08 x 10 * M. The rat lo  KmbNm deterrnrrled from the 

vertical intercept o f  this replot y i e l d s  a value o f  Kmb the same &s that atmucad 

f i o m  the intercept o f  the corresponding p lo t  in  Figure 2. 

Ninfal l i  et al. (21) had earlier obtatned a value o f  1.0 x 10 ' M from the horrzontal 

intercept o f  a replot similar t o  that o f  Figure 3 ' uh~ch  was taken to be  the 



r foac$, -bratr .  t e q ~ p r -  C I I  the progress c u r v e s  of  exper~ments  of t h e  t y p e  shown ,In 

Ftr)r )rr  2 aciatns: r c c l y r o c b l  ~ l u c o s e  dtphospbarc c o n c e n r r a t ~ o n  The  f ~ g u r e  s h o w s  

!ttc p t f c c r  o f  vervrnq vanada!e c o n c e n t r a t ~ o n  on the r a t e  ~ _ f  the 

ptwsphngtucnmillase reecrton kn t h ~ s  reglon of  t h e  progress curve.  



' 1 /[GLUCOSE DIPHOSPHATE] ( pM)- 



A primary replot of the  data in Figure 10 i.e.. slope of the double reciprocal 

plot against venadate concentrati~n : 20uM. 40yM and 80uM. A linear regression 

techrt que was used to f i t  the l ~ n e  to the data points. From the slope of ihe 

replo$ a value of Ki. (he inhibition constant of glucose 1-phosphate 6-vanadate 

as a competitive inhibitor of the dephosphoenzyrne is obtained, 





~nhibr t ion constant for  free vanadate as a competi t ive inhibitor o f  

" phosphoglucomutsse (rabbit muscte), tn Ninfall i 's study (21) the enzyme had been 

pre-~ncubated w i th  vanadate in the presence o f  250gM glucose ~ - ~ h o s ~ h a t e .  For 
/ 

t h ~ s  reason the fu l l  t ime course o f  Inhibit ion was ~ o t  appreciated (see trace g o f  

F~gure  3 )  and the value o f  1 x lo- '  M obtamed really represents the apparent 

~ n h ~ b ~ t ~ o n  constant Kiapp. as d e f ~ n e d  w l t h  Equat~on 4. 
i 

The relationship o f  the K i  values determined at these t w o  concentrations 
BPP 

glucose l-phosphate, p r o v ~ d e s  support for  the i d e n t ~ t y  o f  the inh ib~tor  r e s p o n s i b y -  

for the t ime dependent ~ n h i b ~ t i o n  as an equil ibrium cdncentration o f  

glucose l-phosphate 6-vanadate. 

The value ;(f KI determined f r o m  the steady-state anal;sis o f  the linear 
aPP 

por t lon of the progress curves at a glven concentratlon q f  glucose l-phosphate 

corresponds t o  the concentratlon o f  vanadate at w h ~ c h  the equilibrium concentration 

o f  m ~ x e d  diester approaches a value equal t o  K A comparison o f  the values 
VP' 

determlhed above for K~ and K shows that the complex o f  " P 
glucose l-phosphate 6-vanadate is  bound a factor o f  106 t imes more t ight ly t o  the 

dephosphoenzyme than free (nonesterif ied) vanadate. A s  a result o f  the large 

d~ f fe rence  In the magnitude o f  these ~nh ib i t i on  constants the meaning o f  Ki In .. a PP 

equatron 4 w ~ l l  vary depending o n  which region o f  the progress curve is  cons~dered 

In the steady-state anelys~s.  
t 

The results obtained so far do not provlde conclusive proof  o f  the s low  t ime 

dependk t  inhibi t ion arising f r o m  the react ion o f  a l o w  concentration o f  a t ight 

binding inhibitor (mixed dlester) w i th  the free dephosphoenzyme. The inhibi t ion 

could also arise f r o m  the rapid binding o f  the inhibitor components, i.e.. vanadate 

and glucose 1-phosphate separately, as considered b y  the sequential pathway i n  the 
, 

model  o f  Figure 8. Once these components are bound, a rate determining 
L 

conformational change in the 'dephosphoenzyme, result ing in a tighter association 

, w i t h  the mixed diester may control  the s low  onset o f  inhibit ion. In  this case, i t  

might be expected that the rapid inhibi t ion seen as the e f fec t  o n  the ini t ia l  v e l o c ~ t y  

o f  'changing vanadate concentration should also be sensit ive t o  changes i n  the 



concentration o f  glucose 1-phosphate. 

The experiment o f  Figure 2 was conducted t o  test this possibi l i ty.  The 

cohcent~a€tWt f  of reactants tts& are tisted in the f igure tegend. experiments a r e  

carried out at concentrations o f  glucose I-phosphate o f  75uM and 150rM In the 
U 

presence In each case o f  POlM and 60pM vanadate. l n ~ t ~ a l  rates were collected 

over a range o f  glucose diphosphate concentration as shown. A l l  the assay 

components including vanadate but not glucose 1-phosphate were incubated fo; 3 

minutes at 25'~ prior tq  in i t iat ing the react ion w i th  substrate. At the higher 

concentration o f  glucose 1-phosphate used in this experiment. in  the presence o f  

- 40pM vanadate and 0.44uM glucose-diphosphate the half-t ime assocjated w i th  the 

' onset o f  inhibi t ion due t o  mixed diester was 120 seconds. For this reason ef fects 

due t o  the slower component o f  inhibi t ion on the init ial rates measured f rom the 

~ ~ e c t r o p h o t o m e t r i c  trace, were not c o n s i c k e d  t o  be significant in the interval of 70 

seconds that elapsed before a rate measurement could be r'nade. In  t h ~ s  Interval 

mixed diester i nh~b i t i on  wou ld  have advanced only 6% o f  the way toward steady 9 

state. The pattern seen fo r  the double reciprocal p lots  i n  Figure a, I S  agaln es 

predicted (see Equation 3) for  reversible competi t ive inhibi t ion occurring at the free 

dephosphoenzyme.  the^ downward deviat ion o f  the rates recorded at l o w  

glucose-diphosphate concentration in the p lo ts  o f  Figure l2, is ascribed to  the 

presence o f  ~ o n t a m i n a t i n g  glucose-diphosphate present in  the commercial source o f  

glucoge 1-phosphate used in these studies as d~scussed earlier. In the absence of 

e f fec ts  due t o  the s low  inhibit ion, the slopes of the reciprocal p lots  o f  Figure 9 

in  the presence o f  rapid, competi t ive Inhibit ion due to both glucose 1-phosphate 

and vanadate are de~scribed by  analogy w i th  Equation 3 above as fo l l ows :  

Kmb [I1 [Y-  1-PI 
slope = ----- ( 1 + ---- + ------- 

Vm Kv 
1 

Kg l p  
Eq. 5 

The t e r f i s  in  Equation 5 are as def ined eail ier except for K 
91P' 

w h ~ c h  is included ~n 

this a6alysis t o  represent the inhibi t ion constant for glucose 1-phosphate reac t~ng 

w i th  the  free dephosphoenzyme. Equation 5 predicts that the negative horizontal 

intercept o f  a replot o f  slope against [I] (vanadate concentration i n  the assay) 



F iqu re  2 

The e f f e c t  o f  v a r y i n g  g l u c o s e  1 -phospha te  c o n c e n t r a t i o n  o n  the"  r a p i d ,  i n i t r a l  

c o m p o n e n t  o f  vanada te  i n h i b ~ i , ? n  o f  p b ~ s p h o g l u c o m u t a s e .  R e a c t i o n s  c o n t a i n e d :  20 

mM Tr i s -C I  p H  7.6 at  2 5 O ~ ,  0.034 U p h o s p h o g I u c o m u t a s e .  0.20 U. g l u c o s e  

6 - p h o s p h a t e  d e h y d r o g e n a s e ,  2 mM MgCI,,  0.49 mu+!?.-NADP-. a n d  0 .81  m M  EDTA 

i n  a f i n a l  v o l u m e  of  1.0 ml. The  e x p e r i m e n t  w a s  c a r r i e d  o u t  a t  c o n c e n t r a t i o n s  o f  

g l u c o s e  1 -phospha te  o f  75pM a n d  150uM. T h e  f i g u r e  s h o w s  p l o t s  o f  r e c ~ p r o c a l  

r a t e  ayarnst r e c i p r o c a l  g l u c o s e  d i p h o s p h a t e  c o n c e n t r a t i o n ,  o b t q i n e d  a t  t h e  a b o v e  

t w o  concen t ra t t ?ns  of g l u c o s e  1 -phospha te  In t h e  a b s e n c e  o f  v a n a d a t 2  (01. a n d  

i n  t h e  p r e s e n c e  o f  v a n a d a t e  at 20 uM (0) a n d  6 0  DM {A). 







Ki will be equal to ,  
aPP 

Hence Ki should become larger as the concentration o f  glucose 1-phosphate 
aPP 

present increases. Clearly f rom the values obtained fo r  this intercept f rom the 

replots shown in Figure 2 of  34.9 f4.6 x lo -*  W a n d  37.3 f 1.9 x 10 -&  M at 7 5 ~ M  

and 1 5 0 ~ M  glucose 1-phosphate respectively, i t  can be seen that the ef fect  09 

Kiapp o f  doubling the glucose 1-phosphate concentration was not  significant. It i s  
\ 

also important t o  note that these values o f  'Ki are the same as that obtained 
aPP 

earlier fo r  Kv at 530 ctM glucose 1-phosphate (p.43). f r om the intercept o f  the 

replot shown in Figure 9. The ini t ia l  ve loc i ty  o f  the mutase r e a c k n  f rom the 

results o f  the last experiment decreased w i th  increasing concentration o f  vanadate 

bu t .  was independent o f  glucose 1-phosphate at the t w o  concentrations used. Such 

a response o f  the ini t ia l  ve loc i ty  wou ld  no t  be expected fo r  inhibi t ion due to a l o w  

concentration o f  a t ight binding, mixed vanadate-phosphate diester. Cl3arly this 

represents a separate, rapid component o f  inhibit ion due t o  free .(nonesterified) 

vanadate acting compet i t ive ly  w i th  respect to  glucose diphosphate at the free 

dephosphoenzyme. 

YP 
The experiment of, Figure 114 was pe;formed t o  determinethe ef fect  o f  varying 

t glucose 1-phosphate concentration on  the observed first-order rate constant (kobs) 

o f  the s low  inhibit ion. Progress curves were obtained in  the same manner, w i th  

reference t o  considerations of substrate and inhibitor depletion and also product 

accumulation and under  the^ same experimental condit ions o f  reactant concentration, 

pH and temper6tur;e as those o f  the experiment in Figure 5,  except that here 

glucose 1-phosphate concentration was varied at constant '  vanadate concentration o f  

40 jtM in the assay. The experiment was performed at t w o  di f ferent concentrations 

of glucose diphosphate which were held constant i n  each' case at 0.44 r M  and 

Q.73 UM respectively. The analysis o f  the presteady-state interval as described in Figure 

4 yielded the semi-logarithmic p lo ts  o f  I n  (A, - A t )  against t ime shown in  - 
C 

Figure 3. From Figure 3 i t  can again be seen tha i  the observed rate of the s low  



Pr imary  rep lo t s  o f  the da ta  i n  Figure 12. The s l o p e s  o f  t he  double rec ip roca l  

p l o t s  ob ta ined  at the t w o  concen t ra t i ons  o f  g lucose  1-phosphate  u s e d  o f  

75uM (e) and 150uM (A), are p l o t t e d  aga ins t  vanadate  c o n c e n t r a t i o n  at 20uM 

and 6OpM. - 



-Kv -20  0 20  40 60 

= 37.3 k 1.9 (pM) [VANADATE] (pM) 
/ 



Figure, 14 

The e f f e c t  o f  va ry ing  g l u c o s e  1-bhosphate c o n c e n t r a t i o n  o n  kobs,  i.e., the 

appareht f i rs t -o rder  ra te  cons tan t  o f  t he  t i m e  dependent  i nh ib i t i on .  Reac t i on  

rn ix tures conta ined:  0.02 U phosphog lucomutase ,  0.12 U g l u c o s e  6-phosphate  

dehydrogenase,  2.0 mM MgCI,. 0.8 m M  EDTA, 0.48 mM ,O-NADP-, 20 mM ~ r i s - C I -  

pH' 7.6 at 2 5 ' C ,  and  the i nd i ca ted  concen t ra t i ons  o f  vanadate  and 

g lucose-d tphosphate  In a t o t a l  v o l u m e  o f  1.0 ml. Concen t ra t i ons  o f  g l u c o s e  

I -phospha te  used w e r e :  0.53 rnM (a). 2.8 mM 0. 1.06 rnM (A). 1.48 m M  (0). 

2.12 mM (m, 2.38 -m.M (m and  3.18 m M  (0). The f i g u r e  s h o w s  t h e  s e m i - l o g  

p l o t s v  o f  In (Am o -  A ) aga in27 t i m e -  ( sec )  ob ta jned  at g lucose -d iphospha te  
t 

conCarltrottons o f  0.44 DM and  0.73 u M  respec t t ve l y .  



I. [GLUCOSE DIPHOSPHATEJ = 0.44 pM 



/ 

RXJ.JCOSE DWHOSPHATE] = 0.73 pM 

m [VANADATE] = 40 pM 



inhibi t ion fo t lows first-order kinet ics The values o f  the apparent f ~rst-order rate 

constant (kobj). obtatned f r o m  the slopes o f  the semt-log p lots .  are l ~ s t e d  in 
54 

Table Ill: In ~ i ~ w e  12 the values o f  kobs determined st 0.44 uM 

gIttfose-&phvs~tt?e m b  40 Ail vanadztte me ptotmd 'agmrrst gtwoss t-phosptrare 

concentrat Ion. 
* 

.Table I l l  and the p lo t  o f  Figure 15 show that the value o! kobs becomes 

larger as the concentration o f  glucose 1-phosphate In the assay IS increased. I t  can 

also b e  seen that h~gher  concentrations o f  $lucose-gphosphate tend l o  decrease the 

value o f  kobs i.e.. oppose the onset o f  the s low ~ n h i b ~ t i o n .  The dependence of 

kobs on glucose 1-phosphate and vanadate concentratton suggests that the t ime 

dependent: inhibi t ion is  a product o f  both species acting together at the level of the 

free dephosphoenzyme (E),, T h ~ s  supports the previous analysis o f  the steady-state 
i 

data In the linear regton o f  the progress curves, based on  a model that accounts\ 

for the strong ~nh ib i t t on  being due t o  a complex of glucose I-phosphate 6-vanadate 

osphoenzyme. 

To summarize the above observations; vanadate inhibi t ion o f  the ~ntt'ial 

ve loc i ty  o f  the mutase react ion occurs independently o f  glucose 1 -phosphate 
4 

concentration and yet. glucose 1-phosphate and vanadate together have an essent~al  

role in  the t ime dependentu inhibi t ion . These results can be rat~onalized'% terms o f  

the react lon o f  a l o w  equ l l lb r~um concentrat~on o f  glucose 1-phosphate 6-vanadate. 
" 

capable of b ~ n d t n g  t ight ly t o  the free dephosphoenzyme. belng res! l .ms~ble for the 

s low  onset o f  the st rong t n h ~ b i t ~ o n  as cons~dered In the model o f  Figure 2. 

F~gure  15 also shows that kobs approaches a l t r n l t~ng  value at h ~ g h  

concentrations o f  glucose 1-phosphate. I n  the absence o f  a particular feature o f  the 

mutase react ion 1.e.. the infrequenr appearsnce o f  the free dephosphoenzyme and 

glucose diphosphate (3031) such a trend in  kobs would not be expected for s low 

inhibi t ion due t o  a l o w  concentration o f  a t ighi  b ~ n d i n g  
I 

glucose 1-phosphate 6-vanadate mixed diester. At the high concentrations o f  

glucose I-pt'msphute used in the mpmirnerrt of frgure the rasuhis mt3 ratrumkm0 ~p 

in term$ o f  the inhibitor (mixed diester) binding t o  the dephosphoenzyme wl th  an . 



TABLE I l l :  Values for kobs of phosphoglucomutase inhibition derived from the 
# 

slope of the semi-loy plots of Figure 14 obtained at 40uM vanadate in the 

presence of 0 . 4 & ~ ~  and 0 .73~M glucose diphosphate, as a function of glucose 

kobs 26% (s-I) 

40pM vanadate, 

0.73uM [g 1.6-PJ 

a. [g-1-P] is the concentration of glucose 1-phosphate present in the 
F 

assay. 

b. [g 1,6-PJ represents glucose diphosphate. 



Fiqure 2 

A plot o f  the k o i s  values from Table I l l  , obtained in the presence of 0 . 4 4 ~ M  

glucose diphosphate and 40uM vanadate, against glucose 1-phosphate 

concentration. Data for this plot were obtained f rom the analysis of results of 

the experiment described in Figure 14. 





apparent first order rate constant approaching closely that wtth whlch the free 

dephosphoenzyme appears o f f  the man mutase reactton path. But for rhts resturn 

of the mutase reactton kobs would be expected to vary as a llnear functlcn of 

gfucose I-phosphate concentratton. 

In F igure,s  is shown the model proposed to account for the slow lnhlbltron 

in terms of a low equilibrium concentration of glucose 1-phosphate 6-vanadate I.%., 

the rate Itwittng btnding o f  Inhibitor to the dephosphoenzyme . From th~s-model an 

expression 'can be der~ved for kobs that predicts the dependence of thts apparent 

flrst order rate constant upon the concentratton of glucose 1-phosphate, vanadate 

and glucose dtphosphate preseni in the assay. The expresston for IS shown as 

follows (the dertvatlon of the expresston IS ,grven In Appendlx I l l ) .  

Eq. 6 

where, 

TT] = equrlibrium concentration of glucose 1-phosphate 6-vanadate 

[Sl = concentratlon of glucose dlphosphate, substrete o f  the free 

dephosphoenzy me % U 

KdS = taken as the ~ n \  for glucose drphosphare (uslng the value 

determtned in" thts Mudy ). 

k, = the b~rnolecular assoctat~on rate constant for the mixed drester (T )  

binding to the free dephosphoenzyme (E). 

k,,= the untmolecular dlssoctat~on rate Gonstant of the ~nh~bt ted  complex 
-T 

of dephosphoenzyme~glucose 1-phosphate 6-vanadate (ET). 

k, = the birnolecular assocratton rate constant for glucose &phosphate (S) 
- 

b~ndlng to the dephosphoenzyme- (E). 
d ,  

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

concentratlon on kobs was examtned. At the concentrattons  of^ glucose dtphosphate 



A proposed stmple mechanism to account for the slow 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 = 

cohplex of dephosphoenzyme and t~gh t l y  bound' T, k = specific rate constants of 

the tndtvidual steps of the reaction. S = glucose diphosphate. substrate of the 

dephosphoenzyme. 





employed i Kmb, the apparent first-order rate constant (kobs) is expected t o  be 

largely a function o f  the inhibitor btndtng steps shown in Figure s. As the 

concentration o f  glucose 1-phosphate is increased so w i l l  the concentration o f  the 

mixed diester inhibitor (T). Hence the pseudo first-order rate constant k, IT] 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 

kobs. For this reason, in Equation 6 k, is  dropped and the equation used t o  

analyze the data of  this experiment becomes, 

Eq. 7 

The terms in Equation Z are as defined before except for k ,  which is the specific 

rate constant f e ~  t b  step in the model o f  Figwe that involves dissociation o f  

glucose diphosphate and the free dephosphoenzyme o f f  the main mutase pathway. 

~ ~ u a t i 6 n  predicts that under the above experimental conditions and taking account 

o f  the assumptions made. that a plot of (kobs) - I  against [T I - I  w i l l  be linear having 

a slope o f :  

and a vertical intercept o f ,  

In Fi 

f rom 

P 

gure 12 is shown a plot of (kobs) -I against [glucose 1-phosphate]-l obtained 
#' 

the analysis o f  the data generated in the experiment o f  Figure 14 in terms of 

Equation 2. except that here the slope o f  the plot is given by  

k,  Kds Keq [I] 
u 



where: 

Keq = the equil ibrium constant for  vanadste ester format ion at the 

6-hydroxyl group o n  glucose 1-phosphate 

[I] = concentration o f  f iee .vanadate in  the assay, which is taken t o  be 

the tota l  concentration present. 

The slope o f  the p lo t  increases at higher glucose-diphosphate concentration as 

. predicted b y  Equation Z. From the measured value of, the slope of- this p lot  and the 

known values fo r  [S], Kds, Keq and [I] all as defined earlier, a value for k ,  the 

association rate constant for  the inhibitor binding s t e p i n  the model o f  Figure Iq. 

can be calculated. 5 

The values determined f r o m  the slope o f  the p lo ts  in Figure 2 obtained at 

concentrations o f  0.44 and 0.73 PM glucose-diphosphate were: 

8.3 20.9 x l o 6  M-I  s - I  and 6.2 20.7 x 106 M s - I  respectively. As  can be seen both 

values are close enough t o  almost be wi th in a single standard deviation o f  each 

other, hence the average o f  these values is taken as the closest estimate o f  the 

association constant k, and is  equal t o  7.3 21.2 x 106 M-I  s-l. 

From the vertical intercept o f  the same plot  a value fo r  k ,  (defined above) 

was obtained equal t o  7.9 20.6 x 10-2 s-I. The half- t ime that corresponds t o  k,,  fo r  the 

dissociat ion o f  glucose-diphosphate f rom the dephosphoenzyme is 8.7 seconds. 

Since phosphoglucomutase has a turnover number (kcat value) o f  10' s I .  i t  can be 

, seen  that the free dephosphoenzyme w i l l  appear w i th  a frequency of 

1 x lo3 s / 7.9 x 10-I s = 1.3 x lo4 turnollers per dissociation. The above 
a 

results support the previous explanation for the trend i n  kobs values seen i n  the 

p lo t  o f  Figure 9 as a funct ion o f  glucose I-phosphate concentration i.e., a change 
, - 

o f  the rate l imi t ing step, f r o m  the 'binding o f  ihhibitor t o  the free dephosphoenzyme 

to  the rate l imi t ing dissociat ion o f  glucose-diphosphate f r o m  the dephosphoenzyme 

at high inhibitor concentration. A t  the concentrations o f  mixed diester attained in  

this experiment the pseudo f i rs t  order rate constant for  the inhibitor assoc ia t~on 

step can approach value. close t o  that o f  k ,  above (see later). 



Fiqure lJ 

A plot o f  (kOb,) - I  against [g-1-P] obtained f rom the ana lys i s  of  data of  the 

experiment in Figure l4, in terms of  Equation Z in the text. The figure shows 

th'e plots obtained, at 0.44crM (e) and 0.73uM (A) glucose diphosphate. 





J 

" The value fo r  k,. the rate constant o f  the inhibitor dissociat ion step can be 

calculated f rom progress curve ctata obtained in  this study using a previously 

established relationship (42,43) in  which the ,slope o f  the linear, steady-state region 

is  given by,  

rearranging 

where, 

v .  = inhibited veloc i ty  in the steady state 
I 

v = ini t ia l  ve loc i ty  in the absence here, o f  e f fec ts  due t o  the mixed 
0 

diester inhibitor 

kobs = the observed first order rate constant f o r  the approach t o  the 

inhibited steady state. 

Using Equation and the values determined for  v v i  and kObs 0' 
f r o m  the 

progress eurves generated under the condit ions o f  the experiment described in the 

legend to F~gure l4, a value fo r  k, was obtained equal to 3.3 f0.6 x l o - '  s- l .  The 

rat lo of t h ~ s  k, value. t o  that determined for  k, above gives the dissociat ion 

constant K for the inhibited complex o f  the dephosphoenzyme w i t h  
'J P 

glucose I-phosphate 6-vanadate. From the rat io k4/k ,  a value o f  4.5 51.1 x 10-l1 M 

was obtained for K which is close t o  the value determined earlier f rom the " P 
steady state analysts o f  the data i n  Figure 10 where K was found t o  equal o 

v P 
2.7 20.4 x 10- ' I  M: The values determined for  the rate constants k, and k, using 

the data f rom the experiment described in the legend t o  Figure 6 and the p lo t  

obtatned in the presence o f  20uM vanadate and 530uM glucose 1-phosphate were; 

k ,  = 7.9 20.7 x TO* ~VI-~ S - f  and k, = 4.9 f '1.7 x l o - '  s-I. The rat io  o f  these t w o  

values k,/k,  gives nn est imate o f  K equal to 6.2 k2.2 x 10-l1 M. A t  530 uM " P 
glucose 1-phosphate, 40 uM vanadate and 0.44 gM glucose-diphosphate, and taking 



i 
, Kds as equal t o  Kmb (def ined prev ious ly)  the k, t e rm  in  the numerator o f  Equation 

6 o n  p.63. k , K d s ~ ] / [ S ]  = 2 x s-l. is a fac tor  o f  10' graatar than tha valua of - 
k, determined above. Th is  calculat ion shows  that dropping k, f r o m  Equation rn 

analys ing the resu l ts  o f  the exper iment o f  Figure 14 was just i f ied.  Under the above 

condi t ions,  t h  pseudo f i rs t -order  ra te  constant o f  the ~ n h i b ~ t o r  assoctatton step tn 

the mode l  o f  approaches c lose ly  the value o f  k, ( d c f n e d  aar l l s r i  equal t o  
I ;  i- 

7.9 k0.5 x l o - '  s - '  iC' 
The effect of glucose on vanadate inhibition 

The experrment o f  Frgure Is was c a r r ~ e d  out to de twmtne  t h e  &feet o f  added 

glucose on  vanadate rnhibrt lon o f  phosphaglucomutase. C o n d ~ t l o n s  of reactant 

concentratron. temperature and pH used In the experlment are detai led In the f lgure 

legend. The exper lmsnt was  c a r r ~ e d  out at three drf ferent glucose concerr t ra t~ons of 

1.3, 2.6 and 5.3 mM respect rve ly  In the presence o f  40uM vanadate w h ~ c h  was held 

constant throughout. Rates were  co l lec ted  over  a range o f  g lucose d~phospha te  

concent ra t lon a+4tWwn. - A l l  the reactants except glucose 1-phosphate were 

incubated f o r  3 m ~ n u t e s  at  25' C pr lor  t o  l n l t i a t ~ n g  the r e a c t ~ o n  w ~ t h  the substrate 

wh ich  was he ld  constant at 100 uM. Cont ro l  r e a c t ~ o n s  were c a r r ~ e d  out t o  
d 

d e t e r m ~ n e  the extent o f  vanadate a c t ~ v a t e d  glucose o x l d a t ~ o n  catalyzed b y  the 

coupl rng dehydrogenase o f  the assay system.  Only at the h~ghest glucose 

concent ra t ion,  i.e. 5.3 m M  was an addi t iona l  background rate seen. T h ~ q  a c t l v l t y  

represented approx imate ly  2 %  o f  the recorded mutase rate. a t  the lowes t  
0 

concent ra t ion o f  g lucose diphosphate used. S ~ n c e  the a d d ~ t ~ o n a l  a c t ~ v t t y  f a l l s  w ~ t h ~ n  

the accepted l i m i t  o f  a l l owed  exper imental  error (t5%) r t  cou ld  be safe ly  ~ g n o r e d  

The double rec iproca l  p l o t s  o f  Figure llJ show a m ixed  pat tern o f  comper l t rve 

and noncompet l t l ve  inhibi t ion.  lncreaslng glucose concent ra t lon In the presence o f  

constant  vanadate caused enhanced compet l t t ve  t nh~b l t i on  at the leve l  o f  the f ree 

dephosphoenzyme as ind icated b y  the increased s lope o f  the l / v  egalnst ' 1 / [ ~ 1  

p lo ts .  The non-compet i t i ve  component  has i t s  e f f ec t  o n  the vert ical  Intercept o f  

these p l o t s  wh i ch  becomes larger as the concentrat lon of glucose In the react lon 

mix ture increases and is cons idered t o  b e  the result o f  ~ n h i b i t l o n  occurring at, the 







active phosphoenzyme. t - \ 

No presteady-state phase was observed i n  these experiments. I t  was therefore 
1 R concjuded t at binding of g l u k s e  1-phunphate f i - u a w  t~ the 

did not contribute significantly t o  the inhibi t ion observed in  these experiments. The 

half- t ime (tin) assoctated wit11 the onset o f  i nh ib i t~on  ascribed t o  btnding o f  

glucose ,-phosphate 6 - v a d t e  t o  the dephorphoenzyms st the concentration - o f  

glucose 1-phosphate used here, i n  the presence o f  40uM vanadate and 0.44pM 

glucose diphosphate is 198.0 seconds determined f r o m  the data presented In the 

p lot  o f  Flgure 2 and the re~lat ionsh~p tlI2= ln2/kobs, Rate measurements o n  

average were made 15 seconds after ini t iat ion o f  the reaction, i n  addit ion t o  rnixtng 

t ime thts tnterval includes. that taken fo r  steady-sfate to  be reached and represents 

the earltest opportunity that a rate could be measured f rom the spectrophotomearic 

w e .  The percentage d e v ~ a t ~ o n  o f  the rates recorded at t.15 seconds tram the 

expected ~ n i t ~ a l  rate at .t=3 calculated fo r  a half t ime under the above condttrons o f  

19B.Q seconds using Equation 2 earlier, provides a measure o f  the extent t o  which 

mixed d~ester  lnhtb~t ton ha!; progressed in  this rnterval towards steady-state. It was 

found that the rates recorded at t -15  seconds d i f fer  by approximately 7% f rom the , 

value calculated for the ini t ia l  rate 8t t=O seconds. Since the accepted l tmit  o f  

al lowed experimental error in rate determinations is 25% the recorbed rates are 

Sean not to  vary s ~ g n i f ~ c a n t l y  f r o m  the calculated initla1 rate. Hence tnhibitron due 

to mixed d~ester  undur the cond~t rons  used here 1s constdered not  t o  have 

develobed suff ic ient ly rn this interval o f  15 seconds to fo rm a contr ibut ion toward 

the component o f  l nh~b i t i on  that has i t s  e f fec t  on the sl'ope o f  the p lo ts  i n  FICJ 

a and w h ~ c h  expresses I tsel f  during this ttme. The enhancement o f  vanadate 

' tnhlbttion by glucose at the dephosphoenzyme was rationalized in terms o f  an 

add i t~ona l  r a p ~ d  component artsing f rom vanadate ester i f icat ion ut glucose producmg 

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

6-vanadate esters w i l l  be present, the analysis o f  these results is  constdered only  

in terms o f  the more favoured glucose 6-vanadate ester (cf. Keq o f  17.2 at 2 5 ' ~ .  

pH 7.0 in the pre ence of 25mM Mgl- fo r  o-D-glucose 6-phosphate/o-0-glucosb 0 
I-phosphate (251There i s  no documented evidence that ~ h o s p h a t e  esters at the 2. 3 

r', 
I 

".. 
4w 



and 4 pos i t ions  o n  glucose act as substrates or inhibi tors o f  the enzyme and as 

such the behaviour of the correspondrng venadate estefs.  wh i ch  are atso t iks ty  to 

be present i s  uncertain. 

Previous studies (18jlO) have shown that bo th  arsenate and vanadate esters of  

glucose are capable o f  act ing as substrates i n  the phosphoglucomutase react ion 

The noncompet i t i ve  inh ib i t ion detected In the vert ical Intercepts o f  the p l o t s  shown 

i n  Figure a was rat ional ized i n  terms o f  the ab i l i ty  o f  glucose 6-vanadate t o  serve 

as substrate f o r  the act ive iphospRoenzyme (EP). r esu l t~ng  u l t imate ly  i n  the 

f o rma t i on  o f  the inh ib i ted complex o f  the dephosphoenzyme and tightly botrnd 

glucose l-phosphate 6-vanadate. I n  the absence o f  e f f ec t s  ar is ing from the s l o w  

inh ib i t ion due t o  m ixed  diester act lng at the free dephosphoenzyme. the reactisrr o f  

glucose 6-vanadate w i t h  the phosphoenzyme (EP) IS considered to represent the 
I 

on ly  path under these experimental conditions by  which the complex o t  the 
4 

dephosphoenzyme and t lgh t l y  bound mlxed  di+ester IS generated F I ~ C I ~ P  9 show:. 

the mode l  proposed t o  account fo r  the steady-state behavior o f  the 

phosphoglucomutase reac t ion  i n  the p r e s e y e  of  glucose and vanadate I n  !he model 

l n h ~ b l t i o n  IS considered t o  occur at t w o  Iftkais: 

a. at the frze dephosphoenzyme (E) where the rapid components  o f  

inh ib i t ion due t o  f ree vanadate ( I )  and glucose 6-vanadate ( 0 )  take p l a c e  

competr t lve w i t h  the b ind lng o f  glucose-dlphosphate (B), and 
\ h ,' 

b, at the act ive phosphoenzyme (EP) where the react ion o f  g lu  o'se 
? 

-6-vanadate (D) compet l t l ve  w i t h  the glucose monophosphate substratas 

.. .(A or C),  resy l t s  in  the fo rmat ion  of  the Inhibi ted complex of the 

aephosphoenzyme w i t h  glucose 1-phosphate 6-vanadate (mixed drester), 

(EAI) in  the mode l .  

Us ing the "King-Altman d e t h o d "  (32)  e rate equation was d e r ~ v e d  for  the 
64 

mode l  i n  Figure 9 (see appendix IV)  in terms 2 which  the steady-state behavim 

of phosphogtucomutsse in the presence of rnhrb~tton Bm to vanadate andPglucoSe 

6-vanadate cou ld  be explemad. The rate equatlan precktad by  modal mqxewmd 

i n  the f o r m  o f  tha double reciprocal  (Lineweaver-Burke) s h o w ~ n g  reciprocal  

rate bgainst rec iprocal  glucose-diphosphate concen t ra t~on  as f o l l o w s :  



Ktn et lc model pr oposed t o  account for the e f f ec t  o f  g lucose upon the inh ib t t ion 

constants of the steps I? the mechanism. In the model ,  8 = glucose diptlosphete; 

A .  a glucose 1-phosphate, C = glucose 6-phosphate. I = vanadate, 0 = glucose 
a' 

6-vanadate, EP = phosphoenzyme. EB = complex o f  the dephosphoenzyme w i t h  
* 

glucose diphosphate. E = f ree dephosphoenzyn~e,  El = inh ib i ted comp lex  of the 

dephosphoenzyme wt th  vanadate. ED = i n h i b ~ t e d  complex of  the dephosphoenzyrne 

w t t h  gluc.ose 6-vanadate, E A ~  = inh ib i ted complex of the dephosphoenzyme w ~ t h  

glucose 1-phosphate 6-vanadate a r ~ s i n g  f r o m  the reactton o f  g lucose 6-vanadate 

( 0 )  at the phosphoenzvme (EP). EPA: €PC = .comp lexes  of  the act ive 

phosphoenzyme w t t h  the glucose mdnophosphates (A and C )  de f ined  above. 



EPC EPA 



The te rms i n  Equat ion 3 above are as de f ined  p rev ious ly  except f o r :  

[glu] = concent ra t ion o f  gluco* present in  the assay 

' Keq = the equi l ib r ium constant f o r  f o rma t i on  o f  g lucose 6-vanadate 

[Dl = the equi l ib r ium concent ra t ion o f  g lucose 6-vanadate, at the 

concentrat ions o f  g lucose and vanadate used i n  the assay and i s  g iven  

b y  [g lu l [ l lKeq il 

i 

"gv* * inh ib i t ion constant (i.e. -Ki ) fo r  glucose 6-vanadate as a 

compet i t i ve  inhibi tor  o f  the phosphoenzyme (EP) 

Kgv = Inh ib i t ion constant f o r  g lucose 6-vanadate as a compe t i t i ve  

~ n h ~ b i t o r  at the leve l  o f  the f ree dephosphoenzyme (E) 

In the absence o f  e f f ec t s  ar is ing from the s l o w  inh ib i t i on  as cons idered 

earl!er, Equat ion 2 shows that the s lopes o f  rec iprocs l  l / v  against 1/[B] p l o t s  such 

as those o f  Figure 2, in the presence o f  competitive inh ib i t ion due t o  vanadate (I) 

and glucose 6-vanadate (D) act ing at the f ree dephosphoenzyme (E) will increase 

w ~ t h  higher glucose and vanadate concentrat ions as f o l l o w s :  

Eq.  16 



Rearranging, Equation 2 becomes,  

Kmb [ 1) Kmb Keq[l][glu] 
s lope = ---- ( 1 + ---- ) + ----------------- 

U r n  Kv V m  Kgv 

As shown  in  Figure and pred ic ted b y  Equation 11 a replot  o f  s lope o f  the 
* 

reciprocal  p l o t s  o f  Figure 18 against g lucose concentrat lon at constant vanadate 1s 

linear hav ing a s lope o f :  

and a ver t ica l  intercept o f :  

K m b N m ,  can be obta ined f r o m  the s lope  o f  the r ec~p roca l  p l o t  In F ~ g u r e  3 seen In  

' the absence o f  inhibition due t o  vanadate and glucose 6-vanadate, w l t h  th is value 

and that f o r  Keq = 0.084 M and the k n o w n  concent ra t lon o f  vanadate used In the 

assay [I] ,  K can be  f ound  f r o m  the s lope  o f  the rep lo t .  The value for K I e . ,  
3 v  Ir g v  

*the rnhibl t lon constant f o r  the complex o f  dephosphoenzyme w ~ t h  qlucose 

6-vanadate, (ED) In the m o d e l ,  was calculated t o  be 3.9 t0 4 x 10 ' M. From th.e 

rep lo t  ~n te r cep t ' t he  value o f  K v  was  determined t o  be 46 2 7  x 10 a M I t  can be 

seen from these resu l ts  that the added presence o f  g lucose enables vanadate In  the 
" 

IC- 

form o f  i t s  glucose 6-vanadate ester to b l nd  t o  the f ree dephosphoenzyme a tactor 

o f  l o 4  t i h e s  more  t ~ g h t l y  than nones te r i f l ed  vanadate. Large apparent f l rs t  order 

rate constants  fo r  the inh ib i tor  assoc la t lon step at the concentrations o f  glucose 

6-vanadate l i ke ly  t o  appear at the values o f  glucose concent ra t lon used In t h ~ s  

expo r i r nm t  plus a larger. o f f  ra te  e m t 8 9  w'e& imxnmt fm t b  faster m a t  of 

inh ib i t i on  ahd the absence o f  s l o w  t i m e  dependent e f f ec t s .  Hence the sensitivity 

wh i ch  i s  seen in the response o f  the in i t i a l  v e l o c ~ t y  o f  the mutase reac t ion  to 

changes in the g lucose concentrat ion.  



Fiqure 20 

A pr imary  replot  o f  the data in Figure 18 i.e., s lope o f  the double rec iproca l  

p l o t s  against glucose concent ra t ion:  1.3mM. 2.6mM and 5.3mM . A linear 

regression technique was used to  f i t  the l ine t o  the data po in ts .  F rom the s lope  

o f  the rep lo t  a value- o f  Ki i.e., the inh ib i t ion constant for g lucose 6-vanadate as 

a compet i t i ve  inhibi tor  o f  the f ree dephosphoenzyme is  obtained. 



CGLUCOSE] 



l r j r terms o f  the mode l  shown in Figure a, bind ing o f  glucose 6-vanadata t o  

the phosphosr~zyme (noncompet i t ive vs. glucose-diphosphate) i s  pred ic ted to be  

man i fes ted  as an intercept e f fec t  i n  the p l o t s  shown i n  Figure 18. F;.om Equation 9 

the vert icpl  intercept o f  a p l o t  o f  l / v  against 1/[B]. 

Kma [91u] [ W e q  1 
intercept = [ ---- ( 1  + ---------- ) + p ] . ---- 

[A] Kgv* - V r n  

Eq. 12 

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

1-phosphate concentrations. the e f fec t  o f  i n c ~ e a s i n g  glucose concentrat ion w i l l  be 

t o  increase the value o f  the vert ical  intercept. Rearranging, Equat ion 12 becomes:  

Eq. 13 

As shown In Flgure 21 and predic ted b y  Equation l3, a rep lo t  o f  intercept against 

glucose concent ra t~on .  at coTstant vanadate and non-saturating glucose 1-phosphate A 

concentrations, IS  l inear having a s lope o f :  

and a vertrcal Intercept of ,  

Vm, can be obtained f r o m  the rep lo t  intercept and the k n o w n  values o f  Krna and 

the concentrat ion o f  glucose 1-phosphate ([A]) used i n  the experiment. W i t h  these 

values and that for Keq = 0.084 M- I  and the known  concentrat ion o f  vanadate [I]. I 
Kgv*  c m  be fowrd f m m  the stupe of the repto;. the vatu8 of K the inh ib i t ion 

9v' 
constant f o r  glucose 6-vanadate as a c w p e t i t i v e  inhibi tor o f  the act ive 



A primary rep lo t  o f  the data In F~gure 18 1.e.. ~ntercspt of the double rec~procal 

plots against glucose concentration: 1.3mM. 2.6mM and 5.3mM. A l~near 

regression technique was used to f r t  the l ~ n e  to the data polnts From the slope 

of  the replot a value of K i .  the ~ n h ~ b ~ t i o n  constant for glucose 6-vanadate as a 

c o r n p e t i t ~ v e  ~ n h ~ b ~ t o r  of the phosphoenzyme I S  obtarned 





phosphoenzyme w a s  calculated t o  b e  2.4 f0.3 x M. 

The favourable thermodynamic '  pul l  o f  the react ion that leads t o  the gensrat lon'  

enables glucose 6-vanadate t o  act compet i t i ve ly  w i t h  respect to glucose 

I-phosphate b ind ing at the phosphoenzyme. The meaning o f  the value determrned 

fo r  

reac 

Kg,,, and what i t  imp l ies  about the catal  i c  mechanism o f  the normal  mutase 8 * 
t i o n  (i.e. the feature that enables glucose 6-vanadate rnhibitron a1 EP) can be 

- 
obtained f r o m  a considerat ion o f  the thermodynamic scheme presented In F~gu re  g. 

and what  is k n o w n  about the substrate b ind lng s i te  o f  the dephosphoenzyme. 

Figure 22 shows the thermodynamic box  used t o  interpret the value of K rn 
g'f* 

terms o f  the mechanism proposed fo r  $lucose 6-vanadate as a competitive i n h ~ b ~ t o r  

o f  the phosphoenzyme (EP). The top  l l n l  and rrght-hand srde o f  the box  show the 

reactron o f  glucose 6-vanadate w i t h  EP leading to the fo rmat ton  o f  the rr;h~bited 
i l  

complex o f  the dephosphoenzyme and tight1 y bound mixed diester (ED+.g lP,6V). The 

b o t t o m  l ine o f  the box  shows the react ion invo lved i n  the i n h i b ~ t i o n  caused by 

bind ing o f  glucose 1-phosphake 6-vanadate t o  the dephosphoenzyme t o  yteld the 

same dead-end complex. The lef t -hand side o f  the box  completes the 

thermodynamic cycle,  and makes i t  4 oss ib le  t o  determine whether the KI values 

carrespondlng to the t w o  modes o f  inh ib i t ion are conststent w i t h  the value of K,. - 

wh ich  can be estrmated as descr ibed be low.  The standard free energy o t  hydro lys is  

o f  EP has been est imated at -1.0 kcal  m o l  at pH 7.5 and 2 5 ' ~  (44). and under the 

same condi t ions the standard f ree energy of  glucose 1-phosphate format  ton f r o m  

glucoge and phosphate has been estimate-at +4.2 kcal  m o l  (45). I f  ~t 1s assumed 

that the standard f ree energy o f  f o rma t i on  o f  glucose 1-phosphate 6-vanadate from 

glucose 6-vanadate and phosphate is  als,o +4.2 kcal  mo t - ' .  then the standard free 
, " 

!+energy corresponding t o  K ,  i s  -3.2 kca l  m o l - l .  and K, = 2.3 r 10'. I n  terms o f  the 
h 1 . 

i" mode ls  shown  i n  Figures B and 9, K = K ,  . K,  = 2.4 20.3 x 10 M, and 
9v'  

KVp = K, = 2.7 20.4 x 10 M. The thermodynamic cyc le shown in Ftgura 22 

requires that K, = K, K, / K, = 0.89 x to&. This vakre IS mesonatsty ctos6 to  the 

value f o r  K,  calculated as descr ibed above f r o m  publ ished values o f  the free 

energies o f  hydro lys is  o f  the phosphoenzyme and glucose 1-phosphate. T h ~ s  



Thermodynamic box used t o  Interpret the value o f  K 
9 v  + 

In terms of  a poss~ble  

mechantsm for glucose 6-vanadate as a competitive tnh~b~tor  of the phasphoform 

of phosphoglueom_upe In the scheme. EP = phosphoenzyme. V = vanadate. 
,- /' 

$6-V= glucose 6-vanadate. g l P . 6 V  = glucose 1-phosphate 6-vanadate. 

E = dephosphoenzyme, ~ b . g l p . 6 ~  and EDq.glP,6V represent lsomertzing conlplexes 

of the dephosphoenxyme with bound m ~ x e d  diester. the latter compler rhr orra In 

whtch mtxed d~ester ts bound ttghtly, stabillzed as a translriorr %tare analogue 





agreement is about as close as can 

this o r t ,  and it supports the model 

studies reported here. 

reasonably be expected for a comparison of 

used to rationalize o e  results o f  the inhibition 

Evidence from. earlier studies had pointed toward the existence of  two 

intrinsically different' phosphoryl group binding subsites 'being present on the 

dephosphoenzyme. ,Published results have shown that a single strong phosphate 

binding subsite is common to both the phospho and dephosphoforms of 

phosphoglucomutase with an additional substantially weaker phosphate binding 

subsite present on the dephosphoenzyrne considered to  be the site at whlch 

phosphoryl transfer takes place (46.47). The presence o f  two phosphoryl group 

binding subsites, only one of which has the ab~ l i t y  to transfer a phosphoryl group 

to the enzyme. supports the earlier proposed "Exchange" hypothes~s In wh~ch'"two 
y- 

different complexes of the dephosphoenzyrne with glucose 1.6-diphosphate appear 

on the reaction pathway. In one of  these complexes transfer of the 6-phosphoryl 

group of glucose-d~phosphate to  the dephosphoenzyrne could occur while In the 
A 

other transfer of the 1-phosphoryl group would be possible. lnterconvers~on of the 

two complexes would require an exchange o f  position or reorientation of the two 

phosphoryl groups of the substrate relative to the phosphate binding subsites on 

the dephosphoenzyme, and would have to occuc v ~ a ' a  process that ~nvolved, only a 

a. : 4 
partial dissociation of glucose-diphosphate. 

In terms of the' "Exchange"' hypothes~s and the presence of two d~fferent 

phosphoryl group binding subsites it is possible to arrive at an explanation for the 
., 

feaqure of the catalytic mechanism of the mutase reaction, specifically the nature 

o f  the step on the dephosphoenzyme. that leads to the inhibited complex of the 

dephosphoenzyme and tightly bound mixed diester (ED.+g1PV6V) in Figure a. 
Figure 23 shows a schematic-representat~on of the substrate binding slte on thp 

dephosphoenzyme. in wh~ch  the reotientation of glucose 1-phosphate 6-vanadate 

(mixed diester) with respect to the weak and strong. phosphoryl group b~ndlng 

subsites is regarded as the step that supplies th 'driving force' behlnd glucose 

6-vanadate inhibition at the phosphoenzyme. I he complex o f .  the 4 
dpphosphoenzyme with mixed diester (ED.glP.6V) produced initially, the I-phosphoryl 

1 



Figure 23 

-"- - 

'*_ Schemat~c representation of  the substrate bind~ng site on the dephosphoenzyme. 
* 

The diagram shows the reorientation of glucose 1-phosphate 6-vanadate (mixed 

d~ester)  with respect to the weak and strong phosphoryl group binding subsites 
I 

as the step providing the 'driving force' behind glucose 6-vgnadate inhibition at 
*\\ 

the phosphoenzyme (EP). 





group is at the weak site with the 6-vanadate group located at the strong site 

where i ts  ability to  readily assume a five-coordinate structure wilC not ~esu l t  in 

tight binding. because the strong site provides no special stabilization o f  this 

structure. lnorder for inhibition to  develop, the next step has t o  involve a 

rearrangement of the mixed diester on the dephosphoenzyme. This enables the 

l-pbnsphoryl and 6-vanadate groups of  the substrate to exchange positions relative 

to the weak and strong phosphate binding subsites. In this way the 6-vanadate 

group could then occupy 'the weak site where kt readily adopts the penta-coordinate, 

trigonal 'bipyramldal geometry *characteristic of the transition state for a phosphoryl 

transfer step-ti the enzyme (24). What these results suggest is that partial 
/- 

dissociation a c@earrangement o f  the glucose-diphosphate molecule on the 3- 
dephosphoenzyhe as proposed by the "Exchange" hypothesis is a feature o f  the 

catalyt~c mechanism of  the normal mu'tase reaction. The phosphoryl group which is 

, transferred to  the enzyme is determind8 by the positioning o f  the 

glucose-diphosphate molecule,with respect to  weak (high transfer potential) and 
t 

strong (low transfer potential) phosphwyl group binding subsites. The outcome of 
0 3 L. - - 

such a rearrangement in the mechanism o f  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 complex o f  the 

dephosphoenryme with tightly bound mixed diester (ED*glP,6V). 



P i 
CONCLUSION i 

0 
+ ' * i  

The strong inhibi t ion o f  Rabbit muscle phosphoglucomut -- - 
I - '  

presence o f  vanadete results f r o m  the abi l i ty o f  ,this adion To f+rn labile esters 
i. !. 

\ 
wi th  hydroxyl groups on physiological substrates: i n  this case, resu l t~ng  in the 

format ion o f  a glucose ?-phosphate 6-vanadate, mixed diester. Despite b e ~ n g  present at 
' I 

l o w  concentration, in  the range o f  10-lo - 10-l1 M at micromolar levels o i  vanadate. 
1 

i t  can act as a compet i t ive inhibitor b y  virtue o f  b i n d ~ n g  niore t ight ly t o  the free 
P 

1 dephosphoenzyme than the normal substrate which i t  m imics  structurally. The tight 

binding results f r o m  the ease w i th  which the vanadate ester adopts the 

pentacoordinate, tr igonal bipyramidal geometry characteristic o f  the t rans i t~on  state 

for a phosphoryl transfer step t o  the prote in (24). The rapid component o f  r r  

inhibit ion seen can reasonably be ascribed t o  direct ester i f icat ion b y  vanadate f rom 

',solution o f  the serine hydroxyl  group on the dephosphoenzyme. The tight 

binding develops because o f  the stabil ization of the mixed diester as a transitiorf 

state analogue at the enzyme act ive si te (48). The normal cr i ter ion of transit ion 

state analogue behavior is binding constants that fa l l  in  the range 10' - 10' t imes 

greater than that o f  the normal substrate (41). The results reported here show that 

glucose 1-phosphate 6-vanadate binds a factof  o f  at least 10' times1 more t ight ly 

to  the dephosphorylated f o r m  o f  phosphoglucomutase than does the 'glucose 

diphosphate substrate. The gradual increase in the binding a f f in i ty  o f  free vanadate. 

glucose vanadate and glucose 1-phosphate 6-vanadate seep, arises f r o m  the 

addit ional binding contr ibut ion af forded b y  the larger leaving group (H,O --> 

glucose --> $ ! x o s e  1-phosphate) towards stabil ization o f  the vanadate ester on 

the erlzyme. 

%at the strong i nh ib i t~on  o f  phosphoglucomutase is  due a l o w  

concentration o f  a tight binding mixed d~es te r ,  reacting w i th  the free 

dephospnoenzyme in a step that has a large second order rate constant. is 
- - 

suggested b y  the observed f i rs t  order k i n e t ~ c s  which govern the approach to  the 

inhibited steady state. The apparent f i rs t  order rate constant was found to  increase 

w i th  the concentrations o f  g l z o s e  1-phosphate and vanadate used i n  the reaction 



mixture. This indicates that both r.pecies iogether actively contribute to. the % - 
inhibition at the free dephosphoenxyme. At high concentr@ons of%- . 

- 

n .  ,* - - 

glucose 1-phosphate. however, the apparent first-order%ab constant was found to - 
reach a limiting v s t d  of  7.9 f0.5 x 10-' s-? This has bekn sxp~ained th 'terms of r 

change o f  the rate limiting step at high inhibitor concentration, from the bimolecular 

association of the Aixed diester to the rate limiting asppearanc; df the free 
": 

dephosphoenzyme arising from the dissociation of glucose-diphos~hate of f  the , 

mutsse reaction path. From the limiting value determined for kobg and the value of 

the turnover number (kcat) for the phosphoglucomutase reaction of 103 s-I it is' 
B 

estimated that the free dephospho m e  wi l l  appear once in every 1.3 x 104 

chtalytic cycles. .Ev'dence supporting this interpretation kysed on a feature of the 

mechanism of the mutase reaction, as opposed to some rat limiting step in the 
t" b 

enzyme.-,inhibitr~r complex, eg., a i;bnformatiohal change , is obtained from the 

results of the experiment which waa conducted to determine the ef&ect of glucose 
-, 

on vanadate inhibit~on. In this experiment the non-competitive inhibition detected as 
* ,  

the effect on the vertical in<eicepts of the plots shown in Figure 18 was 

rat~onalized in terms of a glucose 6-vanadate ester acting as substrate for the 
* .  

phosphoenzyme (EP). The absence of a presteady-state phase in the glucose 

enhanced vanadate inhibition is taken as evidence against a rate-limiting 

confocmational change. The results of this .experiment suggest in favour of the 
,in 

' f' . 

rate-limiting step a t  high inhibitor concentration being a [ p r ~ p e r t ~  of the huts-se '' 

inechanism, namely an infrequent appearance of the free depho-phoenzyme. The 

same experiment also sheds light on another fsature of the mutase mechanism ; 

spec~f~cal ly the reaction step that controls phosphoryl transfer in the complgx of 

the dephosphoenzyme with glucose-diphosphate. It is possible to explajn 

glucose 6-vanadate competitive inhibitioq at the phosphoenzyme in terms of the 

earlier "Exchangaw hypothesis and the established presence of two phosphoryl group.!., 
.4 

binding subsites which differ in their tendancy to transfer a ph~sphoryl  group to' 

and from the enzyme. The conclusion that can be drawn f r ~ m  the, r w k s  is that 

partial dissociation and rearrangement of the glucose-diphosphate molecule on the 
6 

dephosphoenzyme as proposed by the "Exchange" hypothesis is a feature of the 

catalytic mechanism of the noimal mutase reaction. The phosphoryl group on the 



* !: 
3 * 

subdtrate that becomes transferred to the enzyme is de te rminedby  the positioning $ - 

- --- 

s.- W 
of the glucose-diphosphate molecule with respect to the weak (high transfett ' 

potential) and strong (tow transfer potential) phosphoryl group binding sutkites 

present on the dephosphoenzyme. 
r " 



APPENDIX I 

- 

ber,+vatlon o f  the rate e q u a t ~ o n  fo r  the mode l  In Flgure 1 desc r~b ing  the Ping-Pong 
r" 
m h a n ~ s m  o f  phosphog lucom~ tase  In  the absence o f  cnhlblt lon due t o  vanadate. C 

-i 

The m o d e l  o f  Figure 1 can be  descr ibed b y  4 open pat terns b f  (n-1) sldes, where n 

re ters  t o  the number o f  enzyme ~nter rnedla tes.  Pe fe r r lng  t o  F ~ g u r e  1 the b a s ~ c  ! 

pat tern  i s :  .,:: . 

#" The four open patterns are as  f o l l o w s  



The distr ibut ion equations for the intermediates appearing in  the model obtained 
- 

using the four open patterns above are: ---- 

= c o e f ~  [A] 

EB/e = k,  [A ]  k, k ,  k ,  [B] 

= C O B ~ E B  '[A] [B] 

EP/e = k ,  [B] k ,  k ,  k, 

+ k ,  [B] k, k, k ,  

+ k ,  [Rl k, k, k, 

= coe fg  [B] 



, 

Since ttie rate of the reaction is  given by 

v = k, [WCI 

and the conservation equation i s  
Y 

then 

++a 

and therefore 

e = [El + [EB] + [EPAj +"[EPc] + [EP] 

L 
k, coefEPC [A] [El P 

v/e = ............................ 
4 

C O ~ ~ E  [A]  + C O ~ ~ E B  [A]  [B] 

+ coef EPA PI PI+ C O ~ ~ E P C  PI PI 
+ c o e f ~ p  [B] - 

D l v ~ d i n g  numerator and denominator b y  c o e f ~ p c  the terms in the equation become: 

c o e f ~ p ~ / c o e f E p ~  = 1 

c o e f ~ ~ / c o e f ~ p c  = a-constant (c') 

c o e f E p ~ / c ~ e f E p c  = a constant (c ") 

Subs t i tut ing for these terms in the above equation gives: 

Kb [A]  + K? [B] + [AJ [B] (1 + c ' +  c " )  if 



Dropping the te rms that are constant i n  the bracket. the equat ion " \ 

becomes : , 

Kb A + Ka [B] + [A] [B] 4 I 
Since Vm = k, e. 

where, 

[A] = g l u c ~ s e  l -phosphate concant ra t ian 

[B] = glucose diphosphate concentratron 
r 

The above is the general f o r m  o f  the ra te  equat ion for  an enzyme f o l l o w ~ n g  a 

plng'-pong react ion mechanism !n the absence o f  rnhllfltl&. Rear rang~ng - - t h ~ s  

equat ion t o  show [B] as the var ied substrate (glucose d~phospha te ) :  
* '4 

Expressing t h ~ s  equat lon In  the f o r m  o f  the double rec tproca l  p l o t  ~t becomes '  
- 

This equat ion that in  the absence o f  co rnps t r t ~ve  i n h i b ~ t o r s .  the s lope o f  a 

double' rec iproca l  p l o t  f o r  a Ping-Pong react ion mechanism 'wiik xerna#l constanr,  
ti 

equal to K b N m ,  but the intercept o n  the l / v  axls wr l l  chahgk w ~ t h  the 

concent ra t ion o f  the f rxed substrate used (here glucose l - p h o s ~ h a t e  Or (A)). A 
C 

u chdtacter ist ic feature o f  the p l o t s  w i l l  be  paral le l  i lnes.  



APPENDIX !I 

C a f r  t)c otr:arnccf arr  as fo l lows:  



obtained using the twelve open patterns above are: 
= r 

+ k,,(A] k,, k: k ,  k. [C]  k ,  





r ,  

El/e = [A][I]  k ,  k 4  k, k,,(k, k , ,  + k, k , ,  + k ,  k , ,  + k ,  k , , )  

+ [ A w l  k ,  k, k *  k l ,  k,,(k, + k 9 )  g 





* 
EPC/e = coefEpCIA] [B] + coefEpCIA]'[B] 







, 

Since the rate o f  the reaction A is ~ given by 

- 
P 

and the conservation equation is 

e = [El + [EB] + [El] + [EAI] + [EPC] +\ [EPA] + [EP] 

then 

- k,rEPCI - ...................................... 
[El + [EB] + [El] + [EAI] + [EPC] + [EPA] + [EP] 



Dividing the t e r m d o f  the numerator and denominator of the above equation by 

c o e f ~ p c ,  where this equals, c ~ e f ~ p c [ B ] [ A ] ( l  + [A]), the terms become: 
- 

I rearrangin?, 

rearranging, 

- - a constant 



rearranging, 

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

can be rearranged as follows: 



rearranging, 

- - ---------------- c o e f ~ p ~ [ B I I A l  ( 1 + [Al l  

coe f~pc [B I [A ]  ( 1 + [A]) 

a constant. 

rearranging, 

- - coe f~p [B ] ( l  + [A] )  ..................... 
coef EPC[A] [B](1 + [A] ) 

Taking the d e f ~ n ~ t ~ o n s  1) through 7 )  and substituttng for  them In the prevlous ra te  

equatlon i t  b e c o m e s .  

where e = the total enzyme concentratton 



since Vm = k,e. 

C 

expressing this equation in the fo rm o f  the double reciprocal p lot ,  where gidcose 

diphosphate [Blis the varied "substrate, i t  becomes. 
4 

The terms In thrs equat~on are as def ined ear l~er  fo r  the model o f  Figure 8 in the 

text. The rate equatlon predicts that i n  the presence o f  compet i t ive i nh ib i t~on  due 

to vanadate acting at the free dephosphoenzyme (E) the slope o f  a p lo t  o f  l / v  

agalnst l /[B] w ~ l l  Increase. At  di f ferent vanadate and constant glucose 1-phosphate 

concentration the expected pattern o f  the double r e c ~ ~ r b c a l  p lo ts  should be a serles 

of lines o f  varying slope converging t o  a common vertical intercept. The constants 

c '  and c "  that are ~ncorporated into the constant p (= 1 + c '  + c") have n o  

~nf luence on the values o f  the kinetic parameters K, and KVp determined in  this 

study. p does not enter in to the slopes o f  the p lots  but only  in to the intercepts. 



APPE IX Ill T 
- - -- 

Der ivat ion of  an expression for  kObs; i.e.. the apparent frrst order ra te  constant of 
F C \  

the t ime  dependent inhihiticm. in tar s af the rascuon scheme sheurn m Ftpt(+a 9 f C (Af ter  the methgds o f  Str ickland s t  al. 1975 (49) and A b e l q  st al. 1985 (501 TI: 

d i f ferent ia l  equations descr ibing the react;& scheme are: a' 

"PI 

I t  i s  assumed that subsequent to  addtng vanadate t o  the already l n~ r ra ted  mutasc 

react ion and pr lor t o  the at tainment o f  steady-state, the concentret lon o f  the 

free dephosphoenzyme very  raptdly reaches a low cohstant concentration s i ~ c h  that 

It 
Eo. 5 

When this i s  the case the conservat ion Equation-4 above becomes equal to 

Equations 2, 5 and 6 can be  c o m b ~ n e d  t o  p rov ide  an el tptesston for [ E l ,  the 

concentrat ion of free dephosphoenzyme i n  terms o f  [Etotal]. 



than 

and s w c t  

Eq. 7 

This O Q U ~ ~ I Q I ?  nus rhe f o r m .  



Z 

* 

Rsarrangmg Equatton and tak mg natural logs gives: 

From Equation 4, 

Eq. 9b 

v 9 / 0  = f inal equilibrium concentration o f  [ET] 

and 

Eq. 10 

Equatton 3 describes the apparent f ~ r s t  order rate constant in terms of the 

concentratrons o f  [Sf = glucose dtphosphate and [T I  = the rnhtbttor glucose 

I-phosphate 6-vanadate and the specrftc rate constants c f  the ~ndtv~dual  steps In 

the model sf Figure s. Equarton a describes the form o f  the semi-log plots used 

in rtie progress curve analysis. i.e. In (A, - A t )  = k t  InA,, a plot of 

In (A, - A t )  against time yie!ds a slope that gives the value o f  -kObs 0 rr 

rearrangement. Equation 2 becomes: 

Eq. 11  



Working through the numerator of Equation 11 gives: 

Dlvtding the numerator and denominator of  Equation 2 by k , [ ~ ] ,  the equation 

becomes: 

since r 

k ,  ---- 
= K?s* 

taken to be the Km of the dephosphoenzyme 
k I or glucose diphosphate, 

the final expression for kobs becomes: 

kobs = ............................ 
k 3  [TI 

v 
where, 

[TI  = the inhibitor complex of glucose l-phosphate 6-vanadate 

Eq. 12 

Eq. 13 

Eq. 14 

[S] = glucose diphoskhate 



The form o f  Equation 14 will depend o n  the experimental condi t ions used t o  
- -- - 

evaluate kobs and the assumptions that can be made under these spec i f ic  - - 
condi t ions. 

I n  the experiment o f  F i g u r e s ,  kobs was  mon i to red  as a funct ion o f  inc reas~ng 

glucose 1-phosphate concentrat ion i.e.,'a component o f  the inhibi tor complex r]. 
r< 

A t  the glucose diphosphate concentrat ions employed  5 K m  the apparent ra te  

constant will be inf luenced b y  the inhibi tor b indmg step i n  the mode l  o f  Flgure 76. 

A s  the inhibi tor concentrat ion increases the pseudo f ~ r s t  order rate constant for the 

assoc ia t ion step k,[T] becomes large w i t h  respect t o  k, (k, w i l l  be smal l  b y  
'&. - 

necess i ty  t o  account f o r  the l o w  value o f  $ ) and is  assumed to f o r m  the major 
V P  

contr ibut ion overal l  t o  cobs. Hence i n  the expression fo r  kobs used t o  analyse the 

data of th is  experiment k, i s  dropped, kobs is  then g iven by:  

k0bS " ----,--------------- 

k ,  [TI 

, - 

I n  r d t i i r o c a l  f o r m  Equat ion becomes. 

s ince Kds = k , / k ,  
-, 

E q .  15 

Eq. 16 

~ Eq. 17 



Equation 17 predicts that under the experimental -conditions used here and taking 

account of  the assumptions made that a plot of  

against 

will be linear with the slope given by 

arid an intercept on the vertical axis of ,  

----- 
[TI 

where, 

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

dephosphoenzyme on the main rnutase reaction path. i 

1 ,  
a 

Intuitively this seems a reasonable result i.e., inhibition at high inhibitor 

concentrat ions limited by the rate of appearance of free dephosphoenzyme (E) of f  
,; 1 

,p 
the main reaction path. This is also consistent with what is known of the, 

phosphoglucomutase reaction in the literat$e. principally an infrequent dissociation 

of the complex of dephosphoenzyme with glucose diphosphate to the free 

components, estimated previous 

(30). 

l y  at around once every twenty cata lytic turnovers 



APPENDIX IV 

D e r i v a t i o n  o f  the r a t e  equa t i on  f o r  t he  m o d e l  s h o w n  in Figure 19 d e s c r ~ b ~ n g  - 
the Ping-Pong mechanism o f  phosphag tucomutase  in the presence o f  rnh ib i t ron  due 

t o  vanadate  a n d  g lucose  6-vanadate.  The m o d e l  of  F igure  2 can  b e  desc r i bed  by  

fou r  o p e n  pat te rns  o f  ( n - I )  s ides .  w h e r e  'n' r e f e r s  t o  t he  number  o f  e n z y m e  -- . 

in te rmedia tes .  Refer r ing  t o  F igure  2 the  fou r  pa t te rns  f r o m  w h i c h  the d i s t r ~ b u t ~ o n  

equa t i ons  f o r  the  i n te rmed ia tes  i n  the s c h e m e  can  b e  o b t a i n e d  are as  f o l l o w s :  

The d i s t r i b u t i o n  equa t i ons  f o r  the  i n t e r m e d ~ a t e s  appeart r ig  In the  m o d e l  ob ta tned  

us tng  [he  four  open p a t t e r n s  a b o v e  are: 



when [C] = 0 

EPC/e = k ,  [B] k4 k 6  [A] kl, kI1 k , ,  k15 

= coe fEPC [A][B] 



when [C] = 0 

w h e n  [C] = 0 

6 > E A l / e  = k16 [D l  k,  IT,-k, k ,  [B] kll k,, 

+ k 1 6  [Dl k 8  k 1 0  k 4  k l  Ib1 kll k 1 3  
fl 

+ k 1 6  fD1 k 8  k 5  k 3  k 1  rB1 kll k 1 3  

+ k 1 6  rD1 k, k 8  k 1 0  k l  IB1 kll k 1 3  

w h e n  [C] = 0 

E A I  /e = c o e f E A l  [B][D] 



when [C] = 0 

 ED/^ = k,, k,  [A ]  k 4  k 9  k, kll k14 [Dl  

when [C] = 0 

Since the rate o f  the reaction is given by 

v = k ,  [EPC] 

and the conservation equation is 

e = [EP] + [EPC] + [EPA] + [EB] + [E.] + [EAI] + [El] + [ED] 

then 

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



b) coefEPC ------- = 1 
cos f  EPC 

c)  coefEPA [A][B] ------- . ------ = constant = c'. 
coefEPC [A] [B] 

e) coefE [*I coefE - 1 ------- ------ - ------- . --- 
coefEPC [A][B] coefEPC [ B 1 

coefEAl  ------- [Dl - - 
coefEPC [A] 

~a [Dl ------- 
.[A] Kgv* 



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

Taking the reciprocals o f  this equation and expressing i t  in the form o f  the 

Lineweaver-Burke plot in which glucose-diphosphate is the varied substrate([B]) i t  

becomes, 

The rate equation predicts that in the presence of  competit ive inhibition at the free 

dephosphoenzyme (E) due t o  vanadate [I] and glucose fi-vanadate [Dl the slope o f  

a plot of  l / v  against: 1/[B] w i l l  increase. For glucose 6-vanadate [Dl acting as a 

competit ive inhibitor of  the phosphoenzyme (EP). the effect of  increasing glucose 

concentration w i l l  be to  cause an increase in the value o f  the vertical intercept o f  

the l / v  against 1/[B] plot. Although the constants c' and c "  w i l l  appear in the 

intercept term, in the replot of  the intercepts 9 glucose concentration, they again 

enter onty into the y-intercept of the reptot md it i s  the stope mat yieC6s €fie 

desired information i.e. K and are c~nsidaracl thus ta  have na influence upon the 
gv* 

value of this parameter. 
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