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S I" ?,| M A R Y  

I. The uptake of 32PO43- by human erythrocytes in whole blood or suspended 
in isotonic salt medi~ o , n t a i n i n g  difierept concentrations of inorganic phosphate* has 
been studied. At higher concentrations of inorganic pL:-sphate in the suspension 
media a marked deviation from the first-order kinetics characterizing the uptake 
pr-.:~ess in normal whole-blood experiments was found. 

2. The constants of the mPOa3- penetration, calculated from the initial slopes 
of the uptake curves, were identica! in suspensions of human erythrocytes equilibrated 
with 31PO43- in salt media covering a Io-fold concentration range of inorganic 
phosphate ions. 

3. The influence of equilibration between the intra- and extracellular phases 
with respect to 3sPO43- upon the mPO43- uptake process was examined. The initial 
pha~ wa~ found to be independent of the concentration gradient of 31PO4a- across 
the membrane. 

4. In some experiments employing high concentrations of inorganic phosphate, 
specific activities were determined when equilibrium between extra- and intracellular 
a2PO43- had been established, as indicated by the slope of the uptake curve. Within 
the limit~ of experimental error, identical specific activities of the extra- and intra- 
cellular, as well as the total, inorganic phosphate ~'ere found. 

5. The experimental results are di~ussed in relation to two models of transport 
mechanism depicting active and passive penetration of the membrane, respectively. 
An equation of the type 

rest m t 
C p ,  = R t e + R o  e 

was found to give a satisfactory relation between extracellular concentration of 
a~P (Lpc*~) ~',a.d time (t) at equilibrium-concentrations ran~ng from o.3-5o mM 
phosphate iuns per liter cel~ water. It  was ~cncluded that inorganic phosphate ions 
penetrate the human red cell memLrane either by simple diffusion or by an equi- 
librating carrier mechanism being far fram saturation. 

"The symbols atl~),s- and uPO,~" signify [.tp_ a~.~ ~IPphosphate ions in general, no special 
valency be/rig ucr/bed to the ions. 

Buz,~m. Biopky,. Aaa. 66 tsgbj) 93-,09 



94 B. VESTERGAARD-BOGIN D 

i NTRODU£ TION 

In a previous publication it was sho~vn that after anaerobic i,~cubation of human 
erythrocytes in isotonic .salt media for 2-4 h, primau" phosphate ions were d~;stributed 
among the intra- and extracellular phases in the ~ m e  concen:ration ratio as chloride 
ions, i.e., in accordance with the r_'onnan effect'. The~  equilibrium studies were 
carried out at three different, comparatively high phosphate concentrations, and 
the lmdmgs were at variance with the results of earlier determinations of [PO, ' - ]  
distribution ratios between plasma and cells of freshly drawn and of incubated whole 
blood (cJ. rels. 2 and 3). I t  was pointed out that  the apparent discr-p~-, - "_or' "- 
due to the pre~nce  of the large pc, ol of organic phosphate in human ery thr~ytes .  
Even a slight shift in the equilibrium between the org.anic phosphate of this pool and 
the PODS- of the intracellular aqueous phase might temporarily disturb, or prevent 
the ~tal3lishment of the equilibrium between the PO, ~- ot the mtra- and extra- 
cellular phases. However, the experimental data only permitted the conclusion that,  
in the extracellular concentration range from Io to 35 mM phosphate, transport 
across the erythrocyte membrane was mainly in the direction of decreasing electro- 
chemical potential, as it would by diffusion. 

Concerning the kinetics of uptake of '2POTS- it is known, in whole blood under 
optimal experimental conditions, to be ar, exchange process with no net increase in 
the intracellular inorganic phosphate concentration; this exchange process is a first- 
order reaction characterized by a li~,_ear fall of the logarithm of the extracellular 
['tPOt'-] for up to 4 h (el. refs. 4-7). Furthermore, PRANKEKD AND ALTMAN find 
that  t0. 5 is constant from donor to donor if a correction is made for variations in 
hematocrit 5. Although much research has been done on the dependence of a2POlS- 
uptake on the concentration of glucose, addition of ribosides, inhibition of glycolysis 
by poisoning, etc., only one study of the influence of the concentration of unlabelled 
phosphate on this uptake has bee.  made, apart  from an investigation quoted by 
GOURLEY 4 in which JONAS found that  a IOOO-fold increase of the plasma phosphate 
concentration did not affect the uptake of a2POda- by human erythrocytes. The ~.tudv 
alluded to is the work published in I941 by HAHN AXD HE:'ES~ 4, who found that 
the uptake of ssPOat- by rabbit er~throcytes was not affected by  a 9-fold r;se in 
the extracellular concentration of inorganic phosphate. 

As regards the net transport of r..~.r.._.~*'t" . . . .  I~.,, .~..~; ..... through the ervthrocvte. . mem- 
brane, I~,m~SEN found that  eD'throcytes from defibrinized rabbit blood were able to 
take up rather large quantifies of inorganic phosphate, although he was not able to 
ascertain whether the phosphate taken up was present as inorganic or organic phos- 
phate' .  Also, he found the ratio of intra- to extracellular phosphate concentrations 
to be related to time in much the same way as was found in this laboratory'.  DC.~KE, 
AI~D PASSOW have followed the time course of exchange of intracellular CI- for ext~ a- 
cellular P04 a- in bovine, equine, and porcine er3ethrocyte#. They observed PO~ s- 
present in high co,tcentrations to interchange with CI- in accordance with the same 
kinetics as iotts like SOl t -  which are assumed to pass the membrane by diffusion ts. 
However, comparison of hovi.e,  eq , , i ,~  rabbit, and human er)Xhroc3~es ~Sth respect 
to  ion ~ ,  metabolism, etc., shows that  great caution must be exercised in 
4,awing inferenc~ concerning the m~han i sm of phosphate uptake in human er)~hro- 
-~ytes from e;qmfi.mmatal data obtained with another species. 
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In this paper we retx)rt studies of the kinetics of a*PO,a- uptake by human 
ewthrocyrtes in the 3~POta- concentration range from about o.3 to 5o mmoles per 
liter cell water, corresponding to an initial extracelhilar concentration of about 
o.5-7o mmoles P per liter. 

METHODS 

The blood used wa~: drawn from young, healthy persons of both sexes and from patients 
in the Finsen Institute. Only pa*Jo.,,¢~ . . . . . . . . . .  not sufferi1_~g from diseases â̂ ,̂=__..:,,~ the red 
blood cells were used. Since ERMA.'~S has demonstrated an effect of thyroid hormone 
,m the 3*-PG~- uptake by human erythrocytes in viv,~ u, patients with ths~oid diseases 
were excluded. Heparin was used as anticoagulant. 

Immediate!v . . . . .  ~r~o~ withdrawal~ the blood was either mcuoatett" . . . .  a~ such or the 
cells were collected by centrifugation for IO min at 3000 y g; the plasma and the 
burly coat were sucked off, and the cells were washed twice with one volume of phy- 
sio!o~cal saline. After the washing, one volume of cells (with about !5 % trapped 
volume of physiological saline) was incubated with one volume of "salt medium (see 
below) in a three-neck 5o-mI flask at 37.o ~- o.I °. During the incubation, the flask 
was rocked through an angle of IOO ° at a frequency of 2o-4o cycles/min. In st,ue 
experiments, gas mixtures saturated with water vapor at 37 °, were passed in through 
one neck of the flask. Through another neck was inserted a combined glass-calomel 
electrode fitted with a standard taper joint, the third neck serving the double purpose 
of permitting samples to be wA_'thdrawn, and the gas mixtures to escape, precautions 
being taken to prevent condensation of water in the incubation flask. 

After incubation for about 3o min, the relative cell volume was determined, and 
the calculated amount of salt medium was added to adjust the cell volume fraction 
to o.39-o.41. If  the cell volume fraction thus adjusted changed by more than 5 % 
of its value in the a 'P-uptake period, the experiment was rejected. After 2-3 h incu- 
bation 25-1oo #l azPOia- solution (carrier concentration about o.x raM) were added 
to the cell suspension, the volume of which was in the range 2o-35 ml, and the rate 
of fall of the extracellular radioactivity was determined. In order to ensure rapid 
rtdxing, s*PO,a- was added after temporarily sucking about half of the incubation 
mixture into a pipette; the mixture was blown back from the pipette into the flask 
with a considerable pressure. 

In experiments in which a*PO4t- uptake was followed in suspensions of red cells 
far from alPO4a- equilibrium, the radioactive material x~ as mostly added immediately 
after adjusting the cell volume fraction. In some experiments, however, one volume 
of cclls was mixed directly with one volume of isotope containing salt medium. In this 
pn,cedme deviatioq~ [rom tile desired ceil vt, ,~,c'  -- Lw..ction of o.39-o.4I were un- 
avoidable" *h~ e-d! volume fraction in the second, parallel experiment had therefore 
to be adjusted t,0 the same value. In whole-blood experiments, the cell volume fraction 
was not usually adjusted. 

The various salt solutions containing difforent phosphate concentrations, in which 
the cells were incubated, were prepared as p r e - i o u ~  reported s. In order to prevent 
hemolysis, x g of bovine serum albumin was a d ~  per liter of salt solution, as re- 
commended by P o s t  A]CD JOLLY ~. In experiments lasting up to 6 h, hemolysis was 
e~count~ed  only in very few cases. The selution also contained a g of  glucose per liter. 
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The cell volume fraction was determined ms previousl.v rel~rted 1. The standard 
de,~-iation on the average of four determinations was o.0 °o (75 quadruplicates). 

The pH was measured cont,.'nuously during the entire -~=P-uptak,~; [~,riod by means 
of a combined glass-calomel electrode (Radiometer GK 2025) c,,anected to a pH- 
meter  22 or a t i trator (TTTI). The rates of ssPO4S- uptake by ¢~,?lts from the same 
erythroc,-te samp2e incubated in salt ro'~dia of different phosphate concehtrations 
were measured in experiments with automatic pH regulation. This control was carried 
out b~ passage of mixtures of gases O~-  CO s (95:5), N2, o~ N. , -  COe (95:5) over 
the sur  ice of the suspension, the composition ~[ t , c ,c  mix 'ures beit~,, t,, 
automatically 13. This gasometric pH-stat  was developed in the course of the work 
described in this paper; regulation of pH was carried out in parallel experiments only,~ 
In all other experiments the pH was only recorded. ~-" 

The problems of temperature equilibration, protein poi~niag, and KCI outflow 
have been dealt with in the description of the pH-stat .  If a check of the electrodes 
in standard buffer of pH 6.5o after the experiment sh, m'ed deviations of more than 
o.o5, this was considered to be an effect of protein tx)i~ning of the electrode combi- 
nation and the~experiment was rejected. The exudation of KC1 from the calomel electrode 
amounted to about 15 t-moles/h. This resulted in a ! - 3  o0 increase of the chloride 
concentration in a normal experiment of 1.5-3 h duration, depending on the concen- 
tration of chloride in the er3"throcvte suspension. As discussed later this change in 
the CI- concentration should not disturb the kinetics of asp uptake to an appreciable 
extent. The standard deviation of the pH measurements was estimated to be about 
o.oo 5 pH unit. 

- 1 1 . . 1  Exh~tt.~uuJar radioactivity was determined as follows: At ime~'als,  about I ml 
suspension or whole blood was withdra~aa and centrifuged for 45 sec at izooo < g. 
Of the supernatant, two samples of IOO t~l were transferred with Carlsberg pipettes 
to aluminium planchettes, I cm in diameter, grea~d along their edges with a little 
silicone grease. The samples were dried under an infrared lamp. The greased edge 
ensured that  the residue was confined to a roughly circular spot in the centre of 
the planchette. The activity added in each experiment was adjusted t(.-~:ield from 
3oooo to 5oooo counts per sample per zo rain, using a mica-end-window Geiger 
counter. Since the percentage of extracellular dry matter  was constant within each 
experiment, no correction was made for self-absorption. When the extracellular phase 
was salt solution, the standard deviation on the average of two determinations was 
o. 4 % as calculated from I ~o duolicate determination.% / J v , 

The concentration and specific activity of POt a- were d~terrnint~ according to 
a modification of the i~butanol-benzene extraction procedure, as described else- 
where t4. The specific activity thus determined was obtained with a standard exTor 
on the average of two determinations of about ] %. 

Chloride concentration and dry weight~ were determined a:: previously ~ept~zted'-. 

RE~;ULTS 

Figs. x-6 show t$~ical experimental results concerning the salK),s'- uptake by human 
erythro~-tes, the logarithm of the ext,'acellular sap radioactivity being plotted 
~raimt tin~. 

In whole-blood incubations, an exponential fall in extracellular activity with 

B ~ m  B:opkys . taa, t.~ ,z963} 93" ~o9 
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t ime was found, lasting 3-4 h. As can bc -eeri from Fig. x, the curve is apprec iab ly  
steeper during the first IO rain tha:~ in the exponent ia l  phase. Such an init ial  r ap id  
phase was also observed by GOURLEY AND MATSCHINER 15. 

In experl.'ment.~ in which the up take  of ~2pO 3- was determined in a s ta te  of 

; .L0  
- \ \  -~ 

! ! : 
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Fig. ~. Uptake of n=l'O= a- ions into h~twan 
erythrocytes in whole-blood incubation. The 
logarithm of extracellular radioactivity is 
plotted against time. Experimental  conditions: 
pFl 7.43-7.47, cell volume fraction o.4~ , intra- 
celh'lar concentration of inorganic phosphate  

about  0.3 mmoie per liter ceii water. 
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Fig. z. Uptake of ;-'P()4 s ions into human  
erythrocytes incubated in a salt medium con- 
taining 4.4 mmoles P per liter, a=po4S- was  
added after 19o rain incubation, alPO,a- equi- 
librium assumed to have been established at  
tha t  time. Fur ther  experimental  conditions: 
p l l  7.39--7.43, cell volume fract:.on 0.40 , intra-  
cellular concentration of inorganic phosphate  

about  z.5 mmolps per liter cell water. 
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Fig. 3. Uptake of a=P()4=- ions into human  red 
cells equihLr . ted across the membrane  with 
respt~ct to " U')t *- during 165 rain int ubation. 
pH 7.z9-7.34, cc'; volume fraction o4o.  ~ ~ncen- 
tration of inorganic phosphate  ions in the 
intraeellular phase 7 mmoles  per liter cell ware." 

To05 

I t I I I 

Minutes 

Fig. 4- Effect of a~ff~ent equilibrium concen- 
trat ions of inorganic phosphate  ions across the 
human red cell membrane on the uptake of 
labeled phosphate ions into the cells. Cells from 
the same sample of blood weTe used in both 
experiments. 0 - - 0 .  Cell suspension preincu- 
bated for z6o rain. Intracellular concentration 

of inor~mic phosphate dw~r.g the ='P-uptake pc .~d  abont 20 mmoles per liter cell water. 
pH 7-35-7-37, cell volume fraction 0.38. O - - O ,  uPt)**- added after ~5o rain incubation. 
Further experimental conditions- lntracellular concentration of inorganic phosphate z. 5 mmoles 

per liter cell water, pH 7.33-7.55, cell volume fraction 0.40. 

BJoc&im. BiopAys. Actm, 6b (1963) q3-1oq 
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equil ibr ium x~fith respect  to stPO,S-,  the paramete r  of g rea te~  interest  wa~s the  
in t racel lu lar  concentra t ion  of inorganic phosphate ,  as will be seen from the discussion 
below. Therefore, a measured or  es t imated  value of this  pa rame te r  has been given 
in the capt ion  to each of the curves of Figs. 2-6. These figures depict  the *tPO~a- 
up take  a t  each of the  s~PO~- equil ibr ium concentrat ict , -  ~tudied. (Parallel  exper i -  
ments  to  some of those discussed here are dealt  with below.) I t  is apparen t  t ha t  the  
depar tu re  from an exponent ia l  up take  rate becomes more pronounced w4th increasing 
phospha te  concentrat ion.  This depar ture  was observed sooner in exper iments  a t  
low p H  values;  under  t h e ~  condit ions the curves in the  la ter  stay,~s , "  ' ,.~ 
menta l  periods were usual ly flatter.  

T 
, ~ t ~ . t ~ .  0 . 0 5  

. 

* * I I I ~ i i 

M i n u t e s  

Fig. 5- Uptake of atPO4S- ions by human red 
cells equilibrated in the course of 2oo m'~n incu- 
bation with respect to *tPO~*- ions. Intra- 
cellular concentration of inorganic phosphate 
49 mmoles per liter cell water, pH ~.o6--7.[L 

cell volume fraction o.39. 
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Fig. 6. Dependence of uptake of ~tPO43- ions 
by human erythrocvtes on the electrochemical 
potential gradient of tIPO6=- ions. 0 - - 0 ,  In- 
organic phosphate in equilibrium across the 
cell membrane, lntracellular concentration of 
inorganic phosphate ions. 32 mmoles per liter 
cell water, determined 15o ii]ii~ alter addition 

of tsp, pH 7.25-7.28, ceil volume fraction 0.33. O - - O ,  *tt'O4 s- added together with ttPO43-. 
The intracelluiar concentration of inorganic phosphate at t = o was about o. 3 mmoles per 
liter cell water, at t = xSO min 3 ! mmoles per liter cell water, pH 7.25-7.28. Cell volume 

fraction 0.34. For further discussion see RESULTS. 
L 

At  an int tacel lular  concentra t ion a round  2. 5 mmoles P per l i ter  cell water  the 
exchange process usual ly had aa~ exponent ia l  course for about  45 min (Fig. 2). An 
ini t ia l  course similar  to tha t  observed in whole-blood exper iments  occurred most 
frequent!y,  in a few cases the fall in the logar i thm of the extracel lular  3tp ac t iv i ty  
followed a sl ightly curved line dur ing the ent ire  exper imenta l  period. At  phospha te  
concentra t ions  a round  7 mmoles per li ter cell water  or i,igher, the exponent ia l  s tage 
of the  ~xchange process d isappeared  complete ly  (Figs. 3-5)- 

D a t a  qna l i t a t ive ly  different from those shown in Figs. 1-5 were never obtained,  
b u t  q tmat i t a t ive  var ia t ions  such as different init ial  and final slopes of up take  curves 
in expe r imen t s  within similar  ranges of phosphate  concentrat ion were f requent ly  
encotmtered.  One of the Lr". l~rt.~mt ~actors ~ s  the  pH,  as indicated by  the fact tha t  
different  up take  curves were ob ta ined  at  different pH ~-alues. If  in a single exper iment  
appreciable,  p H  fhtcttmt:~ns were ~ t t e d ,  the curve became erratic.  I t  is thus  of 
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palamount importance to maintain a kno~-a pH in all experiments in which quavti- 
tative comparisons have to be made, but, as discussed above, the measures required 
for this purpose entail certain drawbacks. 

In the group of experiments with an intracellular concentration of z5 mmoles P 
per liter cell water and a cell volume fraction of o.40, the initial slope varies corre- 
sponding to t0. s values from 50 to x5o min, at pH values of 7.o and 7.5 respectively. 
I t  seems reasonable to suppose that o,fiy the primary phosphate ion is able to peneti'ate 
the membrane, or that the primar:¢ ion penetrates the membrane at a rate much 
higher than that of the secondary ion. 

I t  will be seen from the figures tha t - - in  spite of the special precautions taken 
in mixing--the first poi- t  determined in an experiment must ofte,~ be disregarded 
when the curve is drawn. No at tempt has been made to calculate the ex{~racellular 
=P activity at t intet  0. The half-life corresponding to the initial rectilinear part  of the 
curve is thus determined with considerable uncertainty in every case where the uptake 
curve exhibits an appreciable curvature within the first 30 min of the uptake process. 

Fig. 4 depicts results typical of the following experiment : About 2o ml of washed 
cells were divided into two portions and incubated until equilibrium had been es- 
tablished with salt media containing 4 and 40 mmoles P per liter, respectively. The cell 
volume fractions were adjusted to 0.4o and after 2.5 and 4 h respectively, IOO t*l 
zsP-labeled phosphate were added to the cell suspensions. The fall in extracellular 
radioactivity was followed, the pH being maintained constant throughout the period 
of uptake by means of the gasometric pH-stat.  As can be seen from the figure, the 
initial slopes of the two curves are identical, but in their further course the curves 
naturally deviate markedly. 

The results represented in Fig. 6 were obtained as follows: About 30 ml of 
washed cells were separated into two equal parts. One was immediately mixed with 
one volume of salt medium containing 78 mmoles P per liter and incubated at 37 ° 
in order to obtain alPO,a- ion equilibrium. The other volume of cells, about 15 ml, 
was brought to 37 ° in the same thermostat and then incubated with one volume of 
salt medium containing likewise 78 mmoles P per liter, and in addition siP-lab .ed 
phosphate ions. The decrease in extracellular radioactivity was followed, and the 
cell volume fraction was determined. The cell volume fraction of the former suspension 
was then adjusted to the same value, and after further incubation for about 2 h 
atPOaS- was added. In both experiments the pH was maintained at the same value 
by means of the pH-stat.  Fig. 6 shows identical initial rates for the uptake processes 
under the above-mentioned conditions, involving in one case uPOtS- ion equilibrium 
across the membrane, in the other practically identical electro-chemical potential 
gradients for the slPO43- and t tPO~-  ions. 

As control experiments, the uptake of ttPO4S- was followed in incubations of 
whole ~,1,,~_ i', which part  of the plasma was replaced by an equal volumz of isotonic 
phosphate .~i,,~tion containing glucose. The resulting uptake curves were identical 
with those obtained in experiments w:'th red cells suspended in salt media containing 
comparable concentrations of inorganic phosphate. 

In the table are, summarized the rc~alts .~f determinations of specific activity of  
P O ,  =- in the intra- and extrac~Jlular phases and u. the total water phase of s u s p e n ~  
of  erythrocytes in "a;t media oantaining 78 mmo/es P per liter. The de te rmina t io~  
were  carried ru t  ,~ilea eqnBibdul~, a c t t ~  the Itlmallbtallm with ~ to mPO4S- 
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as well as a~PO4a- ions had oeen established as indicated by" the ,Iope of the uptake 
curve. ExfiOently the specific activities of the three fractions art. identical within the 
limits of accuracy. 

Finally, it should be mentioned that the rate of sip uptake into the red cells 
in whole-blood experiments, as estimated from the slope of the linear uptake cur~,e, 
wa~ often found to be smaller than the rate in comparable experiments at higher 
phosphate concentrations. However, only the initial slopes found in the two types of 
experiments should presumably be compared. The long linear pha~  found in whole- 
blood experiments has probably to be considered as a period of ste?-!v. _. i"- 

Th:Ls thp slope of the curve is determined not onh I) 3" the penetrati,m constants 
but al.~o by ~veral  other parameters (me DISCUSSIO.~L The~,  more quantitative. 
aspects of the kinetics will be deait ~ith in a subsequent paper, emohasis here being 
on tae more qualitative phenomena. 

DISCUSSION 

The influence on 3=p uptake by human erythrocytes exerted by different concen- 
trations of inorganic phosphate may be interpreted in the lieht of either of two 
assumptions: (a) that the phosphate uptake i~ an active process, or (b) that it ploceeds 
by simple diffusion. A consideratior, of the fi)ll~wing two models mav serve as 
illustration. 

Active uptake of phosphate ions, a: va~stulatcd by BARTLETT =t, GOURLEY a, and 
PRANKERD AND ALTMAN 5, and by others, is illustrated in model A, Fig. 7- On the 
outer membrane surface, the extracellular phosphate ion reacts with the carrier 
molecule X (process I). The carriec-phosphate complex, X - P ,  p a s t s  through the 
membrane, possibly by diffusion. On the inside of the membrane, it reacts with 

t, XP ..... 
e- l% ,...x 

i\XP . . . .  

etltace~tot4r@h~sC F ~t~b,ar,~Dha~e 

DOol of o r g a m c  pr, o s o h a t t s  

AOP,~ ~ G IPP  
• / 

I, 

Fig. 7- Model A. k ~hemat i c  repres~,ntation of the uptake of ph,o,;phate ions from the extracellular 
phase by human erythrocytes.  An active and an equilibrating earner  m-x-hanisrn are illustrated. 
The first mentioned mechanism is~ as far as possible, in accordance ~i th  uptake mechanisms 

. r ' r ~  in the literature. For further  interpretation see DtSCL'SSlON. 

ADP forming ATP and X (process 2). By (inter a//a) phosphowlation of g l u c ~  the 
phosphate is brought into the gi~ul) t ic  cycle (protx-xs 3)- Three fundamentally 
.'!*Zerettt po~bi l i t i e s  are open to t .~  carrier molecule: (a) X may diffuse back to the 
:'" Ade of the nmmbtane phase (process 4)" (b) X may be actively transported to 
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the outsi,h. (process 5), thus r.aaintainin~ a high concentration of X in the ou t . i  
membrane pha~ ;  (c) the carrier molecule may be in equi~i['rium with inotganlc 
phosphate on both sides of the membrane enabling X - P  to give off its phosphate 
either with formation of organic phosphate by process 2 or directly to the intracellular 
aqueou.~ phase (process 6 reversed). In principle, model A thus implies an "equili- 
brating carrier mechanism" as described by X, V1LBRANDT AND R O S E N B E R G  15. The 
reaction arrows (7) and (8,8'~ indicate the total dephosphorylation and the sum of 
any exchange reactions between intracellular phosphate ions and intracellular organic 
phosphate, respectiveiy. 

In contrast to the "equilibrating carrier mechanism", the uptake of phosphate 
ions by reactions 1- 3 with back-diffusion (process 4) or back transport (process 5) 
of the carrier molecules might invoh'e an energetically active t ranspo~ process so 
that "uphill transport ''17 might be possible. If so, the work done by the cell consists, 
among other things, in the. maintenance of a structure which ensures that X does 
not react with intracellular inorganic phosphate, and of a high concentration of X 
in the outer membrane phase with the aid of reaction 5- In both ca~s  it is presupposed 
that the process: 

X - ] '  + A I ) P ~  X + . \ T P  

proceeds almost quantitatively to the right, even at low concentrations of X-P .  
With a comparatively high concentration of ADP + ATP in the membrane phase 
and with a very high ADP/ATP concentration ratio, it might be possible to maintain 
a steady state displaced so far to one side. In human red cells, however, this concen- 
tration ratio has been found by PRANKERD AND ALTMAN 5 and GERLACH et el. x8 
to be about o. 4, while ROHDEWALD AND WEBER 19 and MACltO ~° could not detect 
ADP at all in freshly drawn hl2r.ian blood. Only HALPERN t claims to have demon- 
strated uphill transport of ph6sphate across the human red cell membrane. 

According to the views of BARLETT 21 and PRANKERDS, r~, X - P  in model A should 
be identical with 1,3-diphosphoglyceric acid, while GOURLEY~, ~4 assumes that  extra- 
cellular inorganic phosphate reacts with ADP directly on the membrane surface with 
fonnation of ATP. However, the determined ADP/ATP ratio in human erythrocytes 
quoted above contradicts the latter hypothesis. 

In model A, intracel!ular inorganic phosphate can escape from the erythrocyte 
only by reaction 6, i.e., if the penetration mechanism is of the "equilibrating carrier 
transport" type. In his model, BARTLETT suggests the following mechanism for the 
liberation of phosphate: Intracellular ATP is hydrolyzed by an ATPase built into 
the membrane, so that  ADP remains inside the cell w ~ e  the phosphate molecule is 
transported in combination with the ATPase through-the membrane phase and is 
liberated from this enz)mae on the outside of the membrane, the energy gained from 
die l~,,trolysis being used to " impar t  vigorous motion to the cytoplasm "at. Neither 
Goua~zY a aL nor DRANKERD et at/. have committed themselves with respect to the 
mechanism of phosphate liberation, but since both groups of workers hold that  dif- 
fusion of phosphate ions through the membrane may play a part  in the uptake, 
albeit unimportant (cf. refs. 15, ~3 at, 1 ~), they may visuali.-e 5beration in the form 
of slow diffusion. 

Model A is considered to be in accord with a number of experimental observations. 
among which the follo~4ng must be regarded as most important: 
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(a) In a whole-blood incubation, added ~P-labeled phosphate (with a •uamity 
of carrier that is small relative to the extracellular phosphate concentration) is taken 
up from the plasma in a first-order reaction for 3-4 h (see refs. 5, ~5). This iong period 
of linear fall is conditioned by a comparatively slow liberation from the organic pool 
of the a2PO,~- ions bound during the experiment. 

(b) If whole blood is incubated with iodoacetate, fluoride or arsenate, there is 
virtually no •P uptaken, ts, ~. Also, a reduced rate of glycolysis caused, i.a., by lack 
of glucose, has an inhibitory effect on the uptake*, s, ~,. In modei A, reaction x mav 
be a step in the glycolysis, or the glycolysis may produce X in t , e  out, r K~. :,nt . . . . .  
phase. 

(c) The mechanism of uptake outlined in the model is in accord ~ath the findings 
of BARLETT 21, GOURLEY ~, GERLACH et M3 s, PRANKERD AND ALTMAN 5, and ~CHAUER 
AND HILLMANN s in that X-P,  ATP, and a number of other organic phosphatc~ will, 
after addition of *tP-labeled phosphate to whole blood, attain their maximum spec,ht. 
activity more rapidly than the intracellular inorganic phosphate. Furthermore, the 
maximum specific activity of the latter is lower than that of ",he organic phosphates 
mentioned. 

Under normal conditions (37% pH 7.3-7-4, approx, o.I °o glucose) the rate of 
active uptake ,~f phosphate ions by the e~,throcytes should be fairly constant because 
of its dependence on the metabolic rate. Hence an increase in the extracellular phos- 
phate ion concentration will result in a decreased rate of ~PO, s- uptake if the glyco- 
lyric rate in the human erythrocyte may be assumed to be independent of both the 
intracellular and the extraceLlular concentrations of inorganic phosphate. An increase 
in the extracellular concentration would then decrease the specific activity and thus 
result in a corresponding increase in to. s. However, the uptake would still be a first- 
order reaction for much the same length of time since reactions 7 and 8,8' would 
probably not be a~ected to an appreciable extent by the concentration change. 

In the case of an 'equilibrating carrier mechanism"~, where it would be justifiable 
to neglect a process like reaction 2, proceeding at the same time, but being unim- 
portant in these considerations, the concentration dependence will be of an entirely 
different type. The rate of uptake of a~PO,a- will be independent of the stPO,a- concen- 
tration as long as the latter is sulticientlv low. Increasing phosphate concentration 
might, however, lead to saturation of the carrier system, resulting in a decreasing 
rate of uptakO 6. In view of several analo#es with mc~lel D, the pos.gibility that 
"equilibrating carrier transport" takes place in the human red cell membrane will 
be dealt with in connection with the discussion of this model. 

In Fig. 8, model D is a schematic representation of the processes of importance 
in phosphate ion uptake by diffusion through the membrane or its possible pores. 
Here reaction arrow 3 indicates the total incorporation of intracellular phosphate lens 
into the organic pool, while processes 7 and 8,8' are idcnticM with those of model A. 

In nmdel D, the concentration dependence of the phosphate ion uptake is obvious 
as far as the penetration of the membrane is conce_rned, the miti~l half-~fe of the 
extracellular nPO4a- being independent of the phosphate ion concentration. However, 
the picture obtained by  observing only the fall in extracellu!ar activity" is complicated 
by the influence of the further reactions 3, 7 and 8. We shall once. more asinine 
reactkms 3, 7 and 8 to be independent of the phosphate ion concentration with respect 
to the total turnotaet of phosphate ions represented by them in the concentration 
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range from around 0.3 mmoles P per liter cell water (the normal concentration in the 
red cells of incubated whole blood) and upwards. But the quantitative importance of 
these reactions relative to that of the diffusion will exert a considerable influence on 
the later stages of the uptake process. We shall consider reaction 8 as a small, constant 

extracellular 
phase 

intracellular w

7
ater X: 

phase 

~ ~, 

organic 

7 

phosphates 

~2 18~8 pool. of 

3~ 

Fig. 8. Model D. A scheme for the presented explanation of the kinetic data on phosphate ion 
uptake from the extracellular phase by human erythrocytes. Diffusion in both directions across 
the cell membrane is indicated by the reaction arrows 1 and 2. The uptake of intracellular in­
organic phosphate into the pool of organic phosphates and the liberation of inorganic phosphate 
ions from this pool are represented by the reaction arrows 3 and 7, respectively. 8,8' indicate the 

sum of any exchange reactions between intracellular inorganic and organic phosphate. 

addition to reaction 3. Concerning ourselves only with the conditions prevailing during 
the first 100-150 min following the addition of 32P043-, we shall, moreover, neglect 
the very small (as shown by experience) quantities of radioactive phosphate liberated 
from the organic phase via reactions 7 and 8'. The rate constants k1' k2 and k3 are 
then defined by the equations: 

_ (aM P:x) = _ Vex(~~:X) = klC * 
at 2,3 at 2,3 P ex 

(r) 

(aM *) (ac *) _ __Pc = _ Vc ~ = k2C * 
at 1,3 at 1,3 Pc 

(z) 

In these equations, a symbol like M pix signifies the quantity of radioactive phosphate 
in the extracellular phase, while CP:x indicates the corresponding concentration. 
Likewise, radioactive phosphate in the aqueous and organic phases of the cells are 
represented by P*c and P*org., respectively. In a sort of analogy with well-known 
symbols of the type (ojlox)y,z, a symbol like (oM/oth3 designates the rate of increase 
in M due to process I alone, i.e., disregarding the contributions from processes 2 and 3. 

The intracellular and extracellular distribution volumes, Vc and Vex, are defined 
by Eqns. 4 and 5, whereas the influence of the Donnan potential on the phosphate 
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distribution across the membrane is taken care of by the relation on p. lO 5 between 
k 1 and k~: 

H I V  Ooeo~r. 
l ' e  - -  (4) 

I O O  

l"-a : =  I - -  H (5) 

We have assumed our  determination of the cell volume fraction, H, to be free 
of error due to t rapped extracellular volume, while W°oeorr,  is the detc ....... I 
percentage of water (w/w) of a cell sample calculated in terms of volumes and corrected 
for a trapped extracellular volume of 5 %. 

Since the rate of conversion of intracellular inorganic ph(,~phate into organically 
bound phosphate is assumed t,, be independent of concentratmn, i.e., a zero-order 
process, the process of organic binding of azPO43- will be a first-order reaction with 
a rate of incorporation proportional to the specific activity, (Ca.,&): (Ca1&).  Finally 

with C~*~ denoting the concentration - f  a*P(I4s- in the extracellular phase at zero 
time, we have the relation : 

C° ,  I' ,~ = c . , 1 " , ,  - C . i ~  - 3 , r , .  ¢~,~ 
e y  ;' o r~/, 

From Eqns. I, 2, 3 and 6 the relationship between Cv?.. and t may  be derived: 

~'2C . 
P e : r  ( kl k~, 

..L_ . . . .  - . -  - - - -  

L 

k3 Ve.r C t ~2- o 
V~Cv ' ---~)-- + t , ~  ~Ct, ~ i7~ 

If C &  is constant,  i.e., for experiment- in which equilibrium with respect to :"t '  has 
been established before addition of a.-p, the solution of Eqn. 7 is given by:  

m l t  t t O ° !  C t .  :- Rl ~ : R2 " - 

in which the values of the constants of integrati,,n R~ and R., can be dctcrmined 
(. • .0 (.0. • in by i n s e r t i n g t = o ,  p ~ . =  (v** inEqn .  S a n d  l - =  o.d( 'vT, dt = - (kz'Vex) ,,,, 

the equation obtained from Eqn. 8 by differentiation with respect to t; m I and m., 
are the roots of the equati,,n : 

[ kl ]~2 ks \ klk3 
t o ) 

The two solid-fine curves ot Fig. 9 were calculated from Eqn. 8. Cp, being taken 
as (A) o. 3 and (B) 5 ° mmoles P per liter cell water, corresponding to the concentrations 
of inorganic phosphate in the intracellular p h a ~ :  - f  a whnle-hl~w~! incubation and 
of an equilibrium-incuLaticn <,f erythroc3~es in a salt mixture containing initially 
7 8 mn~les  P per liter, res-pectivcl:,'. For both curves, the ioilmsang v a l u ~  of t h e  re-  

m a i n i n g  constants  were used: 
Vez  = o.6. corresponding to a cell volume fraction of o.4o. 
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l"e ---- 0.25, corresponding to a celt volume fraction of 0.40 and a water content  
in the cells of 6 5 % (by weight) 1. 

kl = 3-5"Io-3 rain-l ,  corresponding to an inital slope equivalent  to to. 5 = 12o 
min for Cz'.*r 

ko = 4.4" lO-3 min-L This value of k,  was based on the assumption tha t  it is the 
prima W phosphate ~on that  permeates the cell membrane  so that  k,  max' be taken 
as (IQ/Fex)k 1, where Fe and Fez are the fractions of the total phosphate ion concen- 
trat ions present in the form of pr imary phosphate ions in the cellular and extra-  
cellular phases, respectively. Thus, the previously determined Donnan  dis t r ibut ion 
across the membrane  of phosphate ions at equil ibrium 1 has been introduced into 
the kinetic t reatment  of Modet D (see also HARRIS°-7). 

k a = 2.o- Iq  -'° min -t. The choit~e of this constant  will be discussed later. 

T 

Y i 

0 J60 I i P II0 
M i n u t e s  

Fig. 9. Calculated relationships between the logarithm of the extracellular concentration of 
32I)O4"- and time. Th,, equation used is deduced on the assumption that the penetration of phos- 
phate ions into and turnover of phosphate within the red cells proceed according to model D 
(Fig. 8). The intracellular concentrations oi inorganic phosphate used in the equations for curve A 
and B are o. 3 and 5 ° mmoles P per liter cell water, respectiveh-. The rest of the constants used in 
the calculations of the two curves are identical. C is the calculated curve for establishment of 
~PO4 *- equiimrium between the extra- and intracellular phases on the assumption that no 

3=I)O4~- is taken up into the pool of organic phosphates. For further discussion see text. 

The dot-and-dash line (curve C) of Fig. 9 was calculated in  the same way with 
C p , - - .  ~ or k 3 ~- o. It  represents the limiting case of pure diffusion equi l ibr ium 
across the membrane.  

Ill Model D, then,  the uptake of uPO,~-  may,  at low phosphate ion concentrat ions.  
very well be a first-order reaction for several hours. With increasing Cp, the dura t ion 
:f ~,. first-order period decreases, and the kinetics approach that  of diffusion equi- 
libriu~r,, the relative importance of process 3 decreasing with increasing Cp,. If it  
were possible with cells fronl the ~mae sample to follow the uptake  of u p o 4 t -  ions 
at  different slPO6S- equil ibrium ~oncentrations, bu t  under  otherwise identical con- 
ditions, one should, according to Mo:'el D, obta in  a set of curves dis t r ibuted between 
curves A and  C in Fig. 9. 

I t  will be seen tha t  the experimental  da ta  depicted in Figs. I--~ agree fairly we!! 
witb the theoretical set of curves of Fig. 9. Since the red cells used had been drawn 
from different donors and the experimental  conditi, ,ns were not  identical the ini t ial  
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slopes of the curves are not identical from one experiment to another. That these 
slopes can be identical is shown in Fig. 4, which represents the typkal  resul*s of 
experiments in which the repe l  s- uptake by cells from the same blood sample was 
measured after about 3 h incubation in salt media w~th initial contents of 4 and 
40 mmoles I= per liter, respectively. 

Eqn. 7 was derived on the assumption of constancy of Ce ,throughout the period 
of ttPO4S- uptake. This requires, during the whole experimerR, the maintenance of 
a .~ie~tdy ~i~ie l~[~tj:eli oiganic and inorganic phosphate, at , ,  a ,  ~ mec.'ocl ~, . , a l  
equilibrium of the inorganic phosphate ions across the membrane. In the extracellular 
phase, a fall in the t ip  activity will then entail the same relative fall in the specific 
activity. If one or both of the above requirements of equilibrium were not met, 
neither the change in extracelJular activity nor that  in extracellu!ar specific activity 
would .xfeld an uptake curve adequately illustra+ing the mechanism of pe,aetration 
over its entire course. 

If we consider the ~PO~ 3- ion as an independent ion from a thermod~namic 
point of view, we wish to measure the change in extracellular activity, as long as this 
change is an unambiguous expressiou of the displacement of the 3~PO43- ions 
toward cquifibrium, independent of the displacements of other substances. If we 
can assume that  displacement~ of other substances, particularly phosphate ions, do 
not affect the diffusion of =POt 3- ions through the membrane, this diffusion should 
be independent of the existence ~,f . . . . . . . . . .  Iolig a~ we ale eleCtl-Ol_'lleUllL;~l eqLUlIL)[IUIII, Ab 

not too close to isotope equilibrium. Close *.o this state the existence of electrochemical 
equilibrium will be decisive since, apart  from the processes 3,7, and 8,8', stable isotope 
equilibrium cannot be attained before electrochemical equilibrium across the mem- 
brane has been established. Thus, according to Model D we should find the same initial 
slope of the ~sp uptake cur~'es at or far from electrochemical equilibrium. Actually 
this proves to be true (Fig. 6). 

In the preceding treatment of the models A and D it was assumed that the 
metabolism of the e rythro~ytes ~as independent of the intra., and extracellular 
concentrations of inorganic phosphate, i.e. the concentration of inorganic phosphate 
ions was not a rate-limiting factor in glyeolysis. Preliminary determinations of lactic 
acid production by human erythrocytes anaerooically incubated in salt media con- 
taining from 0.3 to 78 mmoles P per liter have shorn  an increase in this production 
with phosphate concentration under certain experimental conditions. A,; this increase 
never exceeded 50 O,1o it was considered insignificant compared with the increase in 
phosphate concentration by a factor of about I5o. 

In the calculatior~ oi th t  value of k 3 we h a v e  therefore, assumed the rate of 
lactate production in ~.n incuba¢ion of erythrocytes with an intracellular inorganic 
phosphate concentration of about 5e mmoles per liter cell water to be equal to that  
in an incubation oi wbole blood. Taking this rate as 3 nunoles lactate per liter erythro- 
eytes per hour, and assuming the uptake of inorganic phosphate i ,  to the organic 
pool to be x minnie per minnie lactate preduce~, we can calculate the value of the 
constant k s. For an ;v~tracellular phase isolated from the extracellular phase Eqn. 3 
can be integrated. In the equation thus obtained the value of the term 

[ C e ~ t  = t ~ect 
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can be estimated by  calculating the amount  of inorganic phosph~.te ions exchanged 
~sthin this period of time. The volume of the intracellular phase is o.25 1, the concen- 
trat ion of inorganic phosphate o.3 mmole per liter ceU water and the amount  of 
inorganic phosphate exchanged with phosphate from the pool of organic phosphates  is 
3/(2.5 ~. 360o) mmo]cs per liter cell suspension or whole blood (H ----- o.4o) per second. 
Thus calculated the value of k3f'Vg?pc was found to be o.z6, giving a ka value of o.oz. 
The value of k a calculated in this way  is likely to be a maximum value, as complete 
intracellular mixing is assumed. If  the glycol~tic processes take place preferentially 
in the membrane phase, it is possible tha t  a zone right inside the membrane will 
have an exchange more rapid than that  of the phosphate _;e_-.~ ,.'n the bulk of the inter- 
n.-_~_! volume. This would involve a slower uptake, by  way  of exchange, of a'P-labeled 
phosphate ;.ons into the organic phase than that  calculated from the lactate production. 

As far as point a (p, lO2) is concerned, model D is in accord with the experimental 
da ta  of several investigators. In contradistinction to model A, however, it affords 
an explanation of the observed influence of the phosphate concentration on the shape 
of the curve. As regards point 1: it will, in this connection, suffice to point out  tha t  a 
poisoning of the erythrocytes with fluoride or arsenate ions will lead to a pronounced 
fall in the value of k 8, so that  the kinetics will approach that  of diffusion equilibrium. 

That  ATP, ADP, 2,3-diphosphoglyceric acid and other  compound,o of importance 
in the glycolytic processes in erythrocytes are labeled with sip to a greater extent  
and at an earlier stage than the intracellular phosphate ions, may  be explained on 
the basis of model D. I f  the glycolytic processes take place mainly in structural  
eZements in close contact  with the membrane, the above phenomenon would be 
expected, part;.cularly in view of the comparat ively rapid phosphate turnover and 
low phosphate ion concentration in the interior of the cell. In contrast  it must  be 
expected that  the labeling of inorganic phosphate ions in the intracellular aqueous 
phase will dominate if experiments of the type  desc  1bed by  BARTLETT 21, GERLACH, 
FLECKENSTEIN AND GROSS is, GOURLEY ta, and PRANKERD AND ALTMAN -~ are performed 
at higher phosphate ion concentrations, where the penetration process dominates 
quantitatively. T:~: re~ult~ ef the ~e t e~ in~ t ions  of ~r~cific activities ~ v e n  in Table I 

TABLE I 
RESULTS OF DETERMINATIONS OF SPECIFIC ACTIVITY OF INORGANIC PHOSPHATE IONS IN 

THE EXTRA- AND INTRACELLULAR PHASES AND IN THE TOTAL WATER PHASE 

The five experiments were all of the type shown in Fig. 5. i.e., the intracellular equilibrium concen- 
tration of inorganic phnsphate wang from 35 to 5o mmoles per liter cell water when ssPO~8- was 
added. The speci,~" activ'U~ were determined from ioo to i50 min after the addition of *tp. 
The pH in each experiment is given in Column I. In Column 2 is given the slope of the uptake 

curve (calculated as the hall-life time) at the time the determination was carried out. 

Specific actit~ty of  ~ phosJfk4t¢ iR the 
pH t,,.~ 

{mi~ ¢x lrca¢t l~  itttm~tlltdar total ~ r  

• a 3 4 5 

7-19-7 .az :95o t.So 1.57 1.53 
7.1o--7.13 t65o 2.57 2.58 z.59 
6.92-6.93 34o0 2.89 2.88 z.q 4 
7.22-7.z5 -'4oo 0-79 0.80 o.8t 
7.25-7.28 18oo 3.61 3.63 3-7t 
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suggest that  this is the case. Taking into account the experimental accuracy, identical 
specific activities of extra- and intracellular, as well as total in,~rganic phosphate 
were found here at a time when isotopic equil'~brium between extra- and intraceUular 
phosphate ions was expected to have been established. As a J e~ee  of labeling higher 
than tha~ of the extraceUular phosphate ions is not possible, no carrier-phosphate 
complex or glycolytic intermediate labeled to a higher specific activity can be found 
at tha;  time. Furthermore, larger amounts of organic phosphates with ~ v: "he ~ 
specific activity than that  found in the intraceUular pool of inorgamc p!,.osphate tons 
cannot have been p r e~ n t  at any moment in the experimental period, in vie,," of the 
kinetics. Thus an increase in the phosphorylytic turnover does not seem to be an 
acceptable explanation of the increased uptake of ph,~sphate ions found in experi- 
ments with high concentrations of phosphate (cf. Expt. o - - o ,  Fig. 6). 

If  phosphate ions penetrate the erythrocyte membrane by an "equilibrating 
carrier t ransport" ,  the sxPO4a- concentration dependence shown in Fig. 9 would still 
be expected as long as the cartier system is not saturated. Saturation of the carrier 
has been demonstrated by WILBRANDT, FaEI .~ND ROSF.'~BERG ~ a . d  by LASSEN ~ for 
the uptake by human erythrocytes of glucose and uric acid, respectively. For the 
uptake of phosphate ions, however, no saturation effect ha. ever been obsera'ed. This 
does not exclude the possibility of the existence of an equilibrating carrier mechanism, 
since a sufficiently high carrier concentration or a sufficiently high Km value for the 
formation of the carr ier-phosphate  complex would explain the absence of saturation. 
For a discussion of this problem see r~,rlLBRANDf AND ROSENBERG it. 

Conclusion: Phospkate ions penetrate tile human red cell membrane by a mecha- 
nism which is passive from an energetic point of view, the penetration being eit.L,~r 
a simple diffusion or one invol~ang an equilibrating carrier mechanism. This conclusion 
is at variance with most of the results and conclusions recorded in the Literature, but 
it is in accordance with the views of HAHN AND HEVESY s, MUELLER AND HASTINGS a°, 
and DUsKi~i~ AND PASSOW 9. 

I 'he  experimental basis for the conclusions drawn here, however, differs from 
that  of the first-mentioned groups of authors: the technique (incubation of the 
erythrocytes in glucose-free salt solutions for periods up to 250 rain) and type of 
erythrocytes used by DUNKER AND PASSOW render comparisons with the present 
results dubious. HAHN Axr~ HERESY found (with rabbit erythrocytes) no effect on 
the uptake of ~P-labeled phosphate ions by a 9-fold increase m the extracellular 
concentration of inorganic phosphate. Moreover, they claimed that  addition of fluoride 
had no effect on the kinetics of the uptake process, in contrast to our results with 
human red cells poi~,ned with fluoride. Finally, the argument presented by MUELLEk 
AND HASTINGS for an uptake of inorganic phosphate by human erythrocytes by 
diffusion of the secondary phosphate ion across the membrane cannot be accepted, 
as their conclusions fail to take into account the presence of protolytic equilibrium 
between intraceUular primary and secondaw phosphate ion~. 
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