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Summary. The effects of hydrostatic pressure and temperature on 
the three components of K + uptake in human red cells have been 
investigated, using ouabain and bumetanide to distinguish be- 
tween the pump, passive diffusion and cotransport. The pres- 
sure sensitivity for passive diffusion has been shown to depend 
on the counter-ion present. The order of this  effect, 
C1 >Br ->NO 3 > I - ,  is the same as for the ionic partial molal 
volumes and the Hofmeister series. We have analyzed our experi- 
mental results thermodynamically, and propose a model for the 
activated transition-state complex of the potassium ion which 
involves the loss of water molecules from the secondary hydration 
shell, cosphere II. 
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Introduction 

Na + and  K + t ranspor t  across the erythrocyte mem- 
brane  can be divided into 3 major  componen t s :  the 
flux media ted  by the sodium p u m p  (Glynn,  1957), 
the Cl -dependent  N a K  cot ranspor t  system (Wiley & 
Cooper,  1974; D u n h a m ,  Stewart & Ellory, 1980), 
and  the residual passive " leak"  componen t  which 
shows a characteristically l inear concen t ra t ion  de- 
pendence  (Glynn,  1956). These componen ts  can be 
convenient ly  separated pharmacological ly  using oua- 
ba in  to selectively inhibi t  the Na  p u m p  (Schatz- 
mann ,  1953) and furosemide or bume tan ide  to in- 
hibit  the cot ranspor t  system (Wiley & Cooper, 1974; 
Stewart, Ellory & Klein,  1980). 

We became interested in the use of both  pressure 

and  temperature  as complementa ry  physical tools 
for dis t inguishing t ranspor t  processes in biological 
membranes ,  and compar ing  them with similar phe- 
n o m e n a  in model  systems. It is possible to use the 
pressure and  tempera ture  variance of t ranspor t  pa- 
rameters as a means  of deriving a quant i ta t ive  ther- 
m o d y n a m i c  descript ion of the systems being com- 
pared (Johnson, Eyring & Stover, 1974; Macdonald ,  
1975). 

Changes in pressure or temperature  beyond  the 
no rma l  physiological range may demonst ra te  in- 
teresting physico-chemical  features of m e m b r a n e  
function. For  example, a reduct ion in temperature  
causes a paradoxical  increase in the passive cat ion 
permeabi l i ty  of h u m a n  red cells, which is associated 
with a tempera ture-dependent  m i n i m u m  (Stewart 
et al., 1980). 

This paper demonstra tes  that  pressure, as well as 
temperature,  can profoundly  alter cat ion t ranspor t  
in a selective m a n n e r  in h u m a n  erythrocytes. Some 
of these effects are also an ion-dependent .  Possible 
mechanisms for the act ion of pressure on the various 
cat ion t ranspor t  processes are discussed. 

Materials and Methods 

Blood 

Fresh human blood was collected by venepuncture into heparin- 
ized syringes, washed three times by centrifugation and resus- 
pension in (me): NaC1 145; D-glucose 10; HEPES (or Tris, 10) 
10; adjusted to pH 7.4; and the buffy layer removed by aspi- 
ration. 

Technique for Flux Measurements Under Pressure 

The unpressurized control samples were placed in 1.5 ml Eppen- 
dorf micro-reaction tubes. The pressurized samples were con- 
tained in 1-ml disposable plastic syringes, mixed by stainless steel 
slugs, and sealed with plastic caps after careful exclusion of air. 
Any change in fluid volume in the syringe due to pressure was 
thus accommodated by the movement of the piston. On decom- 
pression all the samples were placed on ice. Exactly 1 ml of the 
cell suspension was decanted rapidly into Eppendorf micro-re- 
action tubes and the cells prepared for the estimation of ra- 
dioisotope. 

The pressure vessel consisted of a stainless steel cylinder of 
60mm bore, which could be compressed hydraulically with dis- 
tilled water driven by a Haskel MCP 188 water pump. Pressure was 
measured to _+270 using a Bourdon-type gauge. Temperature 
could be maintained to _+0.2~ (including during compression 
and decompression) using a thermostatically controlled water jack- 
et. The vessel could hold up to 24 1-ml syringes. 
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Compression and decompression rates were found to be un- 
important. Fluxes measured in unpressurized cells were found to 
be the same as those of erythrocytes subjected to five rapid 
compression (400 ATA)-decompression (1 ATA) cycles, to within 
experimental error. No red cell lysis was detected in pressurized 
samples. Values for the three flux components at various tempera- 
tures were obtained on separate occasions but using the same 
donor, and hence represent true replicates. For technical reasons 
it was not possible to cover the entire temperature range with the 
same sample of red blood cells in one experiment because of the 
large thermal capacity of the pressure vessel. 

Influx Studies 

Washed red cells were suspended in the appropriate incubation 
medium to give a hematocrit of 5 %, determined by measuring 
the hemoglobin released with Drabkin's reagent (see Catton, 
1957) spectrophotometrically at 540nm with an appropriate di- 
lution of the cell suspension. 

The normal influx incubation medium contained (mM): NaC1 
145; D-glucose 10; CaC1; 2.5; HEPES 10; adjusted to pH 7.4. 
When required ouabain (Sigma Chemical Company) and bume- 
tanide (Leo Pharmaceuticals, Princes Risborough, Bucks) were 
added to give final concentrations of l mM and 5x10-SM, re- 
spectively. In the K + influx experiments, either 42KC1 or 86RbCI 
were added with a final KC1 concentration of 7.5 raM. Control 
experiments have established the identity of 42K and S6Rb for 
measuring K fluxes. For the studies of 24Na transport, isotope in 
isotonic NaC1 was added to the cell suspension. Isotopes were 
obtained from the Radiochemical Centre, Amersham, Bucks. Red 
cell fluxes were performed as described previously (Dunham & 
Ellory, 1980). 

Efflux Studies 

Freshly washed erythrocytes were incubated for 3 hr at 37~ in 
(mM): NaC1 145; KC1 7.5; CaC12 2.5; D-glucose 10; HEPES 10; 
adjusted to pH 7.4, in the presence of the appropriate ra- 
dioisotope. At the end of the incubation period the cells were 
washed rapidly three times in ice-cold, isotope-free medium and 
resuspended to a final hematocrit of about 5%. The efflux 
measurements were started by transferring the Eppendorf reaction 
tubes to the water bath, and syringes to the pressure vessel, both 
being maintained at 37~ After 5 rain one set of samples was 
placed on ice (5 min) and centrifuged (12,000 x g, 30 sec), and then 
an aliquot (0.8 ml) of the supernate taken for counting of the 
radioisotope present by the 12erenkov effect in a liquid scintil- 
lation spectrometer. As these samples were taken, the remainder 
inside the vessel were pressurized. At fixed intervals the vessel 
was decompressed, samples of each supernatant taken for count- 
ing, and the vessel quickly repressurized. The rate constant for 
Na § efflux was calculated according to the method of Willis, 
Ellory and Becket (1978). 

Statistical Treatment 

Three or four replicate samples were taken for each experimental 
condition. Data are presented as mean+s tandard  error of the 
mean. 

Abbreviations 

HEPES. N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic acid; 
ATA, atmospheres absolute; ( IATA=0.101MPa) ;  SITS, 3- 
acetamido-4'-iso-thiocyanato-stilbene-2,2'-disulfonic acid 
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Fig. 1. Effect of hydrostatic pressure, at 37~ on the three com- 
ponents of K § infux;  (a) pump; (b) passive diffusion; (c) cotrans- 
port 

Results and Discussion 

At 37~ 1ATA and K o 7.5raM, the 3 components 
of K influx in one of 3 normal donors used for these 
experiments were sodium pump 1.63_+0.05(14), co- 
transport  0.57 _+ 0.03 (14) and leak 0.167 
_+0.010(14)retool/liter cells hr 1. Figure 1 shows 
that as the pressure is raised, with the temperature 
held constant at 37~ there is a gradual reduction 
in potassium uptake by both the pump and cotrans- 
port  mechanisms, but a very marked increase in the 
K § passive leak particularly above 100ATA. In 
Fig. 2a it is apparent, on the one hand, that K § 
uptake via the pump is reduced by an increase in 
pressure from 1 ATA to 400ATA at all tempera- 
tures (i.e. + 3 ~ to +40~ On the other hand, the 
passive K § leak is increased markedly by raising the 
pressure also from 1 ATA to 400ATA over the 
same temperature range (Fig. 2b). Increased pressure 
was also found to depress cotransport  over this tem- 
perature range. 

The effect of pressure on the pump component  of 
the K § flux was studied in more detail. Ouabain- 
sensitive K § influx was measured at various external 
K § concentrations ( 1 -  15 mM) using NaC1 to main- 
tain isotonicity. The data were analyzed by plotting 
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Fig. 2. The effect of temperature at l ATA (o) and 400ATA (o) 
on the three components of K + influx: (a) pump; (b) passive 
diffusion; (c) cotransport 
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Values of the slope and x intercept give the recipro- 
cal of Vma x and K m, respectively. At the two pres- 
sures examined K m and Vma • were found to be 2.31 
+ 0.06 mM and 2.00_+ 0.02 mmol liter RBC-  1 hr -  
(1 ATA), and 1.67_+0.13 mM and 0.76+0.02mmol li- 
ter RBC 1 hr-1 (400 ATA), suggesting a mixed ki- 
netic inhibition effect. 

The effect of increased pressure on Na + and K + 
leak fluxes (defined as the ouabain and bumetanide 
insensitive components) was examined further (Table 
1). Increasing the pressure results in large increases 
in the fluxes, demonstrating that both Na § and K § 
leak influx and efflux are elevated. The ratio of the 
flux at 300ATA to that at 1 ATA is given, together 
with the estimated value of A V*, the volume of the 
activated transition state complex (see below). 

The effect of anion substitution on the magni- 
tude of the pressure coefficient for K § uptake was 
also investigated. Experiments were conducted at 
1 ATA and 400 ATA at 37 ~ in an incubation me- 
dium containing (mM); KX 145 (X is the anion of 
interest, i.e. CI-,  Br- ,  NO 3 or I-), D-glucose 10, 
Ca(OH)2 2.5, ouabain 1, bumetanide 0.05, HEPES 
10, adjusted to pH 7.4. The results for ouabain and 
bumetanide-insensitive K § uptake are shown in Fig. 
4, demonstrating that considerable differences occur 
on changing the counter-ion. It is useful to compare 
the pressure coefficient for K + uptake in the pres- 
ence of different anions, calculated as the apparent 
A V* for the process. Table 2 shows the values ob- 



5 0  

S/v 

20- 

10- 

L 

o 1'o 1; 
mM 

Fig. 3. Kinetic analysis of the effect of hydrostatic pressure on the 
ouabain-sensitive K + influx. Substrate concentration t-S] is plot- 
ted against [S]/v ,  where v is the reaction velocity: (o), 1 ATA; (e), 
400 ATA 

Table 1. Effect of pressure on the ouabain and bumetanide- 
insensitive cation fluxes 

Control Flux ratio A V* (37 ~ 

R3oo/R1 

Na + efflux" 0.048+_0.003 2.375 - 73.6cm 3 
K + effiux" 0.029_+0.001 4.821 - 133.9cm 3 
Na + influx b 0.408 _+0.006 3.652 - 110.2 cm 3 
K + influx b 0.967_+0.037 3.767 - 112.9 cm 3 

Rate constant (hr 1). 
b Rate (mmol liter RBC- 1 hr -  1). 
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Fig. 4. The effect of different anions on the pressure sensitivity of 
ouabain-sensitive (passive) K + uptake. Uptakes at 1 and 400 ATA 
(crosshatched) are shown with the standard deviation for the 
measurements 

tained for A V* with different anions. It is significant 
that the order for the anions' effect on A V* is simi- 
lar to the lyotropic series (Hofmeister, 1888; s e e  

Davson, 1940 for early references) and to the rank 
order for anion permeation of cellulose acetate 
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Table 2. Pressure coefficient, expressed as A V*, for K + uptake by 
erythrocytes over the range 1-400ATA 

C1- Br-  NO 3 [ -  

AV* (cm3mole - I )  -87.2  -52.0  -19.4  -6 .0  
Ion radius a (A) 1.81 1.96 - 2.19 
Partial molal volume b 

(cm3 mole -1 ) +23.2 +30.1 +34.4 +41.6 

" Thorne & Roberts, 1954. 
b Franks, 1973, or Friedman & Krishnan, 1973. 

Table 3. Pressure coefficient for "leak" K + uptake, expressed as 
A V*, against external potassium concentration [K+]o 

[K+]o (mM) 0.94 1.88 3.75 7.5 15.0 145 
AV* (cm a) -83.2  --78.6 -80.9 -82.4  -94.1 -87.2  

Average value A V* = - 84.4_+ 5.5 cm 3 mole 1. 

membranes (Lakshminarayanaiah, 1969, p. 300). Ta- 
ble 2 also presents estimates taken from the litera- 
ture for ionic radii and partial molar volumes of the 
anions. 

There was no significant difference in K § uptake 
at 400 ATA when measured in the presence of 50 IXM 
SITS (0.754-t-0.139mmol liter RBC -1 hr -1) or its 
absence (0.724_+0.069 mmol liter RBC -1 hr 1), sug- 
gesting that the band 3 anion exchange protein is 
not involved in this process (Knauf & Rothstein, 
1971). Experimental determination of A V* for pas- 
sive K + uptake ("leak") over a range of [K+]o 
values, indicated that A V* was substantially inde- 
pendent of potassium concentration (Table 3) in the 
range 1 to 400 ATA. 

The effect of pressure on the three components 
of K § uptake was very similar for the three normal 
subjects studied (JCE, ACH & VLL). Both pump 
and cotransport components showed negative coef- 
ficients, i.e., positive values of A V*, and the passive 
leak gave a positive coefficient (Table 4). However, 
the donor (JG) with dehydrated stomatocytosis and 
her mother (AG) (Wiley, Ellory, Shuman, Shaller & 
Cooper, t975; Wiley, 1977) showed marked differ- 
ences compared to the normal donors. Although 
pressure had a similar effect on the pump, there 
appeared to be an opposite or zero effect on cotrans- 
port with increasing pressure. One characteristic of 
these cells is their high passive leak (0.387 
+_ 0.014 mmol liter RBC -1 hr -1 at 1 ATA). Under 
pressure there was a dramatic increase correspond- 
ing to A V* = - 153 c m  3. 

One possible mechanism by which pressure 
could cause an apparent increase in leak would be 
via a displacement of the inhibitor, either ouabain 
or bumetanide, from its site of action. It was, there- 
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Table 4. Molar volume change of activation A V* for the three 
components of the K + uptake in different subjects. The control 
flux at 1 ATA is also shown (mmolliterRBC -1 hr -1) in paren- 
theses 

Subject Pump Cotransport Leak 
(cm 3 mole- 1)a 

JCE + 50.3 + 24.3 ~ 
(1.767_+0.07) (0.58_+0.01) 
+65.2 +29.8 
(1.631 +_0.182) (0.562• 

ACH +53.2 +29.0 
(1.822• (0.581• 

VLL +56.2 +21.0 
(1.54t• (0.353• 

- 103.3 
(0.17 _+ 0.004) 
-115.9 
(0.167 • 
- 84.4 
(different [K*]) 

- 1 2 0 , 6  

(0.t32 + 0.035) 

- 82.5 
(0.239 • 0.007) 

AG +120.0 + 5.9 -132.5 
(1.22I _+0.005) (0.326 • (0.124• 

JG b +100.6 -52.4 -152.7 
(1.713_+0.02) (0.273• (0.387• 

Values estimated from data at 1 and 400ATA unless otherwise 
indicated. 
b JG has dehydrated stomatocytosis and is the daughter of AG. 
c Note pressure dependence: apparent values for comparative 
purposes only (but see text). 

fore, important to confirm that pressure did not 
cause such an artefactual effect. There are two com- 
pelling pieces of evidence which lead to the con- 
clusion that pressure does not affect the binding of 
either ouabain or bumetanide. First, the results from 
cells incubated in anion-substituted media: were ob- 
tained at potassium concentrations that would have 
saturated the pump and cotransport systems (Dun- 
ham et al., 1980). Even if inhibitor binding were to 
have been altered by increased pressure, these path- 
ways would not have transported more K § Thus 
the increase observed arose from a true increase in 
the passive leak. Moreover, the pressure coefficient 
A V* for K + uptake does not change significantly 
over a large range of potassium concentration (Ta- 
ble 3). 

Secondly, under pressure the leak for K § showed 
a linear concentration dependence. If the binding of 
ouabain or bumetanide were to have been altered by 
application of increased pressure, then a nonlinear 
concentration dependence or even saturation would 
have been observed as either the pump or the co- 
transport system, or both, became activated by in- 
hibitor displacement. 

Goldinger, Kang, Choo, Paganelli and Hong 
(1980) have reported that a pressure of 150 ATA was 
without effect on the ouabain-insensitive component 
of Na § efflux. This might appear to conflict with the 
present results (although most of the present data 

are for K fluxes). The discrepancy between their and 
our data may be resolved since these authors were 
probably observing both an inhibition of cotrans- 
port together with an increase in the Na + leak 
outwards. At this relatively low pressure the effect 
on these pathways is almost equal in magnitude, yet 
opposite in direction. At higher pressures, however, 
the effect on the passive leak begins to dominate, 
since little further effect on cotransport is seen at 
pressures above 100ATA. At any rate cotransport 
appears to have a low pressure coefficient (A V*= 
+ 2 0 - 3 0  craB), which varies markedly with pressure. 

Detailed thermodynamic analysis of enzymatic 
and other multi-step reactions may be extremely 
complicated (Johnson et al., 1974; Macdonald, 1975; 
Roberts, 1977). Experimentally determined thermo- 
dynamic parameters are useful for comparative pur- 
poses, however, particularly if it can be shown that 
the rate-limiting step does not change over the range 
of experimental variables used. The linearity of plots 
of pressure or the reciprocal of absolute temperature 
against the logarithm of the reaction rate is a good 
indication that the rate-limiting step has not 
changed. On the other hand, curvature or frank dis- 
continuities suggest a change in the limiting step 
or master reaction. 

The rate of a reaction or magnitude of an 
equilibrium constant is determined by the free en- 
ergy of activation or equilibrium, respectively. 

A G* = A H* + PA V* - TA S* 

AG o = A H  ~ + PA V ~  TAS  o 

and 

rate ocexp(-A G*/R T) 

K = e x p ( -  A G~ T) 

where A G, A H, A V and A S are, respectively, the free 
energy, ertthalpy, volume change and entropy of the 
process in question. A study of the experimental 
dependence of a reaction rate against temperature 
and pressure, enables one to estimate the value of 
the enthalpy and volume change associated with 
formation of the activated transition-state complex. 

We have analyzed our data for the three com- 

ponents of K + uptake by plotting i OK . ~ and pres- 
T 

sure against the natural logarithm of the flux as 
shown in Figs. 5 and 6, and Table 5. With the 
exception of the temperature dependence of the pas- 
sive leak (Fig. 5c), all the other graphs are convinc- 
ingly linear. Zimmermann, Pilwat, P~gueux and 
Gilles (1980) have recently shown that the pressure- 
induced net K § loss from human erythrocytes is 



52 A.C. Hall et al.: Pressure Effects on Cation Transport 

InF 

+1 

(O) 

-1 

-2 

-3 

-4 

-5 i 

3.1 

InF 

0 

D 

\ o  

I \  
I I I I I 

3.3 3,5 3,7 
103/T 

(c) 

i 

-1 

-2 

-3 

-4 

-5 
I 

3.1 

0 

XO 

@ 

,,,,o 

@ 
I I I I I 

3.3 3.5 3.7 
103/T 

Fig. 5. Arrhenius plots of the effect of temperature on the three 
components of K + uptake. The reciprocal of the absolute temper- 
ature is plotted against the natural logarithm of uptake: (a) 
pump; (b) passive diffusion; stippled area shows region of known 
paradoxical behavior (Stewart et al., 1980); (c) cotransport 
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linear up to 600-700ATA. These authors did not, 
however, distinguish experimentally between the 
components of K § permeation. Although the data 
presented here for the pump (Fig. 5a) are most rea- 
sonably represented by straight line regressions, we 
have observed a discontinuity in the Arrhenius plot 
in the region of 25~ using more accurate and 
closely spaced flux measurements obtained within sin- 
gle experiments using a Forbes' bar (replotted from 
Stewart et al., 1980). We have already reported that 
the potassium leak shows a paradoxical increase be- 
low about 10-12~ (Stewart et al., 1980) and have 
therefore restricted our analysis for the enthalpy and 
volume change of activation to above 12 ~ 

The effect of pressure on the pump component 
(Fig. 3) indicates values for molar volume change, 
A V, for Vma x and K,, of +61.1 cm 3 and -20.3 cm 3, 
respectively. The values of the molar volume change 
for Vma x (+61.1cm 3) and the overall pump flux 
(+65.2 cm 3) are close because of near saturation of 
the potassium binding site under our experimental 
conditions. Molar volume changes are only directly 
comparable within a particular series of experiments 
because of other minor effects. 

The molar volume change for the passive leak is 
large and negative. Shrivastav and Parmentier (1980) 
tabulate a series of typical A V* values for reactions 
involving hydrophobic interactions and ionization. 
Our value for the K § leak is large by comparison, 
particularly for a nonenzymatic process which could 
be expected to have a AV* around 20- 
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Fig. 6. Hydrostatic pressure plotted against the natural logarithm 
of the three components of K-- uptake: (a) pump; (b) passive 
diffusion; (c) cotransport 

30 cm 3 mole- 1. The effect of anion substitution (Ta- 
ble 2 on the value of the molar volume change 
throws some light on the possible mechanism. A V* 
shows a progressive reduction from -87.2 to 
-6 .0cm3mole  -1 on passing through the series 
C1 -> Br  > N O ; - > I - .  The anions follow the order 
of the Hofmeister or lyotropic series, and it has been 
realized for many years that cation permeability is 
susceptible to the particular counterion present 
(Davson, 1940; Podolsky, 1956; Funder & Wieth, 
1967; Wieth, 1972). Various suggestions have been 
made regarding the structure-making or -breaking 
effects of anions on the solvent, and the effect that 
this might have on the membrane (see discussion in 
Funder & Wieth, 1967, and Franks, 1973). The 
physical basis for the concept of structure-making or 
-breaking by ions is well covered by Kavanau 
(1965). A similar order is obtained for the electrical 
effects of potassium salts at air-water interfaces 
(Aveyard & Haydon, 1973). 

Thermodynamic analysis of permeability data is 
of practical use only in terms of the physical insight 
that such an approach gives into the membrane 
transport process. In the light of our results for the 
K + leak we should like to suggest the following 
interpretation. The value for A V * = - 8 0  to 
- 9 0  cm 3 mole-1 could represent the stripping off of 
approximately 5 water molecules (5 x 18 
=90cm3mole  -I)  from the hydration shell of the 
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potassium ion. It seems likely that these solvent 
molecules would be removed from the secondary 
hydration shell (Fig. 7) rather than from the tightly 
bound primary shell because of the high free energy 
of hydration for K + of - 3 1 4 k J  mole-1 (Bockris, 
1949; Samoilov, 1957a, b, 1961; Mullins, 1959), with 
the primary hydration water being less mobile than 
secondary or bulk water. Alternatively one could 
consider this value to represent a large number of 
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Table 5. Temperature and pressure coefficients for the pump, cotransport and passive leak 
components of K + uptake in erythrocytes 

Pressure A V3*v Temperature 

AH* (kJmole -1) AH~ (kJ mole -t)  

Pump + 65.1_+0.4 cm 3 90.7_+5.0 (1) 
(Vmax+61.1 cm3: 90.9_+3.9 (400) 88.3 (400) 
K m - 20.3 cm 3) 

Leak - 115.9_+0.7 cm 3b 28.7_+4.3 (1) 
- 84.4cm 3~ 74.0_+4.9 (400) 78.7 (400) 

Cotransport + 83.0cm 3 (1-100) 73.6_+4.3 (1) 
+ 2.6_+0.3 cm 3 (100-400) 84.0_+7.2 (400) 83.9 (400) 

a Corrected to standard state by AH*=AH~ *. 
b Obtained by regression over the pressure range 1-400 ATA. 

Obtained at 1 and 400 ATA over a range of [K+]o. 

\ / 
\ / 

. _ j /  

activated transition state 

loss of 5-6 H20 
from cosphere H 

Fig. 7. Suggested activation step by loss of water in the per- 
meation of K + ion in human erythrocytes. Cospheres of hy- 
dration are shown drawn to scale (after Friedman & Krishnan, 
1973). The total entropy change for each cosphere is shown with 
the probable number of water molecules involved, in parentheses 

water molecules (50-60) removed from both the po- 
tassium cosphere II and also the hydration shell of 
the pore, with a A V approximating the value for the 
Ice I-water transition ( ~ - 1 . 6 3 m l  (mole H20)-1).  
The effect of the anions in the series 
C 1 - > B r  > N O g  > I  would be increasingly to de- 
stroy the structure of the secondary hydration layer 
(cosphere II) thus reducing the molar volume 
change required for formation of the activated tran- 
sition-state complex (Friedman & Krishnan, 1973; 
Verrall, 1973). Mullins (1959) suggested that one of 
the requirements for cation tunnelling in muscle 
membrane was that "... the ion can largely replace 
its hydration beyond the first shell with a solvation 
of similar magnitude obtained from the pore 
wall.. .". We believe that our experimental results 
may provide numerical support for such a mecha- 

nism. Podolsk)(1956),  working with frog sartorius 
muscle, found that the maximum isometric tension 
was affected by the series CI-,  Br- ,  NO3,  I . This 
effect he ascribed to the different hydration of the 
anions in this group. We feel, however, that the 
anion effect is more likely in our system, and 
perhaps in others also, to be related to the hydration 
state of the cations present such as sodium or po- 
tassium. 

It is of interest to note that the very marked 
positive pressure dependence for the passive K + 
leak vanishes at temperatures below 12-15~ (Figs. 
2 and 5b), corresponding to the position of the flux 
minimum reported by us previously for chloride- 
containing media (Stewart et al., 1980). Moreover 
the enthalpy of activation appears to be drastically 
affected by pressure (Fig. 5b and Table 5) only in 
the case of the passive leak. A more satisfactory 
explanation, since AH*~v=AH*+pAV*, would be 
that A V* is a function of temperature. Thus a 
change in the molar volume term for K+-activation 
and diffusion brought about by a reduction in tem- 
perature may be related to order-disorder phenom- 
ena within the membrane, and alterations in the 
structure of the K + site for passive diffusion. 

The two other components of K + uptake in hu- 
man erythrocytes are clearly distinguished from the 
passive leak by the effect of increased pressure. The 
pump exhibits a A V* of + 65 cm 3 mole-  1 K + which 
is fairly typical for an enzymatically mediated pro- 
cess (Hochachka & Somero, 1973). With two K + 
bound per (Na+,K+)-ATPase molecule this is 
equivalent to + 130 cm 3 mole-1. If there is a nega- 
tive A V* for the K + ion itself similar in magnitude 
to that observed for the passive leak, then the vol- 
ume increase for the protein itself could be as high 
as 300cm 3mole -1 on binding K § This may be 
interpreted as the volume increase which occurs as a 
result of the conformational change brought about 
by potassium binding. The temperature dependence 
and the values for the enthalpy of activation support 
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such an entropic interpretation. Similar high values 
have been reported for the assembly of myosin 
polymer from monomeric subunits (Dreizen & Kim, 
1971; Kim & Dreizen, 1971; Hochachka & Somero, 
1973). Cotransport, on the other hand, shows a re- 
latively low A V* of +2.6cm 3 mole between 100 and 
400ATA, and an apparent value of +83 cm a be- 
tween 1 and 100ATA. We feel unable, at this stage, 
to ascribe any particular physical significance to the 
marked pressure dependence of A V* for cotransport, 
other than to suggest a highly pressure-sensitive 
'conformational' change which is substantially com- 
plete on reaching a pressure of 100 ATA. 

In summary we have shown that the thermody- 
namic analysis of pressure effects may provide a 
physical insight into the mechanism for ion per- 
meation in biological membranes, in particular, we 
interpret our results to indicate that the K + ion 
loses solvated water molecules on formation of the 
activated transition-state complex for passive dif- 
fusion. 

We should particularly like to thank Dr. A.G. Macdonald of the 
University of Aberdeen, for his generous loan of the high pressure 
equipment. This work was partially supported by an MRC project 
grant. 

Note Added in Proof 

We should like to stress that our interpretation implies the re- 
moval of water molecules from the hydration shell of ionized 
potassium as the rate-determining step involved in the formation 
of an activated potassium ion-membrane pore complex, and as 
such does not suggest removal of water molecules from the sys- 
tem as a whole. 
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