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I The transient changes m NAD + reduction (fluorescence pulse) which result 
from the microelectrophoretac addmon of substrate m stepwlse increasing amounts 
can be followed in single living EL2 cells by nucrofluonmetrv With glucose 6-phos- 
phate (Glc-6-P) as substrate, each fluorescence pulse represents the summated con- 
tributions of glyceraldehyde phosphate dehydrogenase (NAD+-reduclng) and lactic 
dehydrogenate (NADH-reoxldizing) 

2 The plot of Glc-6-P concentration against the area of the fluorescence pulse 
reveaN sIgmoldal kinetics, which are altered by ademne nucleotides, lactic dehydro- 
genase inhibitor and substrates, etc In all these cases the kinetics of NAD + reduction 
~n vtvo favour a higher-order relatlonstup with regard to ~ubstrate m the optimum 
concentration range 

3 When Glc-6-P 1~ mcrea~ed gradually metabohc block bets in more eablly than 
ff optmlal do~e~ are added at once or suboptimal doses by continuous slow drip 

4 While the substrate levels required for half-maxnnal and maximal NAD~ 
reduction are somewhat lowered in presence of ADP and P~ as compared to Glc-6-P 
alone, there is considerable parallehsm between the rates of substrate utilization under 
all theae conditions The rate is severely reduced In presence of ATP and maxmlal 
NAD + reduction occurs at a nmch lower concentration of Glc-6-P 

5 At ~uboptnnal or optimal leveN of substrate, lactic dehydrogenase a~ quite 
efficaent in reoxldizlng NADH, but the latter can accumulate consaderably when the 
cell is overloaded with bubstrate In presence of lactate and oxamate the rates of 
Glc-6-P utfllzatmn are considerably lowered, but the NAD~ reduction proceeds quite 
adequately and occurs at substrate concentrations much lower than with Glc-6-P 
alone 

6 The EL2 celE seem self-sufficient in terms of endogenous activators of the 
glycolytic chain, so that they depend mainly on the supply of ~ubstrate However, 
in the living cell the interplay between mitochondrlal and extramitochondrial com- 
partments 1~ suggested by sUCclnate and ATP experiments 

* Pre~ent address  Papan lco laou  ( a n c e r  Research In~t l tu t ( ,  .~ll,tnll, Fla , I I  5 A 
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I N T R O D U C T I O N  

Since the deve lopmen t  of  the  beam-sp l i t t e r  aupp lemented  Chance -Lega l l a>  
microfluorlnieter  I-a it  has been possible to follow cont inuous ly  In a single hwng cell 
the t rans ien t  fluorescence changes associa ted  wi th  pyr id lne  nucleot lde reduct ion  upon 
mlcroelec t rophoret ic  addi t ions  4 of  substrate~ I f  g lycolyt ic  subs t ra tes  metabol izab le  
by  NAD + ()r N A D P - h n k e d  enzymes or thei r  precursors  (e g ,  glucose 6-phosphate  
(Glc-6-P)) are added,  a fluorescence pulse is observed wluch represent.~ under  the 
most  siniphfied ( ondltu)ns the  algebraic sum of forward  and backward  react ions  at  the  
g lycera ldehyde  phospha te  dehydrogenase  (NAD+-reducing) and lactic det ivdrogenase 
(NAD H-reoxidizmg) 

The first i l lus t ra t ive  examples  ()f the tecl inique ~,5,6 were ob ta ined  b y  adding 
glycolvt lc  in te rmedia tes  in stepwlse Increasing amounts  to the  ~ytoplasm ()f asc l te ,  
cells in cul ture  (EL2 cells) and followmg the fluorescence changes in the  ex t r ami to -  
chondr ia l  c o m p a r t m e n t  (cytoplasmic or nuclear  regum) P rehnnna rv  exper lnIents  a 
with a g lycolyt ic  in tern iedla te  (Glc-6-P) have stiox~n tha t  a s igmoid curve is observed 
x~ hen the areas of successive fluorescence pulse~ are p lo t t ed  agains t  concent ra t ion  an 
observa t ion  which > not  inconsis tent  wi th  the  fact  t ha t  most  regulator}" enzyme ,  are 
known t() ( a t a lyze  react ions  k lnet lca l lv  of second or higher order  with respect  t() 
subs t ra tes  and regu la to ry  nietabollte~7, s 

Al though there could be other  in te rp re ta t ions  (e g ,  re laxa t ion  effects 7 or en- 
dogenous subs t ra te  thresholds)  the above  s igmoldal  kinet ics  recall  the  proper t ies  of 
a l lo , ter lc  enzymes7, s Therefore it is of in teres t  to de te rmine  to wha t  ex ten t  such 
kinetics are affected by  agents  known to control  glycolysls  in ascItes cells (e g ,  adenine 
nucleotides,  P,, etc ) In fact the kinet ics  are found to respond qui te  senbmvelv  to the  
rate,  r h y t h m  and ~equence of  subs t ra te  admln l s t r a tum,  as well as to the  smml taneous  
pre ,ence  of act lvator~ or lnhlbm)ra 

MATERIALS AND METHODS 

The beam-sp l i t t e r  bupplemented  Chance Legallals  mlcrof luonmeter  1-4 fl)r the  
kinet ic  study" of  fluorescence changes synchronous ly  with cell manipula t ions ,  the  EL2 
cells T M  used m these exper iments  and  the mlcroelect rophoret lc  t echmque  1°-1a for the 
mt race l lu la r  addi t ions  of subs t ra tes  have  been descr ibed previously  

Genera l ly  three modes of subs t ra te  admims t r a t l on  were used on each experi-  
men ta l  aeries, af ter  de te rnnnmg the threshold  level a t  whicli  a ba re ly  de te ( t ab le  fluor- 
escence response lq recorded (I) Subs t ra te  wa ,  consecut ively  a d m l n > t e r e d  t() the  
same cell in stepwlse increasing amount% s tar t ing  from a mlcroelectrophoretIc  current  
of I Io  11 A and progreaalng beyond  the level a t  which a n l ax lmum fluorescence > 
observed  (dose-response curve) All currents  were of i - , e c  dura t ion  (2) The above 
dose-response curve permi t s  the local izat ion of the  in te rmedia te  concent ra t ion  range 
(optlnium) at  which a r ap id ly  increasing (from submax ima l  to niaximal)  fluorescence 
response is observed By going over  the  op t imuni  no fur ther  increase in pulse ampl i -  
tude  is recorded,  bu t  the pulse area  can cont inue to lncreaae due to broadening  of 
t i le fluorescence pulse Thus, a second mode of .~ub.strate admin i s t ra t ion  consists of 
t r ea t ing  the cell d i rec t ly  with a max ima l  or sub ma x lma l  doae of subs t ra te  a t  ()nee 
(3) A thard nIethod consists of  app ly ing  cont inuous ly  for 3 ° sec a microelectrot)horet~( 

t3m, htm Bmphy~ 4cla, I9S (t97 ° ) i -1I  
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cur len t  below the op t imum region, buch as a round I IO i0 A (continuous dehvery) 
For these experiments  Glc-6-P x~as used first alone and then in comblna tmn  

with adenine nucleotldes, a~ ~ell  as other substrates or Inhlbltors The ra tmnale  for 
using act ivators  or inhibl tors  of glycoly~is m the same mIcroplpette has been described 
prevmu~ly ~1,12,I~ The mlcroplpette was generally filled with a 2 M solution ()f Glc-6-P 
In glycolytlc combmatlon~ Glc-6-P/adenlne nucleotldes = 8, Glc-6-P/P~ --  2, Glc- 
t i -P/oxamate  = I to IO, Glc-6-P/succlnate = i,  Glc-6-P/lactate --  3 

The peak ampli tude of the fluorescence pulse obtained in response to Glc-6-P 
1, evaluated in each case a,  a percent increase over the mltlal  fluorescence prior to 
substrate  addi t ion It  provides a measure of NAD + reductmn 

The ini t ial  concentra t ion of substrate  (e g ,  Glc-6-P) reached in the EL2 cell 
corresponds to the mmroelectrophoretlcally elected amount  in mole per cell volume 
in 1 For a I-sec apphcat lon of a mlcroelectrophoretlc current  of I lO -8 A, the number  
of e lementary  charges displaced should be roughly of 6 io  *s (number  of electrons per 
A) IO -s = 6 io t° Dlwdmg by the Avogadro number  and the number  of charges per 
Glc-6-P molecule tlus should correspond to approx 1/6 IO la mole, in the case of a 
fully lomzed nmlecule Since there u l l l  be ~ome uncer ta in ty  as to the degree of mnl- 
zation, the mn populat ion at the nncroelectrode t ip and the relative electrophoretm 
moblh ty  of Glc-6-P runs a~ compared to other ion~ (H +, Na +, etc ), for practical con- 
~ldelatmns the above figure is rounded off to I io  i4 mole Glc-6-P for a I-see dura t ion 
~f a i I O s  A current  Th>  value when divided by" a cell volume of about  5-1o pl 
(estimated for an average cell thickness of 5-1o #) gives an initial  lntracel lular  con- 
centra t ion of I -2  mM (which agrees with the physiological levels of glvcolytlc lnter- 
nIedmtes m ascltes cells t reated with sa tura t ing  amounts  of glucose) 

A rough est imate of the average rate of >ubstrate ut i l izat ion > then possible 
in #mole/qec per kg wet wt from the e~tlmated amount  of added substrate  and the 
fluorescence pulse halftlme (t~ .-off) (NAD* reduction and reoxldatlon halftmae) ac- 
cording to the formula 1~ 

], ~E - - -  
ll/2orf 

(k a = velocity cons tant  of the decomposit ion of the enzyme ~ubstrate complex, E = 
enzyme concentrat ion,  S = substrate  concentrat ion) Also the rate of substrate  utl- 
hza tmn can be a l ternat ively  expressed in A/pl per sec For a cell with a densi ty  
around I, the correspondence is roughly" I #mole Glc-6-P/sec per kg wet wt = I IO 12 
a m p / p l  per sec or I IO -12 coulomb/pl  per ,ec 2 

R E S U L T S  

A typical  fluorescence curve recorded from the cytoplasm or nucleus of an EL2 
cell (extranutochondria l  space) with Glc-6-P as the substrate  has been already de- 
scribed m detaiP -6 The same general pa t te rn  ts observed in several hundreds  of cells 
main ta ined  under  s tandard  condit ions Each lnt racytoplasmlc addi t ion of substrate  
is followed by  a cycle of NAD+ reduct ion and reoxldatmn (fluorescence pulse 4) 

The modal~t~es of substrate adm~mstratzon 
When dose response curves are made (Flg~ I and zA) ~tarting from micro- 

Btochzm Bzophvs 4tta, 108 ( l q 7 o )  1 - I I  
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F i g  [ M l c r o f l u o r l m e t n c  r e c o r d i n g  ol  t h e  f l u o r e s c e n c e  c h a n g e s  m t h e  e x t r a m i t o c h o n d r l a l  ( n u c l e a r )  
r e g m n  o f  a n  E L 2  cell  in  r e s p o n s e  t o  l e p e a t e d  l n l c r o e l e c t r o p h o r e t i c  a d d l t m n s  o f  G I c - 6 - P  - -\ FI > 
in  g r a d u a l l y  i n c r e a s i n g  a m o u n t s  (see a r r m x s )  i c o r r e s p o n d s  t o  a m i c r o e l e c t r o p h o r e t m  c u r r e n t  
o f  4 i o - l l  A T h e  t i m e  sca l e  p r o c e e d s  f r o m  le t t  t o  r i g h t  T h e  b a s e h n e  w i t h  b o t h  a p e r t u r e s  o f  t h e  
d i f f e r e n t i a l  m m r o f l u o r l m e t e r  o n  f r ee  s p a c e  is s een  a t  b o t h  e n d s  o f  t h e  t r a c i n g  " lhe  i n i t i a l  lex el o f  
o f  f l u o r e s c e n c e  p r i o r  t o  t h e  f i r s t  a d d i t i o n  o f  s u b ~ t r a t e  is seen  o n  t h e  l e f t  o f  t h e  h r s t  a r r o w  (i  ) 
( E x p t  N P [ / 6 8 )  F h e  m a ~ m t u d e  o f  t h e  p r i m a r y  p h o t i ) c u r r e n t  is i n d i c a t e d  m 1 [o i. ,\ 

B 

(ix) 
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F i g  2 M m r o f l u o r I n l e t r I c  r e c o r d i n g s  i l l u s t r a t m ~  t h e  i n f l u e n c e  o f  t h e  m e t h o d  u s e d  fo r  t h e  nuc r t i -  
e l e c t r o p h o r e t i c  a d d i t i o n  o f  g l y c o l y t m  s u t i s t r a t e  C o n d i t i o n s  a r e  l ike  m F i g  i ( e x c e p t  fo r  A D P  m -  
s t e a d  o f  A T P  in  t h e  g l y c o l y t l c  c o m b i n a t i o n )  A D o s e - r e s p o n s e  c u r v e  w i t h  s tepx~lse  i n c r e a s i n g  
a m o u n t s  o f  s u b s t r a t e  I t - see  a d d i t ] o n ~ )  B C o n t i n u o u s  a d d i t i o n  o f  n l l n m l a l  a m o u n t s  T h e  t i m e  o f  
a d d i t i o n  (3 o sec) is i n d i c a t e d  be tx~een  t h e  tx~o S a r r o w s  C O p t i m a l  a d d i t i o n s  a t  o n c e  ([ ~ec) 
T h e  c u r r e n t  l eve l  f o r  a p p l i c a t i o n  in  C w a s  s e l e c t e d  s h g h t l y  b e l o w  t h a t  r e q u i r e d  f o r  a n l a x m m l  
r e s p o n s e  m A ( E x p t  W 5 / 6 8 )  

Bzochtm tJmph~,~ 4eta, 19 8 (197 o) i - I I  
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electrophoretlc currents around I IO -12 A at first barely detectable fluorescence pulses 
are recorded, which change httle with substrate concentrat ion However,  beyond a 
certain point  both the peak amphtude  and the area of  the pulses start  increasing 
quite rapidly and exponential ly Thu% for a doubhng of  substrate concentration m 
this region, there can be a 4-0 (or even I6) times increase in pulse a r e a  ( F i g  3)  

900 
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I"lg 3 T h e  r a t e  o f  i n c r e a s e  m N A D H  a c c u m u l a t i o n  ( e x p r e s s e d  b y  t h e  a r e a  o f  t h e  f l u o r e s c e n c e  
pu lse )  ~ h e n  t h e  s u b s t r a t e  (O lc -6 -P )  c o n c e n t r a t m n  S 1~ d o u b l e d  m t h e  o p t i m u m  r e g m n  o f  t h e  
d o s e - r e s p o n s e  cu r~  e T h e  h e i g h t  o f  t h e  c o l u m n  in  b l a c k  c o r r e s p o n d s  t o  t h e  p u l s e  a r e a  f o r  q I / 
l ' h e  h e i g h t  o f  t h e  c o l u m n s  m ~ h l t e  c o r r e s p o n d s  t o  t h e  p u l s e  a r e a  f o r  S - -  2 " ~ l t h  ~ a r l ou~  g l y -  
c o l y t l c  c o m b i n a t i o n s  as  l n d m a t e d  S U C C  s u c c m a t e ,  OXa~3I  - -  o x a m a t e  S E fo r  t h e  p u l s e  
a r e a  c a l c u l a t e d  a c c o r d i n g  t o  t h e  f o r m u l a  ~; E _ \ 22d2/n(n I) T h e  i n t e g r a t e d  a r e a  ol  t h e  

p u l s e  c o r r e s p o n d s  t o  I P~dt, P~ b e i n g  t h e  p u l s e  a m p h t u d e  o f  t h e  i n s t a n t  t 
0 

F i g  4 T h e  r e l a t i o n s h i p  be tx~ecn  t h e  i n t e g r a t e d  f l u o r e s c e n c e  p u l s e  (x~hole a r e a  o f  t h e  p u l s e  = 

~' P ld t )  a n d  t h e  m i c r o e l e c t r o p h o r e t l c  c u r r e n t  (as a m e a s u r e  o f  t h e  a d d e d  ( ; l c - 6 - P )  m I{Le cel ls  

t r e a t e d  c o m p a r a t i x  el}, x~ i t h  t h r e e  g l y c o l y t l c  c o m b i n a t i o n s  ( G l c - O - P  a l o n e  a n d  x~ l t h  ~ ' l  P o r  ~ l )P )  r 
f Pldt is e x p r e s s e d  in  a r b ] t r a r y  u m t s  T h e  m l c r o e l e c t r o p h o r e t l c  c u r r e n t  is e x p r e s s e d  in [ i o  1i ¢ /  0 

pl a n d  p l o t t e d  o n  a l o g a m t h m m  sca l e  S E w a s  c a l c u l a t e d  h k c  in  F ] g  3 ( the  c u r x e s  a r e  s l g m o I d  
o n  a h n e a r  s c a l e  a lso)  

I f  substrate concentrat ion is plotted against pulse area (Ihg 4) the ascendmg 
branch of  the resulting s]gmold curve 4 corresponds to the cnt]cal  concentrat ion range 
for which NAD+ reduction rises the most  rapidly After the peak amplitude of  the 
fluorescence response is attained, with subsequent larger doses of  substrate there i s  

still a further increase in pulse area mainly due to considerable prolongation of  the 
pulse halftame However,  the rate of  substrate utlhzat]on as calculated from the pulse 

Bzochtm Bu)phvs 4eta, IOS (197 o) i i i  
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1,1~ "5 ~ u m m a t e d  dose- re~pon~e  c u r ~ e s  to r  ( , k - b - P ,  ( , lc  o - P  ~ A D P  a n d  b l c - 6 - 1 '  ] \ 1  l '  m 
E L 2  cell~ E a c h  c u r ~ e  c o r r e s p o n d s  to t h e  s u m m a t m n  of  d e t e r m m a t m n s  in a t  lea~t  5 cells ~, ix 
to r  t h e  p e a k  f luo rescence  le~ els an t he  m o s t  s ign i f i can t  pu l ses  is m d m a t e d  in T a b l e  l l T h e  fluo- 
r e scence  l e b e n  a re  i n d i c a t e d  m the  o r d i n a t e  in a r b a t r a r y  u m t s  T h e  n u m b e r s  an t h e  absc i s sa  cor res -  
p o n d  to  t he  a d d e d  Glc-O-P m t e r m s  of  i i o  -11 ~/pl  "1 he  tmae  scale  lor  t h e  pu lses  is s e p a r a t e l ?  
m d m a t e d  a n d  ~t p r o c e e d s  f r o m  lef t  t o  r i g h t  l h e  level  of  f luo rescence  p r io r  to  t h e  f irs t  a d d m o n  oi 
s u t ) s t r a t e  as ~een on t h e  lef t  of  t h e  first  a r rm~ a n d  ~t ~s a r l n t r a r f l y  e q u a t e d  to  o E a c h  ar rm~ cor res -  
p o n d q  to  a m m r o e l e c t r o p h o r e t l c  a d d t t m n  } ( ; l c -6 -P ,  l ( ; l e - 0 - P  ~ 41)P,  ~ (dc -0 -  
P - - A l P  ( E \ p t ~  q ~ , z a n d ~ / 0 0 )  I 

halftmm tend.~ to level off or decreabe Final ly  ff ~ubstrate 1.~ increased further mlnbl-  
t lon is obberved with decrease of both peak amphtude  and puI~e area, unt i l  all re- 
aponses ceabe 

\Vhen maxmml or submaMmal  levels of substrate  are added at once (lqg 2C) 
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11~ (, l he  r a t e  of  G I c - 0 - P  u t f laza t lon  a lone  a n d  m p r e s e n c e  ot a d e n i n e  nuc leo t ldes ,  as  c a l c u l a t e d  
f r o m  t he  h a l f t u n e  o f  N A D  + r e d u c t i o n  a n d  r e o x l d a t l o n  a f t e r  s u b s t r a t e  a d d i t i o n  (pulse  h a l f t n n e  
/;  off) T h e  r a t e  of  s u b s t r a t e  u t t h z a t l o n  ts m d a c a t e d  on  t h e  o r d i n a t e  m i lO -12 c o u l o m b / p l  p e r  sec 2 
T h e  xa lue~  on t he  absc i s sa  m d m a t e  t h e  a d d e d  s u b s t r a t e  m I to  u A/p l  

l,lg 7 Lake m Ftg  6 b u t  for  G l c - 6 - P  a lone  wr~us m pre~encc  of  Px a n d  l a c t a t e  

]~mthznz Hzoph~s 4eta, tOH [TO70 ) I IT 
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1 A B L E  1 

R~.TES OF SUBSTRATE UTILIZATION 

T h e  r a t e s  a r e  c a l c u l a t e d  f r o m  t h e  h a l f t l m e  (t~ofr) o f  t h e  f l u o r e s c e n c e  pu l se  (see M&TERIALS ~ND 
METHODS) a n d  e x p r e s s e d  in  i i o  -~a A / p l  p e r  sec  fo r  E L 2  cells  x~lth an  a v e r a g e  t h i c k n e s s  o f  5 ~1 
( the  ~ a m e  v a l u e s  c o r r e s p o n d  a l so  to  t h e  r a t e  o f  ~ u b s t r a t e  u t l h z a t l o n  in  l t lno le / sec  p e r  k g  x~ e t  x~t 
lo r  a r a t e  ol m m r o e l e c t r o p h o r e t l c  s u b s t r a t e  e j e c t i o n  o f  i i o  -~a m o l e  p e r  I IO -s  ~, r o u g h l y )  F o r  
dose  c u r v e s  o p t i m a l  s u b s t r a t e  dose s  a re  d e f i n e d  as  t h e  a m o u n t s  r e q u i r e d  t o  ehc l t  a f luore>cence  
p u l s e  o f  n l a x n n a l  a m p h t u d e  ( m a x m l a l  N A D +  r e d u c t l o n )  S E ~s c a l c u l a t e d  a c c o r d i n g  to  t h e  
f o r m u l a  S E = k ' S d e / n ( n  - -  I) 

('ondthlms Ophmal Doae-*e@onse cuk*,e s 
ad&hons 
at once* Optimal %upraopt~mal 

G I c - 0 - P  lO5O ~ 2()o lO4O ± 37 ° 90o ± ~7 o 
G lc - O - P  t A 1 ) P  1020 ~_ 500 085 ~ 200 (105 ~ 50 
Glc - O - P  + A T P  i S o  + 5 ° 15o z 2o 225 ± 45 
G l c - 6 - P  q- P~ lO2O + 2oo 42o ± 7 ° 325 ± 6o 
G l c - 6 - P  + s u c c u l a t e  44 ° i 85 3 ° 0  ± 7 ° 415 i 2oo 
G l c - 0 - P  + A T P  + sUCclnate  070 ± 280 14o ~ 35 125 ~ 25 
( ; l c -6 -P (5 )  -- o x a m a t e  (I) 360 i 220 IOO ~ 55 ~O ~ 15 
G l c - 0 - P ( I )  + o x a m a t e  (1) 26o ~c 5 ° 4 ° ± 2o 55 = 3 ° 
( d c - 6 - P  + l a c t a t e  240 3_ 35 i oo  ~_ 10 I20  t 25 

* ( , e n e r M l v  in c o n t i n u o u s  a d d l t m n s  s l lght l~  lox~er r a t e s  xxe~e ob>er \  cd 

a much higher NAD+ reduction and considerably larger N A D H  accumulatmn can be 
attained, as compared to dose-response curves 

When substrate is added continuously (lqg 2B) the n~e t ime of  the NAD~ re- 
duction curve is 2-3 t imes  longer (around 15 ~ec against 4-5 sec for the first two 
methods) ,  there is a much longer duration of  the steady state at peak reduction level 
(about 9 ° sec against less than IO) and as a result a considerable prolongation of the 
reoxldatmn halftlnle (I2O aec) 

"[ ~ B L F .  11 

PROPERTIES OF DOSE-RESPONSE CUR\ ES 

T h e  a~ e r a g e  p r u n a r 3  p h o t o c u r r e n t  r e c o r d e d  f r o m  t h e  e x t r a n u t o c h o n d r l a l  r e g m n  o f  a n  E L 2  cell m a s u b s t r a t c  
a n d  d r u g - f l e e  m e d i u m  is a t / o u t  i i o  16 ~ All ~ a l u e s  in  t h e  t a b l e  a r e  e x p r e s s e d  a c c o r d i n g l y  

(',md~ttou ~ 31z nzmal ~ esponse~ Hal f  Inaa mml pulses 

P t  llnat V ~llb- /}off Prtlnar~, .Sub- /;off 
photo- stlal~ (s~c) photo- shah (s,'c) 
current th~es- c*o~nt (±o - n  
( to  X~ A)  hold ( lo  16.4) A/pl)  

( I 0  -11 
/pl) 

G l c - 6 - P  i 2 ± o i 17o 4 
G l c - 6 - P  + A D P  I 2 ~ O I 34 ° 4 
G l c - 6 - P  + A T P  I 2 ~_ O I I 4 ,~ 
G l c - 6 - P  + P~ I 3 ± o I 8 5 
G l c - 6 - P  + o x a m a t e  I 2 ± o 1 t 5 7 
G I c - 6 - P  + l a c t a t e  2 o E o 2 5 15 

3Ia.1 ~lnal pulses 

P~ma~v ';ub- t,o~r 
photo- sO ate (see) 
cunent ( to  - n  
(Io ~ A ) A/pl)  

1 7 ± o i  

I 5 ~ 0  1 
I 8 ~ 0 I  
1 4 ~ : o 2  
2 O A _ O 2  

880 1o 2 7 ± o 3 176°  16 
2 o ~ o I 68o 17 

50 i o  2 2 ) o 2 14o 14 
400 IO 2 6 & o ~ 8oo I8 

{O 7 I 0 ± O 2 75 I 
5 15 ~ o i o 5 25 ° 27 
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When the average rate of substrate  ut lhzat lon ~s calculated from the NAI) ~ 
reduc tmn-reoxlda t lon  half tnne (/1/2off)  It appear~ that  the rates (Table I) are often 

4 t imes larger in inaxmml add~txons at ome  than  the highest rates calculated from 
dose-re~pon~e curve~, while the ~ate~ for cont inuous dehverv are m between 

The znfluence of adenzne nucleotzdcs on metabohc tran~zenls 
The concent ra tmn range at which fluorescence pulse~ ~tart being ret orded from 

the extramltochondrla l  space of EL2 cells, following the addi t ion of GI(-6P is lowered 
m pre~ence of adenine nucleotldes or P~ (Figs 5, 6 and 7, Table II) Speclall) for Glc-6- 
P + ATP ~ubstrate inhibi t ion is reached at level~ much below th(),e reqmred h~r a 
maxHnal response w~th Glc-0-P alone 

The maxmml level~ of NAD~ reduct ion are quite comparable m (ells t reated 
x~ ~th Glc-6-P alone or ~upplemented with P~ (peak fluorescence re~pon~e~ at 10 7 and 
IOI°,, over lmtml value, respectively) There ~ a certain decrease in the maximal  
amplItude~ of the fluorescence pulses In presence of ATP and ADP (I:~g 5, Table II) 
However, little correlation is h)und betx~een the pulse amplltude~ per ~e and the rate~ 
¢)f ~ub, trate  ut lhzat lon,  a~ calculated from the pulse halftHne~ for two fluorescence 
pul~e~ of Conlparable amphtude  and halftm~e, the h~gtler rate will ~orrespond t -  the 
pulse obtained with the larger ~ub~trate concentra t ion (as a measure of ~ub~tratt' 
u t lhzat ion per uni t  time) The rate~ of sub , I ra te  ut i l izat ion are about  4 tm~e~ ~maller 
in ATP- t rea ted  cell~ ~ ith regard to Glc-b-P alone, ~lnce the fluorescence maxmm aie 
reached for much loxxer ~oncentratmns in pre~ente of ATP There l~ considerable 
paralleh~nl (Fig~ () and 7) between the rate~ of ~ubstlate ut i l izat ion in Gh-0-P ,  
GIc-6-P ~ ADP and Glc-0-P + P,- treated cell~ (around 7o0 I2oo IO 1.,A/pl per ~et ) 

The plots of ~ub~trate <oncentrat ion agaln , t  the integrated fluorescence pulse 

(whole area of the pulse ip~dt) sho~ similar ~ l g l n o l d  curves ~ for (;lc-6-I) ,done 
0 

or ~upplelnented with adenine nudeotlde~ (l=~g 4) as ~ell  as P~ Hm~e;er ,  the a<- 
~endlng branch of the ~lgmold ~s dl~placed to the left m preaence of adenine nu- 
cleot~de~ of P~, the maXllnUm d~placement  occurring with ATP 

Addit ion of succmate to Glc-0-P lead~ lnmal lv  t¢) little change in the kmet~ 
of the fluorescence re~pon~e Ho~xever ff EL2 cella are ~tarved for ()ver 6o mm the 
response to Glc-6-P cease, almost total ly in pre,ence of ~uccInate Tlns response ( an 
be restored b} ~upplementlng the m~xture u lth ATP (ATP/~u~cmate ratio I,'5) 

"1 he re@onse to substrab" and tnhzbztors of lactic dc]~vdrogetlasc 
In  presence of oxaniate  16-~ or lactate (I:lg 7, Table~ I and II) it 1~ note~ or th\  

tha t  the ma in  effect 1~ on the rate of G k - 6 - P  u t l h z a t . m  which drops ~onslderablv, 
wlule the level of Glc-6-P dependent  NAD* reduct ion doe~ not  reflect consxstenth 
this change in rate (aee preceding section) In  all these cases, there is a conalderable 
lowering of the Glc-0-P level required for inaxmml NAD + reduct ion (Table I) In 
pre~ence ()f either lactate or oxamate,  the reduction of glycolytlc NAD + proceeds 
more eflectlvelv at subopt imal  substrate  concentratmn~, a~ compared to Glc-b-P 
alone Hox~ever, at maxnna l  ~ubbtrate concentratlon~ lactate dlffer~ from oxamate 
with lactate the NAD + reduction is equal to or over the highest values recorded f()r 
Glc-6-P alone, while ~ l th  oxamate it 1~ 3o-5o°o lower Although theoretwallv oxa- 
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mate should have no effect on or enhance NAD+ reduction (as it really does at sub- 
optimal sub,tr i te  levels), at maximal Glc-6-P (and oxamate) concentrations, the 
NAD + reduction may be adversely affected by the oxamate Inhibition of glycolysIs 
In the~e cells when metabohc inhlbmon sets m there i~ a lowering of the maximal 
NAD~ reduction ~hich can be obtained with glycolytic substrate (cf dose-response 
curve, Fig 2A) The sigmoid plots of the integrated fluorescence pulse against sub- 
strate concentration show a marked ~hfft to the left for Glc-6-P supplemented ~ith 
oxamate or lactate 

I ) I sCU'~SION 

The N A D H / N A D +  ratlo and the cqmhbr¢um of the NAD+-coupled enzymes 
In these mlcrofluormaemc experiments there are lndmation.~ that the NAD +- 

reducing ~vstem is ~omeuhat more efficient than the NADH-reoxidizing when the 
cell is overloaded with glycolytic substrate (e g ,  at the end of a dose curve or with 
supraoptlmal additions at once) the considerable prolongation of the NADH reoxl- 
datmn time (or the persastance for several minutes of a plateau at peak reduction) 
demonstrate the anablhty of lactic dehydrogenase to cope with NADH as fast as at 
is being produced by glyceraldehyde phosphate dehydrogenase However, at optimal 
or buboptmml levels of substrate, lactic dehydrogenase is quite efficient in reoxa&zlng 
the accumulated NADH, as can be seen from the brief duration of the steady state 
at peak reduction (4-8 sec, Figs i, 2 and 7) and the relatively ~hort halftmie for 
reoxldatmn 

Also in the pre~ence of oxamate and lactate which inhibit NADH reoxldatlon 
or favour the backward reaction at lactic dehydrogenase, the recording of NADH 
reduction by glyceraldehyde phosphate dehydrogenase IS faclhtated, with minimal 
or suboptmml doses of substrate (but the rate of GIc-6-P utilization i~ decreased 18 
through interference with glycolyhc flux ag) 

The gl3'colytzc f lux  
The gly¢olytlc flux can be affected by the appearance of metabohc block 2°-22 

at various points along the glycolytlc chain elther through accumulation of allosterlc 
lnhabitors or exhaustion of activators 

The larger peak reduction levels, NADH accumulation and tugher rates of sub- 
~trate utdization obtained with optimal addmons at once or continuous flow of 
minimal doses (a~ compared to dobe-response curves), correspond to situations in 
which either no time I, allowed for metabohc block to ~et in (the former) or the sub- 
~trate flow is kept below leveN required for the block (the latter) In most cases the 
Inhibition is preceded by a sometimes considerable prolongation of the halftime for 
reoxldatIon As to the inhibition itself, the accumulation of ATP 2~--%, and dlphospho- 
glycerate 22 (lnhtbItor of glyceraldehyde phosphate dehydrogenase) or the lack of both 
ADP and P1 (refs 2o-22) have been incriminated in the paat 

Enzyme actzvztv in vzvo and ~n v~tro 
Computer simulation btudies 23 of ascltes cell metabohsm have had to assume 

for reason~ of slmplaclty that enzymes ~n vtvo act as they do m vztro and that mass- 
action kmetlc~ are valid for all these reachona In these microfluonmetric experiments, 
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the rates  of sub~trate  u t i l iza t ion ca lcula ted  from the NAD + reduct ion reoxlda t lon  
halff lme fall an the upper  range (~ee Table  I) ()f value~ obta ined  by  other  met lmds 
Therefore there l~ no gros~ evidence to con t rad ic t  the computer  model  Howe~ er, the 
kinetics of the fluorescence response to Glc-0-P an the  ex t raml toch(mdrml  ~pacc ()f 
EL2 cells (Fig 4) favour  a h igher-order  relataon~hq)V. ~ w~th regard  to sub~trate  E~ en 
enzymes ~ hich are seen to exlnbl t  snnple M~chaells kinet ics  z~ "~.ttro m a y  be at t lng a .  
polynlers  ~n vwo ~ (in ~h lch  (ase the exp(ment  m the ra te  of mcrea~e m enzyme a( - 
t w i t  3 with ~ubstrate  concentra t ion,  could provide  a clue to the nmnbet  . f  subumts  ¢,s 
(see i:~g 3) 

7 hc @ ' c t  o / a d c n t m  n .dco t tdcs  and t'~ 

The Glc-6-P threshold  required for maxnna l  NAD + reduct ion,  the accunlula-  
t lon ()f N A D H  after  addi t ion  of Glc-6-P and the ra te  of Glc-6-P u t i l i za t ion  are all 
t<)nslderablv lm~ered in pre~ence of  A T P  The A T P  inhibi t ion  2~- ~ of the glycolyt l(  
flux can be the  result  of  act ion at  several  points  along the glycolyt lc  chain Both 
A T P  and A D P  lead to a comparable  decrease m the accmnula t lon  of N A D H  dur ing 
metabohe  t r an ,mn t s  which follow a d d m o n  of Glc-6-P However ,  the level of NAD 
reduct ion  is not  a fai thful  ind ica tor  of the  g lycolyt lc  ra te  in these cells \Vlth ATP 
the ra te  is con~lderably smaller,  bu t  in presence of A D P  or P, the ra te  curves are 
s t r ik ingly  paral le l  to the curve for Glc-6-P alone 

I t  lb hard  to p inpoin t  a single ac t iva to r  of  gl3coly~l~ x~hlch might  be ()f pri-  
mordia l  nnpor tance  in these EL2 cell~ I t  m a y  be tha t  under  the  t ondltIons of these 
experlment~ the EL2 eell~ are a l ready  qui te  self-sufficient in term~ ()f actlvat()rs  <)f 
the  glycolyt lc  chain (e g ,  A D P  and P,), ~o tha t  they  depend  only on the supply  <)f 
~ubstrate  and will even s top  ut lhzlng it once the \  hax e replenished their  A T P  s torage 
(thu~ expla ining the A T P  inhibit ion) 

A~ far a~ the A T P  dependence  (>f the Glc-6-P response in pre~en~e of succmate  
and the lowering of the glycolyt lc  ra te  w~th ~uccmate, the  3 m~ght be due t() compe-  
t i t ion  f<~r metab()lltes~6, z7 (c g ,  adenine nucleotldes) and mteractl()n~ ~6 ~') between the 
m~t()t hondrla l  and glycolytw conlpar tment~ 
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