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The posslbdlty of a funchonal complex formahon between glyceraldehyde-3-phosphate dehydrogenase (EC 
1 2 1 12) and 3-phosphoglycerate kmase (EC 2 7 2 3), enzymes catalysmg two consecuhve reactions m glyco- 
lysls has been investigated Kinetic analysis of the coupled enzymatic reaction dul not reveal any kmehc sign of 
the assumed interaction up to 4 10 -6 M kmase and 10 -4 M dehydrogenase Fluorescence amsotropy of 10 -7 M 
or 2 10 -s M glyceraldehyde-3-phosphate dehydrogenase labeled with fluoresceln isotMocynate did not change in 
the presence of non-labeled 3-phosphoglycerate kmase (up to 4 10 -s M) The frontal gel chromatographic 
analysis of a mixture of the two enzymes (10 -4 M dehydrogenase and I0 -s M kmase) could not reveal any 
molecular species with the kinase activity hawng a molecular weight higher than that of 3-phosphoglycerate 
kmase Both types of physlcochemlcal measurements were also performed m the presence of substrates of the 
kmase and gave the same results The data seem to mvahdate the hypothesis that there is a complex between 
purified pig muscle glyceraldehyde-3-phosphate dehydrogenase and 3-phosphoglycerate kmase 

Introduction 

The relatwe proportions of most glycolytlc 
enzymes have been demonstrated to be nearly con- 
stant m a wide variety of tissues [1,2] Also takang 
into account their high phys:ologlcal concentration 
[1,3], the hypothesis of specific complex formation 
between the enzymes of th:s group has been put 
forward [4] In fact, the structural orgamzatlon of 
certain glycolytlc enzymes, both on the surface of 
various cellular structures (Ref 5 and references 
thereto and Refs 6 and 7) and even without any 
supporting matrix [8-11] has been detected 

The possibility of specific interaction of glycer- 
aldehyde-3-phosphate dehydrogenase (EC 1 2 1 12) 
with 3-phosphoglycerate kmase (EC 2 7 2 3) has also 
been postulated [12] on the foUowmg grounds 
Both enzymes belong to the constant proportion 
group of glycolytlc enzymes [ 1,2] The 
asymmetrically shaped monomenc molecule of 

3-phosphoglycerate kmase consists of two large 
domains [13] It has been suggested that one of these 
domains might have some role in complex formation 
with glyceraldehyde-3-phosphate dehydrogenase 
[12] Furthermore, speculat:ons about a unique 
three-d:menslonal structure including the two 
enzymes have been put forward [4] 

In view of these suggestions we investigated the 
possibility of complex formation between glyceral- 
dehyde-3-phosphate dehydrogenase and 3-phospho- 
glycerate klnase This paper presents kinetic and 
physlcochemlcal (fluorescence amsotropy and gel 
chromatographic) stu&es on the purified pig skeletal 
muscle enzymes at concentrations near to the 
est:mate d [ 1,3 ] physiological range (10 - s -  10 -4 M) 

Materials and Methods 

Glyceraldehyde-3-phosphate dehydrogenase con- 
taming t:ghtly-bound NAD (an average of 3 5 mol/ 
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tetramenc enzyme) [14] and 3-phosphoglycerate 
kanase [15] were prepared from pig muscle and 
stored as crystal suspensmns at 4°C Before the 
experiments the crystalhne enzymes were dissolved 
in 0 1 M trlethanolamme-HC1 buffer, pH 7 5/5 mM 
mercaptoethanol and gel-filtered on a Sephadex G-50 
column eqmhbrated with the same buffer to remove 
(NH4)2SO4 

Enzyme concentratmns were determined spectro- 
photometrically by using A°sl0 ~= 1 0 and 0 69 for 
glyceraldehyde-3-phosphate dehydrogenase [16] and 
3-phosphoglycerate kmase [15], respectwely The 
specific actwlty of the dehydrogenase calculated for 
the tetramer vaned between 15 000 and 18 000 M 
substrate/M enzyme mm-: at 20°C in the reaction 
with 2 10-4M NADH and 10-3M 1,3-chphospho- 
glycerate m 0 1 M tnethanolamlne-HC1 buffer/5 
mM mercaptoethanol The same value was obtained 
if 1,3-dlphosphoglycerate was generated in the reac- 
tmn mixture by 3-phosphoglycerate kmase from 
1 5 10-2M 3-phosphoglycerate, 10-2M ATP and 
10 -2 M MgCl2 Under the same conditions the speci- 
fic actlwty of 3-phosphogtycerate kmase vaned 
between 35 000 and 38 000 M substrate/M enzyme 
mm -1 in the reaction mixture containing 1 5 10 -2 M 
3-phosphoglycerate, 10 -2 M ATP, 10 -2 M MgC12, 
2 10 -4 M NADH and about 100-fold molar excess of 
glyceraldehyde-3-phosphate dehydrogenase over the 
kmase The molecular weights of the tetramerlc 
dehydrogenase and the monomenc kmase were taken 
to be 145 000 [17] and 48000 [12], respectwely 

3-Phosphoglycerate and fluorescem lsothlocyanate 
were Boehrmger and Calbmchem products, respec- 
twely, ATP and NADH were Reanal preparations 
1,3-Dlphosphoglycerate was prepared from glyceral- 
dehyde 3-phosphate according to the method of 
Furfine and Vehck [ 18] Glyceraldehyde 3-phosphate 
was prepared from fructose 1,6-dlphosphate, as 
described by Szewczuk et al [19] All other chemi- 
cals were reagent grade commercml preparations The 
concentratmns of all substrate solutions were deter- 
mined enzymatxcally 

Kmettc measurements 
Kinetic studies were carried out with a Cary 118 

recording spectrophotometer and with a Durrum- 
Gibson stopped-flow apparatus (Model 110) The 

temperature ot the cuvette house and the reaction 
chamber was kept at 20°C 

The consecutwe enzymatic reactions starting from 
3-phosphoglycerate, ATP, MgC12 and NADH 
catalyzed by glyceraldehyde-3-phosphate dehy- 
drogenase and 3-phosphoglycerate kmase were fol- 

: NADH M -1 [20] ) lowed at 366 nm les66 = 3 3 10 s cm -~ 
Occasionally, the coupled reaction was studied m the 
absence of NADH on the basis of the dxsappearence 
of the characteristic Racker band of the glyceral- 
dehyde-3-phosphate dehydrogenase NAD complex 
( e360  = 800 M -1 cn1-1 [21]) due to the acylatmn ol 
the dehydrogenase with 1,3-dlphosphoglycerate 
generated by the kmase reaction [22] Reaction mix- 
tures always contained hldrazme hydrate to trap the 
product (glyceraldehyde 3-phosphate), thereby 
making the reactmns prachcally irreversible [23] 
Routinely the m~xture ol all substrates containing 
both hldrazlne and the mixture of the two enzymes 
were introduced separately into the two syringes of 
the stopped-flow instrument The dead time of the 
instrument was about 2 -5  ms 

Fluorescence labehng and measurement 
2 ml of 2 10-4M glyceraldehyde-3-phosphate 

dehydrogenase were labeled with 5 mg fluorescem 
lsothlocyanate (on cehte cameo  in 0 1 M methanol- 
amme-HC1 buffer, pH 8 5 The mixture was incubated 
for 1 h m the dark at 5°C Free fluorescent dye was 
then removed by gel filtration through a column o1 
Sephadex G-50 eqmhbrated with 0 1 M tnethanol- 
amlne-HC1 buffer, pH 7 5, containing 5 mM mercap- 
toethanol The extent of the labehng was determined 
on the basis of absorbance of the treated enzyme at 
490 n m  (e490 = 3 4 104 M -t tAn -t) 124] To 
calculate the concentration of the labeled enzyme the 
absorbance of the dye at 280 nm (e2ao = 1 09 104 
M -1 cm -1) was taken into account The degree of the 
labehng varied between 0 5-1 0 tool dye/mcl tetra- 
menc enzyme The labeled enzyme retained 90-95% 
of its original specific actwlty 

Fluorescence measurements were carried out in an 
SP 3 spectrofluoruneter (Applied Photophyslcs Ltd ), 
m a 10× 10 mm cell, thermostatically maintained at 
20°C The excitation and emission wavelengths were 
470 and 520 rim, respectwely The polanzanon (p) 
and the anlsotropy (A) of fluorescence were calcu- 



lated according to the formulas [25] 

I v y  - / V H ( G )  G - IHV and A - 3p p -  
I v v  + IvH(G) ' Irtlq 3 - p 

where I is the intensity of the emitted light The first 
and the second indices refer to the positions (vertical, 
V or horizontal, H) ot the polarizer and analyzer, 
respectively G is the instrumental factor [26] 

Frontal analysts gel chromatography 
Ascending gel chromatographic runs were made at 

10°C on Sephadex G-200 columns (0 66 × 96 cm) 
equlhbrated with 0 1 M trlethanolamlne-HC1 buffer, 
pH 7 5/5 mM mercaptoethanol The columns were 
loaded with a large volume (about 30 ml) of enzyme 
solution in the same buffer A constant flow rate of 
1 2 ml/h was maintained by means of an LKB Multi- 
perpex 2115 type peristaltic pump Fraction volume 
was 0 5 ml Effluent fractions were assayed for 
enzyme activities The plateau activity of each 
enzyme attained that of  the loading enzyme solu- 
tions 

Results and Discussion 

Kmettcs of  the consecuttve reactions catalysed by 
3-phosphoglycerate kmase and glyceraldehyde-3- 
phosphate dehydrogenase 

The coupled reaction described by the scheme 
below was studied by applying saturating concentra- 
tions of substrates The dehydrogenase was used in 
20-fold molar excess over the kmase, 1 e ,  its activity 
m the reaction mixture was about 10-tunes as high as 
the activity of the klnase 

3-phosphoglycerate 
ATP ADP 

~ _  ~ > 

3-phosphoglycerate 
kmase 

1,3-dlphosphoglycerate 
NADH NAD 

glyceraldehyde-3-phosphate 
dehydrogenase 

glyceraldehyde 3-phosphate + P~ 

According to Hess and Wurster [27], the ttrne course 
of a consecutive reaction catalysed by two enzymes 
has a lag period (characterized by the transient 
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time, r) before reaching the steady-state velocity 
(Vss), both values being related to the activities of the 
two enzymes In our system, Vss is hmlted by the 
activity of the klnase and the transient tune is 
Inversely proportional to the activity of the dehy- 
drogenase If the assumed enz)me-enzyme Interaction 
between the klnase and the dehydrogenase has some 
kinetic consequences, some kind of deviation from 
either of these relations shc, uld be observed with 
increasing enzyme concentrations 

It should be noted that in the absence of klnase 
the activity of  glyceraldehyde-3-phosphate dehy- 
drogenase IS proportional to its concentration [28] 
and there is no indication of self-association of the 
monomerlc 3-phosphoglycerate kmase molecule [12] 
in the absence of dehydrogenase Therefore, any 
deviation from hnearlty can only be ascribed to Inter- 
action between the two enzymes Thus, keeping the 
molar ratio between the two enzymes constant, we 
increased the concentration of both enzymes and 
measured the consecutive reaction The steady-state 
velocities and the reciprocal transient tunes were 
plotted against the kinase and dehydrogenase con- 
centratlons (Fig 1A and B), respectively 

In some cases the coupled reaction was studied in 
the absence of NADH In thts case the reaction of 
glyceraldehyde-3-phosphate dehydrogenase does not 
reach completion, acyl-enzyme, produced by reaction 
with 1,3-dlphosphoglycerate, IS the end product 
There is an indication [29] that this covalent inter- 
mediate of the reactxon of glyceraldehyde-3-phos- 
phate dehydrogenase is the physiologically relevant 
enzyme form Since the formation of 3-phospho- 
glyceroyl enzyme is a very fast process [30], under 
our expertmental conditions the transient time of 
the coupled reaction is too small to be determined 
However, the steady-state velocity could be measured 
and practically the same values were obtained as m 
the presence of NADH (Fig 1A) 

In none of the above expertrnents did any devia- 
tion from llnearlty appear Thus, we did not find any 
kmetlc indication of the assumed interaction up to 
4 10-6M 3-phosphoglycerate kInase and 10-4M 
glyceraldehyde-3-phosphate dehydrogenase 

Fluorescence studtes 
Fluorescence anlsotropy measurements are widely 

apphed for studying macromolecular interactions 
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Fig 1 ganeUc analysis of the consecutive reaction catalysed by 3-phosphoglycerate klnase and glyceraldehyde-3-phosphate 
dehydrogenase Kinetics of the coupled enzymatic reaction were studied at 20°C in 0 1 M trlethanolamlne-HC1 buffer, pH 7 5, 
starting from 20 mM 3-phosphoglycerate, 20 mM ATP and 20 mM MgC12 React]on mixtures also contained 0 1 M hldrazme 
hydrate and 5 mM mercaptoethanol Time course ot the reactmn was followed either in the presence ot 3 10 -4 M NADH at 366 
nm ( o -  -o) or m the absence of NADH at 360 nm by the dlsappearence of the Racker band ot dehydrogenase NAD complex 
(× ×) In the former case (o o) the molar ratm of dehydrogenase to kmase was always 20 In the latter case 
(X X) a constant dehydrogenase concentration of 10 -4 M was used together with various kmase concentratmns as indicated 
on the abscissa The steady-state velocity 0'ss) was calculated from the linear part of the time course reached after the lag period 
and was plotted against the kmase concentratmn (A) The reciprocal transient time (r) was plotted against the dehydrogenase- 
concentratmn (B) The straight lines correspond to specific actlwtles ot 37 000 M substrate/M kmase mln -1 and 17 000 M sub- 
strate/M dehvdrogenase mm -1 in cases A and B, respectively 

[25] To detect  a possible in teract ion be tween  

3-phosphoglycerate  klnase and glyceraldehyde-3-  

phosphate  dehydrogenase we carried out  f luorescence 

anlsotropy measurements  at much  higher kmase con- 

centrat ions than those used in the kinetic measure- 

ments  
The anIsotropy o f  f luorescence o f  labeled dehy- 

drogenase was measured m the presence o f  increasing 

concent ra t ion  o f  unlabeled klnase It was found that 
even 4 l O - S M  3-phosphoglycerate  kInase did no t  
cause any change o f  the amso t ropy  of  2 10 -SM 

glyceraldehyde-3-phosphate  dehydrogenase ,  ei ther in 

the absence or in the presence of  the substrates of  

klnase The value of  0 39-+ 0 03 for anlsot ropy is 

characterist ic o f  the te t ramerlc  dehydrogenase,  since 

at 2 10 -s M concen t ra t ion  this ohgomer lc  form pre- 

dominates  [31] Thus.  the results argue against com- 

plex format ion  be tween  the te t ramerlc  glyceral- 

dehyde-3-phosphate  dehydrogenase  and the mono-  

merlc g lyceraldehyde-3-phosphate  dehydrogenase 

It is known that  te t ramerlc  glyceraldehyde-3-phos-  

phate  dehydrogenase can dissociate into dlmers and 

monomers  upon di lut ion [31,32] In agreement  wi th  

the earlier repor ted  data on rabbit muscle glyceral- 



dehyde-3-phosphate dehydrogenase [9], the dis- 
sociation xs also reflected by the decrease of  fluores- 
cence polarization of  the labeled pig muscle dehy- 
drogenase (Batke, J ,  unpubhshed data) According 
to these observations the dehydrogenase is fully 

&ssoclated below 10 -~ M Thus, mteractmns between 
dImerlc and/or  monomerlc dehydrogenase and klnase 
may also occur To mvestigate this posslbfl]ty, 
4 10-SM 3-phosphoglycerate kmase was added to 
the solut]on of  dilute (10-TM) labeled glyceral- 
dehyde-3-phosphate dehydrogenase Again, kmase 
did not  cause any change in the amsotropy of  dehy- 
drogenase (its value was 0 0 8  ± 003) ,  which also 
indicates the absence of  lnteractmn 

It should be noted that both experiments gave the 
same result even after 24 h incubation of  the enzyme 
mixtures 

Frontal analysts gel chromatography 
This is particularly statable for the study of  inter- 

acting macromolecular systems [33] We employed 
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th is  technique as an independent  method to inves- 
tigate the possibility of  complex formation between 
3-phosphoglycerate kmase and glyceraldehyde-3- 
phosphate dehydrogenase As seen in Fig 2, the 
elut]on volume of  10-SM kmase, wtuch corre- 
sponds to the centre of  the boundary,  was exactly 
the same both m the absence and presence of  10 -4 M 

dehydrogenase The same result was obtained if  
3-phosphoglycerate and ATP were added, producing 
aceylated glyceraldehyde-3-phosphate dehydrogenase, 

1 e ,  when both enzymes were present in their func- 
tional forms Accordingly, under our experimental  
con&txons 3-phosphoglycerate klnase does not  
assoc]ate, to any detectable extent,  with glyceral- 
dehyde-3-phosphate dehydrogenase 

Conclusions 

The above data do not  support  the hypothesis  of  a 
functional Interaction between Isolated pig muscle 
glyceraldehyde-3-phosphate dehydrogenase and 
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Fig 2 Frontal analysis gel chromatography of the mixture of 3-phosphoglycerate kmase and glyceraldehyde-3-phosphate dehy- 
drogenase The mixture of 10-s M kmase (o o) and 10 .-4 M dehydrogenase (o *) was loaded onto the column (see 
Materuals and Methods) equdlbrated with 0 1 M tnethanolamme-HC1 buffer, pH 7 5, containing 5 mM mercaptoethanol In a 
separate experiment the gel chromatography of a mixture consisting of the above concentrations of kmase (a ',) and dehy- 
drogenase (A -') was camed out m the presence of 20 mM 3-phosphoglycerate, 20 mM ATP and 20 mM MgCI 2 The column 
buffer also contained the substrate mixture In control expertments 10 --4 M dehydrogenase (X X) and I0 -s M kmase 
(o o) were gel chromatographed separately A o means the enzyme actwlty of the solution loaded onto the column, A marks 
the enzyme actwlty of effluent fractions Blue Dextran 2 000 and NAD, apphed m a volume of 0 5 ml, were run m a separate 
experiment and detected by absorbance at 280 nm The elutlon volumes for dehydrogenase and kmase were 19 2 ± 0 3 ml and 
24 5 ± 0 3 ml, respectwely 
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3-phosphoglycerate kmase On the basis of  the 

highest enzyme concentratmns used in the present 

work and consldermg the limits of  error of the 

techmques used, the esttmated dissociation of  an 

assumed 3-phosphoglycerate kmase glyceraldehyde- 

3-phosphate dehydrogenase complex should be Kd >i 
10 -2 M 
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