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Abstract-Using equilibrium dialysis at 37”. the binding of two cortisol concentrations to both human 
albumin and serum were examined as a function of protein concentration. The range of protein 
concentration included the normal physiological range for albumin and cortisol. The use of dextran 
outside the dialysis sacs enabled the inside protein concentration to be stabilized against dilution 
resulting from colloid osmotic Huid movement. Furthermore, this enabled the protein mass within a 
given series to remain constant whilst allowing predetermined concentration changes. Scatchard analyses 
show that as the protein concentration decreases in either serum or albumin the binding affinity and/or 
number of binding sites for cortisol increases. Colloid osmotic Huid movements indicate that albumin 
behaves anomalously at relatively high concentration. This anomaly indicated by the presence of an 
apparently higher molecular weight species appears to be related to the concentration of cortisol present. 
In serum. the inHuence of corticosteroid binding globulin on cortisol binding is concentration dependent. 
This was shown by an apparent increase in binding site availability with protein dilution. 

Cortisol has been shown to be transported in plasma 
by two major proteins, namely albumin and corti- 
costeroid binding globulin. The differentiation of 
these two proteins in terms of their cortisol binding 
ability results from a relatively large difference in 
both affinity and capacity [ 11. 

The traditional method of measuring ligand-pro- 
tein interaction usually involves maintaining a fixed 
protein concentration whilst varying the ligand con- 
centration. This approach assumes that the apparent 
association constant K and the number of binding 
sites n are independent of protein concentration. 
However, there is evidence that cortisol[2] and other 
drugs [3-51 show albumin-concentration dependence 
of these parameters. In view of this evidence both 
albumin and serum were examined to ascertain the 
binding kinetics for cortisol using varying protein 
concentrations in the presence of two fixed cortisol 
concentrations. The range of protein included 
physiological concentrations of albumin. whilst the 
cortisol concentrations selected were a normal level 
found within the diurnal variation and a lo-fold 
dilution thereof. 

MATERIALS AND METHODS 

Human serum. Samples of whole blood were with- 
drawn by venepuncture from healthy male volun- 
teers and the serum harvested after standing at room 
temperature (23”) for 30min and centrifugation at 
2000g for 10 min. Endogenous cortisol of the pooled 
sera was determined by competitive protein binding 
assay [ 61. 

Human albumin. Normal serum albumin (Com- 
monwealth Serum Laboratories, Melbourne. Aus- 
tralia) was received as a concentrate (250 mgiml) in 

sterile bottles containing no preservatives. Only one 
batch was used throughout all experiments. No 
endogenous cortisol was detected by the competitive 
protein binding assay. The purity of this albumin 
preparation with regard to the presence of other 
protein contaminants was determined by the 
microimmunoelectrophoretic technique of Scheideg- 
ger [7] against two rabbit antiserums, namely whole 
human plasma and human corticosteroid binding 
globulin. No such contaminants were detected. How- 
ever, albumin polymers (namely dimer and tetramer) 
were found to constitute about 4 per cent of the total 
protein. This was measured by passage through 
Sephadex G-200. with gel permeation performed by 
downward elution in a 2.6 X 1OOcm column with 
20mM Tris-phosphate buffer, pH 8.0 containing 
150mM sodium chloride and 0.5% (w/v) sodium 
azide at room temperature (23”). Symmetry of the 
optical adsorption profile for both monomer and 
dimer of albumin suggested they were not in dynamic 
equilibrium with one another. Repeated application 
of any albumin polymer gave the same elution vol- 
ume as found in the original sample. suggesting there 
was no dissociation to monomeric albumin. 

Equilibrium dialysis of cortisol 

Dextran. In order to control the osmotic move- 
ment of buffer into the dialysis casing during equi- 
librium dialysis, which thereby effectively dilutes the 
initial protein concentration, dextran was placed in 
the external buffer medium. Dextran T-70 (Phar- 
macia, Australia) is a defined polysaccharide poly- 
mer with a number average molecular weight of 
42,500. Using known Dextran T-70 concentrations 
in the external buffer medium, its generated colloid 
osmotic pressure allowed the protein concentration 
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within the dialysis casing to be varied. The concen- 
tration of Dextran T-70 used varied from 0.75 to 8’;; 
(w/v). 

Cortisol. Tritiated cortisol(1.2.6,7(n)-H’). sp. act. 
82 Cimmole (Radiochemical Centre, Amersham. 
Bucks, U.K.) was found to be 97% radiochemically 
pure using ascending thin layer chromatography on 
silica gel in a dichloromethane : acetone: 3 : I (v/v) 
solvent system. The specific activity of this material 
was reduced by the addition of unlabelled cortisol 
(Calbiochem, U.S.A.) The tinal working external 
dialysis buffer used contained about 5 x 10Jcpm/ml. 

the conclusion of dialysis allowed calculation of pro- 
tein bound cortisol. Liquid scintillation counting was 
in toluene based scintillant containing a non-ionic 
detergent. Teric X-IO (Robert Bryce. Australia) in 
the ratio of Toluene :Teric X-IO: 2: I (v/v) with six 
grams of 2.5 diphenyloxazole (Koch-Light Labs. 
U.K.) per litre. Counting in ;I Nuclear Chicago 
Isocap 300 had an efficiency of approximately 32 per 
cent. The counting error was kept to i I3 for all 

samples. 

Protein. One ml aliquots of either neat serum or 
albumin diluted with dialysis buffer to 40 mgiml were 
placed in previously boiled Visking dialysis casing 
and tied with surgical linen thread. This means that 
within the dialysis series of either albumin or serum. 
the mass of protein within dialysis sacs was constant. 
The endogenous concentration of cortisol in serum 
was found to be 2.55 x 10 ’ moles/l. whilst none was 
detectable in the albumin preparation. When the 
sacs containing one ml of neat serum were immersed 
in 10 ml of external dialysis buffer, the endogenous 
cortisol concentration was effectively diluted I I-fold 
becoming 2.32 X IO ’ males/l. For the albumin 
series. unlabelled cortisol was added to the external 
dialysis buffer to yield an approximately equivalent 
final concentration. namely 2.77 X IO ’ moles4. 
These two cortisol concentrations for both albumin 
and serum constituted the lowest examined in this 
study (Table I). The higher cortisol concentration 
was achieved bv addition of 2.76 x IO ~’ moles/l to 
the external buffer for both albumin and serum. A 
trace amount of tritiated cortisol was added to the 
external buffer of all sacs giving a final content of 
5 X lo4 cpmiml. 

Binding data was expressed either as a percentage 
or in the form of a Scatchard analysis 1x1. using the 
relationship 

where r is the number of cortisol moles bound per 
mole of albumin, [S] is the molar concentration of 
free steroid. II is the number of cortisol binding sites 
per mole of albumin. and K is the apparent associ- 
ation constant. The molecular weight of albumin was 
assumed to be 66.250 [Y]. For both serum and albu- 
min the Scatchard plots are presented as a function 
of molar cortisol bound to moles of albumin in order 
to facilitate direct comparison between the two 
systems. 

Dialysis. Dialysis was performed with 10 mM 
sodium phosphate buffer pH 7. I. NaCl I50 mM at 
37 ? I” in a shaking water bath for 20 hr. Serial 
sampling of both inside and outside control sacs 
suggested that steroid equilibration was approached 
after 5 hr independent of the protein concentration 
examined. No demonstrable cortisol binding to dcx- 
tran was found when dextran alone was dialyzed 
against buffer containing only cortisol. 

Taking duplicate aliquots of both internal and 
external solutions for liquid scintillation counting at 

Proteir~ cormntrntior~.~. Human albumin and cor- 
ticosteroid binding globulin (CBG) concentrations 
were determined by quantitative radial immuno- 
diffusion [IO], using antibodies raised separately to 
the two respective proteins. Radial immunodiffusion 
was performed in I9 (w/v) Type 1 agarose (Sigma 
Chem. Corp., U.S.A.), M, = -0.11 in 5OmM 
sodium barbital buffer, pH 8.6. Using a nominal gel 
thickness of I. I mm, 4 111 of the appropriate antigen 
dilution was placed into 3 mm diameter holes with 
an intercentre distance of 1.6 cm. Radial diffusion 
occurred at 23” in a humid chamber for 4X hr. Cal- 
ibration standards were obtained for albumin, using 
its extinction coefficient at 2X0 nm. El’:,,, =5.31. 
and its molecular weight 66,250 [Y] and for CBG. 
El’; , (i,, =7.10 and molecular weight 49,500 [ll]. 
Quantitation of steady state precipitin ring diameters 
was performed with vernier calipers on photographs 
obtained using dark-field illumination. 

At commencement 
Volume of solution (ml) 
Dextran T-70 

concentration (9:) 
Albumin concentration 

(moles/l) 
Cortisol concentration 

(molc4) 
At equilibrium 

Bound cortisol (moles/l) 
Bound cortisoli 

Albumin concentration 

IO I IO I 

3.5 4 

h.(l-l X 10 ’ 7.0’1 > IO ’ 

’ XII x IO S ‘_. 1.76 x IO ‘I’ 7.55 x IO - 

5.25 x IO ’ 1.3s * 10 _ 

8.70 x lo-’ 1.95 x 10 ’ 
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RESULTS 

Albumin-cortisol binding. Figure 1 shows the per- 
centage of cortisol bound to albumin and serum, 
expressed as a function of albumin concentration. 
Examining first the binding to albumin alone irres- 
pective of which cortisol concentration is chosen, 
namely 2.54 x lo-’ moles/l or 2.51 X lo-’ moles/l, 
approximately 84 per cent is bound at 47 mgiml 
albumin. This concentration of albumin is that which 
was found in the undiluted pooled serum used in 
these experiments. The normal albumin concentra- 
tion range found in healthy adults is between 35 and 
50 mg/ml [12]. 

Figure 2 is the same data for pure albumin pre- 
sented as a Scatchard plot over the albumin range 

of 25 to 120 mgiml for the two cortisol concentrations 
as above. Unlike classical protein-ligand interactions 
obeying the law of mass action, this plot has a positive 
slope for both cortisol concentrations examined. This 
observation may be interpreted as either increased 
affinity and/or binding sites for cortisol on albumin, 
the rate or degree of which appears to be intimately 
related to the cortlsol concentration present. 
Although not as marked, a similar response namely 
a positive slope, is observed with points of equal 
protein concentration, as shown by the stippled lines 
at 25 (c), 50 (b) and 120 (a) mgiml in Fig. 2. However, 
the magnitude of the positive slope decreases with 
protein dilution. These observations suggest that 
cortisol binding to albumin only approaches satu- 
ration at extremely dilute albumin concentrations 

-0 60 0 Serum 2 35 x 10-s M 

s a Serum 2 72 x IO-’ M 
B 
$ 40 

. Albumin 2 54 x IO-’ M 

l AlbumIn 25 Y 10e7hn 

AlbumIn, mg/ml 

Fig. 1. Cortisol binding to human albumin and serum. Two concentrations of cortisol were examined 
in the presence of either varying serum or albumin concentrations. Serum is expressed as a function 
of its contained albumin concentration. The binding of cortisol is shown as the percentage bound to 

protein. 

Fig. 2. A Scatchard plot for the binding of cortisol to human albumin. The albumin concentration 
shown is 25-120 mgiml, with cortisol concentrations of 2.54 x lWx and 2.51 x 10~‘molesil. Represen- 
tative data points from 80 individual determinations for each cortisol concentration are shown. A 
describes the binding with the lower cortisol concentration. and H the higher cortisol concentration. 
The stippled lines join points of equal protein concentration; a G 120 mgiml, b is 50 mg/ml and c is 

25 mg/ml 
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and the activity coefficient of albumin is therefore 
not independent of concentration. Even at an albu- 
min concentration of 20 pg/ml (3.02 X IO-“” moles/l), 
saturation of albumin with either cortisol concentra- 
tion examined here could not be demonstrated. 

Colloid osmotic pressure. Dextran was used to 
oppose the colloid osmotic pressure generated by 
albumin within the dialysis sac. As there is an inverse 
relationship between colloid osmotic pressure and 
molecular weight (Van? Hoff Law), it is possible to 
derive a number average molecular weight for albu- 
min at any given dextran concentratton. This is 
achieved knowing the number average molecular 
weight for dextran and the equilibrium concentration 
of both dextran and albumin. The slope of this line 
will represent the reciprocal of the theoretical num- 
ber average molecular weight for albumin. This is 
shown in Figure 3, as a plot of equilibrium dextran 
concentration against equilibrium albumin concen- 
tration. Figure 3 also shows the experimentally 
obtained values for albumin at both cortisof concen- 
trations examined. At the higher cortisol concentra- 
tion (2.51 x IO-‘moles/l), the albumin molecular 
weight derived from the slope of the line approxi- 
mates 72,000 and at the lower cortisol (2.54 X 
10e8 moles/l) is 81,000. These deviations from ideal 
osmotic behaviour are more apparent at relatively 
high albumin concentrations i.e. above the normal 
physiological levels. The phenomenon appears to be 
dependent upon the cortisol concentration present, 
with less apparent protein interaction occurring in 
the presence of the higher cortisol concentration 
studied. 

Serum cortisol binding. When fresh serum is 
dialyzed under the same conditions as those 
described for isolated albumin in the presence of 

2.35 x lo-‘moles/l cortisol, considerably more ster- 
oid is bound than to albumin alone (Fig. I). This 
observation supports the view that serum contains 
at least one high affinity cortisol binding protein. 
However, by virtue of there being only a small dif- 
ference in binding between albumin and serum at 
a cortisol concentration of 2.75 X lO~~moles/l the 
second binding protein is of small capacity. The 
existence of this high affinity, low capacity cortisoi 
binding protein in serum was originally described 
and named corticosteroid binding globulin (CBG) 
by Daughaday in 1958 [I]. 

The binding of cortisol to serum is transformed 
into a Scatchard plot in Fig. 4. The data is expressed 
in terms of serum albumin concentration, over a 
range of 25-84 mgiml, enabling a direct comparison 
of cortisol binding between isolated albumin and 
serum. Any contribution by CBG to the total protein 
concentration will be negligible with respect to the 
albumin molar concentration. The CBG concentra- 
tion found in the normal llndiluted serum used in 
these experiments was 7.37 x 10m7 moles’l. @ali- 
tatively the serum plot is similar to that for isolated 
albumm. Saturation of the higher aflinity binding 
component (CBG) is demonstrated by joinmg points 
of equal albumin concentration i.e. 84 (d) and 
50 (e) mgiml (Fig. 4). 

Comparing the Scatchard plots using the lower 
cortisol concentration for albumin and serum. the 
slopes of the two lines are divergent. This is more 
easily seen by the transformation of the data as in 
Fig. 5(A) in which nK, derived from the fraction of 
cortisol bound and albumin concentration, is plotted 
against the albumin concentration. The nk’ values 
for serum are expressed as if all binding is attribu- 
table to albumin. Similar data for the higher cortisol 

150- 

---- cow Cortlsol 
-------- High cortlsol 

- Theorettcol curve 

Equlltbrium dextron concentrotlon, mg/mi 

Fig. 3. The effect on protein concentration of dialyzing human albumin against various Dextran T-70 
concentrations. Equal amounts of albumin were contained in each sac and dialyzed against known 
Dextran concentrations in the presence of cortisol either 2.54 x lo-” (-- - -) or 2.51 x lo-’ 
(- - - - -) moles/l. The theoretical fine relates the predicted albumin concentration with the known 
coltoid osmotic pressure generated by Dextran. The reciprocal of the slope of the lines (both theoretical 

and experimental) give a measure of the number average molecular weight of albumin. 
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28 I ! I . 
24 ‘7 

Fig. 4. A Scatchard plot for the binding of cortisol to human 
serum. The relative dilution and concentration of serum 
has been expressed as the albumin concentration, the range 
of which was 25 to 84 mg/ml. The cortisol concentrations 
used in dialysis were 2.35 x 10-s and 2.75 x lo-’ moles/l. 
Representative data points from 80 individual determina- 
tions for each cortisol concentration are shown. A, 
described binding of the lower steroid concentrations and 
E& the higher. The stippled lines join points of equal protein 

concentration; d is 84 mgiml and e is 50 mgiml. 

concentration is shown in Fig. 5(B). For both cortisol 
concentrations, nK decreases as the albumin con- 
centration increases. In Fig. 5(A), comparing serum 
and albumin exposed to the lower cortisol concen- 
tration the decrease is more dramatic in the serum, 
presumably because of the presence of the high 
affinity binder CBG. It would seem that the behav- 
iour of CBG itself in serum may be affected by 
concentration, as previously shown in the Scatchard 
plot in Fig. 4, with n decreasing as the protein con- 
centration increases. 

DISCUSSION 

The experimental protocol used for this study on 
cortisol binding to albumin and serum represents a 
significant departure from conventional methods. 
The use of an inert material, namely dextran to 
oppose fluid movement during equilibrium dialysis 
experiments enables constant protein concentration 
to be maintained throughout. Coupled with this 
advantage is maintenance of a constant protein mass 
in a series, whilst allowing the opportunity to produce 
required variation in concentration within this mass. 
This overcomes the protein mass dependent 
Gibbs-Donnan effect when albumin concentration 
is altered in the presence of a fixed cortisol concen- 
tration. In the current study, the Gibbs-Donnan 

(0) 

2 4 6 8 10 I2 14 16 If3 

I Albumr cont. 10-f M 

AlbumIn cone, 0,M 

Fig. 5. Relationship between nKand human serum albumin 
concentration for the binding of cortisol. (A) The rela- 
tionship of increasing albumin concentrations in the pres- 
ence of the lower cortisol concentration examined, namely 
2.35 X lo-’ moles/l for setum (0) and 2.54 x 10~ ‘moles/l 
for albumin (A). (B) The same relationship with the two 
higher cortisol concentrations. namely 2.74 x 10~‘moles/l 
for serum (0) and 2.51 x 1O~~‘molesil for albumin (A). 
(A) and (B) are transformations of data contained in Figs. 

2 and 4. 

effect is itself minimised by the presence of a sub- 
stantial quantity of saline in the dialysis buffer. 

Albumin. The observation that the value of nK 
is a function of albumin concentration for the binding 
interaction with cortisol is in substantial agreement 
with the findings of Brunkhorst and Hess [2] and 
Kerkay and Westphal [ 131. However, in this current 
study two concentrations of cortisol have been used 
to demonstrate that isolated albumin binding is not 
only dependent upon albumin concentrations, and 
therefore its variable activity coefficient, but also 
that cortisol itself plays a role in the determination 
of albumin activity. The effects are readily observ- 
able within the range of albumin found in clinical 
medicine, and may be associated with changes in 
steroid handling in patients who have very low 
albumin concentrations. In children suffering from 
severe nephrotic syndrome, the half-life of pred- 
nisolone, a synthetic steroid analogue of cortisol, is 
markedly increased in the presence of very low serum 
albumin [14]. 
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Brunkhorst and Hess [2] have suggested that var- 
iable quantities of competitive inhibitors existed in 
the isolated albumin fraction. However, pre-dialysis 
of their albumin preparation against buffer prior to 
cortisol experiments suggests that any inhibitor 
would have to be either in a relatively large concen- 
tration or non-dialyzable. In this current study. if 
such a dialyzable inhibitor is present, due to experi- 
mental design it will remain constant throughout. 
Similarly a large molecular weight inhibitor 
(>lO,OOO) would have revealed itself with gel per- 
meation. However. the effects of a small tightly 
bound molecule such as fatty acid cannot be 
discounted. 

Ray et al. [15] have reported that binding of 
dodecyl sulphate and dodecanol also exhibit bovine 
serum albumin concentration dependence. These 
results were subsequently shown to be due to a very 
slow approach to equilibrium by these ligands in the 
presence of high protein concentrations [l(7). No 
such phenomenon with cortisol was observed in this 
study. 

Positive co-operativity. in which the binding of 
one ligand to a macromolecule will create an cner- 
getically favourable site for another ligand molecule 
by some allosteric modulation has been demon- 
strated in other systems [ 171. The operation of such 
a mechanism implies that if either protein or cortisol 
concentrations are varied with respect of each other 
then a similar response should be observed. The 
observations reported here support this form of 
interaction. Positive co-operativity is characterised 
by a positive slope on a Scatchard plot [I71 as seen 
when either albumin or cortisol concentrations are 
held constant whilst the other is varied (Fig. 3). With 
protein dilution, rlK increases. Furthermore. the 
apparent self association of albumin is demonstrated 
with an increase in the apparent number average 
molecular weight as shown by the colloid osmotic 
balance induced by dextran. This association also 
appears to be linked with the cortisol concentration 
present. The exact nature of this protein-protein 
interaction is not clear: however. they do not appear 
to be the covalentI>, linked species found in small 
quantities in the starting preparation. The possibility 
that dimers of albumin not involving sulphydryl 
groups as described by Therriault and Taylor [I81 
and Hartley e( nl. (191 may be involved cannot be 
excluded. Other investigators have shown that if 
albumin concentration is varied with respect to the 
ligand concentration then a similar response. namely 
increase in binding with decrease in protein. is 
observed as described I-?-5]. Howe\,cr. unlike this 
study no evidence is available to show that an 
increase in n and/or K exists if either cortisol or 
albumin concentration is varied with respect to the 
other. 

Serum. The observation that at the higher cortisol 
concentration examined only a small increase in 
bound cortisol due to the presence of CBG in serum 
could be demonstrated was unexpected. However. 
the possibility that the isolated albumin binds more 
cortisol in the absence of other potential competing 
ligands cannot be excluded. Indeed the positive 
co-operativity of albumin for cortisol may well be 
considerably altered in the presence of tightly bound 

ligands such as fatty acids due to its flexibility or 
conformational adaptability [ZO]. In view of these 
observations it seems likely that cortisol binding in 
either serum or albumin cannot be adeyuately 
defined in terms of a single affinity constant or bind- 
ing site unless due consideration is given to this 
apparent co-operativity. 

Inspection of the Scatchard plots for both serum 
and albumin suggests that the other cortisol binding 
protein in serum. namely CBG. also demonstrates 
marked concentration dependent binding. It would 
seem most likely from the data that II changes in the 
presence of an unchanging affinity constant. The 
decreased binding of cortisol by CBG as a function 
of concentration is possible in as much as Werthamer 
et al. [21], have shown that dilution reversible poly- 
mers of CBG exist in whole human plasma. From 
our data, such polymers appear to hc functionally 
reversible. The reason for their existence in plasma 
however remains obscure. 

It appears the traditional approach of determining 
the binding kinetics of cortisol at only one protein 
concentration is inadequate and indeed may con- 
tribute to some erroneous conclusions regarding the 
concentration of unbound biologically active corti- 
sol. Likewise, the use of dilute plasma and radio- 
actively labelled cortisol to measure CBG concen- 
trations in plasma (indirectly) may be misleading. 
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