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In order to understand the thermodynamic state of simple salts in living cells, the mean activity coefficients of LiCI, 
NaC1, KCI, RbCi, CsCl were determined in concentrated isoionic bovine serum albumin (BSA) solutions by use of the E&IF 
method with ion exchange membrane electrodes. The protein concentration range extended up to 22 wt Z, whereas the 
alt concentration was kept constant at 0.1 mole per kilogram water. These solutions may be regarded as crude but ap- 
propriate model syrtems for the cytoplasm of cells as far as type and magnitude of the macromolecular component influ- 
ence on the chemical potential of the salts is concerned_ The mean stoichiometric activity coefficients of the alkali chlo- 
rides in the isoionic BSA solutions decreased linearly with the protein molality; this decrease, however, did not exceed ca. 
10% compared with the pure 0.1 molal salt solutions. Only very small differences in the behaviour of the different alkali 
chlorides were observed. The results may be interpreted by the superposition of the effects of specific Cl- ion binding to 
BSA and BSA bound “non-solvent” water with probably electrostatic long range interactions of the BSA(CI-), poiyions 
with the salt ions in solution_ The resulting mean activity coefficients, corrected for ion binding and non-solvent water, 
showed a very slight linear dependence on the protein concentration. The departure from the value in the pure 0.1 molal 
salt solutions did not exceed + 2%. 

l_ Introduction 

The driving force for the diffusion and for the 
transport of molecules and ions in the cytoplasm and 
across the cell membrane of a living cell is determined 
by the gradient of the chemical potential of these 
molecules and ions and the other coupled compo- 
nents in the cytoplasm or across the cell membrane. 

The chemical potential or the activity of a compo- 

nent in the cytoplasm - in the large hyaloplasmic 
compartment or in the much smaller cell organelles, 
compartmentalized by intracellular membranes from 
the generally large hyaloplasmic compartment - de- 
pends both on *the concentration of the component 
and on the type and magnitude of the interactions 
between the molecules or ions of that component 
with the molecules or ions of all other components 

* present address: Departamento de Electroquimica, Facultad 
de Ciencias, Universidad Autonoma de Madrid, Madrid-34, 
Spain. 

in this compartment_ Conventionally, the magnitude 
of the interaction is taken into account by the activi- 
ty coefficient_ 

From the chemical composition of the cytoplasm 
[l J one may conclude that water, cell proteins and 
simple salts are the main components determining 
essentially the physico-chemical state of the cyto- 
plasm, especially of the large hyaloplasmic compart- 
mer,t. Despite their small weight percentage in the 
ceil, the simple salts and their ion constituents - like 

Na+, K”, Cl-, phosphates etc. - are of major impor- 
tance for the colIigative properties of the hyaloplasm 
because of their large contribution to the molar com- 
position- 

The simple aqueous protein-salt-solution used and 
described in this paper resembles in a rather crude 
way the situation in a hyalop!asm as far as the high 
protein concentration is concerned. The first part of 
these studies presented here, deals with the investiga- 
tion of the lyotropic alkali ion series in isoionic bovine 



serum albumin (BSA) solutions, using LiCl, NaCl, 
KCl, RbCI, and CsCl as salts. The salt concentration 
was kept constant at O-1 mole per kilogram water. 
The protein concentration extended up to 22 wt %. 
The chemical potential of the salt in the protein-salt- 
solution is expressed in terms of its concentration and 
activity coefficient. 

2. Experimental section 

Refereme solutions. The pure alkali chloride solu- 
tions used as reference solutions were prepared from 
reagent grade dried salts (MERCK, p-A_) and bide- 
stilled deionized water. The molalities (O-07 to 0.15 
moles per kilogram water) were adjusted to an accu- 
racy of < +- O.I%. 

Isoiorric LISA-salt solu?ions. The BSA stock solu- 
tions (8-10 wt%) were prepared from commercially 
available preparations (“Serumalbumin vom Rind, 
trocken, reinst”, Behringwerke AG., Marburg, FRG) 
with bidestilled deionized water. They were passed 
twice through a mixed bed ion exchange column 
(SERDDLIT M-B) in order to remove foreign salts. 
BSA solutions of higher concentrations up to 22 wt % 
were produced by ultrafiltration technique (Sartorius 
Membranfilter GmbH., Giittingen, FRG)- 

The molal protein concentration of the final solu- 
tion was determined by the dry weight method (24 hr 
at 110°C) and in using a value of 66.2 10 kilogram per 
mole for the molar rnassfifp of BSA [2] , to an accu- 
racy of < +- 0.1%. Finally, the alkali chloride molali- 
ty was adjusted to 0.1 moles per kilogram water by 
adding the appropriate quantity of the respective 
dried salt. The accuracy of the salt molality was f 0.1%. 

As could be verified by gel chromatography on 
SEPHADEX G-150, the BSA salt solutions consisted 
of 87% monomeric fraction and of about 10% dimer- 
ic fraction and approximately 3% higher BSA poly- 
mers_ This composition is found in most BSA prepa- 
rations [3,4] _ Impurities possibly present Eke uz- 
globulin, transferrin or haptoglobin [3] have been 
disregarded in the subsequent discussion. The dimeric 
portion was not taken into account; thus considering 
the whole BSA as a monomeric fraction. 

2.2. Determination of activizy coefficieizrs 

The mean activity coefficient of the alkali chlo- 
tides in the BSA salt solutions were determined by 
means of ekctromotive force (EMF) measurements 
in a three-compartment electrochemical cell with ion 
exchange membranes, applying the “zero titration” 
method of Solhrer [S’j _ 

I?rsmme?rrs. Fig. 1 shows the longitudinal section 
of the electrochemical cell used_ The ion exchange 
membranes had been charged with the respective ion 
species and equilibrated in 0.1 molaf MCI sohrtion be- 
fore measurement. All compartments were equipped 
with electromechanical stirring in order to achieve 
rapid equilibrium at the membrane interfaces and re- 
duction of the film potentials. 

The reference solutions were connected to the in- 
put resistance (1011 SL) of a vibrating reed electrome- 
ter (FHT 408 A, Frieseke & Hoepfner GmbH., Er- 
langen, FRG) through salt bridges (KC1 saturated in 
agar-agar) and Thalamid electrodes (Schott & Gen., 
Mainz, FRG). The EMF values were recorded to an 
accuracy of +- 0.15 mV with a potentiometric recorder 
(SERVOGOR, Metrawatt GmbH., N&nberg, FRG). 

sb St St St Sb 

Fig 1. Longitudinal section through the three-compartment 
cell used for elecirochemical titration. I: compartments for 
the pure alkali chloride reference solutions of identical con- 
cgntration; ii: compartment for the BSA alkali chloride so- 
lution; AM, CM: anion and cation exlxange membranes 
(NEPTON AR-1 11 and 43-61, Zonks, Watertown, Mass., 
U.&A;) respectively; St: holes for fZlbtg and stinirg; Sb: 
holes for insert@ the salt bridges; material: iuci’-. with :ili- 
con rubber gaskets. 
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Electrochemical cell and preamplifier had been in- 
stalled in a Faraday cage. All measurements were done 
at room temperature (23 f l°C). 

Procedure. The EMF of the electrochemicil cell is 
given as a function of the mean ionic activities of the 
salt in the compartments I and II by the relation [5, 
6,7] : 

E = 2(R7-/- (1 - ?+ - t_) h-r (Q/Q’), (1) 

where E means the EMF, F the Faraday constant, R 

the universal gas constant, T the absolute tempera- 
ture and a’ and a the mean ionic activity of the neu- 
tral salt component MCI (M = Li, Na, K, Rb, or Cs) 
in the compartments I and II respectively. t+ and t_ 
represent the mean respective coion transference 
numbers in the ion exchange membranes and take in- 
to account the non-ideality of the membranes. 

For E = 0, one obtains from eq. (1): 

a=ab, (2) 

where czb is the value for Q’ at E = 0. By use of the re- 
lation 

- I9 : E. 102 86 IgWo’, mV 

: 0 = 0 07‘06 mo, kg-’ 

-20: . 
\,.. : 

-._-__. - 1 -~~ : 
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Fig. 2. Electrochemical titration of a solution in compart- 
ment II of the cell (fig_ 1) containing 0.1008 mole LiCl and 
159.0 grams BSA per kilogram water. Electromotive force E 
in millivolts versus the activity fz’ of LiCl in moIe per kilogram 
water in the compartments I of the cell in fig. 1. From a’ = 
0.07406 mol kg-’ at E = 0 and r.n = 0.1008 mol kg-’ : -y = 
0.7347, according to eq. (4). 

3. Results 

a=-pzz, (3) 

the stoichiometric mean ionic activity coefficient +y 
of MCI in the protein solution is obtained: 

y = abjm_ (4) 

(For simplicity, the subscript ? of the conventionally 
used symbol r= is omitted in this paper, since no con- 
fusion with symbols for other activity coefficients is 
possible_) As long as the variation of the salt concen- 
tration in the reference solutions is small enough as 
not to change significantly the coion transference 
numbers in the membranes, the EMF exhibits a linear 
dependence on In a’ according to eq. (1). (For deriva- 
tion and discussion of the validity of eq. (1): see [7] _) 

In fig. 3, the mean stoichiometric activity coeffi- 
cients of the alkali chlorides LiCl, NaCl, KCI, RbCl, 
and CsCl in isoionic BSA solutions are shown in de- 
pendence on the BSA molality. The total salt concen- 
tration was kept constant at 0.1 moles per kilogram 
water. Data points for KC1 from a previous investiga- 
tion [7,10] are included. 

In practice, at each composition of the protein- 
salt-solution a linear relationship between E and In a’ 
could be observed within the experimental limits of 
error_ Fig. 2 shows a representative example. 

The stoichiometric mean activity coefficients, cal- 
culated from &, by means of the total ion concentra- 
tions according to eq. (4), reflect the influence of all 
mutual interactions between the components of the 
solution and the salt. To arrive at a more direct meas- 
ure of the interactions which are caused by the addi- 
tion of increasing amounts of isoionic BSA ;o a 0.1 
molal salt solution, the normalized ratio y/y0 is plot- 
ted versus BSA molality in fig. 4, where y” represents 
the mean activity coefficient of the respective salt in 
pure 0.1 molal salt solution [8,9] _ 

The Q’ values have been calculated from the molali- Above all, these results show that the presence of 
ties and interpolated values for the activity coeffi- BSA causes a linear but relatively slight decrease of 
cients in pure salt solutions given in the literature [8, 7 in relation to 70 for all alkali chlorides. Even at a 
93. By linear regression, &, is obtained, from which, BSA concentration of 4.0 millimoles per kilogram 
by use of eq. (4), 7 could be calculated. The overall water, which equals 20.94 wt%, this decrease is only 
accuracy of the method is f 0.2%. about 10%. 
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Fig. 3. Stoichiometic mean activity coefficients of LiCl (0). Na!aQ @I, KC3 (0). RbCI (v) and Cscl CD) in isoionic 8SA solutions in 
dependence on the BSA molality mp Salit concentrations: 0.1 mole per kilogram weter. Only tie mean values of-y are r&owr~. ‘I& 
data points on the ordinate show the mean activity coefficients 9 of the pure d(kdi chIoride solutions taken from the literature 

f8,9]. (a: results for Kc1 from [7])- 

mp knnwbkg-’ 

Fiz. 4. Relative stoichiometric mean activity coefficients yh” and relative mean activity coefficients corrected for “non solvent” 
water and Q- binding, r*/ro. in isoionic BSA a3kdi chloride solutions in dependence on the BSA molality mp_ Salt concentra- 
tions: 0.1 mole per kil0gcu-n water. ‘?Jon solvent” water: 0.3 @am pex gram dry BSA; average number of bound U-ions per ES.4 
mokcufer 8.1 to 9-0, depending on BSA conbn&ation. Foi sake of simplicity and in order to &e a dear representation of the-in- 
fluence of BSA on the activity coef%cients of the different tits, whkh is @en by the slopes. only the xeses!Gon lines are shown 
in the figure. They have been pamilely sli%ted to art exact ordIrta*e intercept at 1. the theoretical value at zero protein conceotm- 
tion. The maximum deviation range of the “Woe” osdinate intercepts of the regression iines is shown by a bar on the ordinate in 
the figure (range of po and & in tables I and 2). ?he bars at the regression ties correspond to the standard deviations of the data 
points from the regression lifles (s* in tables 3 and 2)- 
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4. Discussion 

4.1. Activity coefficieents 

The influence of BSA on the chemical potential 
of the salts is described by the change in their chem- 
ical potential when adding BSA to the pure salt solu- 
tion. The chemical potential JJ of the (1 ,I)-salt MCI 
(M = Ii, Na, K, Rb, Cs) in a pure salt solution of 
molality 772 is 

/.i=1”~+2RTlny~m, (5) 

where J.Q is the chemical standard potential and -y” 
the stoichiometric mean ionic activity coefficient of 
the salt in the pure salt solution. 

After the addition of the dry salt free BSA, the 
chemical potential of the salt changes to +, , 

,up = p. + 7S?Tln-ym, (6) 

where 7 is now the stoichiometric mean activity co- 
efficient of the salt in the protein-salt-solution. There- 
fore, the change in the chemical potential of the salt 
upon the addition of the protein at constant salt mo- 
lality m and constant temperature and pressure, AJJ = 
01, - P), is 

& = ZZ?Tln (+‘). (7) 

Thus, 7/y’ as given in fig_ 4 for BSA alkali chloride 
solutions, describes the net effect of BSA on the salt. 

4.2. C32oride binding and non-solvent water 

The interpretation of the stoichiometric activity 
coefficients in terms of interactions between the so- 
lution components requires assumptions, considering 
the so-called “protein bound” water and the salt ions 
bound to BSA. 

In aqueous isoionic solutions the monomeric BSA 
molecule may be regarded as a compact, very stable 
hydrated molecule [ 3 l] , carrying practically no net 
electrical charge in the absence of salts, whereby 
about 100 positive and negative elementary charges 
being distributed nearly symmetrically over the sur- 
face of the molecule 111,123 _ 

It is known that the BSA molecule exhibits a rather 
strong affinity to small anoins even at isoionic pH, 
whereas cations are not bound at this pH [ 11 ,13- 15]_ 

For example, about 9 CI- ions are bound to specific 
binding sites of the BSA molecule at a Cl- molality 
of 0.1 in isoionic BSA solutions [15] ,‘_ 

Furthermore, the BSA molecule, like all proteins, 
“binds” appreciable amounts of wa:er on its surface 
[19]_ In the following, it is assumed that the bound 
water does not contain small hydrated ions and, thus, 
would act as “non-solvent” water to the salt ions in 
solution [20,21] _ 

Therefore, serving as a simple model for the inter- 
pretation of our results, the BSA molecule is regarded 
as a polyanion BSA(Cl-), with a net charge number 
of about -9, resulting from 9 specifically bound Cl- 
ions, carrying a “hydration shell” corresponding to 0.2 
to 0.5 grams of “non-soivent” water per gram dry 
BSA [19,22] _ 
Thus, this simple model of the BSA salt sohrtion as- 
sumes a concentration change in the separate kinetic 
units of the solution components due to the inaccess- 
rbility of the “non-solvent” water to the salt ions as 
well as due to the binding of chloride ions to BSA. 

With mz and rn:, the molality of “free” cations 
and anions of the salt in water accessible to the salt 
ions, eq. (7) takes the form 

&=RTln(F)-tZ?Tln$, (8) 

where r* is now the ‘%ue” mean activity coefficient 
of the salt. 

If 71 means the mass of “non-solvent” water in kilo- 
grams water per mole BSA, v the average number of 

* The interpretation of the results gained from EMF and ApH 
measurements in diIute protein salt solutions by the specific 
binding of ions to the macromolecules was criticalIy re-icw- 
ed by Nagasawa et al. [16,17]. The authors pointed out 
that the effects observed by Scatchard and others [13-U] 
may be partly or totally caused by failure of the smeared 
charge or Debye-Hiickel approximations and need not to 
be a result of ion binding. Lt seems to us, however, that the 
extent of the lowering of the apparent anion activity in iso- 
ionic BSA solutions, with zero net electrical charge of the 
protein molecules, comparable to rhat in other polyelec- 
trolyte solutions with high polyion charge densities and in 
clear contrast to the practically unchanged apparent activi- 
ty of univalent cations [7,18 1, cannot be interpreted with- 
out assuming specific anion binding to the BSA molecules. 
Therefore and for lack of unambiguous analysis, we used 
the Cl- bildiig values computed by Scatchard without 
ignoring that these values may carry some degree of un- 
certainty_ 



bound chloride ions per BSA molecule, m, zis mention- 
ed before, the total salt mol-a3ity and mp the total 
BSA molality in the protein solution, one obtains: 

??z=fm=(3 -?Imp)-W,l, (9) 

rn*jm = f 3 - v(mp/m)] “;’ = k;fk,' , (1% 

where k, and kc, are functions taking into account, 
by definition, the binding of “non-solvent” water and 
that of chloride ions to BSA molecules. 

Inserting eqs. (9) and (30) into eq_ (8) gives by 
comparison with eq. (7): 

-y* = k, &_,r_ (33) 

In this paper, a constant value of q = 19.86 kilogram 
non-solvent water per mole BSA has been chosen, ir- 
respective of BSA molality and type of salt. This val- 
ue corresponds to 0.3 gram non-sdvent water per 
gram dry BSA. The v-values were calculated as a func- 
tion of the BSA modality [23] using data of Scatchard 
[ 15]_ It was assumed that the values of v do not de- 
pend on the type of alkali ion. In the present experi- 
ments ZJ varied from 9.0 at ??zp = O-47 mmol kg-l to 
8-I at T?zlp = 4.3 1 mmol kg-l _ 

According to eq. (8), the ratio r*/~’ measures the 
change of the chemical potential of tbe “free”’ salt 
ions in the “free” solvent du‘e to the presence of BSA. 

Empirically, the dependence of y/-y0 and 7*/yO on 
the BSA concentration may be described by the rela- 
tions 

(32) 

(33) 

As to our results, it could be verified that r/-y0 and 
y*/yO are given in dependence on the protein molali- 
ty by the linear portions of eqs. ( 3 2) and ( 33) for ail 
salts investigated within the experimental limits of 
error. Tables f and 2 show PO, 4, fiz and p; together 
with their standard errors and the standard deviations 

of the data points from the regression lines calculated 
by using the experimental error values o7 of individ- 
ual data points as statistical weights. 

The slopes fil and ST descnie the influence of the 
protein on the activity coefficient Of the salt most 
directly: 

P1=f($) , 
P T,pm 

(34) 

Therefore, in fig. 4, only the regression ‘lines paraltel- 
ly Shifted through the ordinate intercept 1 are shown. 
The bar at the ordinate indicates fhe maximum range 
of the “true” ordinate intercepts. 

Fig. 4 shows that the mean activity coefficients y* 

of all alkali ctiorides investigated are changed but to 
a very little extent by the presence of BSA in the 0.3 
molal salt solution. This change does not exceed i 2% 
even at a protein concentration of 4 mi&noles per 
kilogram water which equals 20.94% by weight. 

Despite small quantitative differences which will 
be discussed below, these findings are in accordance 
with other experimental and theoretical results 17.30, 
24,251 indicating that the mean activity coefficient 
of a simple salt in concentrated BSA solutions pre- 

Table 1 
Stoichiometric mean activity coefficients of alkali chlorides in isoionic BSA solutions 

Salt n Fz 
(‘3, 

PO “a0 81 5 
(mol-’ kg> ;!?ol-r kg) 

LiCl 23 0.15 1.0047 + 0.0006 -30.923 2 0.281 0.0028 
N3Cl 23 0.15 1.0013 + 0.0005 -27.168 + 0.183 0.0015 
KC1 14 0.14 0.9999 t 0.0008 -26.121 f 0.295 0.0018 
RbCI 8 0.18 I .ooos f 0.0015 -26.709 * O-540 0.0045 
Cscl 7 0.17 09989 + 0.0011 -26.089 2 O-469 0.0008 

Parameters and standard errors of the regression lines for r/r0 in dependence on BSA molality mp {eq. (12)): y/y0 = 8~ + pomp; 
nr number of data points, qr mean value of the relative experimental errors of single determinations of r in %, s: standard 
dex-iation of data points from the regression limes calculated with the experimental error values of individual data points as statis- 
tical weights. 
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Mean activity coaffkients of alkali chlorides in isoionic BSA Solutions, corrected for “nonsolvent” water and ion binding 

LiCl 23 0.15 1.0039 j: 0.0006 -4.842 4 0.294 0.0030 
MKi 23 0.15 1.0002 I O.OO05 0.196 -F 0.198 0.0016 
KCI 14 0.14 09985 i 0.0008 I.316 * 0.316 0.0021 
RbC1 8 0.18 0.9984 f 0.0016 0.748 i 0586 0.0050 
CsCi 7 0.17 09974 2 0.0011 f-408 t OS09 0.0011 
- 

Parameters and standard errors of the re8ression iines for y*/y' in dependence on BSA moIaIity mp (e_q. (13)): y*/~’ C PO0 + pTmp. 
n: number of data points, m : mean value of the relative experimental errors of single determmatlon of T* in Z, S: standard 
deviation of data points from the regression lines cakulated with the experimental error ~alucs of individual data points as statis- 
tical wei8hts. 

valently depends on the equivalent concentration of 
the BSA polyions and is changed by only about 10% 
even at much higher protein equivalent concentra- 
tions after allowing for ‘%mn-solvent” water and spe- 
cific anion binding, 

Comparison of +y*,-uO to r/r0 in fig. 4 reveals that 

most of the effect of BSA on the stoichiometric ac- 
tivity coefficients of the alkali chlorides is due to the 
strong specific anion binding to BSA, although this 
effect is partly concealed by the effect of “non- 
solvent” water which acts in the opposite direction, 
Similarly, in the case of concentrated isoionic hemo- 
globin salt solutions, it was found 126--303 that most 
of the change in the stoichiometric activity coeff- 
cients of simple salts, besides due to the effect of 
bound water, could be attributed to specific anion 
binding to the hemoglobin mofecufes, the remaining 
effect being of the same order of magnitude as in BSA 
salt solutions of correspondent charge concentration. 
The same interpretation possibly should apply to the 
activity coefficients of KC1 in cytoplasm fractions 

WI- 
By and large, in all concentrated protein salt sys- 

tems investigated thus far, the whole effect of the 
protein on the chemical potential of the salt is rather 
small at salt concentrations corresponding to phys- 
iological conditions.. 

The effect of BSA on the activity coefficient of 
the salts, after allowing for “non-solvent” water and 
for specific ion binding, is most probably due to elec- 
trostatic interactions between the BSA{Ci-), poly- 
ions and the free alkali and chloride ions. It has been 
shown [7], that t&e application of the “cell model” 

theory of Marcus [32], Katchalsky and Alexandrowicz 
[33] and that of the Oosawa thecry [3$,35] to BSA- 
KC1 solutions could describe fairly well the general 
trend of the experimental activity coefficients of the 
salt. A quantitative comparison, however, between 
our results and theoretical values of the activity co- 
efticients based on the application of the electrostatic 
theory of polyelectrolyte solutions should be made 
very cautiously in view of the assumptions made in 
taking into account “non-solvent” water and specifc 
chloride binding. 

Fig. 5 illustrates the influence of the correction 
terms k, and k, for ion binding and for “non-solvent” 
water on the final relative activity coefficient values 
by plotting y”/y” for NaCl at mp = 4.3073 millimole 
per kilogram water in dependence on 3_ (5: mass of 
“bound” water per mass of dry BSA; f = 1000 &Wp) 
with variol;s v-values as parameters. As can be seen, 
the assumed uncertainties of u and 5 values cause a 
maximum uncertainty of r”/@ of -6.5% and -6 I % 
considerably exceeding the experimental error range. 

4.3. Cation svecifiry 

Numerous investigations have shown that neutral 
salts may exhibit ion specific effects on the thermo- 
dynamic and kinetic properties of macromolecule 
solutions whose magnitude and direction are often 
describable by the so-called lyotropic or Hofmeister 
ion series [36] . Correspondingly, a more detailed 
consideration of the results given in fig_ 4 reveals a 
specific effect of the BSA on r*/y”, related to the 
alkali ion species which is most expressed for LiCl. 
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Fig. 5. influence of the Cl- ion binding and “non-solvent” 
water correction terms k,-, and k,,, on the final activity coef- 
fidents. 7*/7O calculated wi’lh the experimental value of 7 = 
0.6887 for 0.1 molal NaCi in isoionic BSA solution at mp = 
4.3073 mm01 kg-’ versus g in gram “non-solvent” water per 
gram BSA with various values Y for ihe average number of 
Cl- ions bound to BSA molecules. $: r*/-r” obtained with 
Y = 8.1 and 5 = 0.3, as chosen in the discussion together with 
its experimental error range. Shaded area: uncertainty range 
of ~‘17” for assumed uncertainties off 1 and 2 0.1 for Y and 
5 respectively. 

As can be seen from the slopes of the regression lines 
(see fig. 4 and the numerical values in tables 1 and 2), 
the influence of the BSA component on y seems to 
increase in the order of increasing Stokes radii of the 
alkali ions in solution which is Cs” = Rbi = K” < h’a+ 
< L.i+ 1373 _ This effect, however, is statistically sig- 
nificant only in the case of LiCI. For NaCi, the effect 
is possibly concealed by the unusually high error 
range of the RbCl regression line, indicating unde- 
tected error causes in these results. Qualitatively, the 
same behaviour has been found in isoionic hemo- 
globin alkali chloride solutions [29]. 

Different qualitative results have been obtained 
for (1 ,I)-potassium salts showing a decreasing influ- 

ence of the protein on y with increasing anion radius 
in hemoglobin and BSA sdutions [28,383 _ From the 
quantitative aspect, furthermore, the anion specific 
effect was much more pronounced and seemed to 
be properly explained, at least for the BSA solutions, 
by different extent of the specific anion-binding 
known from the literature [I 1 ,X3-15] _ From these 
findings one might exclude the explanation that the 
slight cation specific effect shown in fig_ 4 could be 
due to specific cation binding to BSA, all the more 
as all experiments have shown that isoionic BSA does 
not bfnd specifically univalent cations [ 11,13] _ 

On the other hand, the observed differences of the 
y* values for the alkali chlorides may be caused by 
the different influences of the alkali ions on the 
structure of the solvent [36] _ As has been pointed 
out by Samoilov [39], the Lii and the Nai ions re- 

duce the translational mobility of the water mole- 

cules in their nearest neigbbourbood (“positive hy- 

dration”), whereas the K* , Rb’ , and C$ ions en- 
hance the translational mobility of the nearest water 
molecules (“negative hydration”). It is possible that 
this alkali specific property affects the amount of 
water ‘&bound” to the protein molecules, resulting in 
a small cation specific dependence of y*jyo in the 
direction observed, since in eqs. (9), (1 I), and (15) 
a constant value for 9 has been employed for all al- 
kali chloride-BSA solutions. 

6. Conchrsions and biophysical outlook 

The results of our investigations presented here 
show that the chemical potential of alkali chlorides 
in isoionic BSA solutions are changed by about 10% 
only, compared to that in pure salt solutions of equal 
molality, at protein and salt concentrations which 
correspond to those in the cytoplasm of the living 
cell. 

The experimentally obtained mean activity coef- 

ficients as a function of the protein concentration 

were analysed, using the known data [IS] for the 

specific binding of Cl- to BSA and referring to the 
concept of “protein bound non-solvent water”. The 
residual change of the activity coefficient is probably 

due to electrostatic interactions between the 
BSA(Cl-),-polyions and the salt ions in the “free” 
water, including a small cation specific effect. 
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Bovine serum albumin cannot be considered as 
typical for the cell proteins, but experiments with 
bovine oxyhemoglobin of varying concentration in 
alkali halide solutions containing the cations Lii, Na+, 
Rb+, and Cs* and the anions F- , Cl-, Br- , I-, and 
NO: showed that hemoglobin exhibits essentially the 
same influence on -r, except the smaller affinity for 
anions, compared to BSA 12630]. 

Hemoglobin is the main protein within the interior 
of red blood cells, but the red blood cell is highly 
specialized and the hemoglobin is larger than the 
typical cell proteins. It was shown [40] that the aver- 
age molar mass of the intracellular proteins in 
Escherichia coli is about 24.0 kg mol-J and in HeLa 
cells 3 1.7 kg mol-J . Not more than 5 wt% of all cell 
proteins have a larger molar mass than SO kg mol-J. 
The molar mass pattern of HeLa cells is characteristic 
for a wide variety of vertebrate tissues except highly 
specialized cells such as erythrocytes. 

The values representing the activity coefficients 
of the salt in the cell interior components - for prin- 
cipal thermodynamic reasons the ions have to be com- 
bined to neutral components - are not known. Single 
ion activity determinations, e.g. K+, in the cytoplasm 
of cells by means of ion-specific electrodes are com- 
plicated subject to the generally unknown diffusion 
potential of this electrochemical cell with transference 
]41,42]_ 

Therefore the activity coefficient of KC1 in the 
supematant of calf liver cells with most of the cellular 
proteins was measured according to the method de- 
scribed in tis paper [10,31] _ The influence of the 
cell proteins on the activity coefficient of KC1 in the 
supematant differs only slightly from hemoglobin 
and BSA. Assuming that during the fractionation pro- 
cedure of the liver cells the relevant properties of the 
proteins in the liver cells did not change one may 
conclude, that the activity coefficient of simple salts 
in the cell is not very different from the value in sim- 
ple model systems, one of which is described in this 
paper. 
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