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Summary 

Binding of  2,3-diphosphoglycerate to monophosphoglycerate mutase, of 
which it is an obligatory cofactor, causes changes in the resonance positions of 
the 31p nuclear magnetic resonance spectra of  both phosphate groups. It had 
previously been shown tha t  these resonances shift when other glycolytic 
enzymes, such as phosphoglycerate kinase, are added to form the 2,3-diphos- 
phoglycerate • monophosphoglycerate mutase • phosphoglycerate kinase 
complex. In view of  this association, we have examined the set of  glycolytic 
enzymes from aldolase to pyruvate kinase and found evidence of  direct com- 
munication between all of these enzymes. A multi-enzyme complex of  1--2 • 
106 daltons has been separated from broken cell ghosts by Biogel column fil- 
tration and evidence has been presented to show that  this complex exhibits 
aldolase, glyceraldehyde 3-phosphate dehydrogenase and phosphoglycerate 
kinase activity. The glycolytic multi-enzyme complex interacts with the outer  
face of inside-out vesicles prepared from human red cells and the interaction 
is suppressed by application of  10 -6 M ouabain to the inner face of  these 
vesicles. These studies show that  the conformation of  the enzymes comprising 
the megadalton complex are responsive to the application of ouabain to the 
outer  red cell membrane surface. 

Int roduct ion 

In a recent communicat ion from this laboratory [1] we have put  forward 
a hypothesis that  the Mg-dependent (Na++ K+)-ATPase used for the cation 
transport  in the human red cell is linked through phosphoglycerate kinase 
(EC 2.7.2.3) to monophosphoglycerate mutase (EC 2.7.5.3). In the course 
of  this investigation we found that  glyceraldehyde 3-phosphate dehydrogenase 
(EC 1.2.1.12) also could interact with the 2 ,3-diphosphoglycerate-mono- 
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phosphoglycerate mutase .phosphoglycera te  kinase complex. In view of 
this association, we have examined the set of glycolytic enzymes stretching 
from aldolase (EC 4.1.2.13) through pyruvate kinase (EC 2.7.1.40) and found 
evidence of indirect communicat ion between all of these enzymes. Further- 
more, we have found that  the red cell cytoplasmic glycolytic complex interacts 
with the inner membrane surface, and have shown that  the conformation of 
the enzymes comprising the complex is responsive to the application of 
ouabain to the outer membrane surface. 

Experimental methods 

Nuclear magnetic resonance (NMR) experiments were either carried out 
as previously described [1] on a JEOL FX-60 Fourier transform NMR spectro- 
meter (JEOL Analytical Instruments, Inc., Cranford, N.J.) operating at 24.16 
MHz for 31p, or on a Bruker HX-270 Fourier transform spectrometer (Bruker 
Instruments,  Inc., Billerica, Mass.) operating at 109.3 MHz for 31p in 10 mm 
(outer diameter) sample tubes. The sample was maintained at 25°C. The 90 ° 
resonance frequency pulse width was 21 gs. Pulse angles of  45°--60 ° were 
routinely used. Spectral widths of 3 KHz were employed with 8K data tables. 
The signal to noise ratio was improved by digital filtering (1.5 Hz line broad- 
ening). Broad band noise-modulated proton decoupling (2 KHz at 1.5 W) was 
used. In all cases, the spectrometer was locked on the deuterium signal of 2H20. 

Experimental reproducibility is highly critical in our experiments. The 
normal half peak width at 109.3 MHz for the 2 phosphate of 2,3-diphospho- 
glycerate is 4.5 Hz and that  for the 3 phosphate is also 4.5 Hz. We were able 
to place 6 data points over each peak and one data point clearly defined the 
maximum. Hence the resonance position was reproducible to 0.75 Hz on the 
HX-270. The presence of paramagnetic impurities can clearly be seen by peak 
broadening. The extensive dialysis used in the preparation of  enzymes 
described below served to eliminate paramagnetic impurities and no broadening 
was observed, thus indicating that  our dialysis procedure had been effective. 
Furthermore,  0.1 mM EDTA was occasionally added to the buffer in these 
experiments. The absence of any subsequent change in half-width confirmed 
that  the preparations were free of  paramagnetic impurities. 

Multiple determinations of  chemical shift values in the same sample were 
reproducible to one data point. However, when samples were prepared from 
different stock solutions on different occasions the mean values could differ by 
1.75 Hz. Hence, the data in the tables are reported as differences from refer- 
ence solutions measured at the same time and under the same conditions. 

Virtually all the experiments reported in Tables I--IV were initially carried 
out on the JEOL FX-60 at 24.16 MHz for 3~p. At this frequency the resonance 
shifts observed are small, only 22% of those at 109.3 MHz. We felt it desirable 
to increase the observed frequency shifts and therefore all the experiments 
were repeated at 109.3 MHz to yield the results given in the tables. In each 
instance, the resonance shift increased appropriately for the higher frequency, 
thus indicating that  the results were consistent on two different spectrometers 
in experiments carried out  at different times. 

All enzymes and phosphorus-containing molecules were purchased from 
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Sigma Chemical Co., St. Louis, Mo. and were dissolved or diluted to desired 
concentrations and then dialyzed for 3 × 3 h against the buffer in which the 
NMR experiments were to be conducted.  The NMR buffer had the following 
composition (mM): NaC1, 150/KC1, 5/Tris, 17/20% 2H20, pH 7.40. The pH of 
this NMR buffer containing 17 mM Tris was adjusted to 7.40 by ti tration 
with HC1 for each experiment. In several instances pH was checked at the close 
of the experimental procedure and found to be unchanged. All the commercial 
enzymes were prepared from muscle, except phosphoglycerate kinase which 
was made from yeast. As previously discussed [1], preliminary experiments 
on human red cell phosphoglycerate kinase and monophosphoglycerate mutase 
show NMR resonance shifts similar to those of  commercially available enzymes. 

Inside-out and right side-out vesicles were prepared according to the tech- 
nique of Steck and Kant [2] from bank blood, out-dated by no more than 
three days. As previously reported [1] this technique, in our hands, yields 
right side out  vesicles about  97% pure and inside-out vesicles about 85% pure, 
measured by assay of  acetylcholinesterase as an outside surface marker and 
glyceraldehyde 3-phosphate dehydrogenase as an inside marker. When inside- 
out vesicles were prepared to contain ouabain, the concentration was 10 -6 M, 
unless otherwise specified, and the ouabain was added to the 0.5P8 vesiculation 
buffer (buffer notations as in ref. 2) but  there were no other modifications to 
the preparation procedure. 

Pink ghosts (partially washed so that  some hemoglobin remains) were 
prepared following the initial steps in the procedure used to prepare vesicles, 
but the procedure was terminated after two washes in the 5P8 lysing buffer. 
The ghosts were then frozen and thawed through three cycles and added to a 
120 × 2.5 cm Sepharose 6B column equilibrated with phosphate-buffered saline 
supplemented with 0.6 mM B mercaptoethanol.  Fractionation was modeled 
after a similar experiment of  Mowbray and Moses [3] on a similar complex 
from Escherichia coli. 

Results and Discussion 

Combination o f  glycolytic enzymes in cellular complex. Experiments were 
carried out  with individual enzymes in the glycolytic chain to see whether 
combination of  the enzymes, one at the time, with 2,3-diphosphoglycerate, 
produced any interactions, as measured by resonance shifts. Table I shows that  
the resonance shifts of  both the 2-phosphate and the 3-phosphate were negligible 
at 109.3 MHz, except in the case of  monophosphoglycerate mutase for which 
resonance shifts arise from 2,3<liphosphoglycerate binding to the enzyme as an 
obligatory cofactor. The next  sets of  experiments were carried out  (at 109.3 
MHz) by adding the enzymes sequentially until all six had been brought together, 
as shown in Table II. In the top portion of the table, the reference signal for the 
2 ,3<l iphosphoglycerate .monophosphoglycerate  mutase complex was set at 
zero and the addition of  phosphoglycerate kinase and glyceraldehyde 3-phos- 
phate dehydrogenase were found to produce resonance shifts, increasing with 
the addition of  each enzyme. These results are in agreement with our previous 
report [ 1] and show that  the environment of  the 2,3-diphosphogiycerate, when 
complexed with monophosphoglycerate mutase is changed by the addition of 
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each of  the other two enzymes, thus indicating that  conformational  changes are 
transmitted between these three members of  the glycolytic cycle * 

For the additional experiments shown in the bot tom portion of Table II, 
the 2,3-diphosphoglycerate • monophosphoglycerate mutase • phosphoglycerate 
kinase- glyceraldehyde 3-phosphate dehydrogenase complex served as refer- 
ence. Table II shows that  the addition of aldolase causes an additional 
resonance shift, as do further additions of  enolase (EC 4.2.1.11) and pyruvate 
kinase. These experiments indicate that  there is a spontaneous association 
of all six of these enzymes in free solution to form a complex. The stability 
of the multi-enzyme complex was shown in an exploratory experiment using 
a Sephadex G-50 column. An equimolar mixture of  enzymes was prepared 
(based on 10 mg/ml aldolase) containing: aldolase/glyceraldehyde 3-phosphate 
dehydrogenase/phosphoglycerate kinase/m onophosphoglycerate mutase/ 
enolase/pyruvate kinase. All protein was eluted in the void volume of the 
column. This means that  less than 0.05 mg/ml of  each protein remained unasso- 
ciated; instead, the enzymes were combined in a stable complex, or complexes, 
with molecular weight greater than 200 000--400 000. 

While these studies were in progress, our at tent ion was called to a recent 
article by Mowbray and Moses [3] which presents evidence for a multi-enzyme 
complex of 1.6 • 106 daltons that  comprises one copy each of  all the glycolytic 
enzymes in E. coli, reaching the whole way from hexokinase through pyruvate 
kinase. Arese et al. [4] showed that  the glycolytic enzymes remaining in white 
ghosts (washed so that  all hemoglobin was removed) w.ere able to synthesize 
2,3-diphosphoglycerate from fructose 1,6-diphosphate and also to produce 
adenosine triphosphate and 3-phosphoglycerate. As some of the enzymes 
involved, particularly phosphoglycerate kinase, were thought  to be bound to 
the membrane relatively loosely, the extensive washing required to produce 
white ghosts should have removed them. One possible explanation for the 
ability of these ghosts to synthesize 2,3-diphosphoglycerate would be that  the 
glycolytic enzymes had been present in a mtt l t i~nzyme complex too large to 
escape through the apertures from which hemoglobin had diffused freely. 

Following this line of  reasoning, pink ghosts could be considered to be a 
rough sieve which could have retained much of the multi-enzyme complex, 
while allowing escape of  the smaller hemoglobin molecule. Accordingly, we 
used pink ghosts as a starting material from which to a t tempt  to isolate the 

* In  fast  e x c h a n g e ,  as pe r ta ins  to  t he  p r e s e n t  N M R  e x p e r i m e n t s ,  t h e  obse rved  r e s o n a n c e  f r e q u e n c y  is t h e  
m e a n  b e t w e e n  t h e  r e s o n a n c e  f r e q u e n c y  o f  t h e  free  a n d  t h e  b o u n d  f o r m  o f  the  subs t ra te .  A t  24 .16  MHz,  
Fossel  and  S o l o m o n  [1]  obse rved  a shif t  o f  0 .2  Hz  w h e n  5 m M  2 , 3 - d i p h o s p h o g l y c e r a t e  is b o u n d  to  
0 . 2 5  m g / m l  of  m o n o p h o s p h o g l y c e r a t e  m u t a s e  in t h e  p r e s e n c e  of  5 m M  Mg. A s s u m i n g  t h a t  o n e  m o l e c u l e  
o f  2 , 3 - d i p h o s p h o g l y c e r a t e  m u t a s e  is b o u n d  to  e a c h  m o n o m e r  o f  m o n o p h o s p h o g l y c e r a t e  m u t a s e  we can 
c o m p u t e  t h a t  b ind ing  causes  a shif t  o f  110  Hz,  equ iva l en t  t o  4 9 5  Hz  a t  109 .3  MHz.  This  is a b o u t  w h a t  
could  be e x p e c t e d  on  the  b a s ~  o f  an  ion iza t ion  change .  When  p h o s p h o g l y c e r a t e  kinase w a s  a d d e d  t o  f o r m  
the  2 , 3 - d i p h o s p h o g l y c e r a t e ' m o n o p h o s p h o g l y c e r a t e  m u t a s e ,  p h o s p h o g l y c e r a t e  kinase  c o m p l e x ,  t h e  
obse rved  shif t  i nc reased  to 2.3 Hz.  This  is equ iva l en t  to  a r e s o n a n c e  f r e q u e n c y  shif t  o f  5 6 5 0  Hz  a t  109 .3  
MHz (54 p p m )  w h e n  t h e  c o m p l e x  is f o r m e d ,  w h i c h  could  be  cons i s t en t  w i t h  a change  in the  O-P-O b o n d  
angle (see discuss ion in ref .  5). A r e s o n a n c e  shif t  of  5 - -10  Hz  is, t h e r e f o r e ,  a p p r o x i m a t e l y  equ iva len t  to  
t h e  bind ing  o f  0 .1 - -0 .2% of  t he  2 , 3 - d i p h o s p h o g l y c e r a t e .  In  Table  I I I ,  t h e  c o n c e n t r a t i o n  o f  m o n o p h o s p h o -  
g l y c e r a t e  m u t a s e  u s e d  w a s  0 .25  m g / m l  (M r of  d i m e r  = 57 000) .  A r e s o n a n c e  sh i f t  of  5 Hz is, t h e r e f o r e ,  
r ough l y  equ iva l en t  to  t h e  bind ing  of  0.6 mo le c u l e s  o f  2 , 3 - d i p h o s p h o g l y c e r a t e  fo r  e a c h  m o n o p h o s p h o -  
g l y c e r a t e  m u t a s e  m o n o m e r .  
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Fig. 1. F i l t ra t ion  of  p ink  red  cell ghos ts  on  Biogel A-SM c o l u m n .  The  m o l e c u l a r  we igh t  m a r k e r s  were  
blue d e x t r a n  ( 2 0 0 0  000) ,  bov ine  s e r u m  a l b u m i n  (68  0 0 0 )  a nd  d i n i t r o p h e n y l a l a n i n e  (200) .  

multi-enzyme complex.  Following the technique of  Mowbray and Moses [3],  
we passed broken pink ghosts through a Biogel A-5M column. The elution 
pat tern is shown in Fig 1 in which a peak in the range of  0.5--2 • 106 daltons 
can be seen. The material in this peak was then separated and rechromato-  
graphed on the same column as shown in the bo t tom of  Fig. 1. The megadalton 
peak can be seen together  with a broad peak in the range of 0.1--5 • 104 daltons 
which could contain the separate enzymes from which the megadalton peak 
was assembled. These data would be consistent with an equilibrium between 
the megadalton complex and its consti tuents,  very similar to that  found by 
Mowbray and Moses [3] in E. coli. Thus, it would seem that  the association 
between the glycolytic enzymes that  we have found with separated enzymes,  
as shown in Table II, can also exist in the native red cell, or at least in ghosts 
prepared from the cells. 

It would be possible for the mechanism of  ghost preparation to have induced 
the complex format ion  in some manner.  This possibility was obviated by 
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Fig.  2. R e s o n a n c e s  o f  a d e n o s i n e  t r i p h o s p h a t e  p r o d u c e d  f r o m  f ruc to se  1 , 6 - d i p h o s p h a t e  ( 1 , 6 - F D P )  by  
m e g a d a l t o n  c o m p l e x  p r e p a r e d  f r o m  p i n k  red  cell ghos t s .  The  s p e c t r u m  resu l t s  f r o m  the  a c c u m u l a t i o n  
of  2 5 0 0  f ree  i n d u c t i o n  d e c a y s  f r o m  8 ps pulses  (36 ° ) w i t h  r e p e t i t i o n  t i m e s  o f  1.0 s a t  24 .16  M H z .  
The  r e s o n a n c e s  were  i d e n t i f i e d  b y  c o m p a r i s o n  o f  t h e  c h e m i c a l  sh i f t s  w i t h  t hose  o f  p u r e  s a m p l e s  of  t he  
p h o s p h a t e - c o n t a i n i n g  m o l e c u l e s .  A d e n o s i n e  t r i p h o s p h a t e  p r o d u c t i o n  was  m e a s u r e d  b y  c o m p a r i s o n  o f  

t he  a rea  of  t he  r e s o n a n c e  o f  t he  j 3 -phospha t e  of  a d e n o s i n e  t r i p h o s p h a t e  w i t h  t h a t  f r o m  a s t a n d a r d  

so lu t i on  o f  a d e n o s i n e  t r i p h o s p h a t e  r u n  u n d e r  t he  s a m e  c o n d i t i o n s .  2 ,3 -DPG,  2 , 3 - d i p h o s p h o g l y c e r a t e ;  
3-PG, 3 - p h o s p h o g l y c e r a t e ;  G-3-P, g l y c e r a l d e h y d e  3 - p h o s p h a t e .  

carrying out  a similar column filtration using broken red cells as the starting 
material rather than ghosts. In this case, the megadalton peak appeared in 
the same fractions as indicated in Fig. 1, and was dissociated into equilibrium 
with its components  on rechromatography just as the complex prepared from 
pink ghosts. 

These experiments show that  there is a complex of the order of 106 daltons 
present in the human red cell, but  they do not  prove that  the complex contains 
glycolytic enzymes. Accordingly, we carried out  an experiment to demonstrate 
that  glycolytic enzymes were present in the megadalton complex and could 
produce adenosine triphosphate from fructose 1,6-diphosphate. The enzyme 
complex was isolated from pink ghosts by Biogel column filtration and 0.03 mg 
protein were added to 2 ml of NMR buffer, to which had been added (mM): 
fructose 1,6-diphosphate, 10/nicotinamide adenine denucleotide, 
10/adenosine diphosphate, 10/magnesium, 5/inorganic phosphate, 10. The 
production of  adenosine triphosphate was measured by appearance of  the 31p 
phosphate peaks in the NMR signal as shown in Fig. 2. In 4 h, 10 mM 
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adenosine triphosphate was formed. When the initial protein concentration in 
the enzyme complex was increased to 0.06 mg, the adenosine triphosphate 
formation was complete at 10 mM in approximately 2 h. Similar results were 
obtained when the starting material was broken pink ghosts, rather than the 
enzyme complex isolated from the ghosts. In order to produce adenosine 
triphosphate from fructose 1,6-diphosphate, aldolase, glyceraldehyde 
3-phosphate dehydrogenase and phosphoglycerate kinase are required. Hence, 
these experiments prove that  these three enzymes elute from the Biogel column 
in the megadalton position. 

Mowbray and Moses [3] estimated that  an equimolar complex of all the 
enzymes of glycolysis would have a molecular weight of  1.6 • 106 and they 
presented evidence that  all the enzymes from hexokinase through pyruvate 
kinase were present in their complex. In the case of the human red cell, 
published evidence (see ref. 5) shows that  the glycolytic enzymes from aldolase 
to monophosphoglycerate mutase are present in concentrations between 104 
and 2 . 7 . 1 0  s copies/cell, based largely on indirect estimates which are not  
necessarily reliable. 10 s copies/cell would equal 2.6 • 10 -13 g, 0.26% of the 
cell weight. If the entire megadalton complex were retained in the membrane 
fraction prepared for estimation of membrane protein content  (see Guidotti  
review [6] ), the megadalton complex could comprise up to 40% of the mem- 
brane protein. However, many of the cytoplasmic enzymes are loosely bound 
to the membrane (see ref. 5) and would probably have been removed in the 
protein isolation procedure so that  40% is a maximum on an order of 
magnitude scale. Nonetheless, these calculations serve to show that  l 0  s 
copies/cell of the megadalton complex would not  occupy an inordinate frac- 
tion of cell and membrane. 

Interaction of  enzyme complex with red cell membrane. Inside out vesicles 
were used to examine the interactions of the enzyme complex with the red cell 
membrane. Such interactions were to be expected in view of  the binding sites 
for glyceraldehyde 3-phosphate dehydrogenase [7,8] and aldolase [9] on the 
cytoplasmic face of  the membrane protein, band 3. Furthermore,  De and 
Kirtley [10] have found a membrane-binding site for phosphoglycerate kinase. 
We have previously shown [1] that  NMR shifts occur when inside-out vesicles 
are added to glyceraldehyde 3-phosphate dehydrogenase and the immediately 
contiguous enzymes in the glycolytic chain. 

The resonance shifts (at 109.3 MHz) on adding inside-out vesicles to all the 
glycolytic enzymes from triose phosphate isomerase to pyruvate kinase are 
shown in Table III in the columns headed "Normal" .  As the top section of the 
table shows, when the number of  enzymes in the combination is increased 
sequentially, going upstream from phosphoglycerate kinase to triose phosphate 
isomerase, increasing resonance shifts are induced in both phosphates of 2,3- 
diphosphoglycerate. Similarly, the bot tom section of the table shows that the 
addition of enolase and pyruvate kinase also causes progressive increases in the 
resonance shifts. In the presence of  inside out  vesicles, the resonance shifts 
are negative as contrasted to the positive shifts when the enzymes are combined 
in the absence of  vesicles (Table II). These experiments in Table III not only 
confirm that  all the enzymes in this sequence interact with one another, but 
also that  this interaction is modulated by the cell membrane. 
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As previously stated [1] ,  inside-out vesicles can be considered as sided 
preparations of  (Na ÷ + K÷)-ATPase, with an ouabain site on the inside of  the 
vesicle and the phosphoryla t ion  site on the outside. We have used inside-out 
vesicles prepared with 10 -6 M ouabain on the inside to study interactions 
between the (Na ÷ + K÷)-ATPase and the glycolytic enzyme complex.  The col- 
umns marked "+ Ouabain"  in Table III show that  ouabain virtually abolished 
the conformat ion  change causing the 2,3-diphosphoglycerate resonance shift 
and suppressed all evidence of  interaction between the members of  the glyco- 
lytic enzyme complex and the inside-out vesicle. 

We have previously presented evidence [1] tha t  the interactions of  phospho- 
glycerate mutase with vesicles were confined to the cytoplasmic face of  the 
membrane.  Control  experiments  showed no resonance shifts when right side- 
out  vesicles were substi tuted for inside-out vesicles. Addit ion of  ouabain to 
either side of  the right side-out vesicle membrane was wi thout  effect  in these 
experiments.  

In order  to  make sure tha t  the ouabain inhibition could no t  be at t r ibuted 
to non-specific ouabain adsorption by the red cell surface, control  experiments  
were carried ou t  in which the inside-out vesicles were prepared from human 
red cells which had been washed * three times in ouabain-free buffer  in order  
to remove loosely adherent  ouabain. These measurements were carried out  at 
24.16 MHz so that  the resonance shifts axe less than those shown in Table III 
(measured at 109.3 MHz). Addition of  inside-out vesicles to  2,3-diphospho- 
glycerate • monophosphoglycera te  mutase • phosphoglycerate  kinase produced 
resonance shifts of  --1.8 Hz for the 2 phosphate and --1.3 Hz for the 3 phos- 
phate. When the inside-out vesicles were prepared from red cells, exposed to  
10 -6 M ouabain and then washed as described above, the resonance shifts were 
reduced to  --0.2 Hz for each phosphate  in agreement with the results in 
Table III. Hence, the effects of  ouabain shown in Table III are no t  to be attri- 
buted to binding of  ouabain to  non-specific sites. These experiments lead to 
two conclusions: They  substantiate our  previous finding that  interactions with 
the (Na ÷ + K÷)-ATPase on one side of  the membrane can be t ransmit ted to 
glycolytic enzymes on the o ther  face and indicate that  a signal t ransmit ted to  
one or more  members of  the glycolytic complex is readily transferred to  all 
the other  members.  This supports the view that  the red cell membrane and the 
cytoplasmic glycolytic enzymes are at tached to one another  by a linkage so 
tight that  a conformat ional  change in one const i tuent  can be passed to all the 
o ther  enzymes in the complex.  

Order o f  enzyme addition. The experiments  repor ted in Tables II and III 
indicate tha t  the enzymes are capable of  self assembly into the mult i-enzyme 
complex.  In order  to obtain informat ion about  the specificity of  the assembly 
process, we carried out  two experiments  at 24.16 MHz in which we altered 
the order  of  addition of  enolase and pyruvate  kinase to inside-out vesicles 
in the presence o f  2,3-diphosphoglycerate,  magnesium, phosphoglycerate  
kinase and monophosphoglycera te  mutase. When the enzymes were added in 

* In  H o f f m a n ' s  [ 1 1 ]  q u a n t i t a t i v e  m e a s u r e m e n t  o f  o u a b a i n  b i n d i n g  t o  t h e  c a t i o n  t r a n s p o r t  l i n k e d  r e c e p t o r  
in h u m a n  red  cell m e m b r a n e s ,  h e  w a s h e d  t h e  ce l l s  t o  r e m o v e  l o o s e l y  a d h e r e n t  o u a b a i n  b u t  d i d  n o t  s p e c i f y  
a n y  n u m b e r  o f  w a s h e s  b e y o n d  o n e .  G a r d n e r  a n d  C o n l o n ' s  [ 1 2 ]  r e s u l t s  i n d i c a t e  t h a t  a l l  t h e  n o n - s p e c i f i -  
c a l l y - b o u n d  o u a b a i n  h a d  b e e n  r e m o v e d  f r o m  h u m a n  r e d  c e l l s  a f t e r  5 w a s h e s  w i t h  i s o s m o t i c  sal ine .  
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the order  enolase fol lowed by pyruvate  kinase, the resonance shifts were 
--0.6 Hz for the 2 phosphate  and --0.3 Hz for the 3 phosphate.  However, if 
pyruvate  kinase were added first, followed by enolase, there was zero resonance 
shift during the first 10 min. After  30 min, the resonance shifts re turned to 
--0.7 Hz and --0.3 Hz, respectively. 

A variant of  this exper iment  was designed in order  to examine the phenom- 
enon at 109.3 MHz. In these experiments,  whose results are shown in the 
bo t tom section of  Table IV, enolase and pyruvate kinase were added simul- 
taneously to  magnesium • 2,3-diphosphoglycerate • monophosphoglycera te  
mu ta se ,  phosphoglycerate  kinase just prior to the addit ion of  inside-out 
vesicles. Under these condit ions,  there was no effective resonance shift as 
shown by comparing lines 4 and 5 of Table IV. However, when 30 min had 
elapsed, the resonance shift had reappeared, as shown in the last line of  the 
table. The resonance shifts are identical with those in the last line of  Table III 
in which the enzymes were added in sequential order. These experiments,  
together  with those in the paragraph above, not  only indicate that  enolase is 
required for pyruvate kinase to bind to its appropriate site in the complex,  
but  also suggest tha t  pyruvate  kinase can bind in an alternative way which 
blocks the enolase site in the mult i-enzyme complex.  If we assume the complex 
to be in equilibrium with its consti tuents,  it would seem reasonable both  for 
pyruvate  kinase and enolase to move on and off  their respective sites. The free 
energy in the system reaches its minimum when the correct  enzyme is on the 
correct  site so that  the proper  configuration is achieved after  sufficient time has 
elapsed. However, the energy difference must  be relatively small to account  for 
the ability of  pyruvate  kinase to inhibit the enolase interaction. 

We were interested to see whether  the order-of-addition effect  was a general 
one that  applied to many of  the enzymes concerned.  Consequently,  we carried 
out  a similar exper iment  to look for interactions between the aldolase and glyc- 
eraldehyde 3-phosphate dehydrogenase sites. However, no such interaction was 
observed, as shown in the top half of  Table IV, in which it can be seen that  there 
is no difference between the immediate  effect  of  adding glyceraldehyde 3-phos- 
phate dehydrogenase and that  after  30 min. This is in contrast  to  the results of  
Strapazon {quoted in ref. 13) who repor ted  that  glyceraldehyde 3-phosphate 
dehydrogenase can block aldolase binding to  the band 3 dimer. Our experi- 
ments indicate that  the addition of  aldolase after  glyceraldehyde 3-phosphate 
dehydrogenase produces the same effect  as when the order  of  addit ion is 
reversed. However, our  experiments were carried out  with inside-out vesicles 
in the presence of  phosphoglycerate  kinase, monophosphoglycera te  mutase 
and 2,3-diphosphoglycerate,  so that  the condit ions are not  comparable to those 
of  Strapazon. 

Although aggregation of  the red cell glycolytic enzymes in a membrane 
related mult i -enzyme complex was, to us, unexpected,  there are many biolog- 
ical examples of  similar combinat ions of  enzymes with related functions. 
Thus, in addition to Mowbray and Moses [3] finding of  a glycolytic enzyme 
complex in E. coli, Mori et al. [14] have shown that  the first three enzymes 
catalyzing the initial steps of  pyrimidine biosynthesis in rat  liver are present in 
a mult i-enzyme complex in the cytosol.  Mori et al. were able to dissociate the 
complex,  but  were unable to reassociate the separated components .  Bates et  al. 
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[15] have studied the properties of the pyruvate dehydrogenase multi-enzyme 
complex of E. coli. The complex consists of  multiple copies of three different 
polypeptide chains responsible for three different enzyme activities. The 
catalytic activity is dependent  upon the state of  assembly, and the complex 
can self-assemble. It has a molecular weight of  8 • 106 when fully assembled. 
Meyer et al. [16] isolated a muscle glycogen particle from rabbit muscle. 
Though they were primarily interested in the phosphorylase, phosphorylase 
kinase and phophatase activities of  this particle, they also observed that  it con- 
tained all the enzymes of glycolysis, being able to produce lactic acid from 
glycogen in the presence of the proper cofactors. 

Recently, Saks et al. [17] have shown that  ouabain, interacting with (Na ÷ + 
K÷)-ATPase on the outer  face of the myocardial cell membrane, inhibits the 
intracellular activity of  membrane-bound creatine phosphokinase. Many other 
examples of  the modulat ion of  intracellular activity by substances applied 
to the extracellular face of  a membrane (and vice versa) have been discussed 
in Nicolson's review [18] so that  our observation that  the action of  ouabain 
on one face of the membrane is reflected in conformational  changes of the 
enzymes inside the cell is not  without  precedent. 

Organization in the human red cell is at a very high level. At least seven, 
and probably all, of  the glycolytic enzymes in the red cell are constituents 
of  a multi-enzyme complex which is functionally linked to the membrane. 
Furthermore,  the conformational  changes induced when glycolytic enzymes 
are added to inside-out vesicles are entirely inhibited by the action of  ouabain 
on the other face of the vesicle. These observations, taken together, indicate 
that  the systems we are studying lie at the heart of  the coupling between cation 
transport and its associated energy supply. 
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