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SUMMARY 

1 The influence of P1 and the phosphorylated hexoses Fru-l,6-P2, Fru-6-P, 
Fru-l-P, GIc-I,6-P2, Glc-6-P, Glc-l-P and Gal-I-P on L-type pyruvate klnase from 
rat liver has been Investigated at physiological ADP, P-enolpyruvate, GSH, ATP 
and alanme concentrations At 0 1 mM P-enolpyruvate and m the presence of 2 mM 
MgATP + 1 mM alanlne the enzyme is reactive and the only effective activator in 
a physiological concentration range is Fru-l,6-P2 

2 The phosphorylated hexoses were used as a probe for the conformation of 
the enzyme A comparison of the effects of MgATP and alanme on the "affimt~es*" 
for the hexoses reveals the following differences (a) MgATP (2 mM) and alanlne 
(1 mM) increase the concentration of GIc-I,6-P2 and Glc-6-P necessary for half- 
maximal activation to the same extent, however, MgATP and alanme introduce a 
different cooperative interaction towards Glc-l,6-Pz and Glc-6-P at low P-enol- 
pyruvate concentrations (b) MgATP (2 mM) has less Influence on the "affinities*" 
for Fru-l,6-P2 and Fru-6-P as compared to alanme (1 mM) (c) Enzyme mo&ficatlon 
by oxldatmn of the thlol groups increases the effect of MgATP on the "affinity" for 
Glc-I,6-P2, whereas the influence of alanine is decreased These results reveal the 
conclusion that MgATP and alanlne introduce a different conformatmn, probably 
by binding at &fferent sites The results are &fficult to explain by the R ~ T eqm- 
hbrmm model of Monod, Wyman and Changeux and indicate that sequentml con- 
formation changes are revolved in the alloster~c transitions of the enzyme 

INTRODUCTION 

Pyruvate klnase (ATP pyruvate phosphotransferase, EC 2 7 1 40) catalyses 
the last step of glycolysls Its activity IS important in the regulation of the dynamic 
balance between gluconeogenesls and glycolysls m the liver In the liver two types of 
pyruvate kinase are present [1] The M2-type is located in the non-parenchymal 
cells [2, 3] and although this type possesses regulatory properties [4-8], ItS presence 
in a cell seems to exclude gluconeogenesls The L-type is located m the parenchymal 

* With "affinity" is meant the relative ablhty of a compound to activate the enzyme, this ability 
~s concluded from the concentration of activator necessary for half maximal activation 
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cells [2, 3] and responds to diet and hormones [9] Although the L-type pyruvate 
kmase possesses many regulatory properties, the mechanism to reactivate the enzyme 
under gluconeogenlc conditions is still uncertain [10-13] From the effect of the 
allosterlc activators Pi, phosphorylated hexoses [10] and glucose-l,6-diphosphate 
(Glc-l,6-P2) [1 l] on the L-type pyruvate klnase it was concluded that the presence of 
these compounds m rat liver will result in a fully active enzyme under both glycolytlc 
and gluconeogenlc conditions It was concluded that in the liver Glc-l,6-P2, of which 
the concentration ~s qmte constant, makes the regulation of the pyruvate klnase 
activity by Fru-l,6-P2 impossible I l l ]  However, these conclusions were based on 
experiments in which 0 5 mM P-enolpyruvate was used and in which effectors, such 
as alanlne and ATP were absent Recent studies on pyruvate klnase from yeast [14] 
and erythrocytes [15] have shown that the affinity* of the enzyme for Fru-l,6-P2 is 
increased by an increment m the P-enolpyruvate concentration This finding made 
it important to reinvestigate the affinity of pyruvate klnase for P~ and the phos- 
phorylated hexoses at a more physiological P-enolpyruvate concentration (0 1 raM) 
to see to what extent the relatively high P-enolpyruvate concentration, which has 
been employed earlier, influences the measured affimtles for these compounds The 
affinity of L-type pyruvate klnase for Fru-l,6-P2 is also influenced by MgATP and 
alanlne [12] For the reason that these compounds are both present m hver we 
investigated also the influence of Pl and the phosphorylated hexoses in the presence 
of the physiological concentratlons of MgATP (2 mM) and alanine (I mM) Under 
these conditions it can be concluded to what extent P~ and the phosphorylated hexoses 
contribute to the overall actwlty of pyruvate kmase m vwo 

Our earher studies with L-type pyruvate kmase from rat hver [16] and erythro- 
cytes [17] have shown that the kinetic properties of the L-type are highly dependent 
upon the reduction state of the thlol groups, properties also found by Kutzbach and 
co-workers [13, 18] For this reason we isolated and assayed the enzyme m the 
presence of the physiological reductant reduced glutathmne (GSH) 

In the course of this investigation we became aware of the value of P, and 
the phosphorylated hexoses as probes for the conformatxon of the enzyme The 
slmdarlty m structure of these compounds and their slmdar kinetic behavlour [10, ! 1] 
has led to the conclusion that these compounds brad at the same activator site A 
change in conformation of this site by an effector will influence the affimty for Pi and 
the phosphorylated hexoses (this will be reflected m the concentration reqmred for 
half maximal activation) and their way of binding (reflected in the Hdl coefficient) 
In th~s way we can compare the effects of MgATP and alanIne on the conformation 
of this actwat,on s,te while also the effect of increasing P-enolpyruvate concentration 
can be determined 

MATERIALS AND METHODS 

Wlstar rats, maintained on a normal diet and water ad hbltum, were decapi- 
tated and the livers were removed Liver homogenates were prepared in 0 15 M NaCI 
containing 5 mM reduced glutathlone (GSH) and centrifuged for 60 rain at 100 000 × g 
From the supernatant, the partially purified L-type preparation was obtained accord- 
lng to the method of Passeron et al [19] The preparations were dissolved in 0 25 M 
Trls-HC1 buffer (pH 7 5) containing 5 mM GSH The enzymatic activity was assayed 
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following the decrease in absorbance at 340 nm, at room temperature (22 °C) in a 
reaction mixture (3 0 ml) containing, unless indicated otherwise, 25 mM Trls-HC1 
buffer (pH 7 5), 0 l mM KCI, l mM ADP, 0 12 mM NADH,  0 1 mg lactate dehydro- 
genase, 20 mM MgC12, 0 1 mM P-enolpyruvate and 5 mM GSH 

The applied Mg z+ and K + concentrations are rather high, as compared to the 
free concentration found m liver [20] Therefore the reported experiments at 0 1 mM 
P-enolpyruvate were repeated at a free Mg 2+ concentration of 1 mM (calculated by 
a method based on that of Morrison and co-workers [21, 22], which will be described 
in detail [37] The K + concentration was lowered from 100 to 25 mM These changes 
in ion concentrations dld not change the obtained affinities for the phosphorylated 
hexoses 

ADP, P-enolpyruvate, NADH,  P, and the phosphorylated hexoses were 
obtained from Boehrlnger (Mannhelm, Germany) The phosphorylated hexoses were 
analysed for the presence of Fru-l,6-P2 by the method of Bucher and Hohorst  [23] 
Only Fru-6-P contained about 0 03 ~ Fru-l,6-P2, which contamination was removed 
enzymatlcally by the addition of aldolase, followed by I deprotelnlzation with tN- 
chloroacetlc acid 

Control assays were performed with P, or the phosphorylated hexoses used, 
in the absence of P-enolpyruvate When MgATP or alanlne or both were present, 
corresponding blanks were performed m the presence of these compounds In all 
cases there was no change of N A D H  absorption Duplicates of the reported experi- 
ments were run with twice the amount  of  lactate dehydrogenase to exclude possible 
effects on this enzyme reaction Doubling the amount of lactate dehydrogenase did 
not influence the results obtained 

RESULTS 

Affinity for P, and the phosphorylated hexo~e~ at 0 1 m M  P-enolpytuvate and phy~l- 
ologtcal effectot concentratlon~ 

In preliminary studies on the effect of  phosphorylated hexoses at 0 l mM 
P-enolpyruvate, the L-type pyruvate klnase was isolated in the absence of a thiol 
group reductant The obtained affinity of  the enzyme for Fru-l,6-P2 was markedly 
decreased, as compared to the enzyme isolated m the presence of 1 mM mercapto- 
ethanol (data not shown) The purpose of this study was to verify if the phosphory- 
lated hexoses can influence the pyruvate klnase activity under physiological con- 
&tlons Therefore we isolated the enzyme in the presence of the physiological reduc- 
tant GSH (5 mM) [24] 

Fig 1 shows the influence of Glc-I,6-P2 at 0 1 mM P-enolpyruvate on the 
actlwty of L-type pyruvate kinase under various conditions At 0 1 mM P-enolpyru- 
vate the concentration of Glc-I,6-P/, necessary for half-maximal activation, is 120 
/~M In the presence of 2 mM MgATP or 1 mM alanlne the Glc-I,6-Pz concentration, 
necessary for half-maximal activation, is increased to about 300/tM, whereas in the 
presence of both alanine ÷ MgATP the enzyme activity is hardly influenced by the 
applied Glc-1,6-P2 concentrations Since the Glc-I,6-P2 concentration in liver is about 
15/~M [25], we can conclude that Glc-I,6-P2 is not able to activate pyruvate kinase 
m the presence of the physiological concentrations of alanine and MgATP 

Glc-6-P is somewhat less effective at a P-enolpyruvate concn of 0 1 mM as 
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Fig 1 The acttvlty vs Glc-I,6-P2 concn plot for L-type pyruvate kmase at p-enolpyruvate c o n c n =  
0 1 mM, ADP concn -- 1 mM and 5 mM GSH @--(2), control curve, ½--El ,  m the presence of 1 
mM alanme, B - - I ,  in the presence of 2 mM MgATP, 0 - - 0 .  in the presence of 1 mM alanme + 
2 mM MgATP 

c o m p a r e d  to  G lc - I , 6 -P2  (see T a b l e  I) T h e  effects  o f  2 m M  M g A T P  a n d  1 m M  a l a n m e  

on  the  a f f imty  fo r  G Ic -6 -P  are  c o m p a r a b l e  (f igure n o t  s h o w n )  In  t he  p r e s e n c e  o f  b o t h  

m h l b l t o r s  a lso  t h e  in f luence  o f  G l c - 6 - P  has  a l m o s t  d i s a p p e a r e d ,  w h i c h  seems  to  

exc lude  a role  o f  G l c - 6 - P  m the  r e g u l a t i o n  o f  p y r u v a t e  k m a s e  [26] 

F u r t h e r m o r e  the  f o l l o w i n g  p h o s p h o r y l a t e d  hexoses ,  G I c - I - P ,  F r u - l - P ,  F r u - 6 - P  

TABLE I 

THE AFFINITY OF TYPE-L-PYRUVATE KINASE FROM RAT LIVER FOR THE PHOSPHORYLATED 
HEXOSES AND P~ AT SEVERAL P-ENOLPYRUVATE CONCENTRATIONS 

The values are the concentrations of hexoses (ttM) and P, (mM) necessary for half maximal actwatlon The corre- 
sponding Hdl values are calculated The P-enolpyruvate concentrations used are indicated 

Control n Value +alanme n value ÷MgATP n value Alanme (1 mM) ÷ n value 
(1 raM) (2 raM) MgATP (2 mM) 

P-Enolpyruvate c o n c n =  0 1 mM 
Fru-l,6-P2 1 2 2 6 3 2 2 6 1 8 2 8 4 5 3 9 
Fru-6-P No effect No effect No effect No effect 
GIc-I,6-P2 120 2 7 290 3 3 310 2 0 / 1000 
Glc-6-P 190 2 7 590 2 4 590 1 9 /- 1500 
P~ No effect No effect No effect No effect 

P-Enolpyruvate c o n c n =  0 25 mM 
Fru-l,6-P2 1 2 2 1 3 6 2 9 2 0 2 8 5 0 3 0 
Fru-6-P ~-1500 No effect No effect No effect 
GIc-I,6-P2 70 2 0 210 2 9 230 2 1 600 3 0 
Glc-6-P 70 2 1 200 2 9 230 2 2 600 3 0 
Pl .>30 No effect No effect No effect 

P-Enolpyruvate concn -- 0 50 mM 
Fru-l,6-P2 0 4 1 1 2 1 1 9 1 5 2 3 4 5 2 3 
Fru-6-P 900 No effect 1500 No effect 
Glc-I,6-P2 50 1 6 170 2 2 170 2 1 500 3 1 
GIc-6-P 50 1 5 170 1 9 170 2 0 500 3 2 
P~ 16 3 2 730 ~30 No effect 
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and Ga l - I -P  were tested in a concentrat ion range between 0 and 1 5 m M  and for P, 
between 0 and 30 mM Under  the applied condmons  (ldent]cal as for Figs 1 and 2) 
these compounds  did not  influence the pyruvate klnase actwity, even in the absence 
o f  M g A T P  or alanlne These obtained data, at 0 1 mM P-enolpyruvate  and physi- 
ological effector concentrations,  make it unhkely that  P, and the phosphorylated 
hexoses (except Fru-l ,6-Pz) are able to influence the pyruvate  kmase actlwty in VlVO 

Fig 2 shows that  under the applied conditions the only activator an a physi- 
ological concentrat ion range wxll be Fru-l ,6-P2 In accordance with other reports [12, 
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The acttwty vs Fru-1,6-Pz concn plot for L-type pyruvate kmase at p-enolpyruvate -- 0 1 mM, 
ADPconcn -- 1 mM and 5 mM GSH ©--©,  control curve, D--IS], m the presence of I mM alanlne, 
I - - I I ,  m the presence of 2 mM MgATP, 0 - - 0 ,  in the presence of 1 mM alanme + 2 mM MgATP, 
A--A, m the presence of 1 mM alanlne + 2 mM MgATP, the enzyme was ]solated and assayed in 
the absence of GSH 

13] it can be observed that  the affinity o f  the enzyme for Fru-l ,6-Pz is high even in 
the presence of  both M g A T P  and alanme This figure shows also that  the affimty 
for Fru-l ,6-P2 of  the enzyme, isolated in the presence o f  GSH,  is more influenced by 
1 mM alanme as compared  with 2 m M  M g A T P  This figure shows further that  the 
enzyme isolated m the absence o f  the phys]ologlcal reductant  has a markedly lower 
affinity for Fru-l ,6-P2 and is practically inactive at 5 # M  Fru-l ,6-Pz 

The pho~phot ylated hexo~es and P, as a probe for the conJormatton of the enzyme 
As already mentioned in the Introduct ion,  the phosphorylated hexoses and Pl can 

be used as a probe for the conformat ion  of  the activator site F r o m  the similarity of  
the structure of  these compounds  and f rom data reported elsewhere [10, I1] it can 
be concluded that  these compounds  bind on the same activator site The use o f  these 
compounds  has the advantage over fluorescent dyes that  their influence is measured 
as enzymatic activity, which excludes a non-specific reaction Furthermore,  the 
affinity for these compounds  can be measured accurately, which is an advantage over 
the relative insensitivity of  the fluorescent probe methods [28] 

Table I shows the n values calculated f rom the Hall plots (not shown) and the 
corresponding concentrat ions o f  phosphoryla ted  hexoses necessary for half-max]mal 
activation At a P-enolpyruvate  concentrat ion of  0 1 m M  the enzyme has a higher 
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affinity for Glc-I,6-P2 than for Glc-6-P, both m the absence and presence of MgATP 
and/or alanme From the obtained n values we can conclude that the actwators brad 
m a cooperatwe way 1 m M  alanme or 2 mM MgATP increase the Glc-I,6-P2 con- 
centratlon necessary for half-maximal activation to the same extent However, the 
n value in the presence of alanme ~s slgnlficantly h~gher as in the presence of MgATP 
which means that the conformat~onal state of  the enzyme m the presence of alanme 
d~ffers f rom that w~th MgATP The same phenomenon is observed with GIc-6-P as 
activator, whereas with Fru-l,6-P2 as actwator no significant difference is observed 

At 0 25 mM P-enolpyruvate the d~fference In affinity between GIc-I,6-P2 
and Glc-6-P has disappeared (middle of  Table I) This indicates that by increasing 
the P-enolpyruvate concentration not only the affinity for GIc-I,6-P2 and Glc-6-P 
increases, but that there is also a change m specificity The actwator s~te can no 
longer discriminate between Glc-I,6-P2 and Glc-6-P Such behavlour cannot be 
explained by a simple shift of  the R ~ T equlhbnum to the R state and indicate that 
P-enolpyruvate changes the conformation of the activator site m such a way that the 
phosphate on the C1 place of the glucose molecule does no longer influence the effector 
binding At 0 25 mM P-enolpyruvate the cooperatw~ty toward Fru-l,6-P2, Glc-I,6-P2 
and Glc-6-P Is decreased as compared with 0 10 mM P-enolpyruvate Also at this 
P-enolpyruvate concentration the cooperatlvlty for Glc-I,6-P2 and Glc-6-P m the 
presence of alanme Is higher than m the presence of MgATP 

A further increase in P-enolpyruvate concentraUon to 0 5 mM results m a 
higher affimty for the phosphorylated hexoses and P1 The binding of Fru-l,6-P2 is 
no longer cooperative, while the cooperatlwty towards GIc-I,6-P2 and Glc-6-P ~s 
further decreased The cooperatwzty m the presence of alanme is also decreased, 
while this does not occur in the presence of MgATP This leads to a disappearance 
of the d~fference in n values observed at 0 25 and 0 1 mM P-enolpyruvate A com- 
parison of the effects of MgATP and alanlne on the affimty for the phosphorylated 
hexoses reveals the following differences (a) 2 mM MgATP increases the concen- 
tration of  Glc-I,6-P2 and Glc-6-P necessary for half-maximal activation to the same 
extent as 1 mM alanme, the influence of MgATP on the affimty for Fru-l,6-P2 and 
Fru-6-P, however, is less when compared to the influence of alanme (b) Although 
MgATP and alanme increase the concentrations of Glc-I,6-P2 and Glc-6-P, necessary 
for half-maximal activation to the same extent, they introduce a d~fferent cooperative 
interaction towards these activators at 0 25 and 0 10 mM P-enolpyruvate These 
differences indicate that MgATP and alanlne introduce a d~fferent conformation, 
probably by binding to different sites The evidence for binding to d~fferent s~tes ~s 
presented in Fig 3 In th~s figure is plotted the influence of Glc-I,6-P2 on the enzyme, 
~solated m the absence of a th~ol group reductant The influence of alanlne on the 
affinity for GIc-I,6-P2 is decreased, as compared to Fig 1 (half maximal actwatlon 
at 190 /~M instead of 290 /zM), whereas the effect of MgATP on the contrary ~s 
increased Incubation of this enzyme with 5 mM GSH at 10 °C for 1 h converts the 
enzyme into a form with the same kinetic propemes  as reported m Fig 1, suggesting 
that the modification is the consequence of ox~datlon of thlol groups Th~s difference 
in response to modification of the enzyme strengthens the earher statement that 
MgATP and alanlne brad to different allostenc s~tes 

These results can also explain the discrepancies described m hterature between 
the sensltwltles for MgATP and alanlne [12, 29] of  L-type pyruvate kmase, which 
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Fig 3 The activity vs Glc-l,6-Ps concn plot for L-type pyruvate kmase at p-enolpyruvate = 0 1 mM 
and ADP concn -- 1 mM The enzyme was isolated and assayed in the absence of GSH ~ - - ~ ,  
control curve, []--[B, in the presence of 1 mM alamne, I1--11, m the presence of 2 mM MgATP, 
0---0, m the presence of 1 mM alanme ÷ 2 mM MgATP 

has been extensively discussed by Seubert and Schoner [30] in a recent rewew 
Schoner et al [29] purified the enzyme in the absence of  a thlol group reductant and 
found the enzyme more sensitive to M g A T P  than to alanlne, while the opposite was 
found by Llorente et al [12] with crude enzyme extracts It seems likely that in the 
enzyme, as isolated by Schoner et al [29], thiol groups are oxidized during the iso- 
lation procedure,  which would explain their kinetic properties (cf Fig 3) With the 
enzyme, isolated according to Llorente et al [12], such a mo&ficatlon would not 
occur 

DISCUSSION 

The influence ot P, and the phosphoryla ted  hexoses on L-type pyruvate klnase 
f rom rat liver has led to the conclusion that  the presence of  these compounds  in hver 
results in an active enzyme under both glycolytlc and gluconeogenlc conditions [10,11 ] 
Our  data show that  the affinity o f  L-type pyruvate  klnase for Pj and the phosphory-  
lated hexoses is Increased by raising the P-enolpyruvate  concentrat ion The affinities 
for P, and the phosphoryla ted hexoses were tested earlier [10, 11] at 0 5 mM P-enol- 
pyruvate  Lowering of  the P-enolpyruvate  concentraUon to an in vwo value [32] 
results in lower affinlUes for P, and the phosphoryla ted hexoses, which are further 
decreased, when the lnhibltors M g A T P  and/or  alanlne are also present F rom the 
affinities, obtained at physiological concentraUons of  P-enolpyruvate,  M g A T P  and 
alanlne it can be concluded that  P, and the phosphoryla ted hexoses (except Fru-1,6-P2) 
m their physiological concentrat ion range [25, 26] will not  be able to activate pyruvate 
kmase These findings reduce the number  c f  possible regulatory legends to a great 
extent 

The extrapolat ion o f  in vitro data to the in VlVO regulation o f  an enzyme needs 
some assumptions However,  ~t has been shown for the L-type f rom yeast, which is 
very similar to the L-type f rom rat liver, that  its properties m SltU are comparable to 
data obtained m vitro [32, 33] For  reason that  the L-type pyruvate  klnase is inactive 
in the presence c f  physiological concentrat ions o f  P-enolpyruvate,  M g A T P  and 
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alanlne ~t seems reasonable to conclude that m the hver cell the enzymaUc activity 
will be dependent upon the Fru-l,6-P2 concentration However, as a consequence of 
the high affinity for Fru-l,6-P2, the enzyme will be active even in the presence ot the 
lowest reported Fru-l,6-P2 concentration for hver For this reason Sols and Marco [27] 
proposed that under fasting conditions the free Fru-l,6-P2 concentration in liver will 
be lower than 5 ,uM due to binding to aldolase To our opinion two other additional 
possibilities exist 

(A) A change in the enzyme itself can influence its affinity for Fru-l,6-P2 as 
is shown in Fig 2 and cf [13] and [16] Since feeding influences the GSH/GSSG 
ratio in liver (10 under feeding and 4 under fasting conditions, unpublished), the 
enzyme was isolated in the presence of the various ratlo's of  GSH and GSSG How- 
ever, the affinity for Fru-l,6-P2 was found to be equal to the affinity obtained for the 
enzyme Isolated in the presence of 5 mM GSH alone Further investigations are 
therefore reqmred to see if such an enzyme modification can occur within the cell 

(B) This possibility is based on the heterogeneity of  the liver 35 70 of the liver 
cells is of non-parenchymal origin These cells contribute to about  l0 % of the liver 
mass [34] Under glycolytlc conditions it is reasonable to assume that Fru-l,6-P2 is 
equally divided between the different cell types The Fru-l,6-P2 concentration under 
this condition is 30/~M, in which the non-parenchymal cells will contribute 3 nmoles/g 
and the parenchymal cells 27 nmoles/g Under fasting conditions, gluconeogenesls is 
introduced in the parenchymal cells and not in the non-parenchymal cells [2, 3] The 
Fru-l,6-P2 concentration under these conditions is 5 #M of which 3 nmoles/g are 
located In the non-parenchymal cells and the other 2 nmoles/g are contributed by the 
parenchymal cells Since these cells occupy 9070 of the liver mass, the Fru-l,6-P2 
concentration in these cells will be 2 2 #M How much the above mentioned three 
possibihtles mutually contribute to the overall regulation of pyruvate klnase by 
Fru-l,6-P2, cannot be said and deserve more experimentation in which isolated 
parenchymal cells may be a useful object 

The use of phosphorylated hexoses as a probe for the conformation of the 
enzyme makes it clear that the two-state model of Monod et al [35] cannot explain 
our results w~th the phosphorylated hexoses From the different behavlour of  the 
enzyme towards the phosphorylated hexoses in the presence of ATP or alanine we 
can conclude that these lnhlbltors induce a different conformation The different 
behavlour towards modification suggests that these different conformations are the 
consequence of binding at different allosterlc centers Recently Rozengurt et al [36] 
showed that K + and Fru-l,6-P2 Introduce different conformation states rather than 
a unique R state as predicted by the model of  Monod et al [35] Our results obtained 
in the presence of MgATP and alanlne show that these lnhlbltors introduce a different 
T conformation and suggest that sequential conformation changes [28] are involved 
m the allosterlc transitions of the enzyme 
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