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Interactions of Drugs with Proteins 11: Experimental Methods, 
Treatment of Experimental Data, and Thermodynamics of Binding 
Reactions of Thymoleptic Drugs and Model Dyes 

H. J. WEDER* and M. H. BICKEL 

Abstract 0 The binding to bovine albumin of the model dyes and 
drugs-bromocresol green, eosin, imipramine, and desipramine- 
has been studied using equilibrium dialysis, ultracentrifuge sedi- 
mentation, and difference spectrophotometry. An improved 
apparatus for equilibrium dialysis has been developed. Bromo- 
cresol green interacts with two types of binding sites: four ligands 
are bound by H-bonds, electron-donator-acceptor (and possibly 
hydrophobic) forces stabilized by electrostatic forces, and three to 
four ligands are bound by electrostatic forces only. Eosin is bound 
by van der Waals’ forces and electron-donator-acceptor forces to 
three binding sites and by electrostatic forces to six binding sites. 
Imipramine interacts with only one type of binding site by van der 
Waals’ and possibly hydrophobic forces, stabilized by dipole  
dipole forces and involving tyrosyl residues. There are n = 6 
binding sites, and the intrinsic association constant k = 5 X lo* 
M-I. Desipramine binding exhibits a more complicated mech- 
anism, probably involving exposure of additional binding sites 
upon a drug-induced conformational change. Given concentra- 
tions of drug and protein yield the free-drug concentration and 
degree of binding as experimental values. From these the following 
parameters for each type of binding site have been determined by 
computer: n, k, freeenthalpy change, enthalpy change, and entropy 
change. From these parameters, as well as from spectral shifts and 
dependence on pH, ionic strength, and temperature, the modes and 
forces of interaction have been deduced according to previously 
discussed binding models and methods. Identical results are ob- 
tained by dialysis and ultracentrifugation if pH, ionic strength, 
and temperature are kept constant. 

Keyphrases 0 Plasma proteindrugs-interactions 0 Thymolep- 
tics, dyes-bovine albumin binding Dyes, thymoleptics- 
thermodynamics, bovine serum binding Thermodynamks- 
drugs-albumin binding 0 Dialysis, equilibrium-albumin binding 
0 UV spectrophotometry-analysis 

It is generally assumed that a small molecule inter- 
acting with a biopolymer induces a conformational 
change which is responsible for the action of the small 
molecule (drug). Similar interactions or binding of drugs 
also occur with biopolymers not involved in phar- 
macological action, i.e., with unspecific receptors such 
as plasma proteins. 

The binding of a small molecule can influence the 
chemical reactivity at different sites of the macro- 

molecule. These phenomena are mainly due to long- 
range electrostatic forces, to shorter range specific 
interactions such as hydrogen and hydrophobic bonds 
(l), and finally to proton dispersion forces; the latter 
obey the same laws as London dispersion forces (2). 
In addition, primary drug-protein complexes are often 
stabilized by charge transfer forces. These forces, how- 
ever, should not be used to estimate the overall complex 
stability, since the interactions are mainly due to van 
der Waals-London forces. The stability of a drug- 
protein complex is expressed by its association constant, 
which is also important for the pharmacokinetic be- 
havior of the drug. 

Numerous methods are currently used for the study 
of drug-protein interactions (3). Thermodynamic 
methods and optical rotatory dispersion (ORD) or 
circular dichroism measurements are tools for the 
detection of drug-induced conformational changes of a 
biopolymer. Equilibrium dialysis and ultracentrifuga- 
tion, as well as spectroscopy in the visible and UV 
range, allow the determination of association constants. 
The resulting energy and entropy effects are useful 
parameters for the interpretation of the mechanism of 
interaction. Difference spectra in the 220-3 10-mp 
range yield information on conformational changes in 
the environment of phenylalanyl, tyrosyl, and trypto- 
phyl residues. High resolution NMR spectroscopy is a 
powerful tool for the study of primary binding sites 
and of drug atoms interacting with the macromolecule. 
Information on the mobility of the interacting groups 
can, in this way, be obtained by the determination of 
relaxation times. 

In this paper, the authors present the results of 
experiments with triphenylmethane dyes and bovine 
albumin designed to test methods used in the study 
of drug-protein interactions. Some of these methods 
were used in the earlier study of tricyclic thymoleptic 
drugs (4). This paper also contains additional data on 
the thermodynamics and binding mechanism of the 
drugs mentioned. 
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Figure 1-Apparatus for equilibrium dialysis. Key: 1 ,  Plexiglas core; 
2, Plexiglas lid; 3, glass disk; 4 ,  Teflon ring; 5 ,  membrane; 6, rubber 
ring; 7 ,  binding screw; 8,  Cr-Ni tubes, 1.4-mm. diameter; and 9, 
surface of liquid in dialysis cells. For further details, see Experi- 
mental. 

EXPERIMENTAL 

Materials-The purity of the dyes, bromocresol green (BKG) 
and eosin (EOS),' was checked by TLC. All other compounds used 
were described previously (4). The buffer solutions are indicated in 
the respective tables and figures. 

Spectrophotometry-All measurements were carried out at 
20 f 2" with a Unicam UV spectrophotometer SP 800 and a 1-cm. 
cell. The following molar extinction coefficients have been deter- 
mined for BKG (&) and EOS (&), respectively: 2.93 X lo4 and 
5.94 X lo4 (pH 7.0phosphate buffer, 0.01 M), 2.04 X lo4 and 5.50 x 
lo4 (pH 5.0 disodiumcitrate buffer, 0.05 M ) ,  and 1.32 X lo4 and 
3.26 X lo4 (pH 3.5 citric acid-phosphate buffer 0.05 M). The relative 
errors were <3%. 

To use a spectral change for the determination of the free and 
protein-bound dye, the following conditions must be fulfilled: 

1. There is no absorbance of the protein in the spectral range used. 
2. Free and bound ligands obey Beer's law in the concentration 

range used. 
3. Extinction coefficient (e) of bound ligand is independent of 

degree of binding (r) .  
4. There is the appearance of an isosbestic point (€free = €bound). 
Calculations of association constants can be carried out according 

to Benesi and Hildebrand (6) or Hammes and Schimmel (7). The 
molar ratio of an interaction can be determined by extrapolation 
of the difference spectrophotometric titration curve at saturation 
( r  = n) obtained by varying the concentration of either ligand or 
protein. 

Equilibrium Dialysis-The fraction of a ligand bound to a pro- 
tein can be determined by measuring the free ligand concentration 
in the protein-free compartment. Membrane effects can be con- 
trolled if the ligand concentration can be determined in both 
compartments. Under certain conditions (8), the Donnan effect 
must be corrected for (9, 10). The devices used for equilibrium 
dialysis range from simple cellophane bags (1 1-13) to specially 
designed apparatus (14, 15). The one developed by the authors 
contains two cells (3.0 ml., 0.27-cm. width), separated by a re- 
generated cellulose membrane of a medium pore size of 3-5 mg 

1 Purchased from Fluka Ltd., Buchs, Switzerland. 
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Figure 2-BKG-BA interaction (pH 7.00). Saturation curve obtained 
by  spectrophotonwtric titration. For further details, see Results. 

and a weight of 12.8 g./m2. The vertically positioned wheel-shaped 
double cell is rotated at 100 r.p.m. Each cell contains two metal 
tubes in opposite position. They are used for filling and emptying 
the cells and are connected by a plastic tube during dialysis. Further 
details are shown in Fig. 1. The main advantages (14) of this device, 
as compared to others, are a constant solution volume (pressure 
compensation), minimal dilution effects, short equilibration times, 
and low risk of denaturation. 

To suppress Donnan effects, the buffer solutions contained 0.9 
NaCI. The dialyses were carried out at 20 f 1 and 4 f l a ,  
respectively. The experimentally determined equilibration times 
were in the 2-3 hr. range for all ligands used [imipramine (IP), 
desipramine (DMI), BKG, and EOS]. Addition of these ligands to  
the buffer cell or to the protein cell led to  identical results. In the 
latter case, an incubation time of 30 min. was allowed before 
dialysis. The binding reactions have been found to be reversible. 
The weak adsorption of IP and DML to the membrane has been 
controlled by measuring the equilibration concentrations in both 
cells. The concentrations were determined either by measurement 
of radioactivity (4) or spectrophotometry. 

Ultracentrifugation-In a strong gravitational field, sedimenta- 
tion of proteins and protein-ligand complexes can be obtained 
whereas the free ligand concentration remains unchanged. The 
method described by Steinberg and Schachman (16, 17) has been 
used. 

Ultracentrifugation was carried out at 200,OOO X g for 16 hr. 
at21 f 1". 

CALCULATION O F  BINDING PARAMETERS 

The basic theory of the calculation of ligand-protein equilibria 
has been described in detail (11, 13, 18, 19). In many cases, a clear 
interpretation of experimental data is hampered by the occurrence 
of more than one type of binding site, one or more interacting types 
of binding sites, or by cooperative binding phenomena. In certain 
cases, particularly when important chemical and physical charac- 
teristics of the macromolecule are known, the correction function, 
f ( r ) ,  can lead to the desired result (20). 

Various curve-fitting techniques can be employed for the deter- 
mination of the number of individual binding sites and association 
constants by solving a set of i simultaneous linear equations for a 
system of i binding types (21). 

A graphic method, employed when the characteristics and con- 
centration of the protein are unknown, has been described by 
Rosenthal (22), making it possible to determine the physicochemical 
parameters of binding systems which consist of one ligand and one 
or more proteins containing one or more noninteracting binding 



Table I-BKG-BA Interaction Showing Binding Parameters and Comparison of Methods at 21 O 

Ionic 
Method pH Strength 121" 

AFi'; AFzO, 
nzn kl,b 10' I./mole k2, lo3 I./mole cal./mole cal./mole 

DIAd 7 . 0  0.19" 4.07 0.18 3-41 5.48 f 0.25 - -7718 -f 
ucsc 7.0  0.19" 4.11 f 0.21 3-4r 5.62 f 0.34 - - 7732 -f 

- -8231 -/ ucs 7.0  0 . 0 4 h  4.19 f 0.12 3-4f 13.2 =t 0 . 4  
T I P  7.0  0.04* 3.6 - - - - - 
ucs 5.0 0.241 58 =!= 2 4 4 + 4  0.06 + 0.03 1 . 3 1  i 0.10 - 4942 -4192 ucs 3 . 5  0 . 2 9  108 + 8 0 0.47 f 0.04 0 -5113 0 

a n = number of (primary and secondary) binding sites. * k = intrinsic association constant. c AFo = free-enthalpy change. d DIA = equilibrium 
dialysis. e Phosphate buffer, 0.01 M + NaCI, 0.9 %. f See Discussion. Q UCS = ultracentrifuge sedimentation. h Phosphate buffer, 0.01 M .  a TIT = 
spectrophotometric titration. J Disodium citrate buffer, 0.05 M. k Citric acid-phosphate buffer, 0.05 M .  

sites. This method also yields information about the distribution 
of the ligands on the different types of binding sites. 

Equations for the characterization of pure hydrophobic inter- 
action mechanisms between phenols (23) or polycyclic hydro- 
carbons (24) and proteins have been developed from the protein 
association constants and partition coefficients of the ligand in 
question. Crothers (25) developed a computational method for the 
calculation of binding isotherms for heterogeneous polymer sys- 
tems. 

Theoretical studies toward determination of the binding func- 
tions of ligands that interact with a polymerizing protein system 
have been carried out by Nichol et al. (26). According to these 
authors, pronounced sigmoidal binding curves, as in the case of 
allosteric systems, are to be expected. 

RESULTS 

BKG-Bovine Albumin (€%A)-The binding equilibrium of BKG 
and BA was investigated using three methods: difference spectro- 
photometry, equilibrium dialysis, and sedimentation in the ultra- 
centrifuge. 

The spectrophotometric titration of 5 X lo-& M BKG solutions 
in 0.01 M phosphate buffer, pH 7.0, with corresponding BA solu- 
tions (molar excess range of BKG 1 to 100) yielded at saturation a 
binding stoichiometry of BA-BKG = 1 : 3.6 (Fig. 2). Difference 
spectra, involving constant BA concentrations and variable BKG 
concentrations with corresponding BKG solutions as reference, 
show under like conditions absorption maxima at 413 and 632 mp, 
the longwave red-shift maximum yielding the same stoichiometry 
(1 :3.8). Since the absorption maxima of free BKG are 400 and 616 
mp, the charge transfer band of the albumin-bound BKG exhibits 
a shift of 13 and 16 mp, respectively. At 616 mp, a simultaneously 
appearing hypochromic effect of 32 f 4 

The evaluation of the experimental binding curves, as obtained 
by means of dialysis and ultracentrifugation, is based on the follow- 

can be measured. 

6 l  

0 1 2 3 4 5 6 7  
r 

Figure 3-BKC-BA interaction (pH 7.00). Scatchard plots for pri- 
mary binding sites. Key: @, equilibrium dialysis, ionic strength 0.19; 
and 0, ultracentrifuge sedimentation, ionic strength 0.04. For further 
details, see Results. 

ing model, which has also been successfully employed in the case 
of EOS-albumin interaction. This model assumes that the use of 
dilute solutions allows the activities of the components to be equated 
to their concentrations and, furthermore, that interactions between 
individual binding sites as well as cooperative binding phenomena 
are absent or negligible. If r is the mean degree of binding, i.e., 
number of moles of bound ligand per mole of protein, and c~ the 
concentration in moles/liter of the free ligand at equilibrium, then 

where ni represents the maximal number of the equivalent binding 
sites of q different types, and ki is the corresponding intrinsic asso- 
ciation constants. In the case of two types of binding sites, Eq. 1 
becomes 

or for one type of binding site, 

or 

(Eq. 4) 

Thus, r/c/ as a function of r (Scatchard plot) yields the number of 
binding sites, nl, when r/c/ + 0 and the negative slope of the 
straight line corresponds to the intrinsic association constant kl.  
Assuming that r # f(AF.), where AF, is the electrostatic free-energy 
change, the Scatchard plot yields a curve resulting from interference 
of the individual curves representing the two types of binding sites. 
Hence, Eq. 4 can be written 

kl . nl + X-, . n2 - [(kl - k2)rl + k2 r] (Eq. 5) 
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Figure 4-BKG-BA interaction. Scatchard plots for binding at pH 
5.0 (0) (left scale) and pH 3.5 (@) (right scale). Ultracentrifuge 
sedimentation. For further details, see Results. 
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Table 11-EOS-BA Interaction Showing Binding Parameters by Ultracentrifuge Sedimentation at  21 

Ionic AFi O ,  AF2 O,  

PH Strength nl n2 k l ,  106 l./mole k2,  lo5 l./mole cal./mole cal./mole 

7 .0  0.0P 3.9 =t 0.1 5 .8  f 0.4 5.62 f 0.22 2.31 f 0.17 - 9077 -7213 
7.0 0.19" 3.8 f 0.1 5.6 f 0.5 9.70 f 0.51 1.09 f 0.08 - 9324 -6773 
5.0 0.24j 7.6 f 0.4  10.6 f 0.4  0.80 f 0.04 1.28 =k 0.03 -7938 - 6868 
3.5 0.24j 65 f 5 0 4.09 f 0.41 0 -8891 0 
3.5 0.2Y 61 f 6 0 1.34 + 0.12 0 - 8240 0 

For identification of 6 ,  h,  i, and k, see Table I. 

and in the limit, when rl, r2, and r + zero, 

For r/cf -., 0, 

From Eq. 5 ,  one obtains the negative slope: 

For kl >> kz and low values of r,  drlldr = 1 as a first approxima- 
tion; hence the negative slope is -kl, valid for the experimental 
range drl/dr 'v 0, where d(r/c,)/dr approaches -ka and r reaches 
its limiting value of nl + n2. 

For the determination of the slopes -kl  and -k2 ,  nl and n2, 

as well as of the y-intercept klnl + k2n2 for r -t 0, the authors de- 
veloped a best-fit computer program which also permitted the 
calculation of the standard free-energy (free-enthalpy) changes, 
AF1' and AF2", from the obtained intrinsic association constants. 

The binding parameters obtained for the BKG-BA interaction 
at pH 7.0, 5.0, and 3.5 are listed in Table I; the corresponding 
binding curves are shown in Figs. 3 and 4. In all dialysis and ultra- 
centrifuge experiments, three BKG concentrations were used 
(4 X low4, and 5 X 10-4 M), and the BA concentration was 
varied within the range 5 X to 1.25 x 10-4 M. 

EOS-BA-For the characterization of this interaction, spectro- 
photometry and ultracentrifugation were employed. 

Spectrophotometric titrations at 23" of 2.5 X MEOS solu- 
tions at pH 7.0, 5.0, and 3.5 with 2.5 X to 3.1 X lo-' M BA 
solutions of corresponding pH values yielded at saturation BA- 
EOS stoichiometries of 1 :3.2, 1 :2.1, and 1 :0, respectively. Normal 
and difference spectra demonstrate a red-shift maximum between 
532 and 534 mp and a clear isobestic point at 520-522 mp (Fig. 5) .  

The binding parameters, as obtained from ultracentrifuge experi- 
ments, are listed in Table 11. In these experiments, the EOS concen- 
tration was held constant at 2.5 X M ,  whereas the BA concen- 
tration was varied in the range 6 X to 1.25 X 

IP-BA-Freeenthalpy, enthalpy, and entropy changes of the 
IP-BA interaction were determined by means of equilibrium 
dialysis in an IP concentration range (2 x M )  

M. 
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Figure 5-EOS-BA interaction. Difference spectra by spectro- 
photometric titrations of EOS with afburnin solutions. For further 
details, see Results. 

which produces 1 : 1 complex formation; the BA concentration 
was 2 x M.  When r = 1 (1 :1 complexing), Eq. 3 becomes 

The l/r plotted as a function of l / c f  yields, at 20 and 4", intercepts 
of 1.04 f 0.05 and 0.98 f 0.07, respectively. The binding param- 
eters and thermodynamic functions are listed in Table 111. Analo- 
gous experiments with human albumin (HA) yielded an approxi- 
mately 35 lower association constant. 

Binding studies performed in the gravitational field of the ultra- 
centrifuge, with a 13.7 to 360 molar excess of IP and BA concentra- 
tions of and 0.5 X M ,  yield the straight-line binding 
curve depicted in Fig. 6. The binding parameters calculated accord- 
ing to Eq. 4 are listed in Table IV. 

DMI-BA-The interaction of DMI and BA, as studied under the 
same experimental conditions (21", pH 7.0, ionic strength Z = 
O M ) ,  is of a more complex nature. The Scatchard plot yields, for 
values of r in the range 0-8, a curve with an initially positive slope 
d(r/c,)/dr and a maximum at r 'v 6 ;  therefore, the model intro- 
duced previously cannot be employed for the DMI-BA interaction. 
For the interpretation of this mechanism of interaction, an r cersus 
c f  plot (Fig. 7) seems to be useful. In the concentration range 
leading to 1 :1 complex formation, the DMI interaction is of the 
type described for IP. 

DISCUSSION 

BKG-BA Interactions-Within the limits of experimental error, 
various methods [equilibrium dialysis, ultracentrifuge sedimenta- 
tion, and ultrafiltration (27, 28)] yield under identical experimental 
conditions the same binding parameters such as association con- 
stants and number of binding sites (compare Table I). If the in- 
trinsic association constant determined by Rodkey (27) by means 
of ultrafiltration and that determined in this paper are averaged, 
the result is kl = 5.45 X lo6 l./mole, with a relative error of 3.5 %. 
In this context, the number of primary binding sites as a function 

2.5 1 

0 1 2 3 4 5 6 7  
r 

Figure 6-IP-BA interxtioii ( p H  7.00). Scatchard plot. Ultmcen- 
trifuse sedimentation, ionic strength 0.04. For further details, see 
Results. 
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Table In-IP-Albumin Interaction Showing Binding Parameters 
and Thermodynamic Functions (pH 7.4) by Equilibrium Dialysisn 

ASi": 
Tem- AFl", AHI",~ cal. X 
pera- cal./ cal./ degree-' 

Albumin ture k l ,  lo3 ]./mole mole mole X mole-' 

Bovine 20" 6 .00+ 0.25 -5063 
Bovine 4" 10.60 =t 0.49 -5100 ) -5720 1 -2 '2  
Human 20" 3 . 8 2 2  0.25 -4800 

a For other symbols and the buffer used, see Table I. Ionic strength 
0.19.b AH'" = enthalpy change. c ASLO = entropy change. 

of pH is of interest. Spectrophotometric titration yielded n1 = 3.6 
at pH 7.0. At pH 5.0 and 3.5, the red shift of the difference spectrum 
has disappeared, but ultracentrifuge experiments yield n1 values of 
58 =k 2 and 108 f 8. This allows the conclusion that the additional 
binding sites are chemically different from the ones exhibited at 
pH 7.0. It can be assumed that the four binding sites observed in the 
native state of the albumin are lost by unfolding of the protein at 
low pH. It must be recalled that at pH 7.0, secondary binding sites (nz 
= 3 to 4) are also detectable. However, because kz  << k l ,  n2 cannot be 
determined accurately from the experimental data; kz is about 
5 X lo6 ]./mole and is thus comparable with the observed intrinsic 
association constant at pH 3.5, kl = 4.7 X loE l./mole. 

The albumin molecule is known to undergo a reversible con- 
formation change at pH = 4 (29). Electrostatic interaction forces 
within the albumin molecule cause an expansion of the molecule 
to take place, leading to the formation of a species of the so-called 
F-form having greater electrophoretic mobility and higher viscosity 
(30). In contrast, the N-form (native state) has significantly more 
compact packing. The binding forces for hydrophobic molecules 
are strongly diminished by an N-F transition (30,31). 

At pH 3.5, the binding mechanism is relatively simple: the al- 
bumin molecule carries a positive excess charge, and the N-F 
transition has occurred. BKG is present as a univalent 
anion, so the obtained free-enthalpy change of AFl" 'v -5100 
cal./mole can be attributed to electrostatic interactions. The number 
of binding sites, nl = 108 =k 8, may be accounted for by the basic 
(cationic) amino acid residues. This binding model (Eq. 3) is 
confirmed by the straight line in Fig. 4 and by the agreement of the 
experimentally determined nlkl value (5.15 X lo8 I./mole) and the 
calculated one (5.11 X lo6 l./mole). 

At pH 5.0, two different binding curves are obtained. Since kl > 
kz, the latter value and thus AFz" may have been somewhat over- 

Table IV-IP-BA Interaction Showing Binding Parameters 
by Ultracentrifuge Sedimentation at 21 O n  

Ionic ki , AFi O,  

pH Strength n1 lo3 I./mole cal./mole 

7.4 0.04h 6.31 f 0.24 3.59 & 0.12 -4781 
7.0 0.04h 6.05 f 0.19 3.76 xk 0.13 -4808 
7.0 0.19# 6.12 + 0.16 6.36 f 0.41 -5114 

(1 For identification of h and e, see Table I. 

estimated (Table I). A more realistic value for AFzo would be 
around -3800 cal./mole. It is likely that A&" (-4950 cal./mole) 
represents electrostatic interactions involving the monovalent 
BKG anion and AFz" (-3800 cal./mole) those with the bivalent 
BKG anion. In the BKG-HA system, Rodkey (28) observed a 20% 
decrease in the association constant at pH 4.8 as compared to pH 
3.4. A weak conformational change of the albumin molecule at pH 
5.0 appears sufficient for the exposure of the same number of bind- 
ing sites as is observed in the case of the N-F transition. Conforma- 
tional changes induced by ligand-protein interaction or protein 
unfolding also should not be excluded. 

At pH 7.0, the binding mechanism appears not to be of a solely 
electrostatic nature. This is not surprising since the albumin mole- 
cule, which is in its native state, has a negative excess charge, 
causing electrostatic repulsion forces with respect to the BKG 
which exists as the bivalent anion only at pH 7.0. At an ionic 
strength of 0.19, the negative free-enthalpy change for the primary 
reaction (nl = 4) is approximately 4000 cal./mole higher than the 
AFlo assumed for the bivalent anion at pH 5.0. However, - AFlo  is 
increased by about 500 cal./mole through the decrease of the ionic 
strength by a factor of 5.  This confirms the participation of stabiliz- 
ing electrostatic interaction forces. 

In conclusion, the following interpretation of the BKG-BA 
interaction emerges: (a) four primary binding sites predominantly 
interacting by means of proton donator-acceptor forces (hydrogen 
bonds), electron donator-acceptor forces, and possibly hydro- 
phobic forces (total -AFl" = 4000 cal./mole), and stabilized 
further by electrostatic forces (- AFlo 'v 3800 cal./mole, dependent 
on ionic strength); and (b) three to four secondary binding sites 
apparently interacting by means of electrostatic forces only (- A F 2 O  

'u 5000 cal./mole, kz 'u 5 x lo4 l./mole). 
Hydrophobic binding of straight-chain fatty acids by BA, in- 

volving stabilizing electrostatic forces, were also observed by Ray 
et al. (32). 

P 

Figure 7-IF-BA and DMI-BA in- 
teractions. Degree of binding (r) versus 
free concentration (ci). Key: 0, imipra- 
mine; and A, desipramine. Ultracentri- 
fuge sedirnentation, p H  7.0, ionic strength 
0.04. For further details, see Results. 

2 4 G 8 10 12 14 16 18 20 
c (10-*M) 
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EOS-BA Interactions-At pH 3.5, the simple binding model 
with one type of binding site is again confirmed. It also can be 
assumed that electrostatic forces predominate because of the 
unfolding of the albumin molecule, its positive excess charge, and 
the charge distribution of the ligand. An increase of the ionic 
strength by a factor of about 3 produces a decrease of the free- 
enthalpy change by about 700 cal./mole (Table II), but the number 
of binding sites remains unchanged (nl ‘v 60) and is considerably 
smaller in comparison to BKG. 

At pH 7.0, the ionic strength dependence of the free-enthalpy 
change is opposite for the two types of binding sites. The primary 
binding sites (nl 22 4) are likely to interact by means of van der 
Waals’ forces, since an increased electrolyte concentration reduces 
the dielectric constant of water and thus increases the association 
constant (by a factor of about 2). Although in a strictly physical 
sense the van der Waals forces apply only to dispersion forces, the 
authors employ the term in a broader sense according to Martin 
(33), whereby it should be noted that dipole-dipole interactions are 
stabilized by energy effects and true dispersion forces by entropy 
effects. The free-enthalpy change involving the secondary binding 
sites (n2 ‘v 6) is approximately 2000 cal./mole smaller than -AFl0.  
However, in this case, electrostatic forces appear to predominate, 
since an increase of the ionic strength by a factor of 5 reduces the 
-AF2” by about 450 cal./mole (Table 11). 

Spectrophotometric titrations at pH 7.0 and 5.0 yielded binding 
stoichiometries of BA-EOS = 1 : 3.2 and 1 : 2.1, respectively. 

The binding mechanism at pH 5.0 appears to  be more specific 
than for BKG, since nl + n2 is smaller by about 80 binding sites. 
An accurate interpretation of the binding mechanism at this pH, 
which is the approximate isoelectric point of albumin, is again 
difficult. Despite comparable ionic strengths, -AFlo is about 1400 
cal./mole lower than at pH 7.0. 

Finally, from the interaction data at hand, no structural relation- 
ships between ligand and protein can be derived. A possible par- 
ticipation of t-amino groups of lysine is indicated by preliminary 
experiments showing that the majority of these groups are blocked 
for dinitrofluorobenzene after binding of BKG or EOS. 

IP-BA and DMLBA Interactions-From the temperature 
dependence, the resulting thermodynamic functions, and the 
ionic strength dependence of the If-BA binding reaction in the 
1 : 1 complexing range, it can be concluded that participation of van 
der Waals’ forces is predominant. From the negative enthalpy 
change of 5700 cal./mole, it can be concluded that the forces under 
consideration are energetically stabilized, probably by dipole- 
dipole interactions. Hydrophobic forces cannot be excluded, since 
the entropy function (AS,’ = -2.2 cal. X degree-’ X mole-’) 
is very small. However, it is certain that they do not constitute the 
main interaction forces in contrast with sulfonamide-albumin 
binding, where Clausen (34) measured positive A S  values of 20-30 
cal. X degree-’ X mole-’. In the case of IP, a decrease of the ionic 
strength by a factor of 5 produces at constant temperature a reduc- 
tion of the intrinsic association constant by almost 50% and a 
corresponding reduction of the free-enthalpy change by about 300 
cal./mole. Both equilibrium dialysis and ultracentrifuge sedimenta- 
tion yield, under like conditions, the same binding parameters 
(Tables 111 and IV). The obtained number of binding sites averages 
n~ = 6.2&0.2. Thereason for thesomewhat weaker binding tendency 
of human albumin may lay in the higher degree of purity of the 
bovine preparation employed (35). 

UV difference spectra (performed with a Cary 14 recording 
spectrophotometer) at various degrees of binding (ri) demonstrate 
marked red shifts at 21 within both the 220-235 and 260-310 mp 
wavelength bands. According to Wetlaufer (36), red shifts are 
commonly associated with aromatic (?r -t T*) and peptide transi- 
tions. According to other authors (32, 37, 38), these red shifts are 
produced by tyrosine side-chain chromophores. This short wave- 
length red shift and its sign are typical of protein complexes in which 
the higher tryptophan-associated sites are not engaged. These 
spectroscopic data are also obtained by the binding to albumin of 
long-chain fatty acid anions (38). On the basis of the number of 
binding sites (nl ‘v 6), it can be assumed that tyrosine residues 
participate directly or indirectly in the IP-BA interaction. 

Herskovits et al. (3941) studied, with the aid of the solvent 
perturbation technique, the location of tyrosyl and tryptophyl 
residues in bovine serum albumin. Their results, at pH 6.8, show 
that about 70z of the 18 to 21 tyrosyl residues appearto be buried 
in the folds of the native protein, while the remaining tyrosyl 

groups ar? accessible to perturbants with molecule diameters less 
than 5.2 A. The two tryptophyl residues present in the protein are 
found to be nearly fully exposed to perturbants with less than 4.4 A 
diameter, while about 5$% exposure is observed with perturbants 
having greater than 5.2 A diameter. 

The data obtained in the case of the DMI-BA interaction in- 
dicate the involvement of a far more complicated mechanism than 
with IP-BA. The postulated binding models fail to explain the data. 
The r versus cj  plot of DMI (Fig. 7) yields a sigmoidal curve. In 
contrast to IP, UV difference spectra show blue shifts in the long 
wavelength and, particularly, in the short wavelength regions. 
The sigmoidal binding curve and the UV spectral properties allow 
the following interpretations for the DMI-BA complex. (a) Tyrosyl 
or tryptophyl residues are directly or indirectly involved. (b) A 
primary interaction of DMI and BA induces a change of the tertiary 
structure, e.g., by a certain degree of unfolding, or a conformational 
change presumably in secondary segments of the polypeptide chain. 
This is suggested by the variation in reactivity of the binding sites 
involved. The binding mechanism is thus governed by cooperative 
phenomena. (c) The number of binding sites amounts to at least 
eight (Fig. 7). 

Finally, it should be noted that the binding parameters obtained 
by different methods need not necessarily agree. Thus, the fraction 
calculated to be bound by gel filtration was one-third that found 
with equilibrium dialysis under identical experimental conditions 
(42). Such a disparity is determined by structural characteristics of 
ligands and gel phase. A combination of several methods is, there- 
fore, advisable to avoid false conclusions. Supplementary NMR 
data on IP-BA and DMI-BA interactions are currently being col- 
lected and will be published. 
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Pharmacokinetic Model for Chlordiazepoxide.HC1 
in the Dog 

S. A. KAPLAN, M. LEWIS, M. A. SCHWARTZ, E. POSTMA, S. COTLER, 
C. W. ABRUZZO, T. L. LEE, and R. E. WEINFELD 

Abstract 0 A six-compartment open-system model is presented to 
elucidate the physiological disposition of chlordiazepoxide and its 
two pharmacologically active biotransformation products, Ro 
5-0883/1 and Ro 5-2092, in the dog following the intravenous ad- 
ministration of 10 mg./kg. chlordiazepoxide. HCl. The pharmaco- 
kinetic parameters used in the model were obtained by administer- 
ing each of the three compounds separately. Excellent agreement 
was obtained between the plasma levels of intact drug, Ro 5-0883/1, 
and Ro 5-2092 found after administration of chlordiazepoxide-HC1 
and the calculated levels of each generated from the model. The 
main features of chlordiazepoxide disposition were: (a) its complete 
biotransformation to Ro 5-0883/1; (b )  elimination of Ro 5-0883/1 
almost entirely by biotransformation with up to 50% proceeding 
to  Ro 5-2092 by oxidative deamination; and (c) elimination of Ro 
5-2092 by urinary excretion and further biotransformation. 

Key phrases IJ Chlordiazepoxide .HC1 and metabolites, disposi- 
tion-pharmacokinetic model 0 Biotransformation, dogs-chlor- 
diazepoxide . HCI Plasma levels-chlordiazepoxide and metab- 
olites 0 Urinary excretion-chlordiazepoxide and metabolites 0 
TLC-separation 0 Fluorometry-analysis 

Chlordiazepoxide (7-chloro-2-methylamino-5-phe- 
nyl - 3H - 1,4 - benzodiazepine 4 - oxide) is extensively 
used in the treatment of anxiety states and other psychic 
disorders (1, 2). Chlordiazepoxide has been shown (3-5) 
to be biotransformed in dog and man to the N-demethyl 
chlordiazepoxide (Ro 5-0883/1), which undergoes fur- 
ther deamination to form the “lactam” (Ro 5-2092). 
The structure of chlordiazepoxide together with those of 
the two biotransformation products, both of which are 
pharmacologically active (2,6,7), is presented in Scheme 
I. 

This study reports the development of a pharmaco- 
kinetic model to describe the physiological disposition 

1 Chlordiazepoxide .HCI is the active ingredient in Librium marketed 
by Hoffmann-La Roche Inc., Nutley, N. J. 

c hlordiazepoxide N-demethyl chlordiazepoxide 
(Ro 5-0690) ( RO 5.088311) 

1 
H O  
I II 

“lactam” 
(Ro 5-2092) 

Scheme I 

of chlordiazepoxide, Ro 5-0883/1, and Ro 5-2092 fol- 
lowing the intravenous administration of chlordiaze- 
poxide . HCl to dogs. To elucidate an appropriate 
pharmacokinetic model, each of the three compounds 
was separately administered intravenously to two dogs. 
The pharmacokinetic parameters thus obtained for each 
compound were used to establish the model for the dis- 
position of chlordiazepoxide -HC1. 

EXPERIMENTAL 

Protocol-Two male dogs, weighing 10.5 and 13.0 kg., each 
received single 10-mg./kg. i.v. doses of chlordiazepoxide . HCl, Ro 
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