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ABSTRACT A number  of  instantaneous changes occurred when picrate was 
added  to a suspension of  human red cells in stead)' state with respect to glycolysis 
and ion distribution across the membrane  at pH 7.40. The  rate o f  glycolysis 
increased,  without change in glycolytic quotient ,  to a new steady-state value, the 
effect reaching a maximum of  1.75 times the rate of  the control  at 0.5 mM picrate. 
Inorganic phosphate  (Pi) was released at a relatively constant rate,  increasing with 
picrate concentration to 1.0 mmol Pl/liter cells x h at 5-6 mM picrate. The  steady- 
state concentration o f  ATP and 1,3-diphosphoglycerate (1,3-DPG) decreased to 
new stable values within 15-45 rain after  the addit ion of  picrate. The  ATP level 
was affected only at picrate concentrations o f  I mM or more,  and the level o f  ATP 
stabilized at 75% of  the control  values at 4 mM of  picrate. In contrast ,  1,3-DPG 
concentrations decreased to 40% of  the control value at 0.5 mM picrate. Higher  
concentrations of  picrate resulted in only a small addit ional  decrease in the 
stationary concentration of  1,3-DPG. A net efflux of  cellular potassium at constant 
rate took place. This net efflux was an almost l inear function of  picrate concentra- 
tion in the range 0.1-3 raM. At the latter concentration the net eff]ux amounted  
to about 2.7 meq/li ter ceils x h and a fur ther  increase in picrate concentration 
caused only a minor  increase in the potassium efflux. Possible mechanisms for the 
effects of  picrate on human red cell glycolysis are discussed. 

I N T R O D U C T I O N  

A n u m b e r  o f  s u b s t i t u t e d  p h e n o l s  have  b e e n  s h o w n  to e xh ib i t  s t r o n g  a n d  
c o m p l e x  e f fec t s  on  a n u m b e r  o f  b io log ica l  m e m b r a n e s .  O n e  o f  t he  f i rs t  such  
ac t ions  to be  d e s c r i b e d  was tha t  o f  2 , 4 - d i n i t r o p h e n o l  as an  u n c o u p l e r  o f  
o x i d a t i v e  p h o s p h o r y l a t i o n  in m i t o c h o n d r i a .  

T h e  s u b s t i t u t e d  p h e n o l s  p icr ic  ac id  a n d  t r i n i t r o c r e s o l e  ( T N C )  have  b e e n  
s h o w n  to inh ib i t  c a r r i e r - m e d i a t e d  e x c h a n g e  o f  c h l o r i d e  ions  ac ross  h u m a n  a n d  
s h e e p  r e d  cell  m e m b r a n e s  at  c o n c e n t r a t i o n s  o f  1 m M  o r  l o w e r  (7, 8). A 
s ign i f i can t  i n c r e a s e  in ca t ion  p e r m e a b i l i t y  has  also b e e n  d e m o n s t r a t e d  (8) on  
a p p l i c a t i o n  o f  T N C  at a c o n c e n t r a t i o n  o f  3-10  raM.  

I n  Arnphiuma r e d  cells t h e s e  subs t ances  (espec ia l ly  p ic ra te )  we re  s h o w n  to 
p r o d u c e  s imi l a r  e f fec t s ,  a l t h o u g h  the  i n c r e a s e  in ca t ion  p e r m e a b i l i t y  was 
r e l a t ive ly  s m a l l e r  (31). I n  a d d i t i o n ,  ,p ic ra te  p r o d u c e s  a s t r o n g  t r a n s i e n t  h y p e r -  

THE JOURNAL o r  GENERAL PHYSIOLOGY • VOLUME 70,  1977 • p a g e s  6 6 1 - 6 7 7  6 6 1  



662 T H E  J O U R N A L  OF G E N E R A L  P H Y S I O L O G Y  • V O L U M E  70 • 1 9 7 7  

polarization of  the membrane  as demons t ra ted  by direct measurements  with a 
microelectrode.  This hyperpolar izat ion has been explained as the result of  two 
separate mechanisms. First, there  is a s t rong hyperpolar izat ion accompanying 
the influx of  picrate ions toge ther  with undissociated picric acid. T h e r e a f t e r  
follows a steady-state per iod character ized by a less p ronounced ,  stable mem- 
brane potential of  about  35 mV (inside negative), caused by the increase in 
cation permeability in t roduced  by the picrate which is now in equilibrium 
across the membrane .  T h e  degree  of  hyperpolar izat ion found in the stable 
period is best explained by assuming a small increase in the permeabili ty ratio 
between potassium and sodium that is s imultaneous with a p ro n o u n ced  decrease 
in chloride conductance.  

In addit ion to the various permeabili ty changes,  Gunn  and Tosteson (8) in 
their  study on sheep red cells found  that T N C  at the higher  level of  concentra-  
tion of  the phenol  partially inhibited active sodium and potassium transport .  

I f  the action of  T N C  on the p u m p  was similar to that of  ouabain,  an ATP- 
sparing effect  might be expected.  However ,  prel iminary exper iments  showed 
that the closely related phenol  picrate (5 mM) added to a suspension of  human  
red cells in steady state at pH 7.4 caused the level of  A TP  to decrease 15-20% 
within 30 rain, whereas the glycolytic rate increased instantaneously by about  
60%. This decrease in ATP  concentra t ion may lead to a very large change in 
the ATP:ADP ratio. It was of  interest,  the re fore ,  to see whether  the inhibitory 
effect  of  T N C  or picrate on the cation t ranspor t  system involved a specific 
inhibition o f  the ATPase system or  was due  to an increased consumpt ion  o f  
ATP in d i f ferent  reactions and the re fore  decreased A TP  for the p u m p  system. 

In the present  paper ,  data on glucose consumpt ion,  lactate product ion ,  
product ion  of  inorganic phosphate  by degradat ion  of  2,3-DPG, and steady- 
state concentrat ion levels o f  ATP and 1,3-DPG are presented as functions of  
the amoun t  of  picrate added  to suspensions o f  human  red cells in steady state. 
T h e  possible locus of  attack by picrate on metabolism is discussed, especially 
with respect to a possible connect ion between the inhibitory effect  on the active 
t ranspor t  of  sodium and potassium and the changes in the metabolic pat tern.  

M A T E R I A L S  A N D  M E T H O D S  

Abbreviations 

ADP, AMP, ATP: adenosine di-, mono-, and triphosphate, respectively; 2,4-DNPH: 
2,4-dinitrophenylhydrazone; 1,3-DPG: 1,3-diphosphoglycerate; 2,3-DPG: 2,3-diphospho- 
glycerate; EGTA: ethyleneglycol-bis-(/3-aminoethyl ether)N,N'-tetraacetic acid; FDP: 
fructose 1,6-diphosphate; GDP: glucose 1,6-diphosphate; G-6-P: glucose 6-phosphate; 
LDH: lactic dehydrogenase; MOPS: morpholinopropane sulfonic acid; NAD, NADH, 
N AD PH: oxidized and reduced forms of nicotinamide-adenine dinucleotide and nicotin- 
amide-adenine dinucleotide phosphate, respectively; Pi: inorganic phosphate; PCA: 
perchloric acid; PEP: phosphoenolpyruvate; PFK: phosphofructokinase; 2-PG: 2-phos- 
phoglycerate; 3-PG: 3-phosphoglycerate; PGK: phosphoglycerate kinase; PK: pyruvate 
kinase; TNC: trinitrocresolate; TP: triosephosphate; TRIS: Tris(hydroxymethyl)- 
aminomethane hydrochloride. 
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Sources 

Reagents were obtained from commercial sources as follows: NAD, NADH, pyruvate, 
LDH from Boehringer /Mannheim,  West Germany; glucose oxidase peroxidase from 
KABI, Stockholm, Sweden; ATP, MOPS, TRIS from Sigma Chemical Co., St. Louis, 
Mo.; ouabain from W. G. Merck & Co., Darmstadt, West Germany; heparin from LEO, 
Denmark. 

Incubation 

Freshly drawn blood from healthy human donors was heparinized and centrifuged for 
30 min at 5°C at 1,500 g. The plasma and the buffy coat were removed by aspiration and 
the latter was discarded. About 10 ml of red blood cells were incubated in a thermostated 
incubation flask at 37.0 -+ 0.1°C in either their own plasma or an isotonic salt solution; 
the cell volume fraction was adjusted to 0,40. The salt solution normally contained 2.0 
mM KH2PO4, 2.0 mM CaC12, 10-15 mM NaHCO3, and NaCI up to a total anion 
concentration of 156 meq/liter. Glucose was added to the cell suspension to give an 
initial concentration of about 7 raM/liter total water. By a gasometric pH stat (28), pH 
was maintained at 7.40 -+ 0.02 with CO2 as downscale titrant and N2 as upscale titrant 
dur ing  the incubation which was accordingly conducted anaerobically. 

Two different methods for producing control cells were employed. One was to 
incubate the suspension of cells for 3-4 h and then add picrate made isotonic with 
saline. The other was to perform parallel incubations with and without picrate. 

Sample Collection 

For determination of metabolic intermediates 200-/~1 samples of cell suspension were 
pipetted in triplicate into a microcentrifuge tube containing 1,000 /zl of  ice-cold 0.6 M 
PCA, immediately and carefully mixed, and allowed to stand in an icebath for 5-10 min 
to ensure complete precipitation. After centrifugation for 45 s at 15,000 g at 0-5°C, 1,000 
p,1 of PCA supernate was pipetted into another  microcentrifuge tube with 200 /zl ice- 
cold 2.74 M KOH, 0.6 M MOPS and immediately mixed to give a final solution of pH 
7.0-7.5. After 45 s of centrifugation at 15,000 g the tubes were stored in an icebath for 
determination of total concentrations of glucose, lactate, and phosphate. For determi- 
nation of ATP 1 vol of neutralized supernate was transferred into 10 vol 0.1 M MOPS, 
pH 7.2, and mixed. For measurements of 1,3-DPG and 3-PG concentrations a special 
precipitation with charcoal containing PCA was" carried out (14). 

For determination of extracellular concentrations of potassium and phosphate, 100/.tl 
of extracellular phase was mixed with 500 p.l of 0.6 M PCA. For determination of 
cellular concentrations of potassium and sodium 1 vol of cells was washed three times 
with 10 vol of isotonic TRIS-C1, pH 7.4, after which 5 vol of 0.6 M PCA were added for 
precipitation of protein. This procedure did not cause measurable precipitation of 
potassium perchlorate. 

Assays of Glycolytic Intermediates 

ATP was measured by the firefly luciferin luciferase method of Rasmussen and Nielsen 
(17) and inorganic phosphate was determined by the extraction method according to 
Vestergaard-Bogind (29). D-Glucose was measured by a glucose oxidase method, L- 
lactate by the method of Bergmeyer (1), and 3-PG and 1,3-DPG according to Momsen 
(14). Determination of the initially very low concentrations of pyruvate (relative to those 
of lactate and glucose) by oxidation of NADH catalyzed by LDH was not possible 
because picrate absorbs strongly at 340 and 366 nm. Another method was chosen. 
Samples of neutralized supernate and 1 mM 2,4-DPNH dissolved in 1 M HCI were 
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mixed and allowed to stand for 20 rain at room temperature. These samples were then 
mixed with 2.5 times their volume of 0.80 M NaOH and allowed to stand for 5 min at 
room temperature after which the absorbance at 546 nm was determined. This method 
measures all intermediates with an oxogroup (except glucose), but the semiquantitative 
comparison with results obtained by the LDH method indicated that only very small 
amounts of triose phosphates were present during our incubation period, 

Interference in the determination of glucose and lactate caused by the presence of 
picrate was corrected for by using blank and sample standards. No interference was 
found in the determination of ATP (10 times dilution) and 1,3-DPG (precipitation with 
charcoal). 

Other Measurements 

The degree of hemolysis was determined by measuring the concentration of hemoglobin 
in the medium and comparing it with the hemoglobin concentration in the total 
suspension. For determination of these concentrations the cyanmethemoglobin test of 
Boehringer/Mannheim was used. Methemoglobin was determined with the same test kit 
by the method of Betke et al. (2). Concentrations of picrate were determined photometr- 
ically and K and Na concentrations in the PCA supernates were determined by flame 
photometry by use of an Eppendorf flame photometer. 

In calculations of intracellular concentrations the cells were assumed to contain 72.5% 
vol/vol of water or 34% wt/wt of dry matter. Based on 150 triplicate determinations, the 
relative errors of the mean were the following: ATP -+ 2.9%; Pi -+1.3%; glucose -+0.8%; 
lactate -+1.3%; cell volume fraction -+0.9%. The relative error of the mean of a 
duplicate determination of 1,3-DPG and 3-PG was about -+3%. 

R E S U L T S  

The  experiments  were always, as far as possible, carried out at steady state with 
respect to glucose consumpt ion  and lactate product ion at pH 7.40. Moreover,  
in the control  exper iments  (pH 7.40) the concentrat ion levels of  inorganic 
phosphate ,  intra- and extracellular sodium and potassium, and cellular concen- 
trations of  ATP  were constant  dur ing  the period o f  the experiment .  In blood 
samples to which picrate had been added  it was found that a steady state as 
def ined above was obtained immediately with respect to glucose consumpt ion 
and lactate product ion,  whereas the intracellular concentrat ions of  ATP and 
1,3-DPG reached a constant level only after a period of  about 30 min. The  
concentrat ion of  total inorganic phosphate  in the system increased with time in 
experiments  with picrate, but after a transient period of  30 min the product ion 
of  inorganic phosphate  was constant with time in most experiments.  The  net 
efflux o f  cellular K was always constant with time in experiments  with picrate. 

In all experiments  the effect of  picrate was compared  to a picrate-free 
incubation of  the same blood sample (control). This was done in two different 
ways as illustrated in Fig. 1 and 2. A high degree of  reproducibility was found  
with respect to the effect o f  picrate on the various metabolic parameters ,  
irrespective of  the blood donor .  

Fig. 1 shows the effect on glycolysis of  adding  6.85 mM picrate. There  is an 
instantaneous stimulation of  glucose consumpt ion  and lactate product ion,  both 
of  which increase by a factor of  1.8. Thus  the glycolytic quotient stays constant,  
within the limits o f  error .  This was true for all the experiments  with picrate, 
independent  of  the concentrat ion of  picrate applied. The  level of  ATP  decreases 
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towards a new steady-state level o f  80% o f  the control  within 30 rain. Finally, a 
constant  product ion o f  inorganic phosphate  (measured as the increase in the 
concentrat ion o f  total inorganic phosphate  in the cell suspension) takes place as 
a result o f  the addit ion o f  picrate. The  release o f  inorganic phosphate  begins 
immediately after the addition o f  picrate and over 0.5 h adjusts to a constant 
rate which presumably is achieved at the time that the A T P  level becomes 
constant.  
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FIGURE 1. A, Glucose (88) and lactate (Q) in the system per liter of packed cells 
versus time. Red cells were incubated in their own plasma at 37 - 0.2°C, pH 7.40 
± 0.02, at a cell volume fraction of 0.40. After 3 h of incubation picrate was added 
to the cell suspension at a concentration of 6.85 mmoi per liter total water. The 
production of lactate was 3.40 - 0.11 mmol/liter cells × hour before addition of 
picrate (control) and 6,06 ± 0.12 retool/liter cells x h in the presence of picrate. 
The corresponding consumption of glucose was 1.56 ± 0.09 and 2.93 .4- 0.07 
mmol/liter cells × h. The coefficient of correlation for lactate was 0.993 before 
and 0.997 after the addition of picrate. The corresponding values for glucose were 
0.972 and 0.995, respectively. B, Concentration of ATP (A) and amount of Pl (O) 
in the system per liter packed cells measured in the same experiment as A. The 
production of Pt in the presence of picrate was 0.76 -+ 0.03 mmol/liter, cells × h 
and the coefficient of correlation 0.894. 

Fig. 2 shows the results o f  a similar exper iment  in which parallel incubations 
were run in the presence and absence o f  0.45 mM picrate. The re  is still a 
significant increase in the rates o f  glycolysis and the product ion o f  inorganic 
phosphate ,  but the latter rate is significantly lower than in the exper iment  with 
6.85 mM picrate. The  concentrat ions o f  A T P  (not shown in the figure) was 
unchanged  in comparison to the control.  As seen in Fig. 2 B, a constant net 
efflux of  potassium took place f rom the cells. 

Since the glycolytic quotient  was always constant (0.45-0.48), in the subsequent  
experiments  we chose lactate product ion as a measure o f  the rate o f  glycolysis. 
In Fig. 3 the ratio between the lactate product ion in the picrate and control  
incubation is plotted against the concentrat ion of  picrate. The  most p rominent  
feature o f  this figure is that lactate product ion reaches a max imum at low 
picrate concentrat ions (0.5-0.7 mM) which cause no decrease in the steady-state 
concentrat ion o f  ATP.  This is seen by compar ing  Fig. 3 with the top line in Fig. 
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4, which shows the steady-state concentrat ion o f  ATP  normalized with respect 
to control values as a function o f  the picrate concentrat ion.  

The  bot tom curve in Fig. 4 shows the normalized steady-state concentrat ions 
of  1,3-DPG as a function of  the picrate concentrat ion.  The  control  values were 
about 500 nmol/liter cells and the adjustment  to the new stationary level took 
place within 50 min. In these experiments  the concentrat ion of  1,3-DPG was 
measured at about 1 h and 3 h after the addition of  picrate. 
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FIGURE 2. A, Amounts of glucose and lactate in the system per liter of packed 
cells versus time in a parallel incubation of human red cells in salt solution at 37 +- 
0.2°C, pH 7.40 -+ 0.02. The cell volume fraction was 0.4 in both incubations. To 
one of the incubations was added 0.45 mM picrate per liter total water, whereas 
the other incubation served as control. (O) Lactate, control. (C)) Lactate, picrate. 
(m) Glucose, control. (I-1) Glucose, picrate. B, Same experiment as in A. Amount 
of total inorganic phosphate expressed in millimoles in the system per liter of 
packed cells (circles) and extracellular potassium in milliequivalents per liter 
extracellular phase (squares) versus time. Open signatures are from the picrate 
experiment. Filled in signatures are from the control experiment. 

Fig. 5 shows the in te rdependence  between the steady-state rate of  inorganic 
phosphate  product ion and the concentrat ion of  picrate. At low concentrat ions 
of  picrate (0.1-0.7 mmol/li ter total water) the release of  inorganic phosphate  
sometimes began with one constant rate and then,  after about 2 h, adjusted to a 
new constant rate dur ing  the remaining part  of  the experiment .  In such cases 
the average of  the two rates was used. 

In an exper iment  conducted  at pH 7.75, the addition of  6.05 mM picrate 
induced an increase in the rate of  glycolysis by a factor of  1.77, resulting in a 
lactate product ion of  8.5 - 0.1 mmol/liter cells × h. This acceleration is within 
the range found at pH 7.40. At pH 7.75 the stationary concentrat ion of  ATP 
was about  60% of  the normal  concentrat ion at pH 7.4. The  addition of  picrate 
resulted, however,  in an increase in ATP  concentrat ion to a new stationary 
level about 30% higher  than that of  the control at pH 7.75. 
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Potassium net efflux was measured at various concentrat ions o f  picrate (Fig. 
6). It should be noted that the effluxes o f  K given in Fig. 6 are the differences 
between the net effluxes in picrate and control  media. The  rise in the 
extracellular K concentrat ion also seen in control  experiments  is mainly due to 
a small but significant outflow of  KC1 f rom the calomel electrode. Since the 
outflow of  KC1 f rom the different  calomel electrodes used in these experiments  
was essentially the same, correction for this p h e n o m e n o n  was incorporated  into 
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FIGURE 3. Lactate production as a function of picrate concentration. Ordinate, 
Ratio between lactate productions in the picrate and control incubations. Abscissa, 
Concentration of picrate. The bar indicates the range for eight experiments at 
picrate concentrations from 1.5 to 6.85 mM. (0) Picrate added. (11) Picrate and 
ouabain added, the latter also added to the control. 
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FIGURE 4. Cellular steady-state concentrations of ATP and 1,3-DPG as functions 
of the concentration of picrate. Abscissa, Concentration of picrate. Ordinate, 
Concentrations of ATP (A) and 1,3-DPG (Q) normalized with respect to control 
values. 

the method for de te rmining  the net efflux just  described. The  efflux o f  
cellular potassium was always constant du r ing  experimental  periods lasting up 
to 4 h (the coefficient o f  correlation was >0.98 and the variance o f  the 
individual data points with regard  to the regression line was on average 2.5%). 
In some experiments  cellular concentrat ion o f  sodium was de termined  two or  
three times and found  to be significantly increased with time in cells incubated 
in picrate medium.  The  magni tude  o f  the net influx o f  sodium into the cells 
could not be de termined  as accurately as that o f  the cellular potassium net 
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efflux. However,  there was no change in the cell volume fraction dur ing  the 
experiments ,  indicating that the potassium efflux was osmotically counterbal-  
anced by the sodium influx. 

Evidently, a net efflux of  potassium took place even at the lowest concentra-  
tions of  picrate, that is within the low range of  concentrat ions where no change 

10 

05 
~ ~ o°~ - - - ' ' "  

. /  
20 z.O 60 

P ic ra te  {mM } 

FIGURE 5. Production of inorganic phosphate as a function of picrate concentra- 
tion. Abscissa, Concentration of picrate in millimoles/liter total water. Ordinate, 
Production of inorganic phosphate. (O) Experiments at an intracellular Ca ++ 
concentration of about 1.8 mM. (A) Experiment in Ca++-free salt solution. 
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FIGURE 6. The net efflux of cellular potassium as a function of picrate concentra- 
tion. Abscissa, Concentration of picrate. Ordinate, Net efflux of cellular potassium. 
The experimental points have been corrected for the efflux in the corresponding 
control. (11) Experiments in normal salt solution. (&) Experiment in Ca++-free salt 
solution. 

in stationary ATP  level was as yet detectable. Moreover,  the main effects o f  
picrate as represented in Fig. 1 could be r ep roduced  without significant changes 
by using erythrocytes suspended in an equilibrium Ringer (100 mM K, 54 mM 
Na) or cells treated with ouabain (5 × 10 -4 M). In o rder  to see whether  the K 
net efflux was induced by an enhanced  Ca influx caused by picrate (5, 18), an 
exper iment  (4.4 mM picrate) was conducted  in Ca-free, 2 mM E G T A  Ringer.  
The  increase in glycolytic rate and the K net efflux were found  to be within the 
usual range.  
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T o  de t e rmine  whe ther ,  in spite o f  the anaerobic  condit ions d u r i n g  incubat ion,  
picrate had been reduced  and  me themog lob in  fo rmed ,  the recovery  o f  picrate 
was measured .  Af ter  2 h o f  incubation at a concentra t ion  o f  5.6 mM the 
recovery o f  picrate was measu red .  Af ter  2 h o f  incubation at a concentra t ion  of  
5.6 mM the recovery  o f  picrate was 98 - 2%, if one assumed all picrate to be 
dis t r ibuted in the water  phase  only. It  is likely that  some picric acid was 
dissolved in the lipid phase  o f  the m e m b r a n e  and  that  some was bound  to 
hemoglobin .  When  one assumed  an even distr ibution of  picrate between the 
water  phase  and  the phases  r ep resen ted  by the dry weight,  the recovery  was 
I00 _ 2%. 

In two expe r imen t s  the concentra t ion  o f  me themoglob in  was measu red  both 
before  and  about  1 h af ter  addit ion of  e i ther  1.8 or  5.5 mM picrate.  T h e  
percent  o f  me themog lob in  in the control  was 1.9 + 0.2, and the average  at the 
two picrate concentra t ions  was 2.0 -+ 0.2%. Thus ,  the addi t ion o f  picrate 
induced no change  in the steady-state concent ra t ion  o f  me themoglob in .  

In a few expe r imen t s  pyruva te  p roduc t ion  was measured .  Since the absorb-  
ance o f  picture d is turbed the enzymatic  de te rmina t ion  o f  pyruva te  and  the 
color imetr ic  de te rmina t ion  likewise had a high e r ro r ,  highly accurate  de te rmi-  
nation o f  the kinetics o f  pyruva te  p roduc t ion  was not possible. Nevertheless ,  it 
was found  that the total pyruva te  p roduc t ion  had a general  magn i tude  o f  half  
the a m o u n t  o f  inorganic  phospha te  re leased,  that is equ imola r  with the 2,3- 
DPG metabolized.  

In four  expe r imen t s  with picrate added  in concentra t ions  f rom 0.7 to 2.5 
mM, the steady-state concentra t ions  o f  3-PG in the cells were found  to be equal  
to the values in the control .  

T h e  inhibition o f  the anion exchange  mechanism manifes ted  itself clearly 
with respect  to the equil ibration o f  released inorganic phospha te  across the 
m e m b r a n e .  In expe r imen t s  with large product ions  of  inorganic  phospha te  
ratios of  intra-  to extracel lular  concentra t ions  o f  phospha te  as high as 3.6 were 
observed.  

In spite o f  the inhibition o f  the anion exchange  mechan ism the gasometr ic  
p H  stat in all picrate expe r imen t s  compensa t ed  sufficiently for  the produc t ion  
o f  lactic acid. Direct m e a s u r e m e n t s  o f  p H  on a sample  o f  f reeze- thawed,  
packed erythrocytes  f rom an incubat ion with picrate gave the value 7.2, which 
co r re sponds  to a m e m b r a n e  potential  o f  about  - 1 5  mV.  This  value is close to 
the - 13 mV found  by F unde r  and  Wieth (6) with respect  to pro tons  and  agrees  
well with the idea that picrate (picric acid) constitutes an efficient p ro ton  
car r ie r  mechanism (31). 

Addit ion o f  picrate which had  been adjusted to p H  7.4 caused a high rate o f  
down-scale titration (CO2) for  about  30 s which was followed by a per iod o f  
upscale titration (N2) for  up  to 15 min.  However ,  at 37°C and a p H  value 
main ta ined  by the p H  stat at 7.40, the equil ibration o f  picrate across the h u m a n  
ery throcyte  m e m b r a n e  took place within 2-3 min.  T h e  equil ibration was so fast 
that  no kinetic analysis was a t t empted .  T h e  per iod o f  upscale t i tration af ter  the 
addit ion of  picrate was thus much  longer  than that o f  the equil ibration of  
picrate across the m e m b r a n e .  
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D I S C U S S I O N  

T h e  changes in metabolic pat terns induced by picrate are not easily explained 
on the basis o f  the present  data. However  some possible mechanisms can 
apparent ly  be rejected. 

Since it is highly probable that chloride-bicarbonate exchange across the 
human  red cell membrane  is strongly inhibited (7), one might expect  a 
disturbance o f  the t r ansmembrane  pH equilibration. For example ,  a decrease 
in intracellular pH would presumably lead to dephosphoryla t ion  o f  2,3-DPG 
(32) but  at the same time to a decrease ra ther  than an increase in glycolytic rate.  
Despite the inhibitory effect  of  picrate on the anion exchange,  hydroxyl  ion 
(and pH) equil ibrium across the membrane  was maintained in the present  
exper iments  even dur ing  maximum pro ton  product ion  f rom glycolysis. This is 
possibly due  in part  to the ability of  picrate itself to opera te  as a pro ton  carrier .  
A transient  change in the intracellular pH seems to occur  as the picric acid 
permeates  the membrane .  But in contrast  to Amphiuma red cells, where the 
equilibration o f  picrate across the membrane  was not completed  until 90 min at 
17°C (31), the equilibration per iod in suspensions o f  human red cells at 37°C 
took about  2 min. This  fu r the r  indicates that in contrast  to the membrane  of  
the Amphiuma red cell the h u m an  red cell membrane  is not substantially 
hyperpolar ized  for a longer  per iod.  A hyperpolar izat ion of  substantial magni- 
tude and durat ion might result in an ex tended  decrease in intracellular pH by 
passive adjustment  of  the hydroxyl  ion distribution across the membrane  to the 
existing membrane  potential.  Direct measurements  of  intracellular pH showed 
a value cor responding  to a membrane  potential  of  about  - 15 mV. 

T h e  quantitative recovery of  picrate af ter  2 h of  incubation showed that 
picrate had not been reduced  in significant amounts .  This,  together  with the 
f inding of  a constant,  almost normal  percentage  o f  methemoglobin  dur ing  2 h 
of  anaerobic incubation was taken as an indication that no acceleration of  the 
pentose phosphate  shunt  had taken place. T h e  f inding that the product ion  o f  
pyruvate  was equal in magni tude  to that which could be calculated f rom the 
degradat ion of  2,3-DPG indicates ra ther  an inhibition of  the pentose phosphate  
shunt.  In o ther  work we have shown that human  red cells anaerobically 
incubated at pH 7.0 normally show a degradat ion  o f  2,3-DPG of  0.8 mmol/l i ter  
cells × h, with a comparable  ex t raproduct ion  of  lactate. No accumulation of  
pyruvate  was found  unde r  these conditions,  where the shunt  appears  to furnish 
the necessary electrons for  reduct ion of  the pyruvate  originating f rom 2,3-DPG 
(32) .1 

T h e  rate of  glycolysis in human  red  ceils is mainly regulated at two enzymatic 
reactions far f rom equil ibrium, namely phosphofructokinase  (PFK) and pyruvic 
acid kinase (PK) (11, 19). PFK is strongly inhibited by ATP (12, 27) and the 
physiological activity o f  the enzyme is almost entirely de te rmined  by the positive 
effectors,  GDP, FDP, G-6-P, AMP, ADP, and Pi, all o f  which release the A TP  
inhibition (cf. r e fe rence  9). PK is also in'hibited by A TP  and FDP acts as a 
positive effector  (9, 25). 

i Momsen, G., and B. Vestergaard-Bogind. Manuscript in preparation. 
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It is impor tan t  that the glycolytic quot ient  did not change detectably when 
the glycolytic rate was increased by addit ion o f  picrate. Indeed ,  activation o f  
the PFK in red cells may well lead to an increase in the total glycolytic rate with 
no change in the glycolytic quotient .  This is possible because the PK reaction 
normally operates  at a PEP concentra t ion far below the saturation value for  
PK. T h e r e f o r e ,  the concentra t ion o f  PEP dur ing  moderate ly  increased flow at 
the PFK step increases up  to a balance point at which the rate o f  the PK 
reaction is equal to the rate o f  the PFK reaction (cf. 14). Since the changes in 
glycolytic rates on addit ion o f  picrate were almost instantaneous,  the only 
possible positive effectors  at the PFK step, apar t  f rom picrate itself, are ADP, 
AMP, and Pl. However ,  the rise in intracellular inorganic phosphate  was too 
slow and the re fore  must be secondary.  Also, if inorganic phosphate  r e l ea sed  
f rom 2,3-DPG acted as a ra te -de te rmining  positive effector ,  one  would expect  
the glycolytic rate to increase steadily with time. Rose et al. (20) have shown 
that inorganic phosphate  can act as an activator o f  hexokinase by modulat ing 
the effectiveness o f  G-6-P as an inhibitor o f  this enzyme.  However ,  the above- 
ment ioned  arguments  against Pi as the pr imary  activator o f  PFK in the presence 
o f  picrate should hold t rue  also in the case o f  the hexokinase reaction.  

An increased level o f  ADP and AMP as the cause o f  the acceleration by 
glycolysis would be in ag reement  with the facts that both compounds  exert  
s t rong activation on PFK and that the stationary level o f  A T P  was found  to 
decrease at picrate concentrat ions o f  2 mM and upwards.  F u r th e rm o re ,  the 
increased permeabilit ies to Na and K would probably cause an increase in 
consumpt ion  o f  A T P  by the Na-K p u m p  and in steady-state ADP-AMP 
concentrat ions.  

T h e  following observations weaken the presumpt ion  of  ADP-AMP as p r imary  
positive effectors.  T h e  max imum increase in glycolytic rate was obta ined at a 
picrate concentra t ion o f  about  0.5 mM, whereas a detectable decline in sta- 
t ionary A T P  level was found  only at picrate concentrat ions greater  than 1 mM. 
In the exper imen t  conducted  at pH 7.75 the increase in the glycolytic rate in- 
duced by picrate (6.05 mM) was 1.77 times the control ,  i.e. within the normal  
range.  In this exper imen t  the stationary concentra t ion o f  A TP  in the control ,  
in agreement  with earlier observations (32), was about  60% of  the control  value 
at pH 7.4. But in this case the addit ion of  picrate induced  an increase in the 
stationary A T P  concentra t ion and,  presumably,  a decrease in the ADP concen- 
tration (see Results). 

For two reasons, the substantial decrease observed in steady-state concentra-  
tions o f  1,3-DPG invalidates the possibility discussed above o f  obtaining an 
increased rate o f  glycolysis while maintaining the glycolytic quot ient  only by 
way o f  decreased PFK inhibition. First, since 1,3-DPG, 3-PG, 2-PG, and PEP 
are intermediates  in that glycolytic sequence where all the reactions are 
proceeding  close to the equil ibrium (11, 13), the sharp decline in the stationary 
concentra t ion o f  1,3-DPG indicates that the concentra t ion o f  PEP was probably 
not increased. T h e  f inding that the concentrat ions of  3-PG in prel iminary 
exper iments  were identical in picrate and control  incubations substantiates this 
assumption.  Thus  no acceleration o f  PK by way o f  increased substrate concen- 
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tration should be possible. Second,  according to the crossover principle (4), the 
PFK step is not the pr imary  reaction accelerated (by ADP, AMP, or picrate), 
since in that case elevated concentrat ions of  the intermediates  (e.g., 1,3-DPG) 
in the subsequent  sequences of  glycolysis would be expected.  

An increased consumpt ion  o f  A TP  by a normally opera t ing  Na-K p u m p  
cannot  be the source of  extra ADP immediately after  addit ion of  picrate,  since 
no appreciable change in intracellular Na takes place within the first 30 min or 
so, and the rate change in glycolysis occurs instantaneously.  In addit ion,  one 
would expect  a gradually increasing effect f rom the p u m p  concurrent ly  with 
the increasing demand  placed on it, but  a stationary glycolytic rate was always 
observed.  Finally, the lack o f  effect o f  extracellular substitution of  K for Na or  
t rea tment  of  the cells with ouabain (5 × 10 -4 M) (Fig. 3) substantiates the view 
that ADP f rom the p u m p  is not the t r igger  o f  the increased glycolytic rate. 

T h e  arguments  listed above indicate that it is most unlikely that the action of  
ADP or AMP as positive effector  is the pr imary  cause of  the acceleration of  
glycolysis induced by picrate. On the o ther  hand ,  the possibility that the action 
of  ADP and AMP as positive effectors plays an additional role cannot  be 
definitely ruled out.  Unfor tunate ly ,  because of  its strong absorbance at 340-360 
p.m, picrate interferes  with the de terminat ion  of  ADP by an NADH-l inked 
assay so that it was not possible to detect a 10% change in ADP level. An 
alternative ADP assay using the firefly me thod  is too insensitive. Our  conclusion 
at present ,  there fore ,  is that the rate o f  the PK as well as the PFK reaction is 
increased by the addit ion of  picrate. In vitro biochemical assay o f  the direct 
effect of  picrate on these enzymes is current ly  u n d e r  investigation in ou r  
laboratory.  

T h e  decreased stationary concentrat ion of  1,3-DPG and its dependence  on 
the concentrat ion of  picrate explain in a qualitative and also in a semiquantitative 
way the release of  inorganic phosphate  f rom 2,3-PDG which results f rom the 
addition of  picrate. T h e  net degradat ion  o f  2,3-DPG equals the di f ference 
between a zero-order  d iphosphoglycero-phosphatase  reaction in which the 
products  are inorganic phosphate  and 3-PG, and a 2,3-DPG format ion from 
1,3-DPG catalyzed by d iphosphoglyceromutase  that proceeds at a rate which, 
on the basis of  the work o f  Rose (21, 22), can be taken as roughly propor t ional  
to the concentrat ion ratio (1,3-DPG:2,3-DPG). T h e  d iphosphoglycero-phospha-  
tase activity has been found  to increase strongly with the concentra t ion of  
inorganic phosphate  (23). 

In the present  exper iments  the concentra t ion of  2,3-DPG decreased by 0.45 
mmol/l i ter  cells × h or  less. Tha t  is a decrease of  10% × h or less. On the o ther  
hand,  the intracellular concentra t ion o f  inorganic phosphate ,  because of  the 
inhibition of  the anion exchange mechanism,  increased as much as 1.0 mM x 
h. These  combined changes in cellular concentrat ions of  2,3-DPG and inorganic 
phosphate  may well explain why we most often found  a product ion  of  inorganic 
phosphate  constant with time in picrate media with concentrat ions of  1 mM 
and upwards.  

T h e  marked  variation in product ion  of  phosphate  found  at picrate concentra-  
tions f rom 0.1 up to about  1 mM (see Fig. 5) may be explained by highly 
variable steady-state concentrat ions of  1,3-DPG (see Fig. 4). 
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G u n n  and Tos teson  (8) found  that  T N C  added  to sheep  red cells in 
concentra t ions  of  up  to 2 mM induced little or  no increase in Na or K 
permeabi l i ty .  Pre l iminary  results f rom 42K expe r imen t s  in ou r  labora tory  with 
h u m a n  red cells indicate that  picrate at a concentra t ion  o f  1-2 mM increases 
the K permeabi l i ty  by a factor  o f  about  2. Within the same range  o f  picrate 
concentra t ions  we found  a net eff lux o f  cellular potassium o f  1-2 mmol/ l i ter  
cells x h. I f  we assume that  the normal  passive eff lux o f  cellular potass ium,  
correc ted  for  po tass ium-potass ium exchange ,  is a round  1.5 mmol/ l i ter  cells per  
h, then  a doubl ing  o f  the permeabi l i ty  should lead to an ext ra  (positive) eff lux 
of  1-2 mmol/ l i ter  cells x h. This  is, however ,  the magn i tude  o f  the net eff lux 
d e t e r m i n e d  (Fig. 6). T h u s  the p u m p  apparen t ly  does not r e spond  to the 
increased eff lux o f  cellular potass ium induced by picrate. 

As men t ioned  previously,  the net eff luxes o f  cellular potass ium shown in Fig. 
6, with a few except ions,  r ep re sen t  a l inear increase in extracel lular  potass ium 
d u r i ng  the expe r imen ta l  per iod o f  3-4 h. F u r t h e r m o r e ,  no change  in cell 
vo lume took place, consistent  with the f inding that  in this per iod cellular 
sodium concentra t ion  increased in magni tude .  T h u s  the p u m p  was not only. 
con f ron ted  with a decreas ing  concent ra t ion  of  cellular potass ium but  also with 
an increase in the concent ra t ion  o f  cellular sodium,  which is the dominan t  
r egu la to r  o f  the p u m p .  All the same,  according  to the above-men t ioned  
est imate,  no increase in p u m p  activity seems to take place and  the p u m p  
the re fo re  cannot  be ru led  out  as one  o f  the p r imary  targets  o f  picrate.  Direct 
de te rmina t ions  o f  the inf luence o f  picrate on the ouabain-sensit ive Na and  K 
fluxes are  at present  in progress  in o u r  laboratory .  

Since Dunn  (5) has shown that  T N C  at a concentra t ion of  10 mM can be used 
to load red cells with Ca, it was possible that  the K permeabi l i ty  increase found  
with picrate resul ted f rom a weak Ca- ionophor ic  action of  this c o m p o u n d .  In  
an e x p e r i m e n t  with 4.4 mM picrate added  to cells suspended  in a Ca-f ree  
Ringer  (normally  the extracel lular  concentra t ion  o f  Ca was 2.0 mM) conta ining 
2 mM E G T A ,  we found  the same increase in the rate  o f  glycolysis and  the same 
net eff lux o f  cellular potass ium as in an e x p e r i m e n t  with 4.4 mM picrate and  
the no rma l  extracel lular  concentra t ion  o f  Ca (see Figs. 3, 5, and  6). We 
conclude the re fo re  that  picrate u n d e r  the present  expe r imen ta l  condit ions 
does not act as a Ca i o n o p h o r e  to p roduce  these changes .  T h e  a p p a r e n t  
d i f ference  between T N C  and picrate with respect  to ionophor ic  ability towards  
Ca and  Mg ions needs  fu r t he r  investigations. 

In  the controls  we found  an average  lactate p roduc t ion  o f  3.4 mmol/ l i ter  cells 
x h. I f  one assumed a Rapopor t -cycle  pe rcen tage  o f  10 (see footnote  2), the net 
p roduc t ion  o f  A T P  per  mole  lactate p roduced  will be 0.9 mmol ,  co r r e spond ing  
to an A T P  produc t ion  in the controls  o f  3.1 mmol/ l i ter  cells x h. In  the 
presence  of  0.5-7 mM picrate,  the lactate p roduc t ion  was 1.75 x 3.4 -- 5.95 
mmol/ l i ter  cells x h (see Fig. 3). In addi t ion,  phospha te  was released at a rate  
o f  0.3-0.9 mmol/ l i ter  cells x h (Fig. 5) which should result  in an A T P  
produc t ion  o f  0.15-0.45 mmol / l i te r  cells × h. In the presence  o f  picrate the 
Rapopor t -cycle  pe rcen tage  can be taken as a lmost  zero and accordingly we can 
calculate the A T P  produc t ion  to be 5.95 plus 0.15-0.45 mmol ,  that  is 6.1-6.4 
mmol / l i te r  cells x h. This  leaves us with an ext ra  p roduc t ion  of  A T P  o f  3.0-3.3 
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mmol  per  liter cells × h in the presence  of  picrate,  that is a doubl ing  of  A T P  
product ion .  

I f  we assume that the Na-K-ATPase  consumes  1 mmol  o f  A T P  per  3 mmol  
Na and 2 mmol  K t r anspor t ed  (33), and  that  the p l u m p  fluxes across the 
m e m b r a n e  o f  the red cell corrected for  exchange  fluxes normal ly  a m o u n t  to 
2.5 mmol  Na and 1.7 m m o l  K or possibly less (10), then the p u m p  in the 
controls consumed  about  0.8 mmol  ATP/l i ter  cells × h. 

An increased permeabi l i ty  of  the m e m b r a n e  to K ions by a factor  o f  - 2 ,  as 
indicated by the 42K exper imen t s ,  should cause the p u m p  to consume  ext ra  
A T P  up  to a m a x i m u m  of  1 mmol/ l i ter  cells × h, if  steady state is to be 
mainta ined.  However ,  Fig. 6 shows that  the net eff luxes o f  K ions were 
general ly so large that  the extra  p u m p  flux induced  should be less than 1 
mmol/ l i ter  cells × h, or  equivalent  to an ext ra  consumpt ion  o f  A T P  smaller  
than 0.5 mmol/ l i ter  cells × h. 

This  leaves us with two choices, the first o f  which is to postulate  a system with 
a consonant  high A T P  produc t ion  and  consumpt ion .  T h e  increased consump-  
tion is probably  not the result  o f  an increased t r anspor t  activity of  the Na-K- 
ATPase  or the Ca-ATPase .  In view o f  the s t rong  influence picrate may exer t  
on various conf igurat ions  in the m e m b r a n e ,  an increased consumpt ion  o f  A T P  
by o ther  m e m b r a n e - b o u n d  ATPases  or  prote in  kinases involved in mainta in ing 
shape,  fragility, etc. o f  the cells could very well take place (cf. r e fe rence  15). Or  
pe rhaps  the N a - K - p u m p  is part ly uncoup led  so that an increased consumpt ion  
o f  A T P  takes place without  a s imultaneously increased t ranspor t .  

T h e  al ternative explanat ion  is that  A T P  produc t ion  is much  lower than 
calculated because of  an uncoupl ing  of  one  or both  o f  the ATP-gene ra t i ng  
reactions,  that  is the PGK and the PK steps. T h a t  picrate exerts  an effect  on 
PGK is indicated by the observed d isp lacement  of  the concentra t ion  ratio [1,3- 
DPG][ADP]:[ATP][3-PG] away f rom the normal ly  existing equi l ibr ium ratio. 

It  is at present  impossible to exclude with certainty one o f  these al ternatives,  
but  work is in progress  in our  labora tory  to make  such an exclusion possible. It  
is o f  interest  in this connect ion that  ou r  pre l iminary  expe r imen t s  showed that  
phlore t in  (also a subst i tuted phenol  but ,  in compar i son  with picric acid, a very 
weak acid) also accelerated glycolysis in h u m a n  red cells. Phloret in p ro found ly  
inhibits exchange  as well as net fluxes o f  chloride across Amphiuma red cell 
m e m b r a n e s  but induces only a slight increase in cation permeabi l i ty  and  
apparen t ly  little or  no change  in the active t r anspor t  o f  Na and  K (30). 

In the p reced ing  Discussion we have indirectly assumed that  no c o m p a r t m e n -  
tation exists for,  as an example ,  the A T P  of  the p u m p .  Such compar tmen ta t i ons  
are possible and  have been suggested previously (16, 24), but  the results 
obta ined in the type o f  expe r imen t s  discussed here  allow no decision with 
r ega rd  to c o m p a r t m e n t a t i o n  o f  some glycolytic in termedia tes .  

Picrate and o ther  subst i tuted phenols  such as phloret in  are membrane-ac t ive  
agents.  T h e i r  effects on anion,  cation, and  glucose t r anspor t  are well known.  
O u r  demons t ra t ion  that  these c o m p o u n d s  inf luence glycolysis suppor t s  the 
concept  that  the various enzymes  in the glycolytic pathway are  organized  and  
o r d e r e d  by the cell m e m b r a n e ,  r a the r  than  being a chaotic g r o u p  o f  proteins  in 
the cytosol. 
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A c ruc ia l  f i n d i n g  m a y  be  tha t  t he  so-ca l led  b a n d  3 p o l y p e p t i d e ,  which  s p a n s  
t he  m e m b r a n e  a n d  wh ich  is g e n e r a l l y  c o n s i d e r e d  to r e p r e s e n t  t he  a n i o n  c a r r i e r  
(3), m a y  be  c losely  a s soc i a t e d  with  s o m e  o f  t he  g lycoly t ic  e n z y m e s .  T h u s  
e v i d e n c e  has  b e e n  p r e s e n t e d  t ha t  t he  e n z y m e s  g l y c e r a l d e h y d e - 3 - P  d e h y d r o g e n -  
ase (34) a n d  a l d o l a s e  (26) b o t h  a r e  b o u n d  to an  i n t r a c e l l u l a r  p a r t  o f  th is  
p e p t i d e .  I f  i n h i b i t o r s  o f  a n i o n  e x c h a n g e ,  such  as p i c r a t e  a n d  p h l o r e t i n ,  cause  
c o n f o r m a t i o n a l  c h a n g e s  in t he  c a r r i e r - p o l y p e p t i d e ,  t h e n  such  c h a n g e s  m a y  
a f fec t  t he  b i n d i n g  o f  s o m e  glycoly t ic  e n z y m e s  on  the  c y t o p l a s m i c  s ide .  
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