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ABSTRACT 

When drug-protein binding data are evaluated thermodynamically standard free energy 
(AGO), standard enthalpy (AH") and standard entropy ( Mo) are usually estimated from 
association constants ( K , )  derived from binding data obtained at only two temperatures. 
Estimation of AH" involves the assumption of its constancy in the temperature range 
studied and linearity of a van? Hoff plot of In K, verszu 1jT. Sometimes the assumption of 
such linearity is invalid for theoretical reasons and data obtained at only two temperatures 
contain no information concerning linearity of this plot. We present data for the binding 
of both tolmetin and salicylic acid to human Serum albumin as a function of temperature 
which make doubtful the validity of using association constants of these drugs to derive 
thermodynamic constants other than AGO values. 
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INTRODUCTION 

The literature on drug-protein binding is very extensive, but only a small fraction 
of it concerns data collected as a function of temperature. One may categorize the 
variety of methods of reporting such temperature data as follows: reporting 
changes in unbound fraction with change in temperature; ' - reporting increases 
in association constants (K,) with decrease in temperature;', or reporting 
association constants and the corresponding free energies of the binding 
reactions. 6.  ' 

Binding of some drugs to plasma proteins have been characterized by negative 
enthalpies and positive entropies8- l o  For other drugs both negative enthalpies 
and entropies were found. ' ' In still other cases the drug-protein equilibria 
were characterized simply as endothermic. 1 3 .  Speculation as to the mechan- 
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isms of drug-protein binding reactions, which have been made via thermo- 
dynamic data, depend upon evaluation of the relative contributions of the 
enthalpy and entropy changes to changes in free energy, I and, whether expressly 
stated or not, on the presumption that the number and type of binding sites are 
unaffected by temperature. 

The enthalpy of a drug-protein reaction may be obtained by direct calori- 
metry.". However, it is more common to estimate changes in standard free 
energy (AGO), standard enthalpy (AH") and subsequently standard entropy 
(ASo) using the derived association constants ( K , )  of the binding reactions at 
various temperatures and well-known thermodynamic equations. 

The linearity of a van't Hoff plot of In K ,  versus 1 !Tis essential to estimation of 
the value of AHo, but we present data for tolmetin and salicylic acid indicating 
that their van't Hoff plots are curvilinear. 

l 9  

MATERIALS AND METHODS 

Drug protein binding was determined by equilibrium dialysis as described in 
detail previously. 2o Binding of both tolmetin and salicylic acid to two types of 
commercially available human serum albumins (HSA) was investigated as 
functions of both initial drug concentration and temperature. HSA-I was a 4 per 
cent HSA solution, diluted from a 25 per cent solution* with a 0.1 M KH2P04  
buffer (pH 7.4). HSA-I1 was a 4 per cent HSA solution of a fatty acid-free 
albumint in a 0.093 M phosphate buffer (pH 7.4). 

Eight initial (i.e. prior to dialysis) tolmetin concentrations (each with triplicate 
samples), ranging from 39.1 to 1758 pM, were employed with both HSA-1 and 
HSA-11. Similarly, eight initial salicylate concentrations (each with triplicate 
samples), ranging from 73 to 5839 fl, were employed with both HSA-I and 
HSA-11. Samples were incubated in an oscillating water bath in the dark for 18 h, 
which was shown to be the required equilibration time. Both the unlabelled and 
'T-labelled sodium tolmetin were kindly supplied by McNeil t. Unlabelled 
salicylic acid was obtained commercially4 as also was 14C-labelled salicylic acid / I .  
Temperatures employed ranged from 4 O to 59 "C. 

Binding of both tolmetin and salicylic to HSA is non-linear, hence the 
equation of Behm and Wagner" was used to calculate total drug concentration 
at dialysis equilibrium from the known volumes of fluids in the two buffer 
compartments, the known initial concentration of drug, and the free fraction at 
equilibrium (ratio of radiolabelled drug concentration in the buffer 
compartment/radiolabelled drug concentration in the protein compartment). 

* Michigan Department of Health, Lansing, MI. 
t Sigma Chemical Company, St. Louis, Missouri. 

McNeil Laboratories, Fort Washington, PA. 
8Mallinckrodt Chemical Works, St. Louis, Missouri. 
! I  California Bionuclear Corporation, Sun Valley, CA. 
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Equation ( I )  represents the classical Langmuir model. ” In equation ( 1 ), 

r = mol of drug boundimol of protein, k is the number of classes of binding sites, 
n i  is the number of binding sites in the ith class of sites, Kai is the association 
constant for the ith class of sites, and C, is the free (unbound) drugconcentratidn. 
For both tolmetin and salicylic acid, k = 2.* If  we let Kdi = I/K,,(with i = 1 or 9 )  
and r = Cd C,, where C,is the concentration of protein bound drug and C,is the 
concentration of binding protein, then equation ( 1 )  becomes: 

For computer fitting of data equation (3) was employed. In equation (3), 

P ( I ) C ,  + P ( 3 ) C  
- P(2)+ c, P(4)+ k ,  c -  (3) 

P( l) ,  P(2),  P (3 ) ,  and P ( 4 )  are parameters to be estimated, and, in matching terms 
in equations ( 2 )  to (3) .  we see that P(1) = n ,  C,, P(9) = K,, = 1 Kal ,  
P(3)  = n,  C,, and P(4) = Kd2 = 1 Ka2. Computing fitting of data to equation (3) 
was performed using the program NONLIN’? and a high-speed digital 
computer with weighting l,’Cb. 

When tolmetin-HSA-I1 and salicylic acid-HSA-I1 binding experiments were 
performed at 59 T the albumin gelled at the lower four drug concentrations, but 
not at the highest four drug concentrations. The gelled state did not allow for 
sampling and there was no assurance that equilibration had occurred: hence, no 
data were collected for those experiments where gelling occurred. Sampling was 
feasible with the solutions having the highest four drug concentrations when the 
temperature was 58 ’ or 59 “C, hence the reported K,, values were obtained from 
these data. N o  gelling occurred with the drug-HSA-I solutions at the highest 
temperature. At this time we are unable to explain the different behaviours of 
HSA-I and HSA-I1 with respect to such gelling or lack thereof. 

RESULTS 

The reproducibility of a C ,  value with the triplicate samples corresponding to a 
given initial tolmetin or salicylate concentration was excellent with the coefficient 
of variation generally being less than 1 per cent. All 93 data points (,8 initial 
concentrations x 3 samples per concentration) were utilized in the computer 
fitting of each data set. 

* Selley er.u/. “reported k = 3 for tolmetin with n,, being very large. However. our data for tolmetin 
provided no evidence of this third class of binding sites. 
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Table 1 lists the least squares estimates of the four parameters of equation (3) 
obtained by computer fitting of the various sets of tolmetin-HSA-I data. Table 2 
lists similar parameter estimates for tolmetin-HSA-11. Similarly, Tables 3 and 4 
give the estimated parameters for salicylic acid-HSA-I and salicylic acid-HSA-11, 
respectively. These four tables also list the values of the measures of fit, corr and 

Table 1 .  Parameters obtained by computer fitting of tolmetin data to the Langmuir 
model with two classes of binding sites using HSA-I 

Estimated parameter 
(S.D) Measures 

Temp. P(l) P ( 2 )  P(3) P(4) of fit 
("C)  (m) (fl) (W) (fl) corr r 2  

4 328 5.01 
(40.4) (0.78) 

14 182 2.35 
(1 3.6) (0.25) 

27 290 4-04 
(35.3) (0.59) 

37 230 3.38 
(60.8) (1.14) 

45 43 1 7.86 
(56.2) (1.17) 

58 36 1 11.5 
(62.6) (2.31) 

404 1 
( 1226) 
2301 
(74.2) 
1854 
(113) 
1745 
(161) 
1637 
(353) 
2645 

( 1629) 

394 0.999 0.999 

126 1.000 1 m o  
(9.12) 
130 0.999 1.000 
(21.7) 
113 0.997 0.998 
(31.2) 
272 0.999 0.999 

( 1  22) 
690 0.998 0.999 
(61 2) 

( 170) 

Table 2. Parameters obtained by computer fitting of tolmetin data to the Langmuir 
with two classes of binding sites using HSA-I1 

Estimated parameter 
(S.D.) Measures 

Temp. P(1) P(2) P(3) P(4) of fit 
("C) (lw (W) (W) (fl) corr r 2  

4 29.7 
(3 12) 

15 56.5 
(3583) 

26 22.0 
(357) 

37 23.0 
(280) 

48 42.9 
(58.3) 

59 0.44 
(76) 

2-49 3814 
(34.5) (2177) 
16.2 3297 
(555 (1703) 
4.28 2440 
(67.4) (307) 
8.15 3039 
(75.8) (267) 
2.81 3330 
(5.46) (432) 
17.3 303676 
(7266) - 

104 0.978 0.983 
(121) 
76.1 0.995 0.996 

( 1  86) 
57.7 0.992 0.990 
(31.9) 
90.2 0.999 0.999 
(38.6) 
152 0.998 0.998 
(39.8) 
64 909 0.952 0.978 
- 
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Table 3. Parameters obtained by computing fitting of salicylic acid data to 
Langmuir model with two classes of binding sites using HSA-I 

Estimated parameter 
(S.D.) Measures 

Temp. P(1) P(2) P(3) P(4) of fit 
(“C) (W) (W) (W) (W) corr r 2  

4 974 
(113) 

14 169 
( 1  19) 

27 456 
( 1804) 

37 549 
(368) 

45 1815 
(398) 

58 5066 
(3075) 

88.7 
(12.7) 
34.9 
(22.9) 

170 
(394) 
177 
(88.9) 
742 

659 1 
(4918) 

(658) 

36218 42037 0.998 0.998 

2085 41 1 0.999 0.999 
(70.4) (72.9) 
2356 937 0.997 0.995 
(1001) (1152) 
2493 2256 0.997 0.998 

86.0 1 I6 0.992 0.993 

6.28 49.9 0.995 0.996 

(2 x 105) (3 106) 

( 1066) (2480) 

(704) (618) 

(31.2) (309) 

Table 4. Parameters obtained by computer fitting of salicylic acid data to Langmuir 
model with two classes of binding sites using HSA-I1 

Estimated parameter 
(S.D.) Measures 

Temp. P(1) P(2) P(3) P(4) of fit 
(“C) (W) (W) (W (W) corr r z  

4 1371 
(144) 

15 1083 
(250) 

26 1219 
(125) 

37 1576 
(254) 

48 2043 
(815) 

59 85. I 
( I6 500) 

30.9 
(4.15) 
34.8 
(9.32) 
44.5 
(5.7) 
91.3 

( 19.0) 
25 1 
(122) 
835 

(92 600) 

2208 
(226) 
2352 
(252) 
2739 
(476) 
29 960 

28 076 

4380 
( I8 239) 

( 5  1 0 5 )  

(2 x 106) 

1041 0.999 1400 
(442) 
800 0.999 0.999 
(415) 
1732 0.999 0.999 
(762) 
48 256 0.999 0.999 

120819 0.987 0.988 

2542 0.988 0.997 

(8 x 105) 

(9 x 106) 

(6338) 

r 2 ,  and the standard deviations (S.D.) of the estimated parameters. Corr is the 
correlation coefficient for the linear regression of model-predicted (equation (3) 
with the least squares estimates of the parameters) versus observed bound 
concentrations. The r 2  is the coefficient of determination. The association 
constants, K , ,  and Ka2,  are listed in Table 5 for tolmetin and Table 6 for salicylic 
acid; these are the reciprocals of P(2)  and P(4), respectively, multiplied by 1 O6 to 



240 H. L. BEHM, G .  L. FLY" A N D  J. G .  WAGNER 

correct for units. These K , ,  and K , ,  values were used to estimate AGY and AG:, 
the standard free energy of binding per mole of protein, for the primary and 
secondary classes of binding sites, respectively, using equation (4). 

AGp = RTln Kai  (4) 

In equation (4). R is the gasconstant and Tis the absolute temperature. The AGY 
and AGp values are listed in Tables 5 and 6. 

Figure 1 is a van't Hoff plot for the binding of salicylic acid to the primary class 
of binding sites of both HSA-I and HSA-I1 (the corresponding K , ,  values and 

Table 5.  AGO values for the binding of tolmetin to two albumins 

Temp. ("C) k',,(M ~ ' )  AGy(Kcd mol- I )  Kaz( M ') AGq(Kcal mol- I )  

HSA-I 
4 2.00 105 - 6.72 2538 -4.32 

14 4.26 105 - 7.39 7918 -5.12 
27 2.48 105 - 7.40 7692 - 5.34 
37 2.96 105 - 7.76 888 I - 5.60 
45 1.27 105 - 7.43 3678 -5.19 
58 8.66 x lo5 - 7.48 1449 - 4.79 

4 4.02 x 105 -7.11 9615 - 5.05 
15 6.17 x 104 - 6.32 1.31 x 104 - 5.43 
26 2.34 x 105 - 7.36 1.73 x 104 - 5.81 
37 1.23 x 105 - 7.22 1 . 1 1  x 104 - 5.74 
38 3.56 x lo5  -8.17 6579 - 5.62 
59 5.78 x lo4 - 7.25 15.4 - 1.81 

HSA-I1 

Table 6. AGO values for the binding. of salicylic acid to albumin 

4 
14 
27 
37 
45 
58 

4 
15 
26 
37 
48 
59 

11 274 
28 653 

5869 
5650 
1348 

152 

32 362 
28 736 
22 412 
10953 

3984 
1 I98 

HSA-I 
-5.14 
- 5.85 
-5.17 
- 5.32 
-4.55 
- 3.30 

HSA-I1 
- 5.72 
- 5.88 
- 5.96 
- 5.73 
- 5.30 
- 4.69 

23.8 
2439 
1067 
443 

8621 
20 040 

96 1 
1250 
557 

20.7 
8.3 

393 

- 1.75 
- 4.45 
-4.16 
- 3.75 
- 5.73 
- 6.52 

- 3.78 
- 4.09 
- 3.78 
- 1.87 
- 1.35 
- 3.95 
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't a +  + 

Figure I .  Van't Hoff plots for the binding of salicylic acid to the primary binding sites of HSA-I (0) 
and HSA-I1 (+  ) 

temperatures ("C) are shown in Table 6). Similarly, Figure 2 is a van't Hoff plot 
for the binding of tolmetin to the primary class of binding sites of both HSA-I 
and HSA-I1 (the corresponding K,, values and temperatures ("C) are shown in 
Table 5 ) .  The trends of the two sets of points in Figure 1 indicate non-linearity of 
the van't Hoff plots. Also, as Figure 1 and Table 6 indicate the association 
constants for salicylic acid binding to the primary class of sites of both HSA-I 
and HSA-I1 decrease as the temperature increases, but the relationship between 
the logarithm of the association constant and the reciprocal of the absolute 
imperature is not linear. Figure 2 and Table 5 indicate relative constancy of K,, 
for both tolmetin-HSA-I and tolmetin-HSA-11, if the 58" and 59°C data are 
excluded, respectively. 

DISCUSSION 

Integration of the van't Hoff reaction isobar, [hln KJS,] = AHo,'RTz, yields 
equation (9, in which C i s  an integration constant, equal to the intercept of the 
straight line with slope, - AHo/R, when In K, is plotted versus 1 T. 

AHo lnK,=C--  RT 
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Figure 2. Van't Hoff plots for the binding of tolmetin to the primary binding sites of HSA-I (0) and 
HSA-I1 (+  ) 

Once AHo is estimated, then knowing AGO (equation (4)), one could estimate 
ASo with equation (6 ) .  A linear van't Hoff plot (equation ( 5 ) )  indicates that 

- AHO-AGO 

T A s -  

AHo is constant over the range of temperatures studied. This occurs when the 
change in heat capacity, ACp, is negligibly small over the range of temperature 
employed. Changes in AHo and ASo with temperature are described by equations 
(7) and (8), respectively. In equations (7) and (8), T2 is 

f T ,  

AH;, = AH;, +J ACiddT 
2 5  c (7) 

an arbitrary temperature and 25 "C is the reference temperature. It is implicit 
then that ASo is also invariant when AC; is near zero. 

Constancy of both AHo and Aso most likely would signify no variation in 
conformation and other properties of the albumin molecule with variation in 
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temperature. Non-linearity of van? Hoff plots (Figures 1 and 2) are most 
probably the result of changes in the tertiary structure of albunlin as a function of 
temperature. In turn, such changes, or unknown factors, result in changes in the 
type and/or number of binding sites on the protein with change in temperature. 

If binding data are collected at only two temperatures there is no evidence that 
the van't Hoff plot is linear (i.e. one does not know whether data are described by 
equation ( 5 ) )  and no evidence that AH" is constant in the temperature range 
studied. However, many  author^'^. 1 4 -  23 measure drug-protein binding at only 
two temperatures. For example, Selley er al. l 4  reported thermodynamic 
parameters for the binding of tolmetin to a fatty acid-free HSA after they made 
measurements at only 23 " and 37 "C. According to Selley et al. l 4  K,, and K,, for 
tolmetin-HSA decreased with decrease in temperature (from 37 " to 23 "C) and 
both AHo and ASo were positive. In contrast, our data (Table 5 and Figure 2) 
suggest K, ,  is relatively constant in the range 4 " to 48 "C and K,, is relatively 
constart in the range 15 " to 37 "C. Thus, our data strongly suggests that AHo for 
the tolmctin-HSA system is not constant in these temperature ranges. In 
addition, Zaroslinski et ~ 1 . ' ~  Investigated the binding of salicylic acid to HSA at 
five temperatures ranging from 5 O to 42 "C. The trend of points in their van't Hoff 
plots of In K, versus 1jT were clearly curved, yet these authors evaluated their 
data as linear relationships. After doing so they reported a negative AHo, but by 
choosing certain pairs of temperatures positive AHo values would have been 
estimated from their data. Our salicylic acid-HSA data (Figure 1 and Table 6) 
indicate that the trend of points in the van7 Hoff plots (Figure 1) of In K,, versus 
l/Tiscurved, hence AHois not constant in the temperature range of4"  to 58 or 
59 "C studied. Our data (Table 6) indicate there are no uniform trends of K, ,  for 
salicylic acid as a function of temperature with either HSA-I or HSA-11. Thus, 
our tolmetin-HSA data, and both our salicylate acid-HSA data and that of 
Zaroslinski er al..L4 shed some doubt on the validity of using association 
constants to estimate thermodynamic parameter values, particularly for salicylic 
acid and tolmetin. Van? Hoff plots of In K ,  versus 1 / T  may, in fact, be curved, but 
such curvature goes undetected if data are collected at only two temperatures. 
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