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Kinetics of enzyme-substrate reactions in single living cells 

The beam-splitter-supplemented CHANCE--LEGALLAIS microfluorimeter 1,2, which 
allows the recording of pyridine nucleotide fluorescence during microelectrophoretic 
addition of substrate (e.g., Glc-6-P (glucose 6-phosphate)), is suitable for inspecting 
the kinetic properties of glycolytic enzymes in single living cells 3. One aim of such a 
s tudy is to determine to what extent these enzymes follow or deviate from first-order 
Michaelis kinetics4,5, 6 in the intact cell, since most regulatory enzymes are known to 
catalyze reactions that  are kinetically of second order, or higher, with respect to 
substrates and regulating metabolites. 

Provided the added Glc-6-P is metabolized along the Embden-Meyerhof  path- 
way ~, the fluorescence pulse resulting from its rapid addition to ascites cells in culture 
(EL2 cells) represents the turnover of glycolytic substrate at the catalytic sites of 
enzymes in the above sequence, with DPN + reduction at the glyceraldehydephosphate 
dehydrogenase step acting as an indicator of the overall glycolytic flux s,9. In fact the 
fluorescence pulse closely resembles the kinetic curve of formation and disappearance 
of the enzyme-substrate  complex, as described in transient-state relationships 4. Such 
curves exhibit three significant portions corresponding to the rapid formation of the 
complex, a steady state and the slower disappearance of the complex as the substrate 
concentration is exhausted 4. The reason the extramitochondrial fluorescence curve 
closely duplicates the kinetics of the enzyme-substrate  complex is that  the D P N H  
formed is readily oxidized by  pyruvate and lactate dehydrogenase 1° rather than being 
accumulated. This fluorescence pulse can be analyzed 4 in terms of peak fluorescence 
response, (Pl)max, whole area of the pulse, f~°pi dr, half-time of fluorescence rise and 
decay, tz/2 off, etc. which are related to the actual amount of substrate added. The 
actual amount of substrate/# 3 can be varied by regulating a microelectrophoretic 
current of constant duration (I sec) or applying a uniform current to cells of varying 
sizes. 

Using an EL2 cell, increasing doses of substrate can be added consecutively to 
the same cell (Fig. I). When the microelectrophoretic current is increased from I × to 
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Fig. I. Microfluorimetr ic  recording of  the  f luorescence changes  in t he  e x t r a m i t o c h o n d r i a l  (nuclear) 
region of  an  EL2  cell in response  to  repea ted  microelec t rophore t ic  add i t ions  of  Glc-6-P, in  gra-  
dua l ly  increas ing  a m o u n t s  (see arrows),  i × cor responds  to a microe lec t rophore t ic  cu r r en t  of  
i • io  -10 A. The  t ime  scale proceeds f rom left  to r ight .  BL, basel ine;  IF,  ini t ia l  fluorescence. Exp t .  
Exp t .  No. E K  SBS68/4. 
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Io  X, there  is p rac t i ca l ly  no change in the  fluorescence response;  however,  a ve ry  high 
and rap id ly  decay ing  pulse is ob ta ined  when the dose is increased to 5o >:. F u r t h e r  
increases of the  cur ren t  to I00 × and 2oo × resul t  in b roaden ing  of the  pulse (hmger 
tile off), b u t  (Pl)max remains  unchanged  at  first and  then decreases.  

There  should be p ropo r t i ona l i t y  between the  in tegra ted  fluorescence.' pulse 
( f o P a  dt) and  the concent ra t ion ,  No, of a d d e d  subs t ra te ,  if f i rs t -order  Michaelis kinet ics  
are opera t ive  <a, according to the  re la t ion ka = Xo/y2 ~ Pa dt (h a : ve loci ty  cons tan t  of 
the  decomposi t ion  of the  enzyme subs t r a t e  complex).  However ,  in EL2 cells (Fig. 2), 
when a sufficiently wide range of subs t r a t e  concent ra t ion  is used, including values as 
low as can be accura te ly  measured,  a s igmoidal  kinet ic  behavior  is observed:  the  ra te  
of  increase i n [ ~ p l  dt is m a x i m u m  at i n t e rmed ia t e  concent ra t ions  and  min inmm at 
bo th  e x t r e m e s . ~ ' p l  (it changes very  l i t t le  when the microelec t rophoret ic  cur rent  is 
increased from I.~0 -~° to I. IO 9 A, bu t  increases b y  Io-fold,  i.e., a t  a faster  rat(.' than  
the current ,  f rom I • IO -:' to 5" IO " A. At  higher  subs t r a t e  concentra t ions ,  there  seems 
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Fig. 2. The r e l a t ionsh ip  be tween  the in t eg ra t ed  fluorescence pulse  (whole ~rea of the  pulse : 
~a~pldt ) and the  microe lec t rophore t ic  cu r ren t  (as a measure  of the  added  ( ; lc-6-I  ~) in El.-, cells. 
P~dt is expressed  in a r b i t r a r y  units .  A microe lec t rophore t i c  cu r r en t  of i corresponds  t() ~ . , o -*0 A. 
The cur ren t  is p lo t t ed  on a logar i thmic  scale. The s t a n d a r d  error of the  mean was ca lcu la ted  
accord ing  to S.E . . . .  I /~d2/n(n 1). 

Fig. 3. The change  in the in t eg ra t ed  fluorescence response in r ad i a t i on -p roduced  g i an t  cells 
(EL2G) m a i n t a i n e d  under  var ious  condi t ions  when the  microe lec t rophore t ic  cu r r en t  is kep t  
c o n s t a n t  and  the  size of the  cell var ied.  The i n t eg ra t ed  fluorescence response,  (y~pj(tt) is expressed  
in a r b i t r a r y  units .  For  each cell the  p roduc t  of the  majo r  and minor  axes  is t a k e n  as an express ion 
of the  cell area.  Since the  cells i nve s t i ga t e d  were of a p p r o x i m a t e l y  the  same thickness ,  the  differ 
ences in cell a rea  were roughly  p ropor t iona l  to the  differences in cell volume.  

to be a f i rs t -order  re la t ionship  between f~)Pl dt and  Xo, since the  former is twice as 
large when the l a t t e r  is increased from 5 "IO 9 to i - Io  -8 A. There  is p rac t i ca l ly  no 
fur ther  change over  I - lO -8 A. 

Similar  proper t ies  are observed in r ad i a t i on -p roduced  g ian t  cells, EL2G cells a. 
Upon microelec t rophore t ic  add i t ion  of Glc-6-P to these cells, the  subs t ra te  concen- 
t r a t ion  th roughou t  the  cell equi l ibra tes  qui te  evenly  from the first second of add i t ion  
(as confirmed b y  visual  observa t ion  of the  fluorescence), while the  fluorescence pulse 
has a ha l f - t ime of about  2o sec. Therefore,  if the  microe lec t rophore t ic  cur rent  is kept  
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constant, the amount of substrate/# 3 is largest in the smallest cells (Fig. 3). The area 
of the whole pulse, SoPl dt, does not change linearly with substrate concentration 
especially in triiodothyronine (TD)-grown EL2G, but rather increases more rapidly, 
than concentration in the smallest cells. 

The sigmoidal kinetics observed are consistent with the properties of allosteric 
enzymese, 11 (although there could be other interpretations, e.g. relaxation effects6,12 
in enzyme transitions from active to inactive conformation). Allosteric enzymes can 
act as biological amplifiers 11 by accelerating the reaction velocity faster than tile 
rate of increase in substrate concentration. These enzymes are relatively inefficient 
catalysts at very low substrate concentrations, as more than one molecule of sub- 
strafe must be bound before the enzyme becomes catalytically active; however, at 
higher concentrations of substrate their activity increases as a power function of the 
concentration/dissociation constant of the enzyme-substrate complex 10, depending 
upon the number of subunits6,11. 

The allosteric properties of an enzyme are usually more labile than its catalytic 
properties 1°. Thus, enzymes which could exhibit simple first-order Michaelis kinetics 
in purified preparations may have allosteric properties in the intact cell 1°. The ulti- 
mate aim of the above experiments should be to determine the activity and possibly, 
from the kinetic properties, the configuration6, 9 (polymerization, number of subunits, 
etc.) of enzymes in the various compartments of single living cells. While the turnover 
of glycolytie substrate can be estimated from the fluorescence pulse, the kinetics of 
formation of the enzyme-substrate  complex before steady-state level is reached can 
be studied only from the very rapidly increasing part  of the ascending branch of the 
pulse 4. Thus, in the future, a microfluorimeter with a shorter response time1, 2 will 
be essential. 
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