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SUMMARY

1 The transient changes in NAD+ reduction (fluorescence pulse) which result
from the microelectrophoretic addition of substrate in stepwise increasing amounts
can be followed 1n single living EL2 cells by nucrofluorimetry With glucose 6-phos-
phate (Glc-6-P) as substrate, each fluorescence pulse represents the summated con-
tributions of glyceraldehyde phosphate dehvdrogenase (NAD*-reducing) and lactic
dehydrogenase (NADH-reoxidizing)

2 The plot of Glc-6-P concentration agamst the area of the fluorescence pulse
reveals sigmoidal kinetics, which are altered by adenine nucleotides, lactic dehydro-
genase mhibitor and substrates, ¢fc In all these cases the kinetics of NAD+ reduction
m wvo favour a higher-order relationship with regard to substrate 1n the optimum
concentration range

3 When Glc-6-P 1~ increased gradually metabolic block sets 1n more easily than
if optimal doses are added at once or suboptimal doses by continuous slow drip

4 While the substrate levels required for half-maximal and maximal NAD-
reduction are somewhat lowered m presence of ADP and P, as compared to Glc-6-P
alone, there 15 considerable parallelism between the rates of substrate utilization under
all these conditions The rate 15 severely reduced mn presence of ATP and maximal
NAD* reduction occurs at a much lower concentration of Glc-6-P

5 At suboptimal or optimal levels of substrate, lactic dehydrogenase 15 quite
efficient 1n reoxidizing NADH, but the latter can accumulate considerably when the
cell 15 overloaded with substrate In presence of lactate and oxamate the rates of
Gle-6-P utilization 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 ELz cells seem self-sufficient 1n terms of endogenous activators of the
glycolytic cham, so that they depend mamly on the supply of substrate However,
in the hiving cell the interplay between mitochondrial and extramitochondrial com-
partments 15 suggested by succinate and ATP experiments
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INTRODUCTION

Since the development of the beam-sphtter supplemented Chance-Legallals
microfluorimeter!-3 1t has been possible to follow continuously in a single iving cell
the transient fluorescence changes associated with pyridine nucleotide reduction upon
microelectrophoretic additions? of substrates If glycolytic substrates metabolizable
by NAD+ or NADP-linked enzymes or their precursors (¢ g, glucose 6-phosphate
{Gle-6-P)) are added, a fluorescence pulse 15 observed wluch represents under the
most simplified conditions the algebraic sum of forward and backward reactions at the
glyceraldehvde phosphate dehydrogenase (NAD*-reducing) and lactic dehvdrogenase
{(NADH-reoxidizing)

The first 1llustrative examples of the technique?®® were obtained by adding
glveolvtic mtermediates i stepwise increasmg amounts to the cytoplasm of ascites
cells in culture (ELz cells) and following the fluorescence changes 1n the extramito-
chondrial compartment (cytoplasmic or nuclear region) Preliminary experiments?!
with a glycolytic intermediate (Gle-6-P) have shown that a sigmoid curve 15 observed
when the areas of successive fluorescence pulses are plotted aganst concentration an
observation which 15 not mconsistent with the fact that most regulatory enzymes are
known to catalyze reactions kinetically of second or higher order with respect to
substrates and regulatory metabolites?.8

Although there could be other interpretations (¢ g, relaxation effects” or en-
dogenous substrate thresholds) the above sigmoidal kinetics recall the properties ot
allosteric enzymes”® Therefore 1t 15 of interest to determine to what extent such
kinetics are affected by agents known to control glycolysis 1n ascites cells (¢ g , adenine
nucleotides, Py, ¢fc } In fact the kinetics are found to respond quite sensitively to the
rate, thythm and sequence of substrate administration, as well as to the simultaneous
presence of actrvators or mhibitors

MATERIALS AND METHODS

The beam--phitter supplemented Chance-Legallais microfluorimeter-* for the
kinetic study of fluorescence changes synchronously with cell manpulations, the EL2
cells?-12 used 1n these experiments and the nucroelectrophoretic technique!®-13 for the
mntracellular additions of substrates have been described previously

Generallv three modes of substrate administration were used on each experi-
mental series, after determining the threshold level at which a barely detectable fluor-
escence response 15 recorded (1) Substrate was consecutively administered to the
same cell 1n stepwise increasig amounts, starting from a microelectrophoretic current
of T 101! A and progressing beyond the level at which a maxmmum fluorescence 15
observed (dose-response curve) All currents were of 1-sec duration (2) The above
dose-response curve permits the localization of the intermediate concentration range
(optimum) at which a rapidly mncreasing (from submaximal to maximal) fluorescence
response 15 observed By gomg over the optimum no further increase 1 pulse ampli-
tude 1s recorded, but the pulse area can continue to increase due to broadening of
the fluorescence pulse Thus, a second mode of substrate adminstration consists of
treating the cell directly with a maximal or submaximal dose of substrate at once
(3) A third method consists of applying continuously for 30 sec a microelectrophoretic
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current below the optimum region, such as around 1 10719 A (continuous delivery)

For these experiments Glc-6-P was used first alone and then in combination
with adenine nucleotides, as well as other substrates or inhibitors The rationale for
using activators or inhibitors of glycolysis 1n the same micropipette has been described
previously!.1%.14 The micropipette was generally filled with a 2 M solution of Gle-6-P
In glvcolvtic combmations Gle-6-P/adenine nucleotides = §, Glc-6-P/P, = 2, Glec-
6-Pjoxamate = I to 10, Glc-6-P/succinate = 1, Gle-6-P/lactate = 3

The peak amplhitude of the fluorescence pulse obtained in response to Glc-6-P
1~ evaluated n each case a~ a percent increase over the mitial fluorescence prior to
substrate addition It provides a measure of NAD* reduction

The mitial concentration of substrate (¢ g, Glc-6-P) reached in the ELz cell
corresponds to the microelectrophoretically ejected amount in mole per cell volume
m1 For a 1-sec application of a microelectrophoretic current of 1 108 A, the number
of elementary charges displaced should be roughly of 6 10'® (number of electrons per
A) 1078 = 6 10'® Dividing by the Avogadro number and the number of charges per
Glc-6-P molecule this should correspond to approx 1/6 10713 mole, 1n the case of a
fully 10n1zed molecule Since there will be some uncertainty as to the degree of 10ni-
zation, the 1on population at the microelectrode tip and the relative electrophoretic
mobility of Glc-6-P 10ns as compared to other 1ons (H*, Na*, ¢fc ), for practical con-
s1derations the above figure 1s rounded oft to 1 1071% mole Glc-6-P for a 1-sec duration
of a T 1078 A current This value when divided by a cell volume of about 5-10 pl
(estimated for an average cell thickness of 5-10 y) gives an mitial intracellular con-
centration of 1—2 mM (which agrees with the physiological levels of glycolvtic inter-
mediates 1n ascites cells treated with saturating amounts of glucose)

A rough estimate of the average rate of substrate utilization 15 then possible
in gmole/sec per kg wet wt from the estimated amount of added substrate and the
fluorescence pulse halftime (£ sorf) (NAD* reduction and reoxidation halftime) ac-
cording to the formula'®

5
ML - ———
131201t
(k3 = velocity constant of the decomposition of the enzyme—substrate complex, E =
enzyme concentration, S = substrate concentration) Also the rate of substrate uti-
hzation can be alternatively expressed in A/pl per sec For a cell with a density
around 1, the correspondence 1s roughly I gmole Glc-6-P/sec per kg wet wt = 1 10712
amp /pl per sec or T 10712 coulomb/pl per ~ec?

RESULTS

A typical fluorescence curve recorded from the cytoplasm or nucleus of an EL2
cell (extramitochondnal space) with Glc-6-P as the substrate has been already de-
scribed 1n detail®-¢ The same general pattern 1s observed m several hundreds of cells
marntained under standard conditions Each intracytoplasmic addition of substrate
1s followed by a cycle of NAD+ reduction and reoxtdation (fluorescence pulse?)

The modalitres of substrate administration
When dose response curves are made (Figs 1 and 2A) starting from micro-
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Fig 1 Microfluorimetric recording of the fluorescence changes in the extramitochondrial (nuclear)
region of an LL2 cell 1n response to 1epeated microelectrophoretic additions of Gle-6-P — ATP
in gradually increasing amounts (see arrows) I corresponds to a microelectrophoretic current
of 4 10"'' A The time scale proceeds from lett to nght The baseline with both apertures of the
differential microfluorimeter on free space 1s seen at both ends of the tracing The mmtial level of
of fluorescence prior to the first addition of substrate 15 seen on the left of the first arrow (1 )

(Expt NPI/68) I'he magnitude of the primary photocurrent 15 indicated 1 1 ro=* A
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I'ig 2 Microfluorimetric recordings illustrating the influence of the method used for the micro-
electrophoretic addition of glvcolytic substrate Conditions are like in Fig 1 (except for ADP in-
stead of ATP 1n the glycolytic combination) A Dose-response curve with stepwise increasing
amounts of substrate (1-sec additions) B Continuous addition of mimimal amounts The time of
addition (30 sec) 15 mdicated between the two S arrows C Optimal additions at once (1 sec)

The current level for application 1 C was selected shghtly below that required for a maximal
response 1 A (Expt W5/68)
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ENZYME—SUBSTRATE KINETICS IN ASCITES CELLS 5

electrophoretic currents around 1 10712 A at first barely detectable fluorescence pulses
are recorded, which change little with substrate concentration However, beyond a
certaimn pomnt both the peak amplitude and the area of the pulses start increasing
quite rapidly and exponentially Thus, for a doubling of substrate concentration in
this region, there can be a 4-g (or even 16) times increase in pulse area (Iig 3)
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Fig 3 The rate of increase 1n NADH accumulation (expressed by the area of the fluorescence

pulse) when the substrate (Glc-6-P) concentration S 15 doubled 1n the optimum region of the

dose-response curve The height of the column 1n black corresponds to the pulse area for S = 1 x

I'he height of the columns 1n white corresponds to the pulse arca for S = 2 - with various glv-

colytic combinations as indicated SUCC = succinate, OXAM = oxamate S E for the pulse

arca calculated according to the formula SE = __  Xd%/n(n — 1) The integrated arca of the
el

pulse corresponds to [ P,d¢, P, being the pulse amplitude of the instant ¢
o

Ing 4 The relationship betwecn the integrated fluorescence pulse (whole area of the pulse =
f P,df) and the microelectrophoretic current (as a measure of the added Glc-6-P) in EL2 cells
‘{redted comparatively with three glycolytic combinations (Gle-6-P alone and with ATP or ADP)
} Pdt 15 expressed 1n arbitrary units The microelectrophoretic current 1s expressedin 1 1011 4/

0
pl and plotted on a logarithmic scale S E was calculated likc in Fig 3 (the curves are sigmoid
on a linear scale also)

If substrate concentration 1s plotted against pulse area (Iig 4) the ascending
branch of the resulting sigmoid curve? corresponds to the critical concentration range
for which NAD+ reduction nises the most rapidly After the peak amphitude of the
fluorescence response 15 attamed, with subsequent larger doses of substrate there 15
still a further increase in pulse area mainly due to considerable prolongation of the
pulse halftime However, the rate of substrate utilization as calculated from the pulse
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halftime tends to level off or decrease Finally if substrate 15 increased further inhibi-
tion 15 observed with decrease of both peak amplitude and pulse area, until all re-
sponses cease

When maximal or submaximal levels of substrate are added at once (Iig 2C)
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l11g 6 lhe rate of Glc-6-P utihization alone and n presence ot ademmne nucleotides, as calculated
from the halftime of NAD* reduction and reoxidation after substrate addition (pulse halftime
¢ty orr) The rate of substrate utihzation 1s mdicated on the ordinate in 1 10712 coulomb/pl per sec?
The values on the abscissa indicate the added substratc in 1 1o='* A/pl

lig 5 Like in Fig 6 but for Gle-6-P alonc versus in presence of Py and lactate
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IABLE 1

RATES OF SUBSTRATE UTILIZATION

The rates are calculated from the halftime (fy01r) of the fluorescence pulse (see MATERIALS aND
METHODS) and expressed imn 1 107'2 A/pl per sec for EL2 cells with an average thickness of 5 ul
(the same values correspond also to the rate of substrate utilization 1n gemole/sec per kg wet wt
tor a rate of microelectrophoretic substrate ejection of 1 107 mole per 1 107 A, roughly) For
dose curves optimal substrate doses are defined as the amounts required to ehcit a fluorescence
pulse of maximal amphtude (maximal NAD+ reduction) S E 1s calculated according to the

formula SE = ' 2d?¥n(n — 1)
Conditions Optimal Dosc-response curves

additions -

at once* Optinal Supraoptimal
Gle-6-P 1050 + 260 1040 + 370 990 + 370
Gle-6-1 - ADP 1020 4+ 500 685 + 200 605 + 50
Gle-6-P + ATP 180 + 50 150 £ 20 225 + 45
Glc-6-P + P, 1020 + 200 420 + 70 325 + 60
Glc-6-P 4+ succinate 440 + 85 300 + 7O 115 4+ 200
Glc-6-P + ATP + succinate 670 L 280 140 + 35 125 = 25
Glc-6-P(5) + oxamate (1) 360 4+ 220 100 + 55 50 - 15
Gle-6-P(1) + oxamate (1) 260 + 350 40 4+ 20 55 = 30
(:lc-6-P + lactate 240 4- 35 100 + 10 120 4 2

* (senerallv 1n continuous additions shghtly lower rates were observed

a much higher NAD+* reduction and considerably larger NADH accumulation can be
attaimned, as compared to dose-response curves

When substrate 1s added continuously (I‘ig 2B) the rise tume of the NAD* re-
duction curve 1s 2-3 times longer (around I3 sec against -5 sec for the first two
methods), there 1s a much longer duration of the steadyv state at peak reduction level
(about 9o sec against less than 10) and as a result a considerable prolongation of the
reoxidation halftime (120 <ec)

TABLI 11

PROPERTIES OF DOSE-RESPONSE CURVES

The average primary photocurrent recorded from the extramitochondrial region of an EL2 cell in a substrate
and drug-free medium 15 about 1 1071 A All values 1n the table are expressed accordingly

Conditions Minvmal yesponses Half marimal pulses Maxuvmal pulses
Primarv  Sub- trorr Primary  Sub- f1oft Prznizmivi 7 Sub- o 7t:gff
photo- stralc (sec) photo- strate (sec) photo- strate (sec)
curvent thres- curient (1011 curient (ro—1
(107 4) hoid (107t 1) A/pl) (ro=1% 1) d/pl)

(1o~
1/pl)

Glc-6-P 12+01 176 4 17+o01 880 10 27+ 03 1760 16

Glc-6-P + ADP 12401 340 4 20t o1 68 17

Glc-6-P 4 ATP 12401 14 8 15401 50 10 22 Loz 140 14

Gle-6-P + P, 13+0T1 8 5 18+01 400 10 26 +03 8oo 18

Glc-6-P 4 oxamate 12401 15 7 T44+02 30 7 19402 75 13

Gle-6-P + lactate 20 Loz z 20402 5 15 30 + 05 250 2
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When the average rate of substrate utilization 15 calculated from the NAD!
reduction—reoxidation halftime (,,501¢) 1t appears that the rates (Table I) are often
2—4 times larger 1n maximal additions at once than the highest rates calculated from
dose-response curves, while the rates for continuous delivery are m between

The influence of adenine nucleotides on metabolic transients

The concentration range at which fluorescence pulses start bemng recorded from
the extranutochondnal space of ELz cells, following the addition of Glc-6P 15 lowered
1n presence of adenine nucleotides or P, (IF1gs 5, 6 and 7, Table 11} Specially for Gle-6-
P+ ATP -ubstrate mhibition 15 reached at levels much below those required for a
maximal response with Glc-6-P alone

The maximal levels of NAD+ reduction are quite comparable i cells treated
with Gle-0-P alone or supplemented with P, (peak fluorescence responses at 167 and
1017, over witial value, respectively) There 15 a certain decrease in the maximal
amplitudes of the fluorescence pulses m presence of ATP and ADP (Iig 5, Table II)
However, hittle correlation 1 found between the pulse amplitudes per se and the rates
of substrate utilization, as calculated from the pulse halftimes for two fluorescence
pulses of comparable amplitude and halftime, the higher rate will correspond to the
pulse obtained with the larger substrate concentration (as a measure of substrate
utilization per unit time) The rates of substrate utilization are about 4 times smaller
in ATP-treated cells with regard to Glc-6-P alone, since the fluorescence maxima are
reached for much lower concentrations in presence of ATP There 15 considerable
parallelism (Ifigs 6 and 7) between the rates of substrate utilization in Glc-6-2,
Gle-6-P - ADP and Glc-0-P + Pj-treated cells {(around 700-1200 10 2A/pl per sed)

The plots of substrate concentration against the ntegrated fluorescence pulsc

{whole area of the pulse = [p,d¢) show similar sigmoid curves! for Gle-6- alone
[

or supplemented with adenine nucleotides (I1g 1) as well as P, However, the ac-
sending branch of the sigmoid 15 displaced to the left in presence of adenmne nu-
cleotides of Py, the maximum displacement occurring with ATP

Addition of succimate to Gle-6-P leads mitially to hittle change 1n the kmetics
of the fluorescence response However 1if ELz cells are starved for over 6o min the
response to Gle-6-P ceases almost totally 1 presence of succnate This response can
be restored by supplementing the nuxture with ATP (ATP/succmate ratio — 1/5)

1 he response to substrate and 1nhibitors of lactic dehvdrogenase

In presence of oxamate!®=18 or lactate (I'ig 7, Tables I and II) 1t 1~ noteworthy
that the main effect 15 on the rate of Glc-6-P utilization which drops considerably,
while the level of Gle-6-P dependent NAD' reduction does not reflect consistently
this change 1n rate (see preceding section) In all these cases, there 15 a considerable
lowering of the Glc-6-P level required for maximal NAD+* reduction (Table I) In
presence of either lactate or oxamate, the reduction of glycolvtic NAD+ proceeds
more eftectively at suboptimal substrate concentrations, as compared to Glc-0-P
alone However, at maximal substrate concentrations lactate differs from oxamate
with lactate the NAD+ reduction 1s equal to or over the highest values recorded for
(ile-6-P alone, while with oxamate 1t 15 30-50°, lower Although theoretically oxa-
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mate should have no effect on or enhance NAD+ reduction (as 1t really does at sub-
optimal substrate levels), at maximal Glc-6-P (and oxamate) concentrations, the
NAD~ reduction may be adversely affected by the oxamate inhibition of glycolysis
In these cells when metabolic inhibition sets in there 15 a lowering of the maximal
NAD* reduction which can be obtamed with glycolytic substrate (¢f dose-response
curve, Itg 2A) The sigmoid plots of the integrated fluorescence pulse against sub-
strate concentration show a marked shift to the left for Glc-6-P <upplemented with
oxamate or lactate

DISCUSSION

The NADH|NAD* ratio and the equiltbrium of the NAD*-coupled enzvmes

In these microfluorimetric experiments there are mdications that the NAD+-
reducing svstem 15 somewhat more effictent than the NADH-reoxidizing when the
cell 1s overloaded with glycolytic substrate (¢ g, at the end of a dose curve or with
supraoptimal additions at once) the considerable prolongation of the NADH reoxi-
dation time (or the persistance for several minutes of a plateau at peak reduction)
demonstrate the inability of lactic dehydrogenase to cope with NADH as fast as 1t
15 being produced by glyceraldehyde phosphate dehydrogenase However, at optimal
or suboptimal levels of substrate, lactic dehydrogenase 1s quite efficient 1n reoxidizing
the accumulated NADH, as can be seen from the brief duration of the steady state
at peak reduction (4-8sec, Figs 1, 2 and 7) and the relatively short halftime for
reoxidation

Also 1n the presence of oxamate and lactate which inhibit NADH reoxidation
or favour the backward reaction at lactic dehydrogenase, the recording of NADH
reduction by glyceraldehvde phosphate dehydrogenase 1s facilitated, with mimimal
or suboptimal doses of substrate (but the rate of Glc-6-P utilization 15 decreased?!®
through mterference with glycolvtic flux!?)

The glveolvtic flux

The glycolyvtic flux can be affected by the appearance of metabolic block?0-22
at various points along the glycolytic chain either through accumulation of allosteric
mhibitors or exhaustion of activators

The larger peak reduction levels, NADH accumulation and higher rates of sub-
strate utilization obtained with optimal additions at once or continuous flow of
munimal doses (as compared to dose-response curves), correspond to situations in
which erther no tume 15 allowed for metabolic block to set in (the former) or the sub-
strate flow 1s kept below levels required for the block (the latter) In most cases the
mhibition 1 preceded by a sometimes considerable prolongation of the halftime for
reoxidation As to the inhibition 1t<elf, the accumulation of ATP22-25, and diphospho-
glycerate?? (inhibitor of glyceraldehyde phosphate dehydrogenase) or the lack of both
ADP and P, (refs 20-22) have been mncrimmated n the past

Enzyvine actinty in vivo and 1w vitro

Computer simulation studies? of ascites cell metabolism have had to assume
for reasons of simplicity that enzymes iz vivo act as they do i witro and that mass-
action kinetics are vahd for all these reactions In these microfluormietric experiments,

Biochim Biophys dcta 198 (1970) 1-1T



10 I KOHEN ¢f al

the rates of substrate utilization calculated from the NAD+ reduction-reoxidation
halftime fall in the upper range (see Table I) of values obtained by other methods
Therefore there 15 no gross evidence to contradict the computer model However, the
kinetics of the fluorescence response to Gle-6-P 1n the extramitochondral space of
ELz cells (Fig 4) favour a lugher-order relationship?® with regard to substrate Even
enzymes which are seen to exlibit simple Michaelis kinetics i vifro may be acting as
polvmers 12 w2008 (in which case the exponent 1n the rate of increase 1n enzyme ac-
tivity with substrate concentration, could provide a clue to the number of subunits?.#
{~ee I1g 3)

1 he effect of adenine nucleotides and I,

The Glc-6-P threshold required for maximal NAD* reduction, the accumula-
tion of NADH after addition of Glc-6-P and the rate of Gle-6-P utihization are all
considerably lowered 1n presence of ATP The ATP mhibition?-2! of the glycolyvtic
flux can be the result of action at several pomnts along the glycolytic chain Both
ATP and ADP lead to a comparable decrease 1n the accumulation of NADH during
metabolic transients which follow addition of Glc-6-P However, the level of NAD*
reduction 15 not a faithful indicator of the glycolytic rate in these cells With ATP
the rate 15 considerably smaller, but in presence of ADP or P, the rate curves are
strikingly parallel to the curve for Glc-6-P alone

It 15 hard to pmpoint a single activator of glycolysis which might be of pri-
mordial importance 1 these EL2 cells It may be that under the conditions of these
experiments the EL2z cells are already quite self-sufficient 1in terms of activators of
the glycolytic chain (¢ ¢, ADP and P,), so that thev depend only on the supply of
substrate and will even stop utilizing 1t once they hase replenished their ATP <torage
{thus explaining the ATP inhibition)

As far as the ATP dependence of the Gle-6-P response in presence of succinate
and the lowering of the glveolytic rate with succinate, they might be due to compe-
tition for metabohites?$:2? (¢ ¢ , ademine nucleotides) and interaction<®-2% between the
mitochondrial and glycolvtic compartments
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