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Abstract-The binding of propranolol enantiomers to human alphal-acid glycoprotein was studied using 
high performance liquid chromatography in order to provide insight into binding models and to describe 
individual binding parameters of both enantiomers. The binding of (-)-propranolol was shown to be 
saturable with one major binding site (n = 0.81, k = 2.73 x 10s/M). The saturation process achieved its 
upper asymptotic value at drug/protein molar ratio of approximately 1. In the case of the opposite (+)- 
enantiomer the binding isotherm did not show evidence of saturation even at higher drug/protein molar 
ratios (up to SO). The individual binding parameters for (+)-enantiomer were n = 0.38, k = 3.4 x 
lO”/M and n’k’ = 1.39 x 104/M for the saturable and nonsaturable binding component, respectively. 
At drug/protein molar ratio 2 the circular dichroism measurements confirmed the existence of different 
binding models for individual propranolol enantiomers. 

Observations on stereoselective interactions of some 
drugs with plasma protein binding sites have pro- 
vided an important aspect in characterizing the speci- 
ficity, selectivity and saturability of these binding 
sites (for review see [l, 21). Although differences 
between drug enantiomers in affinity for plasma pro- 
teins are not so great as the differences between 
enantiomers in their affinities for a given phar- 
macological receptor, these differences in protein 
binding can be important particularly in patho- 
physiologically determined variability in the 
expression of individual proteins. 

In contrast to the much better investigated human 
serum albumin, only a few reports have been pub- 
lished on stereoselective binding of drugs to human 
alphal-acid glycoprotein (AAG) recognized as the 
major plasma binding protein for basic drugs. Recent 
reports [3-71 showed that the fitting of optical iso- 
mers of some basic drugs to human AAG was 
unequal and manifested in differential binding 
strength and different distribution between bound 
and free states. For propranolol greater binding of 
(-)-enantiomer was demonstrated both to human 
plasma and to isolated human AAG [3,4,7]. 

The aim of the present study was to determine the 
binding models for (-)- and (+)-enantiomer py their 
interaction with human AAG and to describe binding 
parameters for individual enantiomers of pro- 
pranolol. Binding experiments using both non- 
labeled (-)- and (+)-propranolol were measured by 
high performance liquid chromatography and the 
resulting binding data were evaluated according to 
the affinity spectra method. Additionally circular 
dichroism measurements were performed that may 
give a useful indication of the nature and dynamics 
of the studied binding sites. 

MATERIALS AND METHODS 

Material and chemicals. Human alpha,-acid gly- 
coprotein was purchased from Behring Institute 

(F.R.G., purity 99%) and was used without further 
purification. (-)- and (+)-propranolol were kindly 
supplied by ICI (Macclesfield, U.K.). KH2P04 and 
Na2HP0.+ 12 Hz0 were of analytical grade. Water 
used for phosphate buffer was of Nanopure quality. 

High performance liquid chromatography 
(HPZX). The HPLC experiments were performed 
with high pressure pump (HPP 4001, Laboratomi 
Pfistroje, Prague, Czechoslovakia), an eight-port 
switching valve equipped with 25 and 100 ~1 loops 
(Model PK 1, VfiojovB dilny, Czechoslovak Acad- 
emy of Sciences, Prague, Czechoslovakia), a “com- 
pact glass cartridge” column (3.3 mm i.d. X 15 cm) 
packed with LiChrosorb Diol (Merck, Darmstadt, 
F.R.G., mean particle size 5~) and a variable- 
wavelength detector (Spectra-Physics, Model 770; 
LC Spectrophotometer Waters Lambda-Max Model 
481; U.S.A.). Binding experiments were carried out 
at 37”. The mobile phases were formed from water 
solutions of 0.067 M KH2P04 and Na2HP04- 12H20 
(pH 7.4) with addition of propranolol in the con- 
centration range 2.5 x lo-‘-5 x low4 M for (-)- 
enantiomer and 5 X lo-‘-5 X 10e4M for (+)-pro- 
pranolol. The flow rate of the drug eluents, “de- 
gassed” by purging them with helium, was con- 
stant at 0.5 ml/min (for higher drug 
concentrations 2 1 x 10e5 M) and at 0.9 ml/min (for 
lower drug concentrations <l x 10v5 M). For dilute 
solutions detection was at 212 nm, i.e. the maximum 
peak absorption of propranolol, or at 292 nm, 
when propranolol concentrations were high 
(a 1 x 10m4 M) . The samples injected were solutions 
of human AAG (10pM) in phosphate buffer con- 
taining various amounts of (-)- or (+)-propranolol. 
The binding of (-)- and (+)-propranolol to AAG 
was measured by using a drug solution saturating a 
nonchiral high-performance size exclusion column 
according to the method of Hummel and Dreyer [8]: 
injection of a protein sample into the eluent onto the 
column led to a positive peak corresponding to the 
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drug-protein complex and a negative “drug” peak 
representing the drug removed from the eluent by 
binding to the protein (method fully described in 
[8,9]). In order to quantify the drug binding, an 
internal calibration process was used. By plotting 
the height of the “drug” peak as a function of the 
concentration of propranolol in the sample and inter- 
polating it to zero, the concentration of the bound 
drug was observed, representing the exact excess 
of the drug injected relative to the actual eluent 
concentration (examples and figures also in [8,9]). 

Circular dichroism (CD). CD spectra were 
obtained using a DICHROGRAPHE III (JOBIN- 
WON, France) calibrated with (+)-camphorsul- 
fonic acid. Measurements were made in 5 mm cells 
using a 0.067M phosphate buffer of pH 7.4. The 
alphai-acid glycoprotein concentration of 20 PM was 
used throughout. The solutions examined were pre- 
pared by saturating the AAG solution with drug up 
to drug/protein molar ratio [D/P] = 2. Results are 
expressed as molar ellipticity of difference spectra 
(A[81 = deg cm* dmol-‘) calculated with reference 
to the AAG concentration using the molecular 
weight of 44,100 Da. All induced CD curves became 
negative at lower wavelengths, however the high 
dynode voltage and the increasing intrinsic ellipticity 
of the AAG molecule did not permit detailed inves- 
tigations at these wavelengths. 

Evaluation of binding data. The binding data were 
evaluated by Scatchard analysis. The iterative pro- 
gram NONLIN [lo] was used for the weighted non- 
linear least-squares curve fitting. The best fit was 
obtained using statistical weight equal to l/B:. We 
adapted the affinity spectra method proposed by 
Tobler and Engel [ll]. For equilibrium binding iso- 
therms the affinity spectra are defined as a plot of the 
number of binding sites against their corresponding 
dissociation constants. The parameters to be esti- 
mated, i.e. the number of binding sites and the 
dissociation constants, are obtained as the results of 
calculations that are based on the principle of least- 
square errors. 

RESULTS 

HPLC 

Figures 1 and 2 show the experimental points 
obtained for (-)-propranolol in Scatchard and Klotz 
(i.e. B vs log F, [12]) interpretation respectively. 
Inspection of these experimental data revealed that 
(-)-enantiomer is bound to the AAG to one major 
site in a saturable manner. The saturation of AAG 
in the presence of (-)-propranolol achieved its 
upper asymptotic value at drug/protein molar ratio 
[D/P] = 1. At higher free dru concentrations 
(2.5 x 10m5-5 x 10m4M, i.e. [D P] = 2.5-50) the B 
values of the bound drug could not be determined 
under the described experimental conditions. The n 
(number of binding sites bound by a mole of protein) 
and k (affinity constant) characterizing the binding 
of (-)-propranolol were 0.81 and 2.73 X 105/M, 
respectively. The calculations were performed for 
[D/P] up to 1. Figures 3 and 4 analogously show 
the experimental points for (+)-propranolol-AAG 
interaction measured practically in the same con- 
centration range as for (-)-propranolol. Scatchard 
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Fig. 1. Binding of (-)-propranolol to human AAG in 
Scatchard interpretation. 

(Fig. 3) and Klotz (Fig. 4) plots indicated the pres- 
ence of nonspecific binding additionally to the pri- 
mary binding site. This nonspecific binding is 
represented probably by low affinity, high capacity 
binding site(s). Up to the terminal experimental 
concentration (5 x 10m4 M) there was no evidence 
of saturation of these secondary binding sites. The n 
and k characterizing the (+)-propranolol binding to 
AAG are 0.38 and 3.39 x 106/M, respectively, the 
nonspecific binding is characterized by n’k’ = 
1.39 x 104/M. 

The results described above clearly show different 
binding models for (-)- and (+)-propranolol inter- 
action with human AAG. On the model basis pro- 
posed by Tobler and Engel [ll] the binding isotherm 
for (-)-propranolol is described by the equation 

’ n.k.F 
B=x Zwithz = 1 

i=ll + kiF 

and the binding isotherm for (+)-propranolol with 
the equation 

’ n.k.F 
B=x II f n’k’F 

j=ll+ kjF (2) 

where B is the concentration of drug bound by a 
mole of the protein and F is the concentration of the 
free drug. The term n’k’F represents the nonspecific 
binding at secondary low affinity high capacity bind- 
ing sites. 

CD 

The interaction between human AAG and pro- 
pranolol enantiomers was followed qualitatively by 
CD on the basis of AAG spectra in the presence of 
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Fig. 2. Binding of (-)-propranolol to human AAG in Klotz [12] interpretation ([D/P], drug/protein 
molar ratio). 
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Fig. 3. Binding of (+)-propranolol to human AAG in 
Scatchard interpretation. 

drug molecules in the wavelength regions of 3% 
250nm and of 2%250nm. The changes produced 
can be better seen on the difference spectra pre- 
sented in Fig. 5. Here the AAG spectrum was sub- 
tracted from the spectrum obtained with AAG in 
the presence of 40 @I ([D/P] = 2) of (-)- and (+)- 
propranolol respectively: CD spectra of the AAG 
molecule alone showed two positive peaks at 290 and 
260 nm. In the presence of (-)-enantiomer we could 
detect also two positive peaks at 295 and 260 nm on 
the differential spectrum. However the CD spectrum 
of the AAG solution in the presence of (+)-pro- 
pranolol was composed of new negative bands with 

maxima at 325,305 and 280 nm. These new extrinsic 
Cotton effects due to dichroic absorption at 325,305 
and 280nm provided evidence for a more pro- 
nounced molecular interaction between AAG and 
(+)-propranolol than in the case of (-)-enantiomer. 
The interaction of AAG and (+)-propranolol was 
followed by conformational change of the protein 
molecule. The bands at 325 and 305 nm can be 
ascribed to the extrinsic Cotton effect due to binding 
of (+)-propranolol to the protein surface (i.e. non- 
specific partition-like binding). The changes pro- 
duced in the wavelength region 21&250 nm were not 
significant. Also at lower drug/protein molar ratios 
([D/P] < 2) there was no evidence of changes in the 
differential spectra of individual propranolol enanti- 
omers. 

DISCUSSION 

Several investigators have studied the binding of 
racemic propranolol to the AAG molecule using 
different experimental methods. Some of them pro- 
posed the model composed of one class of binding 
sites [13, 141, others [15-181 reported binding to two 
classes of binding sites. The latter group concluded 
that the binding to the second binding site did not 
show evidence of saturation. Previous experiments 
with racemic mixture confirmed the concept of the 
presence of a nonsaturable binding component [16]. 
The pharmacokinetically relevant question whether 
the binding of propranolol enantiomers to chirally 
constituted AAG exhibits some degree of stereo- 
selectivity has only recently been considered. 
Walle et al. [3] were first to report in human plasma 
and also with isolated proteins stereoselective bind- 
ing of the pharmacologically more potent (-)-enanti- 
omer using equilibrium dialysis. The results of 
Albani et al. [4] applying a combined equilibrium 
dialysis-liquid chromatographic technique and of 
Brunner and Miiller [7] using the indirect method 
common in receptor-radioligand binding studies are 
in agreement with the previous report [3]. In the 
above-mentioned studies with isolated AAG [3,4,7] 
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Fig. 4. Binding of (+)-propranolol to human AAG in Klotz [l?.] interpretation ([Dp], drug/protein 
molar ratio). 
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Fig. 5. Differential CD spectra of (-)propranolol (a) and (+)-propranolol (b) interaction with human 
AAG (20 PM) at drug/protein molar ratio 2. 

only the values of the unbound fraction (22 + 2% [3] 
and 23.0 t 1% [4], and of the stereoselective ratio 
for the unbound fraction f’ (+)I( -) propranolol 
(1.27 [3], 1.31 [4] as well as 1.3 and 1.4 [7]) were 
determined. 

In onr present study using the Hummel-Dreyer 
method and high performance liquid chro- 
matography we detected that the binding of (-)- 
propranolol to human AAG was evidently different 
from the binding observed in the case of the oppo- 
site (+)-enantiomer. The binding model observed 
for (+~-propr~olol shows some similarities to the 
binding model of racemic mixture of both enanti- 
omers. However, comparison of individual binding 
constants revealed discrepancies in the values of it 
and k between (+)- and (~)-propr~olol. Al~ough 
the bindin parameters for (-)-enantiomer (k = 
2.73 x lo5 M, n = 0.81) are within the range of B 
values reported for racemic propranolol [ 13-181, the 
(+)-enantiomer binding parameters indicated the 
presence of a binding site of higher affinity and lower 

capacity (k = 3.4 X 106/M, n = 0.38) than men- 
tioned in the literature [15-181. Subsequent exper- 
imental studies confirmed the data presented in Figs 
l-4. The substantial difference in binding models 
between enantiomers of propranolol resides in the 
saturability of the primary binding site, i.e. in the 
presence of nonspecific binding in the case of (+)- 
propranolol (characterized by n’k’ = 1.39 x 104/M). 
The binding site for (-)-propranolol clearly showed 
saturation phenomena (possibly due to in- 
ternalization of the ligand) at d~g/protein molar 
ratio approximateiy 1. It can be concluded that the 
(+)-enantiomer is exclusively responsible for the 
nonsaturable binding component in racemic pro- 
pranolol. 

In the light of our present results there is a common 
binding site for both enantiomers on the AAG mol- 
ecule. The essential difference in the binding models 
consists probably in different spatial arrangement of 
the protein molecule in the presence of individkal 
enantiomers. Different confo~ational states of the 
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protein molecule resulting from different kinds of 
AAG interaction with propranolol enantiomers were 
supported in our study by using circular dichroic 
spectra. The results presented in Fig. 5 show that the 
flexible protein structure assumes different con- 
formations depending upon the nature of the enanti- 
omer present. Our results from CD spectra speak in 
favor of the concept of different modes of interaction 
between human AAG and propranolol enantiomers. 
The changes detected in (+)-propranolol confirmed 
in addition to conformational changes the presence 
of a nonspecific binding component (CD spectra 35& 
300 nm) appearing solely in this enantiomer. 

REFEXENCES 

1. Simonvi M, Fitos I and Visv J, Chiralitv in bioactive 
agents-in protein binding siorage and t&sport pro- 
cesses. Trends Pharmacol Sci 7: 112-116. 1986. 

2. Miller WE, Stereoselective plasma protein binding of 
drugs. In: Drug Stereochenkstry. AtzaZytical Methi& 
and Pharmacoloev (Eds. Wainer IW and Draver DE). 
pp. 227-244. M.“&kker, New York, Basel, i988. ” 

3. Walle UK, Walle T, Bai SA and Olanoff LS, Ster- 
eoselective binding of propranolol to human plasma 
cu,-acid elvcoorotein and albumin. Clin Pharmacol Ther 
3& 718?23;1983. 

4. Albani F, Riva R, Contin M and Baruzzi A, Ster- 
eoselective binding of propranolol enantiomers to 
human al-acid glycoprotein and human plasma. Br I 
Clin Pharmacoll8: 244-246, 1984. 

5. Lima JJ, Jungbluth GL, Devine T and Robertson LW, 
Stereoselective binding of disopyramide to human 
plasma protein. Life Sii 35: 835-839, 1984. 

6. Eichelbaum M, Mikus G and Vogelaesane B, Protein 
binding of (+)-, (-)-, and (+)-v&apamii after intra- 
venous administration. Br .I Clin Pharmacol 17: 45f 
458, 1984. 

7. Brunner F and Miiller WE, The stereoselectivity of the 
“single drug binding site” of human WI-acid gly- 
coprotein (orosomucoid). J Pharm Pharmacol39: 986 

990, 1987. 
8. Hummel JP and Dreyer WJ, Measurement of protein- 

binding phenomena by gel filtration. Biochim Biophys 
Acta 63: 53&532, 1962. 

9. Sebille B, Thuaud N and Tillement JP, Study of binding 
of low-molecular-weight ligand to biological macro- 
molecules by high-performance liquid chro- 
matography. Evaluation of binding parameters for two 
drugs bound to human serum albumin, J Chromatogr 
167: 15!?-170, 1978. 

10. Metzler CM, Elfring GK and McEwen AJ, A package 
of computer programs for pharmacokinetic modeling. 
Biometrics 30: 562-563, 1974. 

11. Tobler HJ and Engel G, Affinity spectra: a novel way 
for the evaluation of equilibrium binding experiments. 
Naunyn-Schmiedeberg's Arch Pharmaco1322: 183-192, 
1983. 

12. Klotz IM, Numbers of receptor sites from Scatchard 
graphs: facts and fantasies. Science 217: 1247-1249, 
1982. 

13. Miiller WE and Stillbauer AE, Characterization of a 
common binding site for basic drugs on human cu,-acid 
glycoprotein (oiosomucoid). Nainyn-Schmiedeberg’s 
Arch Pharmacol322: 170-173. 1983. 

14. Wong AKL and Hsia JC, In oitr; binding of propranolol 
and progesterone to native and desiGy&ed human 
orosomucoid. Can J Biochem Cell BioZ61: 1114-1116. 
1983. 

15. Bree F, Tillement JP and Sebille B, Propranolol binding 
to human serum proteins studied by high-performance 
liquid chromatography. I Chromatogr 375: 416-422, 
1986. 

16. SoIt& L, Brte F, Sebille B, Tillement JP, durigovd M 
and Trnovec T, Study of propranolol binding to human 
al-acid glycoprotein by high-performance liquid 
chromatography. Biochem Pharmacol34: 4331-4334, 
1985. 

17. Belpaire FM, Braeckman RA and Bogaert MG, Bind- 
ing of oxprenolol and propranolol to serum, albumin 
and al-acid glycoprotein in man and other species. 
Biochem Pharmacol33: 206s2069, 1984. 

18. Gillis AM, Yee YG and Kates RE, Binding of anti- 
arrhythmic drugs to purified human a,-acid gly- 
coprotein. Biochem Pharmacol34: 4279-4282, 1985. 


