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Abstract-The influence of temperature on the binding of aurothiosulphate by human serum albumin 
was studied in unbuffered solutions at pH 7.4 and ionic strength 0.15 M by means of equilibrium dialysis. 
It was found that the high affinity association constant was temperature dependent. The thermodynamic 
characteristics of binding AG,” < 0, AHi” > 0 and ASi” > 0 indicated that the binding process was 
endothermic and entropically driven. It was concluded that electrostatic interaction was predominantly 
involved in the binding of aurothiosulphate to the high affinity binding site on albumin. This is consistent 
with the molecular mechanism that the ligand binds as Au+ to a sulfhydryl group of albumin by replacing 
a hydrogen ion. 

Although gold compounds, such as aurothiosulphate 
and aurothiomalate, have been used successfully in 
the treatment of rheumatoid arthritis for more than 
50 years, their mode of action is still unknown. In 
vivo and in vitro studies have shown that “gold” in 
serum is bound mainly to albumin [l-6], but only 
little quantitative information concerning the mech- 
anism of this interaction is available [5,7,8]. It is, 
however, of fundamental pharmacological interest 
to get further information of the molecular nature 
of the binding process. Such information can be 
obtained by studying the influence of temperature 
on the gold-albumin interaction. This effect has been 
studied in only one prior work [5], where binding of 
aurothiomalate to bovine serum albumin was inves- 
tigated in the temperature range 25”-37” at pH 7.45 
in phosphate buffered medium. It was found that the 
association constants did not depend significantly on 
the temperature (P < 0.025). 

In the present investigation the physicochemical 
factors responsible for the interaction between auro- 
thiosulphate and albumin were studied by a ther- 
modynamic analysis of the temperature dependence 
of aurothiosulphate binding in unbuffered human 
serum albumin solutions at ionic strength 0.15- 
0.16 M and pH 7.4. The interpretations of the result- 
ing thermodynamic data are discussed in conjunction 
with the molecular mechanisms presented previously 
[7,8], and a binding theory for the interaction of 
aurothiosulphate with albumin is proposed. 

MATERIALS AND METHODS 

Materials. The albumin preparation was purified, 
lyophilized human albumin (Behringwerke AG, 
Marburg, F.R.G.). Polyacrylamide gradient gel 
(PAA 4/30, Pharmacia, Uppsala, Sweden) elec- 
trophoresis of a 0.5% albumin solution showed only 
one distinct band of monomer albumin and one 
very faint band due to dimer albumin. Crossed- 
immunoelectrophoresis performed against rabbit 

antihuman serum (DAKO, Copenhagen, Denmark) 
showed that no peaks attributable to proteins other 
than albumin were detectable [9]. The sodium auro- 
thiosulphate, Sanocrysin@, was purchased from Fer- 
rosan (Soborg, Denmark). The visking seamless 
cellophane tubing (8/32 in., Union Carbide, 
Chicago) was used for dialysis. All initial solutions 
of albumin, sodium aurothiosulphate (and blanks) 
were unbuffered solutions prepared in distilled, 
sterile water containing 0.15MNaCl and with pH 
adjusted in order to obtain pH = 7.4 at equilibrium. 
During dialysis a decrease in pH (-0.16) was 
observed. 

Equilibrium dialysis. The binding of sodium auro- 
thiosulphate to human albumin in unbuffered solu- 
tions at three different temperatures in the range 6”- 
37”, was studied in an equilibrium dialysis system 
previously described [6]. The ionic strength was 
0.15-0.16 M, andpH 7.4 when measured at the equi- 
librium temperature. A second set of experiments 
were performed identically at 6” and 24” except for 
pH being 7.4 when measured at 37”. The range of 
concentration of total sodium aurothiosulphate in 
the initial solutions was 82-2.041 PM at 6” and 
22”(24”) and 40-4082 m at 37”. 

After equilibrium was reached within 72 hr, the 
concentration of albumin was measured on the inside 
of the dialysis membrane. The pH and the con- 
centrations of sodium and gold were measured on 
both sides of the membrane. 

At the actual temperatures of these experiments, 
spectrophotometric and electroimmunoassay deter- 
minations of albumin showed that the albumin solu- 
tion was stable during the time required for attaining 
equilibrium. No bacterial growth was observed after 
dialysis in any of the solutions. 

Measurements. The pH measurements were per- 
formed with a Radiometer pH meter PHM 72 sup- 
plied with the electrode system BMS 2 MK2 blood 
Micro System. The instrument was calibrated to the 
recommended values of two standard phosphate 
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Fig. 1. The effect of temperature on the binding isotherms 
of aurothiosulphate to human serum albumin at ionic 
strength 0.15 M and pH 7.4. The curves represent the best 
fit to equation (1) using n = 4. The data points with 

C < 10 pM are not included in the analysis. 

buffers at the respective temperatures. A quan- 
titative electroimmunoassay technique according to 
the principle of Laurel1 [lo] was used for albumin 
determinations. (Albumin standard: Standard- 
Human-Serum Behringwerke AG). The gold con- 
centrations were determined with a flameless atomic 
absorption spectrophotometer (Beckman model 485 
fitted with a Masmann Cuvette model 1268) [ll]. 
The sodium concentrations were measured with a IL 
343 Digital Flame Photometer. 
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Binding of aurothiosulphate to albumin at different 
temperatures 

Figure 1 shows the experimental data for the bind- 
ing of aurothiosulphate to human serum albumin at 
three different temperatures in the range 6”-37”. The 
ionic strength was 0.15-0.16 M and pH 7.4, the latter 
measured at the equilibrium temperature. The bind- 
ing data are plotted as ij versus log C, where V is the 
average number of gold atoms bound per albumin 

molecule, and C is the concentration of unbound 
gold at equilibrium. In the calculations a molecular 
weight of albumin is assumed to be 67,000 
throughout. 

The lines in Fig. 1 are the best fit to the equation 

K;C 
v=zcn - 

‘=I 1 + K;C 

using a non-linear least-square curve-fitting 
procedure. The summation is over all n sites of the 
albumin molecule and Ki is the association constant 
for site i. Equation (1) implies that there is no inter- 
action between the sites. According to previous pub- 
lications [6-8] n = 4 is assumed in the calculations at 
each temperature. 

The apparent association constants calculated 
from the experimental data of Fig. 1 are displayed 
in Table 1. The binding data for small concentrations 
of C (Cc 0.01 mmol/l) could not be fitted to 
equation (1) and were therefore not included in the 
analysis. However, it should be noted that inclusion 
of these binding data only affect K1 which is increased 
by approximately lo-20%. It is conceivable that a 
better fit for low drug concentrations, i.e. F< 0.5 
can be obtained using other binding models which 
give a different behaviour in that region. This is 
under further investigation. Table 1 also displays the 
binding results obtained from the different set of 
experiments where, pH was kept constant when 
measured at 37”. 

The Donnan distribution ratios for sodium ions 
(Na/Na’) across the semipermeable membrane at 
equilibrium at 37”, 22” and 6” were 1.01, 1.01 and 
1.00, respectively. The primed symbol indicates the 
side of the membrane free from macro-ions. No 
correction for the Donnan effect was therefore made 
as the concentration of added salt was sufficiently 
high to suppress the Donnan effect. 

Thermodynamics of binding of aurothiosulphate by 
human serum albumin 

The thermodynamic functions given here are 
based on the high affinity association constant K1 as 
the measurements were not carried out to values of 
ij large enough to determine the number of lower 
affinity binding sites and the corresponding constants 
with sufficient precision. 

Table 1. The association constants for binding of sodium aurothiosulphate to human serum albumin at 
different temperatures* 

T PHt (M-IK: IO-') (M-l: IO-‘) 
K3 K4 

(K) Mean -C S.D. (M-’ x 1O-3 (M-’ x W3) rms$ 

279 7.38 + 0.03 22.4 0.46 0.46 0.46 0.08 
279 (7.38 -1- 0.02) 21.7 0.57 0.57 0.05 0.07 

295 7.40 c 0.02 28.8 0.24 0.24 0.24 0.06 
297 (7.34 -t 0.03) 30.6 0.36 0.36 0.20 0.05 

310 7.37 ? 0.03 36.8 0.66 0.66 0.00 0.07 

* For each value of T, assuming the number of binding sites, n = 4, the association constants were 
obtained by analysis of a complete binding isotherm consisting of 12-17 experimental points. Albumin 
concentration 0.54-0.58 mmol/l. Ionic strength 0.15-0.16 M. 

t The pH measured at the equilibrium temperature. The numbers in parenthesis indicate that pH was 
measured at 37”. 

$ The S.D. of 5 on C from the best least-square fit to equation (1). 
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Table 2. The high affinity constants (Kt) and the corresponding thermodynamic data for the reaction of human serum 
albumin with aurothiosulphate 

(& (M-&J-‘) AGr 

279 22.4 -23.235 
295 28.8 -25.184 
310 36.8 -27.997 

AH, 
(experimental)* 

11.36 

AH, 
(electrostatic)* 

8.13 
8.81 
9.48 

AS, 
(experimental)* 

0.124 
0.124 
0.124 

AS1 
(electrostatic)t 

0.112, 
0.115 
0.118 

* Expressed in kJ mol-‘. 
t Expressed in kJ mol-’ K-l. 

The standard free energy change, AG”, and the 
equilibrium constant K of a reversible reaction are 
related by the expression 

AG” = -RTlnK (2) 

where R is the gas law constant and T is the absolute 
temperature, According to equation (2) the cor- 
responding AC,” values of the investigated auro- 
thiosulphate-albumin interaction are calculated 
from the Kr values of Table 1. These AGi* values 
are given in Table 2. 

The variation of K with tem~rature is given by 
the vau’t Hoff equation 

dlnK AH” 

d(l/T)= -R 

Thus, if 1nK is plotted against l/T, the slope of 
the curve at any point is equal to AP/R and the 
corresponding enthalpy value AZP can easily be esti- 
mated. To illustrate this treatment, data for variation 
with temperature of the thiosulphate-~b~n equi- 
librium are plotted in Fig. 2. The curve is practically 
a straight line, indicating that AH1’ is constant for 
the reaction over the experimental temperature 
range. The AiY1” value calculated from the slope is 
displayed in Table 2. The positive value of AH, 
indicates that the reaction is endothermic. 

From the free-energy of binding, AG”, and the 

(103/T)K- 

Fig. 2. The temperature dependence of the high affinity 
constant for aurothiosu~phate and albumin. The calculated 
linear regression line has r* = 0.998 and yields the displayed 

value of AH,’ by van? Hoff equation (2). 

enthalpy, AH”, one can also obtain the entropy, 
AS”, of binding from the equation 

AG”=AW-TAP (4) 

The corresponding A&” values are displayed in 
Table 2. 

DISCUSSION 

In the present investigation the dependence of tem- 
perature on the binding of auro~osulphate to 
human albumin was studied by means of eq~lib~um 
dialysis using unbuffered solutions. Table 1 shows 
that the high affinity association constant Ki 
decreased with decreasing temperature. The tem- 
perature dependence of the lower affinity constants 
is difficult to interpret properly, since the values of 
R&Cd could not be precisely determined as the 
calculated number of lower affinity binding sites 
varied, Therefore, only the high affinity constant and 
the co~espon~ng the~od~a~~ for the reaction 
of albumin with a~ot~osulphate will be discussed. 

In a study of the binding of calcium to human 
serum albumin the apparent association constant was 
also found to be temperature dependent [12]. But 
when hydrogen ion competition for imidazole groups 
was taken into account the binding constant was 
found to be independent of temperature. A useful 
procedure for determining whether hydrogen ion 
competition for imidaxole groups is present was 
applied 1123. That is a second set of binding experi- 
ments is performed at different temperatures but 
with identical pH when measured at 37”. The tem- 
perature-induced increase of pH in an albumin solu- 
tion around physiological pH is mainly caused by 
increased hydrogen ion affinity of imidazole groups. 
Thus hydrogen ion competition for imidazole groups 
remains effectively temperature independent in this 
type of experiment, while it is temperature depen- 
dent in the e~e~ments where pH was identical when 
measured at the actual temperatures. Consequently, 
if hydrogen ion competition to imidaxole groups is 
important, the two types of experiments should yield 
different binding results. The binding results sum- 
marised in Table 1 show that this is not the case. 
This indicates that the binding of aurothiosulphate 
to the high affinity binding site of albumin involves 
a group which is not titrated in the investigated pH 
range. This group is most likely the sul~y~yl group 
of cysteine (34). 

The thermodynamic, parameters for the binding of 
aurothiosulphate by albumin assembled in Table 2 
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show that AH1” is positive, i.e. the binding process 
is endothermic or heat absorbing. This is particularly 
common among chemical changes and is well known 
for example for the reaction between a free copper 
ion and albumin [13]. Furthermore, it is found that 
AS1” is positive and that the major contribution to 
AGi” arises from the TAS,” term rather than from 
AHi”. Consequently the binding process is entrop- 
ically driven. 

There are essentially four types of non-covalent 
interactions that could play a role in ligand binding 
by proteins. These are hydrogen bonds, van der 
Waals forces, hydrophobic bonds and electrostatic 
interactions [14,15]. The implications of the present 
results will be discussed in conjunction with their 
thermodynamic characteristics. Hydrogen bonding 
is accompanied by a negative value of AS” [14-161 
and van der Waals interactions are accompanied by 
a large negative value of AH” [14] and both types 
of interactions are therefore inconsistent with the 
observed thermodynamic parameters. The present 
results are consistent with the thermodynamic 
characteristics of hydrophobic bonding [15,16] 
(AC” < 0 AH” > 0 and As” > 0). But the non-apolar 
character of gold, Au+, or gold complex, AuS~O~-~, 
makes it unlikely that hydrophobic bonding is a 
significant factor in the binding process. It is more 
likely that electrostatic binding processes are 
involved. It has been shown both theoretically and 
experimentally that electrostatic binding processes 
are also entropically driven. Furthermore, if the 
formation of a ligand-protein complex is entirely 
of electrostatic origin then the following relations 
between AGerect, ASelect and AHelen could be derived 
P41 

ASelect = -aAGct (5) 
and 

where a is 0.00456 K-l for pure water. If the binding 
is entirely electrostatic then the entropy A&ten and 
enthalpy AHelect can be calculated by equations (5) 
and (6) and the experimentally determined value of 
AG”. The resulting predicted values are displayed 
in Table 2. A comparison with the experimentally 
determined values shows that the major part of ASi” 
and AHi” can be accounted for by electrostatic 
interactions. 

Moreover, the thermodynamic parameters 
obtained in the present investigation are essentially 
identical with those obtained for the interaction 
between bovine serum albumin and cupric ions 
[13,14] which have no apolar character and thus 
no possibility of hydrophobic bonding. It is then 
concluded that the positive entropy is mainly a mani- 
festation of electrostatic effects. 

Measurements of the thermodynamic changes 
accompanying protein aggregation frequently show 
that the reactions are also accompanied by small 
enthalpy changes and large entropy changes. The 

possibility that aurothiosulphate induces albumin 
aggregation i.e. dimerization upon binding to albu- 
min can therefore not be entirely excluded. 

In the study of Mason [5] the temperature depen- 
dence of the association constants for the binding of 
aurothiomalate to bovine serum albumin could be 
variously interpreted. In the analysis the sum of the 
association constants, CK,,, and n = 4 was used. No 
distinction between high and lower affinity associ- 
ation constants was made. However, the same con- 
clusion evolves that the binding process was entrop- 
ically driven and that electrostatic bonding formed 
the basis of aurothiomalate albumin interaction. 

It is concluded that the binding of aurothiosulphate 
to the high affinity binding site on human serum 
albumin appears to involve predominantly elec- 
trostatic bonding. In a recent study of the influence 
of ionic strength on aurothiosulphate albumin inter- 
action [8] it is shown that the high affinity constant 
K1 decreases by addition of NaCl to the aqueous 
medium. This support involvement of electrostatic 
interactions as electrolytes tend to weaken elec- 
trostatic forces by producing a stabilising Debye- 
Huckel atmosphere around the charge groups when 
they are in the dissociated form, whereas they 
strengthen hydrophobic bonds by decreasing the 
solubility in water of non-polar materials. A mol- 
ecular mechanism consistent with the observed ther- 
modynamics and in accordance with earlier sug- 
gestions [7,8] might be that aurothiosulphate binds 
as gold ion to a sulfhydryl group of the albumin by 
replacing a hydrogen ion. 
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