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Abstract-A flow microcalorimetric study has been carried out to investigate the interactions between 
phenothiazine derivatives and human plasma, human serum albumin (HSA) and crl-acid glycoprotein 
(AGP) at pH 7.4 and 37°C. The direct analyses ofenthalpic titration curves allowed the determination of the 
binding enthalpy change (AH), the apparent binding constant (K), and the number of the binding sites (n), 
as well as the evaluation of the apparent free energy (AG), and entropy (AS) changes. The overall binding of 
phenothiazines was exothermic with negative AH, which was compensated for by changes in AS. The values 
of AG were relatively insensitive to variation in the molecular details of the binding reaction. HSA possessed 
two classes of binding sites for phenothiazines. The first (nl = l), with high affinity (K1 = 105-106 M-]) was 
characterized by small negative AH and positive AS values due to hydrophobic interaction. The second class 
of sites had a low affinity (Kz = 103-104~-1) and high capacity (n2 = 3-8) and contributed to the negative AH 
and AS values. The binding and thermodynamic parameters were influenced by the aliphatic side chain 
moieties on the phenothiazine nucleus. On the other hand, the drugs were bound to AGP at a single 
common binding site with a binding affinity of the order of I O 4 ~ - l ,  characterized by negative AH and AS 
values, which partially reflected the effect of a van der Waals' interaction. In plasma the drugs were bound as 
a result of an enthalpy-driven type of reaction having large negative AH and a large binding capacity 
resulting from the presence of AGP and HSA. 

The binding of phenothiazines to plasma proteins and 
erythrocyte cells has been examined to ascertain its possible 
clinical relevance (Freedberg et a1 1979; Lund 1980; Piafsky 
1980). Phenothiazines are basic (cationic) compounds, 
bound more than 90% to plasma proteins (Bickel 1975; 
Verbeeck et a1 1983). As with other drugs, most studies on 
phenothiazines have been concerned with their binding to 
albumin (Vallner 1977; Hulshoff & Perrin 1977). Their 
interactions with albumin tend to be of the high-capacity and 
low-affinity type, where their binding constants are mostly 
around lo3 M - I .  On the other hand, a high-affinity but low- 
capacity type of binding has been reported for many basic 
drugs with al-acid glycoprotein (AGP) (Piafsky & B6rga 
1977). For almost all phenothiazines the presence of one 
common binding site on AGP has been demonstrated by 
their high association constants (Kornguth et a1 198 1; Muller 
& Stillbauer 1983). Quantitative studies of the interactions 
between phenothiazines and plasma proteins have usually 
been restricted to estimation of binding constants by equili- 
brium dialysis (Verbeeck et a1 1983; Kornguth et a1 1981), 
fluorescent probes (Sugiyama et a1 1985) and some other 
techniques (El-Gamal et a1 1983). However, no information 
has so far been obtained about the thermodynamics of the 
binding process in human plasma. 

In the present work the thermodynamics and the mecha- 
nisms of complex formation between the drugs and plasma 
proteins have been studied by a microcalorimetric method 
carried out at 37°C to determine the enthalpy change (AH) 
and the number of binding sites (n) as well as the binding 
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constant (K), without using Scatchard plots. The free energy 
change (AG) and entropy change (AS) on formation of the 
complex have been calculated with the well-known thermo- 
dynamic formula: AG = - RT In K = AH - TAS. 

Materials and Methods 

Materials 
Human serum albumin (HSA, Fraction V) and crl-acid 
glycoprotein (AGP) were purchased from Sigma (St Louis 
MO, USA) and used without further purification. Human 
plasma was supplied from the Red Cross Blood Centre 
(Fukuoka, Japan). These proteins were dissolved in 10 mM 
isotonic sodium phosphate buffer, pH 7.4, to give the 
following concentration initially: 10% v/v (plasma), 0.1 % 
w/v (AGP), and 0.25-0.50% w/v (HSA). Chlorpromazine 
hydrochloride (CPZ), promazine hydrochloride (PMZ) and 
trifluoperazine dihydrochloride (FPRZ) were purchased 
from Sigma, and fluphenazine dimaleate (FPZ), perphena- 
zine dimaleate (PPZ), prochlorperazine dimaleate (CPRZ) 
and perazine dimaleate (PRZ) were from Yoshitomi Pharm. 
Ind. Ltd. (Osaka, Japan). 

Calorimetry 
Calorimetric titrations were carried out at 37.0 0.05"C with 
either a differential flow microcalorimeter (Yamamoto & 
Aki 1988) or an LKB microcalorimeter (2277 Bio Activity 
Monitor, Bromma, Sweden) (Suurkuusk & Wadso 1982), 
and a Rikadenki chart recorder (Tokyo, Japan). The instru- 
ments were calibrated both electrically and chemically. The 
chemical calibrations was accomplished by the dilution of 
sucrose solution (Gucker et a1 1939). The sensitivity used was 



CALORIMETRY OF THE PROTEIN BINDING OF PHENOTHIAZINES 

10 pW full scale, and the background noise was less than 
kO.05 pW. The reaction solutions were introduced at equal 
flow rates (0.12 mL min-') into the calorimeter through 
Tigon tubing with a peristaltic pump (Gilson minipuls 2, 
Villers-Le-Bel, France). The basal recorder line was estab- 
lished by the heat of dilution of protein. Solutions of the 
drugs in different concentrations were then introduced 
sequentially into the buffer flow. The heat of mixing was 
proportional to the recorded steady-state value; 2 mL was 
necessary to reach steady state. The heat of dilution of each 
drug was measured separately and subtracted from the heat 
of mixing to obtain the heat of reaction. 

All solutions were prepared in a 10 mM aqueous sodium 
phosphate buffer solution (pH 7.4, made isotonic with 
sodium chloride). The concentrations of HSA (mol. wt 
69000) and AGP (mol. wt 44 100) in the initial and final 
calorimetric solutions were determined by the UV absorp- 
tion using A,,,,, nm (E 1% 1 cm): 278 (5.30) (Cohn et a1 1947) 
and 278 (8.93) (Schmidt 1953), respectively. The protein 
concentration in plasma was estimated by the Lowry method 
(Lowry et a1 1951) with HSA as a standard and that of AGP 
was measured with Partigen M plates .(Hoechst Japan, 
Tokyo). The total concentrations of phenothiazines in the 
final calorimetric solutions were measured by UV absorp- 
tion. 

Data analysis 
The heat of binding (AQ) is proportional to the amount of 
drug-protein complex formed with the total protein concen- 
tration fixed at PI, as follows: 

AQ=AH F, Db (1) 

where AH is the binding enthalpy per mole of a drug and Db 
is the bound drug concentration at constant flow rate, F,. 
Assuming that a drug interacts with protein by stepwise 
equilibrium, the binding model derived from the law of mass 
action is 

m 

D, = p, 1 (n, K, Df)/(1 + Ki Dr) (2) 
I =  I 

where m is the number of classes of independent binding 
sites, ni the number of binding sites in the ith class with the 
binding constant K,, and Dr is the free drug concentration 
related to the equation, 

Dt=D, + Dr (3) 

In the simplest case of drug binding where only one class of 
binding sites is involved (m = I),  equation 1 can be expressed 
as a function of D, by use of equation 2 and 3, as follows: 

(4) 

A=l/Kl+nl Pt+Dt (5) 
For a two-class binding model (m = 2), equation 2 can be 
expressed in the form, 

(D1-Dr)/Pt=nl KIDd(1 +KI  Dr)+n2 K2Dr/(l +K2 D3 (6)  

This expression yields, 

AQ = AH F, (A - ,/A2 - 4n1 P, D1)/2 

where 

D,'+A D?+B Dr+C=O (7) 

where 

675 

The value of Dr can be found by solving the cubic equation 7, 
AQ in equation 1 can be estimated by use of equation 3. The 
binding and thermodynamic parameters, K,, n, and AH, were 
computed from actual measurements with a computer 
program for the non-linear least squares regression method. 
An initial value of AH was estimated from the slope of the 
initial linear plots of the titration curve. The program was 
run on a FACOM M-380R digital computer at Fukuoka 
University. 

Results 

Heat of binding of phenothiazines to plasma, AGP and HSA 
The results of curve-fitting for the drug binding are shown in 
Figs 1-3. The calorimetric data are shown best as a plot of the 
heat produced per mole of protein (AQ, J mol-I) versus the 
total concentration (DJ of drug in the final calorimetric 
solution. Points show the values calculated from the 
measurements and solid lines represent the computer-gener- 
ated best-fit curves, assuming a one- or two-class binding 
model. The estimated values of binding and thermodynamic 
parameters for a one-class binding model are listed in 
Table 1. 

The parameter, AH,,, in Table 1, is the molar enthalpy 
change for complete binding to all sites of protein, and the 
values were calculated from the equation: 

AQmax=AHm Fr Pt (9) 

where AQmm is the heat effect estimated from the plateau 
value of the titration curve. In the comparison of AHm with 
the total amount of binding enthalpy change of all binding 
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FIG. 1. Calorimetric titration curves for the binding of phenothia- 
zines to human plasma at 37°C and pH 7.4 in 10 mM sodium 
phosphate buffer. The final concentration of plasma was in the range 
of 347-5.13 x M by the Lowry method (Lowry et a1 1951) with 
HSA as a standard. Points show experimental values calculated from 
the single calorimetric titration. Solid lines represent computer- 
generated best-fit curves assuming a one-class binding model with 
binding parameters given in Table 1. 
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FIG. 2. Calorimetric titration curves for the binding of phenothia- 
zines to AGP at 37°C and pH 7.4 in 10 mM sodium phosphate buffer. 
The final concentration ofAGP was in the range of 1.12-1.24 x 
M. Each point shows the mean value of three measurements. Solid 
lines represent computer-generated best-fit curves assuming a one- 
class binding model with binding parameters given in Table 1. 
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FIG. 3. Calorimetric titration curves for the binding of phenothia- 
zines to HSA at 37°C and pH 7.4 in 10 mM sodium phosphate buffer. 
The concentration of HSA was 0.25% for FPZ, PPZ, FPRZ, CPRZ 
and PRZ, and 0.5% for CPZ and PMZ, and final concentration was 
in the range from 1.85 to 2.22 x 
M, respectively. Each point shows the mean value of three measure- 
ments. Solid lines represent computer-generated best-fit curves 
assuming a two-class binding model with binding parameters given 
in Table 2. 

M and from 3.21 to 3.84 x 

sites, nAH, an agreement between the two values validates 
the mathematical model, indicating that n is the molar ratio 
of the drug-protein complexation and AH,,, the extent of the 
binding area or binding capacity on the protein molecule. 

The interaction of phenothiazines with plasma proceeded 
exothermically with increasing concentrations of drug (Fig. 
1). The values of AH and AS varied widely from -47.5 to 
-209 kJ mol-I and from -75 to -698 J K- '  mol-I, 
respectively. The values of -AH and -AS fell with decrease 
in the length of aliphatic side chains at the position N-10 of 
the phenothiazine nucleus (Table 1). On the other hand, AG 
values calculated from the K values remained steady, 
amounting from -22.8 to -24.7 kJ mol-I. Therefore, the 

Table 1. Binding and thermodynamic parameters of phenothiazines 
binding to human plasma proteins considering one-class binding 
model at pH 7.4 and 37°C. 

K 
( 1 o 4 ~ - I )  n -AH* -AH,,,* 

Plasma 
FPZ 0.92 0.7 209 141 
PPZ 1.36 1.0 184 181 
FPRZ 1.07 2.0 116 225 
CPRZ 1.15 1.6 97.2 151 
PRZ 0.70 3.1 69.5 245 
CPZ 1.46 1.3 52.3 665 
PMZ 1.22 1.3 47.5 W 6  

AGP 
FPZ 
PPZ 
FPRZ 
CPRZ 
PRZ 
CPZ 
PMZ 

HSA 
FPZ 
PPZ 
FPRZ 
CPRZ 
PRZ 
CPZ 
PMZ 

1.48 1.8 31.1 54.5 
1.01 1.4 31.0 4 2 6  
1.62 1.4 29.1 39-6 
1.80 1.6 28.7 46.8 
1.09 2.4 299 70.9 
2.92 1.0 27.2 27.7 
0.99 1.0 28.5 28.0 

6.19 3.5 20.0 68.9 
15.8 3.9 19.9 77.2 
4.87 6-1 20.0 120 
4.91 6 7  17.5 116 
1.76 7.2 18.0 127 
1.72 3-1 12.4 37.8 
0.74 8.2 7.9 61.8 

-AG* -AS" MSE"* 

23.5 -598 0007 
24.5 -513 0.006 
23.9 -297 0.008 
24.1 -236 0.009 
22.8 - 150 0.010 
24.7 -89 0.006 
24-3 -75 0.004 

24.8 
234 
25-0 
25.3 
24.0 
26.5 
23.7 

28.4 
308 
27 8 
27.8 
25.2 
25 I 
23.0 

-20 0-003 
-23 0.003 
- 13 0.006 
- 1 1  0.004 
- 19 0.005 

- 2  0.004 
- 16 0.004 

27 0.022 
35 0-010 
25 0024 
33 0043 
23 0.014 
41 0007 
49 0.004 

kJ mol-', ** J K - I  mol-'. ***mean ofsqudred errors. 

interactions were assumed to be driven by the enthalpic 
contribution to the free energy change. 

Fig. 2 shows the calorimetric titration curves of phenothia- 
zines binding to AGP. Calorimetric data fitted well to the 
one-class binding model with small values of the mean of 
squared errors (MSE) as shown in Table 1. Stoichiometri- 
cally, no significant changes were recognized among the 
drugs; all were bound to AGP at only one binding site (n = 1- 
2) with binding constants of the order of 104 M - I  and a AG for 
the binding of around -25 kJ mol-I. The values of -AH 
and -AS were within the limits of 27.2-31.1 kJ mol-I and 2- 
23 J K-I mol-I, respectively, Therefore, the binding was 
assumed to be less influenced by the C-2 substituent RI and 
the N-10 substituted side chain Rz on the phenothiazine 
nucleus. 

r\ 
FPZ R,=CF, R,=C.H.N-NC,H.OH 

PPZ R , = C I  R,=C,H.N~C,H.OH 
c\ KQR, FPRZ R,  =CF, R,=C.H.N-NCH. 

CPRZ R , = C I  R,=C,H.N-NCH. 

PRZ R , = H  R,=C.H.N-NCH, 

CPZ R,=CI R,=C,H.N(CH,) 

PMZ R , = H  R,=C,H.N(CH,), 

r\ 

I c\ 

R t  

Phenothiazine binding to HSA was characterized by a 
small AH and a large positive AS. The values of -AH,,, were 
larger than those for AGP; the drugs had a high capacity for 
binding sites on the HSA molecule (n > 3). Although the 
calorimetric data for binding of phenothiazines to HSA 
fitted the one-class binding model, with large values of MSE 
(Table l), a two-class binding model with independent 
binding sites of different affinities gave better agreement 
between the data and the curves (Fig. 3). The best-fit 
parameters of AH, K1, Kz, nl and n2 for two classes of binding 
sites and MSE are shown in Table 2. These results indicated 
that the drugs were bound to HSA on at least two classes of 
independent binding sites containing one strong binding site 
of nl = 1 with the binding constant of K1= 105-106 M - I  and 
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Table 2. Parameters of phenothiazines binding to HSA for two 
classes of binding sites at pH 7.4 and 37°C. 

KI K2 
Drug (105M-') nl ( ~ @ M - I )  n2 -AH* MSE** 
FPZ 1.63 1.0 6.30 3.0 20.0 0,006 
PPZ 2.06 1.5 14.6 2.4 19.9 0.006 
FPRZ 4.65 1.2 2.59 5.5 20.0 0,005 
CPRZ 10.7 0.9 1.16 6.0 22.4 0@08 
PR Z 8.41 1.0 1.23 8.2 18.0 0.003 .. . 

CPZ 0.74 1 .0  244 2.7 12.4 0&3 
PMZ 0.75 2.6 0.45 8.0 6.0 0.002 

* kJ mol-I, ** mean of squared errors. 

some weak binding sites of K2= 103-104 M-'. The value of 
AH for each drug was independent of the binding model, and 
the drugs with an N-methylpiperazinyl group in R2 showed a 
more negative AH than those with a dimethylamino group. 

Thermodynamics for the binding sites of plasma proteins 
To characterize the binding site of each plasma protein, the 
molar enthalpy change of protein for the ith class of binding 
sites (AH,,,,) was calculated. The reaction enthalpy change 
obtained by the calorimetric measurement is a composite 
quantity resulting from the algebraic summation of the 
enthalpy change of the ith class of binding sites for drug- 
protein complexation. 

AH = f, AH, + f2 AH, + . . . + f, AH, + . . . 
= n,/n AH, + n,/n AH, + . . . + n,/n AH, + . . .(lo) 

where, f, is the fraction ofdrug binding contributing to the ith 
class, AH, the intrinsic enthalpy change of binding of the 
drug for the ith class of binding sites and n the total number 
of binding sites of all classes as follows: 

n = Zn, (1 1 )  

And then, the molar enthalpy change of protein (AH,,,) is 
shown by 

AH,,, = C n, AHl 

The combination of equations 10-12 gives AH,,,, as follows: 

(12) 

AH,,,, = n, AH (13) 

On the other hand, the free energy and the entropy changes in 
the ith class of binding sites are calculated by the following 
equations. 

AGm1 = - RT In n,K, (14) 

ASm=(AHm-AGmJ/T (15) 

In Fig. 4, the AH,,,-AS,,, relationships are shown for 
phenothiazines binding to HSA, AGP, and plasma, respect- 
ively. HSA clearly has two binding sites; the first class being 
characterized by a small negative enthalpy change, 
-29 < AH,,,, < - 12 kJ mol-I and a positive entropy change, 
1 1  < AS,,,, < 63 J K-' mol-l, and the second class having a 
low affinity was characterized by large negative AHm2 and 
ASmz values. The linear relationships between enthalpy and 
entropy changes for plasma, AGP and each class of the 
binding sites on HSA indicate that all the drugs are bound to 
a common binding site on the individual plasma protein. 
Since the value AH,,, is the extent of the binding area for the 

-100L I 
I I 

50 100 150 
-AHm ( kJ mol-' ) 

FIG. 4. Relationships between the enthalpy and the entropy changes 
in phenothiazines binding to plasma proteins. 0: the first class of 
binding sites in HSA, 0: the second class of binding sites in HSA, A: 
AGP binding sites, 0: plasma binding sites. 1 FPZ, 2 PPZ, 3 FPRZ, 
4 CPRZ, 5 PRZ, 6 CPZ, 7 PMZ. 

drug binding to protein as described above, plasma has a 
large capacity where AH,,, for the drug binding to plasma is 
resultant of the sum of AH,, and AHm2 for HSA and AH,,, for 
AGP. 

Discussion 

Enthalpic titration measurements of the interactions of the 
phenothiazines with human plasma and plasma proteins 
have been analysed thermodynamically to determine their 
stoichiometric binding and thermodynamic characteristics. 
The thermodynamic parameters can be interpreted in terms 
of the forces that stabilize the protein-ligand complex. In 
general, the contribution to positive enthalpy and entropy 
changes arises from the occurrence of a large degree of 
hydrophobic interaction; while the sources of negative 
enthalpy and entropy changes arise from van der Waals' 
interaction and hydrogen bonding formation in low dielec- 
tric media. Although theelectrostatic forces contribute to the 
positive entropy change, the enthalpy change is expected to 
be very small or almost zero for purely electrostatic interac- 
tions (Ross & Subramanian 1981). From a purely pragmatic 
point of view, AG determines the direction of any sponta- 
neous change in the protein-ligand equilibrium under speci- 
fic conditions. In each case described in this study, however, 
the AG changed by no more than 3 kJ mol-l for the binding 
of the drugs to plasma or the individual plasma proteins 
(Table 1). Thus, AG values are relatively insensitive to 
variation in the molecular details of the binding reaction. 

Under our experimental conditions, the overall binding of 
the drugs was exothermic as indicated by the negative sign of 
the enthalpy change, which was compensated for with a 
variation of the entropy change (Fig. 4). The values of AH, 
AS and AH,,, for phenothiazines binding to plasma, were 
more negative than those for AGP and HSA binding. These 
thermodynamic parameters result from contributions from 
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the overall binding to individual plasma proteins in plasma. 
In the present study, the binding capacity of the plasma was 
the sum of that for AGP and for HSA, indicating that the 
drugs were bound mainly to AGP and HSA in plasma. 
Furthermore, the large negative values of AS suggest that the 
drugs are stabilized in plasma by a binding equilibrium. 

Recent reports have indicated that AGP is an important 
binding protein in plasma for basic drugs such as phenothia- 
zines, the presence of one high-affinity binding site alone 
therein has been proved by the high association constants 
obtained (Kornguth et a1 1981; Verbeeck et a1 1983; Schley & 
Miiller-Oerlinghausen 1986). Miiller & Stillbauer (1983) 
indicated that a single common binding site with high affinity 
on AGP mediates the binding of various basic drugs such as 
CPZ, propranolol and imipramine with AGP. A few obser- 
vations suggest that this binding site represents a remote 
hydrophobic area within the protein but not the carbo- 
hydrate part of the glycoprotein molecule (El-Gamal et a1 
1982; Brunner & Miiller 1985). By investigating the interac- 
tion of several phenothiazines with AGP using circular 
dichroism, El-Gamal et a1 (1983) suggest that the structural 
parameters, except lipophilicity, are more important and 
that for the intensity of the extrinsic Cotton effects the 
substituent RI  is much more important than the aliphatic 
side chain R2. 

From the thermodynamic analysis of the titration curves, 
it was found that the phenothiazines were bound at one class 
of binding site on AGP (Table 1). Also the linear relationship 
between AH,,, and AS,,, for AGP (Fig. 4) supported that the 
drugs binding to AGP was mediated mainly by one common 
high-affinity binding site on the protein. The binding of 
phenothiazines to AGP was characterized by the negative 
values of AH and AS not being so influenced by the variation 
of RI and R2 on the phenothiazine nucleus. Therefore, it is 
suggested that the interactions between the two molecules 
are dominated by van der Waals’ interaction with approxi- 
mately one mole of drug per mole of AGP. 

The nature of the binding site for the phenothiazines on 
serum albumin has been widely investigated and discussed. 
Several authors have demonstrated a correlation between the 
hydrophobic characteristics and the binding affinities of 
phenothiazines, and the binding to albumin is considered to 
be the result of hydrophobic interaction (Krieglstein et a1 
1972; Huang & Gabay 1974; Hulsoff & Perrin 1977). On the 
other hand, Sharples (1976) suggests that the major factor in 
binding of the tricyclic tranquillizers and antidepressants to 
HSA is electrostatic, with only a minor contribution from 
hydrophobic parameters. 

Phenothiazine binding to HSA was characterized by more 
than one class of binding site, containing a strong binding 
site with a high affinity constant KI  in the range of lo5 to lo6 
M - I  (Table 2). In the HSA molecule, the first class of binding 
site with a high affinity was characterized by small negative 
AH,,, and positive AS,,, values (Fig. 4), which reflect the 
hydrophobic interaction. The forces of the hydrophobic 
interaction appeared to exert a certain influence in the Rz 
moieties. For instance, FPRZ, CPRZ and PRZ with a 
shorter methylpiperazinylpropyl side chain were bound to 
HSA more strongly than other drugs with either the 
dimethylpropylamino or 2-hydroxyethylpiperazinylpropyl 
side chain for the first class of binding sites. With FPZ and 

PPZ, however, the degree of binding was decreased further 
by the introduction of a hydrophilic group (-OH) at the end 
of R2: steric effects must have played an important role here. 
The K2 values of FPZ and PPZ were much higher than those 
of other phenothiazines (Table 2). The binding of those 
having a substituted R2 side chain must be governed by other 
factors, e.g. ionic binding, in addition to the hydrophobic 
interaction. Therefore, only hydrophobic interaction might 
contribute to the first class of binding sites, while other 
binding mechanisms such as ionic binding, hydrogen bond- 
ing, and steric effects, must be involved in the second class of 
binding sites for the drugs binding to HSA. 

In conclusion, plasma was found to have a large binding 
capacity to the drugs, which was resultant of the AGP and 
HSA binding. AGP possessed a common single binding site 
mainly with van der Waals’ interaction. HSA possessed at 
least two classes of binding sites, those of high-affinity and 
low-capacity with hydrophobic interaction, and sites of low- 
affinity and high-capacity contributing to the large negative 
AH and AS. The substituted R2 side chains have more effect 
on the variation of the binding and thermodynamic para- 
meters than the R1 substituents. A similar tendency is shown 
in the interactions between plasma and phenothiazines. The 
HSA binding, therefore, is a factor in determining the 
binding process of drugs such as phenothiazines, as well as 
acidic drugs, in plasma. 
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